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Abstract. Modern wind turbines are the largest rotating machines ever built, with blade lengths exceeding
100 m. Previous studies demonstrated how the flow around the tip airfoils of such large machines reaches local
flow Mach numbers (Ma), at which the incompressibility assumption might be violated, and, even in normal
operating conditions, local supersonic flow could appear. In the present study, a numerical analysis of the FFA-
W3-211 wind turbine tip airfoil is performed. The results are obtained by means of the application of numerical
tools: (1) XFOIL with the Prandtl-Glauert compressible correction and (2) computational fluid dynamic (CFD)
simulations, where an unsteady Reynolds-averaged Navier—Stokes (URANS) model is used. A preliminary val-
idation of the latter CFD model is performed to demonstrate that the URANS approach is a viable method for
predicting the aerodynamic performances in compressible and transonic flow that provides additional and more
reliable information compared to the classical compressibility corrections. From this study, three key findings
can be highlighted. Primarily, the main transonic features of the FFA-W3-211 wind turbine tip airfoil have been
assessed, selecting specific test cases of particular industrial interest. Then, the threshold between subsonic and
supersonic flow is provided, considering also an increase of the Reynolds number (Re) from a characteristic value
used in the wind tunnel experiments to the one realistic for large rotors. A strong dependence on this quantity is
observed, revealing that, for the same Mach number, also the Reynolds number plays a crucial role in promoting
the occurrence of transonic flow. Finally, the possible presence or absence of shock waves was investigated. The
results indicate that the appearance of transonic flow is a necessary but not a sufficient condition to lead to shock

formation.

1 Introduction

According to the Global Wind Energy Council (GWEC), the
global demand for wind energy recently reached an annual
growth rate of 19 %, increasing from 4.7GW in 1995 to
651 GW in 2019 (GWPC, 2019). However, this number is
expected to rise further in order to limit the global warming
temperature increment by 2050 to 1.5 °C (Hoegh-Guldberg
et al., 2019). Concurrently, since the 2000s, the wind tur-
bine rotors have significantly grown in size, exceeding the
blade length of 100 m. Current and next-generation (large)
wind turbines exhibit high relative velocities, approaching
100ms~! at the blade tip. In these operational conditions,
wind turbine blades encounter air flows at increased local

flow Mach number, where the usual incompressibility as-
sumption may be violated, and even local supersonic flow
could appear at the outboard blade sections. Accordingly, the
aerodynamic characterization of compressible and transonic
flow assumes a crucial role in designing next-generation
wind turbines, as well as in assessing risks regarding per-
formance, loading and fatigue.

In the relevant literature, various efforts have recently been
made to identify the effect of high tip speeds on the aerody-
namic features of large rotors. For instance, Yan and Archer
(2018) investigated compressibility effects on the perfor-
mance of large horizontal axis wind turbines (HAWTSs) using
boundary element momentum (BEM) theory with compress-
ibility extensions. The authors highlighted that neglecting
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compressibility for high-inflow Mach numbers (Mas, > 0.5)
could result in an overestimation of wind farm power pro-
duction. On the other hand, Campobasso et al. (2018) and
Ortolani et al. (2020) studied the compressible aerodynamics
of a floating offshore wind turbine using computational fluid
dynamics (CFD), revealing that compressibility effects pro-
duce an increase in the peak rotor power. More recently, Cao
et al. (2023) compared aerodynamic performances of the IEA
15 MW offshore reference wind turbine (RWT), defined by
Gaertner et al. (2020), with incompressible and compressible
methods. Their analysis showed that compressible flow sim-
ulation estimated a higher thrust value by 1.4 % against the
incompressible simulation, with the predicted torque being
nearly 11% higher. A similar analysis of the compressible
aerodynamics of the IEA 15 MW RWT was carried out by
Mezzacapo et al. (2023) employing the unsteady Reynolds-
averaged Navier—Stokes (URANS) approach. While all these
studies agree that compressibility effects need to be included
for large rotors, CFD results reveal a different trend than
the BEM-based methods with compressibility corrections.
Within the EU project AVATAR (AdVanced Aerodynamic
Tools of 1Arge Rotors), wind tunnel tests and CFD calcula-
tions were used to assess design tools for large wind turbines
(Ceyhan et al., 2016). As part of this research, Sgrensen et al.
(2018) conducted a 2D study on the impact of compressibil-
ity under the operational conditions experienced at the tip of
a 180 m rotor. This study confirmed the possibility that the
blade tip might achieve high relative velocities, approaching
30 % of the speed of sound. It was also shown that simple
compressibility corrections are insufficient outside the lin-
ear region of the lift curve, where a full compressible for-
mulation should be applied. The literature discussed above
confirmed that compressible (U)RANS calculations can pro-
vide insights into the aerodynamic behavior of wind turbine
blades in the compressible flow regime but, for some flow
conditions, may lead to significantly different results than
BEM-based methods.

While previous studies acknowledged the potential com-
pressibility effects for large wind turbines due to the air den-
sity variations, it is only very recently that De Tavernier
and von Terzi (2022) showed how next-generation machines
might suffer from local supersonic flow, which may lead
to severe lifetime degradation. They analyzed the operating
conditions of the IEA 15MW RWT using OpenFAST and
employing compressibility corrections for the airfoil polars.
This study reveals that, near the cutout wind speed, super-
sonic Mach numbers can locally appear on a portion of the
tip airfoils. In such conditions, the blade is operating at large
negative angles of attack, and the flow is significantly ac-
celerated over the suction side of the blade. Additionally,
in off-design conditions, transonic flow may occur even at
lower wind speeds. For all cases, the inflow turbulence in-
tensity was identified as the driving factor, which requires
an unsteady analysis. Recently, these results were validated
experimentally by Aditya et al. (2024). In the experiments,
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both supersonic flow with and without a clear presence of
shocks were observed. However, only Mach numbers above
0.5 and Reynolds numbers up to 1.6 x 10° were achieved,
i.e., higher Mach and considerably lower Reynolds numbers
than expected for currently envisioned large wind turbines.
De Tavernier and von Terzi (2022) showed the location and
timings of transonic flow occurrence, but some uncertainty
exists, due to the use of compressibility corrections, as dis-
cussed above. Moreover, the method cannot predict the flow
behavior once transonic flow has developed and, therefore,
whether shocks and associated effects like buffeting actually
occur.

The behavior of wind turbine airfoils under transonic flow
conditions still remains uncertain. For instance, Hossain et al.
(2013) investigated the propagation of shocks on the NREL
Phase VI S809 airfoil by means of URANS calculations.
However, they considered an inflow Mach number of 0.8,
which is very far from what wind turbines normally en-
counter. Moreover, they only focused on positive angles of
attack, while a typical HAWT commonly operates at neg-
ative incidences at the high wind speeds needed for tran-
sonic flow to occur. Nevertheless, if transonic flow were to
appear, shocks, flow separation and buffeting could be ex-
pected. These phenomena, in turn, may give rise to vibra-
tions that could significantly compromise the structural in-
tegrity and overall lifespan of the turbine, posing potential
challenges to its long-term performance and reliability.

The purpose of this paper is to investigate the aerodynamic
features of the FFA-W3-211 wind turbine tip airfoil under the
above-discussed flow conditions. The present analysis pro-
vides further evidence on the appearance of local supersonic
flow and shock waves for wind turbine tip airfoils of modern
large turbines and identifies the combinations of Mach num-
ber, angles of attack and Reynolds number for which these
conditions can occur.

The fluid turbulence is modeled by means of the URANS
approach, where the resolved mean flow is assumed two-
dimensional. The numerical model is first validated at low
Mach number by comparing the numerical results against
reference experimental and numerical data provided by
Bertagnolio et al. (2001). The proposed method is applied
at higher Mach numbers, by adjusting the fluid viscosity to
keep the Reynolds number constant. Then, the effect of in-
creasing the Reynolds number is examined. Moreover, the
threshold between subsonic and supersonic flow is found in
terms of inflow Mach number and angle of attack, by also
performing a comparison between URANS and compress-
ibility correction approaches. Finally, the possible presence
of shock waves under transonic flow conditions is analyzed.

The rest of this article is organized as follows. In Sect. 2,
the CFD methodology is introduced, presenting the particu-
lar case study. In the present section, the main numerical set-
tings are discussed, and the validation of the computational
model is provided. The results of the present simulations are
given in Sect. 3, where three key points can be identified.
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Figure 1. Normal operational conditions of the IEA 15 MW RWT
at 97 % of the blade radius in turbulent wind class A by De Tav-
ernier and von Terzi (2022). The red crosses represent some of the
particular cases considered here.

First, the transonic features of the wind turbine tip airfoil are
highlighted for specific test cases of particular industrial in-
terest. Then, the threshold between supersonic and subsonic
regimes is identified. Finally, the possible presence of shock
waves is detected. Some concluding remarks are offered in
Sect. 4.

2 Computational model

2.1 Case study

The present investigation is focused on a CFD analysis of
the FFA-W3-211 airfoil, which is employed at the tip of the
240 m diameter rotor of the IEA 15 MW RWT. This turbine
has been designed (with input from industry) to be relevant
for the next-generation wind turbines that are currently being
built or designed, representing the state of the art in the pub-
lic domain (Gaertner et al., 2020). Note that the same airfoil
will be used for its announced successor, with 280 m diame-
ter rotor and 22 MW power, which is currently under devel-
opment.

A recent analysis, carried out by De Tavernier and von
Terzi (2022) by means of XFOIL and the open-source wind
turbine analysis tool OpenFAST, revealed that, for this partic-
ular wind turbine, transonic flow could occur in normal oper-
ating conditions (as defined in the IEC61400-1 design stan-
dard IEC, 2010), especially at cutout wind speeds, when the
blade is pitched to large negative angles of attack for power
shedding.

Figure 1 shows the corresponding operational conditions,
in terms of combinations of the angle of attack and inflow
Mach number, for which transonic flow appears. In this pic-
ture, each dot represents a distinct time instant of the real
operational condition of the IEA 15SMW RWT at 97 % of
the blade radius, for an inflow velocity of 25ms~! and a
Reynolds number of 107.

The aim of the first part of this study is to prove that tran-
sonic flow can appear even in normal design operation con-
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ditions, as predicted by De Tavernier and von Terzi (2022).
To this end, a set of test cases of industrial interest is se-
lected, as illustrated by the red crosses in Fig. 1. In particu-
lar, for this first part, two different angles of attack are ana-
lyzed, « = —15° and 15°, as is illustrated in the figure. These
specified values are empirically regarded as critical operating
conditions for this wind turbine.

Once the appearance of transonic flow is demonstrated,
the threshold between the supersonic and subsonic regime
(shown by the blue curve in Fig. 1) is reproduced using
URANS computations, for Re = 1.8 x 106, 3.5%x 106, 9x 100,

2.2 Numerical settings

The present numerical analysis is performed by following
the URANS approach. The mean compressible flow govern-
ing equations, which are not reported here for brevity, can be
found in Wilcox (2006).

All simulations are conducted by means of the open-
source CFD software OpenFOAM, using the solver rhoPim-
pleFoam, which is suitable for transient, turbulent and com-
pressible flows (OpenFoam Foundation, 2016). Fully turbu-
lent flow conditions are considered while employing the two-
equation k-w shear stress transport (SST) eddy-viscosity tur-
bulence model (Menter, 1994). Free-stream boundary condi-
tions are used for pressure, velocity and temperature fields,
while no-slip boundary conditions are enforced at the solid
surface. Also, to save computational resources, adaptive wall
functions (OpenFoam Foundation, 2016) are used as the
wall boundary conditions on the airfoil. A second-order dis-
cretization is imposed on the spatial variables, with the first-
order implicit Euler scheme being employed for the time in-
tegration. The latter is performed with a variable time step,
where the maximum Courant number is fixed at the value of
0.5 to ensure temporal accuracy while maintaining numer-
ical stability. An inflow turbulent intensity of 0.15 % is im-
posed, following similar investigations performed by Bertag-
nolio et al. (2001).

In this work, a two-dimensional computational domain is
considered for resolving the mean turbulent flow around the
airfoil. The domain is discretized by means of a structured
computational mesh that is generated with the open-source
software Construct2D (Prosser, 2014), using an O-grid topol-
ogy. Figure 2 shows the circular computational domain, with
the external boundary located at 10 chords from the origin.
The details of the mesh around the airfoil, leading and trail-
ing edges, are highlighted in the same figure. To assess the
effect of the domain size upon the numerical solution, the
pressure coefficient distribution for a particular flow configu-
ration is considered, at the angle of attack &« = 7.99°, and the
flow Reynolds number Re = 1.8 x 10°. The solutions corre-
sponding to three different domain radii, which are 10 (Do-
main I), 30 (Domain II) and 50 (Domain III) chord lengths,
are shown in Fig. 3, compared to the reference experimental
and numerical data in Bertagnolio et al. (2001). Note that the
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(b)

Figure 2. Computational domain (a) and spatial mesh, with zoomed views of the airfoil (b) (top) and the leading and trailing edge regions
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Figure 3. Mean pressure coefficient distribution, for varying do-
main size, at @ = 7.99° and Re = 1.8 x 106, compared to reference
data (Bertagnolio et al., 2001).

discretization of the airfoil boundary, consisting of N =499
points, is maintained constant for the three different cases.
Assuming the largest domain as the reference one, the mean
error associated with the other two domains is evaluated as

LI
v [ebt—cm,

SEVEE o8 't
N

4 I
i=l ’Cp,i’

ey

The choice of 7.99° is driven by the intention to perform
a preliminary validation focusing on a single factor: the do-
main size. At o = 7.99°, the flow is attached and within the
linear part of the polar, ensuring that experimental and nu-
merical results should match. Therefore, any discrepancy re-
sulting from altering the domain size would almost certainly
be attributed to the change in domain size.

Based on the results summarized in Table 1, the radius of
10 chords, which was also recently used in a similar study
by Carta et al. (2022), can be considered as representing the
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Table 1. Mean error per node for varying domain size.

Mesh Error
Domain I 43 %1073
Domain Il 7.7 x 107

best compromise between the accuracy of the solution and
the computational cost.

Determined the domain size, the proposed CFD model
is validated by comparing the pressure distribution at Re =
1.8 x10° and three different incidences, which are @ = 7.99°,
14.98° and 20.33°, against the numerical and experimental
data reported in Bertagnolio et al. (2001). In fact, by inspec-
tion of Fig. 4, where the URANS solutions for three differ-
ent mesh resolutions are reported, it is possible to verify that
the numerical solution converges to the experimental data.
Moreover, the CFD results remain constant when changing
the mesh resolution. However, there exists a certain devia-
tion on the suction side of the airfoil, corresponding to the
separated flow region, for high angles of attack. This could
be attributable to differences in the stall behavior between the
numerical simulations and the experiments but may also be a
numerical artifact due to the use of the adaptive wall-function
boundary condition. It is important to highlight that it is ac-
tually unclear how the airfoil is tripped within the reference
experiments. Furthermore, the EllipSys2D simulations were
carried out for steady flow conditions, while the present un-
steady results are averaged in time.

Once the numerical setup has been validated, the effect
of increasing the Mach number is investigated, changing the
free-stream velocity magnitude by adjusting the fluid viscos-
ity in order to keep the Reynolds number constant. Further-
more, also the effect of increasing the Reynolds number is
analyzed, modifying both the velocity and the fluid viscosity.

https://doi.org/10.5194/wes-10-103-2025
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Figure 4. Mean pressure coefficient distribution at Re = 1.8 x 10%: CFD 1 (7.4 x 104 cells), CFD II (10 x 104 cells) and CFD III (12 x 104

cells), compared to reference data (Bertagnolio et al., 2001).

2.3 Transonic flow

In this study, the threshold for which transonic flow occurs
has been established by comparing URANS data with results
obtained by simple compressibility corrections. Fixing the
inflow Mach number, the minimum pressure coefficient is
evaluated for n different angles of attack, obtaining an array
of discrete values as [(Cp .. 1> 1), (Cppin» )] These
points are interpolated to determine a continuous law that
relates the minimum pressure peak and the angle of attack.
Finally, the pressure suction peak is compared to the critical
value at which the flow over the airfoil is locally attaining a
supersonic flow, expressed as

v

2 1+ 4y — hMa?, |7 |

Perit — 7 1 2 -
yMa I+ 35— DMa

o8] crit

c (@)

The angle of attack corresponding to the conditions for which
the suction peak reaches the critical value is defined as the
critical angle of attack for that specific inflow Mach number.

To assess the appropriateness of this procedure, the com-
parison with data obtained by means of a compressible cor-
rection is performed. The suction peak for a fixed angle of
attack is calculated using the software XFOIL (Drela and
Youngren, 2001) in the incompressible regime. This value
is adapted as a function of the Mach number using the fol-
lowing Prandtl-Glauert compressibility correction:

Cp
Cp=—2—. 3)

V1 —Ma%

This way, the inflow Mach number, according to Egs. (2) and
(3), which provide the same value, corresponds to the criti-
cal Mach number for the fixed angle of attack. Finally, the
presence of shock waves is detected by means of the method
proposed by Lovely and Hsimes (1999), based on the analy-
sis of the normal Mach number:
V.-Vp
n= =1
a|Vp|

where a stands for the local speed of sound.

“
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3 Results

In the following section, three key points are highlighted.
First, a set of test cases of industrial interest are selected to
prove the appearance of local supersonic flow, even in nor-
mal operational conditions, and analyze the main character-
istics of transonic flow over the airfoil. Then, the threshold
between the supersonic and the subsonic curves is provided,
to identify for which incidences the transonic flow occurs,
varying the Mach number and the Reynolds number. Finally,
the possible presence of shock waves is investigated.

3.1 Transonic features over the airfoil

The results of numerical simulations, performed at two dif-
ferent Reynolds numbers, namely Re = 1.8 x 10® and 9x 10°,
are presented through qualitative and quantitative analyses.
The different computations are performed at three inflow
Mach numbers, specifically Ma, = 0.2, 0.3 and 0.4, analyz-
ing two incidences that are « = —15° and 15°, as is summa-
rized in Fig. 1.

3.1.1  Qualitative analysis

A strongly compressible flow is established for all the in-
flow Mach numbers considered here. This is demonstrated in
Figs. 5 and 6, where the instantaneous contour maps of the
local flow Mach number around the airfoil are shown.

According to this preliminary qualitative analysis, tran-
sonic flow conditions occur in the case of May, = 0.4, for
both positive and negative incidences, confirming previous
research findings (De Tavernier and von Terzi, 2022). In par-
ticular, supersonic flow pockets are visible in Fig. 5e and f,
as they are determined by the isoline of Ma = 0.99.

By inspection of Fig. 6, increasing the Reynolds number
leads to an earlier appearance of transonic flow, already at
Mas, = 0.3, but only for the negative incidence. A small su-
personic flow pocket appears close to the leading edge, as is
illustrated in Fig. 6d. The flow field region with local super-

Wind Energ. Sci., 10, 103—-116, 2025
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Figure 5. Instantaneous contour maps of local Mach number at Re = 1.8 x 100, for varying free-stream velocity: Maso = 0.2 (top), Maco =
0.3 (middle) and Mas, = 0.4 (bottom). Two different incidences are considered: o = 15° (left column) and o = —15° (right column). The

isoline corresponding to Ma = 0.99 is depicted.

sonic Mach number increases with the free-stream velocity,
as shown, in particular, in Fig. 6e and f.

Figures 7 and 8 show the instantaneous numerical
Schlieren images, demonstrating how the presence of pos-
sible shock waves characterizes the transonic regime. At the
lower Reynolds number Re = 1.8 x 106, the examination of
the density gradient field shows the presence of discontinu-
ities with increasing the inflow Mach number. However, that
happens only for the negative incidence, while no disconti-

Wind Energ. Sci., 10, 103—-116, 2025

nuity appears for the positive angle of attack. In fact, this is
consistent with the field illustrated in Fig. 5, showing a su-
personic flow pocket with a very smooth shape for o = 15°,
which means that the flow field acceleration in so gradual
that it does not lead to the appearance of a shock wave. At the
higher Reynolds number of Re = 9 x 10, the effect of com-
pressibility becomes more evident. In fact, the local Mach
number attains values as high as 1.36 for the positive inci-
dence, as illustrated in Fig. 6e. In this case, the local velocity

https://doi.org/10.5194/wes-10-103-2025
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(a)
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Figure 6. Instantaneous contour maps of local Mach number at Re = 9 x 100, for varying free-stream velocity: Maso = 0.2 (top), Macc = 0.3
(middle) and Manso, = 0.4 (bottom). Two different incidences are considered: o = 15° (left column) and o« = —15° (right column). The isoline

corresponding to Ma=0.99 is depicted.

is high enough for a density gradient discontinuity to arise,
as shown in Fig. 8e, but the pressure drop is not sufficient
to lead to a subsonic flow regime downstream of the shock
wave, resulting in a second supersonic pocket to appear (see
Fig. 6e). At the negative incidence, the Mach number reaches
a local maximum of 1.48 (see Fig. 6f), with the flow field be-
ing characterized by the presence of a single shock wave (see
Fig. 8f), downstream of which the flow reattaches in the sub-
sonic regime.

https://doi.org/10.5194/wes-10-103-2025

3.1.2 Quantitative analysis

The quantitative analysis is performed by examining the
mean pressure coefficient distribution on the airfoil. Fig-
ures 9 and 10 show these data for all the different flow scenar-
ios analyzed in the present work. The minimum suction peak
is compared with the critical value at which the flow over
the airfoil is locally attaining a supersonic value. In these
plots, the critical pressure coefficient is expressed by a solid
red line, corresponding to the values of —16.31, —6.95 and

Wind Energ. Sci., 10, 103—-116, 2025
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Figure 7. Instantaneous (numerical) Schlieren images at Re = 1.8 x 100, for varying free-stream velocity: Maco = 0.2 (top), Maso = 0.3
(middle) and Max, = 0.4 (bottom). Two different incidences are considered: o« = 15° (left column) and o« = —15° (right column).

—3.66, for May, = 0.2, 0.3 and 0.4, respectively. Note that
this line is not reported in Figs. 9a and 10a, being out of the
represented range.

A local supersonic flow is established in the region where
the pressure coefficient overcomes the corresponding critical
value, as is shown in Figs. 9c and 10c. Note that, in Fig. 10b,
the minimum suction peak for the negative incidence is al-
most equal to the critical value, which makes the presence
of local supersonic flow questionable. For the positive inci-
dence, the minimum suction peak stabilizes at approximately
4.2, whereas for the negative incidence, it escalates up to the

Wind Energ. Sci., 10, 103—-116, 2025

value of 6. This result suggests the conclusion that the in-
fluence of the Mach number is notably more pronounced at
higher Reynolds numbers.

Figures 11 and 12 show the instantaneous skin friction
coefficient distribution over the airfoil as a function of the
side, where [0, 1] represents the lower side and [1, 2] the up-
per one. By inspecting these figures, it is possible to con-
clude that, with increasing Max, the separated flow region
becomes smaller, and the separation point moves towards the
trailing edge. This analysis also confirms that increasing the
free-stream velocity parameter leads to a separation delay.

https://doi.org/10.5194/wes-10-103-2025
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Figure 8. Instantaneous (numerical) Schlieren images at Re =9 x 100, for varying free-stream velocity: Maco = 0.2 (top), Maco = 0.3
(middle) and Ma~, = 0.4 (bottom). Two different incidences are considered: o« = 15° (left column) and o« = —15° (right column).

It is also interesting to note the presence of discontinuities
in the skin friction coefficient distributions for the flow field
configurations where transonic flow exists. These discontinu-
ities can certainly be attributed to the presence of non-linear
phenomena, such as shock waves.

3.2 Comparison with compressible correction

The substantial difference between the present work and the
previous one by De Tavernier and von Terzi (2022) lies in
the current utilization of the URANS approach. Figure 13

https://doi.org/10.5194/wes-10-103-2025

illustrates the critical combination of angles of attack and in-
flow Mach numbers, indicating the threshold above which
localized supersonic flow occurs on the FFA-W3-211 tip air-
foil. Results obtained from URANS and XFOIL, using the
Prandtl-Glauert compressibility correction for fully turbu-
lent flow, are presented for different Reynolds numbers. No-
tably, at the same Mach number, URANS predicts the on-
set of transonic flow at slightly smaller angles of attack. In
particular, when the wind turbine operates beyond its rated
wind speed (with negative angles of attack), URANS sug-
gests a larger safety margin. On the other hand, if the tur-
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Figure 9. Mean pressure coefficient distribution at Re = 1.8 x 106, for o« = 15° (solid black line) and « = —15° (dashed green line).

8 8 8
6.2 6.2 Critical -Cp=6.95 6.2 1
- 4-4?{“ Critical -Cp=3.66
ilf—z_ﬁ \\\\\\
0.8 \i:.:..::::::::::-
L= T
0 0.25 0.5 0.75 1
x/c [-]
(M =04

Figure 10. Mean pressure coefficient distribution at Re = 9 x 100, for o = 15° (solid black line) and « = —15° (dashed green line).

bine operates below its rated wind speed (with positive an-
gles of attack), the inverse relationship holds true. Further-
more, this analysis highlights that, for both URANS and
XFOIL data, an increase in the Reynolds number promotes
the transition to local supersonic flow conditions, especially
for larger (either negative or positive) angles of attack. As a
result, conventional wind tunnel studies, typically conducted
at Reynolds numbers lower than those experienced by the
wind turbine during operation, may provide less conservative
safety zone predictions. Despite the overall agreement be-
tween the two techniques, some discrepancies are observed.
In particular, a certain difference is apparent around the Mach
0.6 peak, which cannot clarified here further due to insuf-
ficient data around this point in this study. However, as an
inflow Mach number of 0.6 is still too far from the real op-
erational conditions of current wind turbines, it was a de-
liberate choice to put more focus on other areas. Another
discrepancy is observed at angles of attack over 12°, for
Re = 1.8 x 10°. This latter mismatch resides in the post-stall
region, as was demonstrated by Bertagnolio et al. (2001),
where both XFOIL and URANS approaches fail. Neverthe-
less, it is important to highlight that both operational scenar-
ios deviate significantly from the conditions faced by wind
turbines that are at risk of experiencing transonic flow.

Wind Energ. Sci., 10, 103—-116, 2025

3.3 Shock wave detection

In this section, the potential presence of shock waves in
transonic regime is analyzed. The study is necessary since
the appearance of shock waves gives rise to severe pressure
changes that can adversely affect the wind turbine’s perfor-
mance and loading.

Figure 14 shows the various configurations, in terms of an-
gle of attack and inflow Mach number, that are selected for
obtaining the URANS threshold in the previous analysis, as
they are represented by the grey symbols. For each config-
uration, the red symbols indicate the appearance of (local)
supersonic flow. For these latter supersonic flow conditions,
the presence of shocks is detected using the mathematical
relation in Eq. (4) and represented here by the green sym-
bols in the figure. In summary, the grey symbols represent
all URANS computations taken into account in this work.
In the presence of a supersonic region, grey symbols are re-
placed by red symbols, and these are subsequently replaced
by green symbols if a shock was detected.

It is noteworthy that a substantial dependency lies in the
inflow Mach number. In particular, an increase in this param-
eter results in the emergence of shock waves, even at mod-
est attack angles. Conversely, at low inflow Mach numbers,
shock waves do not arise even at very high attack angles.
Apparently, the presence of a local supersonic flow is not
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sufficient for the shock waves to appear. In fact, in some cir-
cumstances, the acceleration of the flow is sufficiently grad-
ual to prevent the formation of a discontinuity for the ther-
modynamic variables, confirming the results illustrated in
Figs. Se and 7e. This analysis is performed for three different
Reynolds numbers: 1.8 x 106, 3.5 x 10° and 9 x 10°. Fig-
ure 14 shows a marked dependence of the solution on the
Reynolds number, since increasing this parameter promotes
the appearance of transonic flow, as well as the increment of
configurations for which shocks appear in the flow field.

4 Conclusions

This paper investigated the aerodynamic features of the FFA-
W3-211 wind turbine tip airfoil under compressible and un-
steady flow conditions. For this purpose, a URANS approach
was described and validated with experimental data from the
literature. The presented URANS setup predicted the mean
turbulent flow around the airfoil and was further used to ana-
lyze the impact of the Mach number and Reynolds number.

https://doi.org/10.5194/wes-10-103-2025

It was found that strong compressibility effects need to
be taken into account to accurately predict the aerodynamic
performance and loads of large wind turbine rotors in realis-
tic operational conditions. Moreover, it was shown that tran-
sonic flow appears in some circumstances. This is the case
particularly at high negative angles of attack, which corre-
spond to the incidences encountered by the tip section of
the blade at the high wind speeds encountered in above-rated
wind conditions close to cutout.

The threshold between subsonic and supersonic flow, us-
ing a fully compressible URANS formulation, was deter-
mined. This analysis was performed for Reynolds numbers
varying from a characteristic value used in wind tunnel ex-
periments to one representative of the IEA 15 MW RWT ro-
tor. A marked dependence on the Reynolds number, espe-
cially for high incidences, was observed. It was found that an
increase in the Reynolds number promotes the onset of local
supersonic flow conditions.

The presence of local supersonic flow, however, was
shown to be an insufficient criterion for shock waves to ap-
pear.

Wind Energ. Sci., 10, 103—-116, 2025




114

M. C. Vitulano et al.: Transonic flow over wind turbine airfoil

Supersonic regime
0.7 ¢

0.6
05t
stoal
0.3 4”

02F

Subsonic regime

— Xfoil Re=1.8x10°

- = = Xfoil Re=3.5x10°

----- Xfoil Re=9.0% 10°

= ® = OpenFoam Re=1.8 x 10°
OpenFoam Re=3.5 x 10°

“++ OpenFoam Re=9.0x 10°

-10 -5 0 5
a [deg]

0.1
-15

Figure 13. Subsonic—supersonic boundary for the FFA-W3-211 wind turbine tip airfoil: XFOIL Re = 1.8 x 106 (black line), XFOIL Re =
3.5 x 10° (magenta line), XFOIL Re = 9 x 100 (red line), OpenFOAM Re = 1.8 x 100 (blue line), OpenFOAM Re = 3.5 x 100 (yellow line)

and OpenFOAM Re =9 x 100 (green line).

Supersonic regime

Supersonic regime

0.7
0.6
2205
28()‘4
0.3

0.2

Subsonic regime Subsonic regime

Supersonic regime

Subsonic regime

0.1
-15 -10 -5 0 5 10 15 -15 -10 -5

« [deg]
(a) Re=1.8x10°

(%

(b) Re=3.5x10°

0 5 10 15 -15 -10 -5 0 5 10 15
[deg] a [deg]

(¢) Re =9 x10°

Figure 14. Subsonic—supersonic boundary for the FFA-W3-211 wind turbine tip airfoil (using XFOIL): configurations selected for the
URANS threshold (grey crosses), configurations in which a supersonic regime is established (red circles) and configurations in which shock

waves appear (green square).

These results corroborated conclusions previously found
using compressibility corrections. However, at high inci-
dences, for the same angle of attack, the new URANS results
showed a higher incoming velocity for which a local super-
sonic regime was established compared to the XFOIL predic-
tions with compressibility corrections. This is very important
as it suggests that, taking the transonic threshold as the de-
sign limit, XFOIL would predict a lower operational range,
resulting in a more conservative approach than URANS cal-
culations.

It is worthwhile to recall the limitations of URANS in ac-
curately capturing transonic flow phenomena due to inherent
assumptions in the turbulence modeling and the associated
interaction with shocks. In fact, the Reynolds-averaging pro-
cedure inherently either eliminates or, in case of strong flow
instabilities, attenuates a significant amount of flow unsteadi-
ness while shifting the dominant frequency towards lower
values (Frohlich and von Terzi, 2008). Moreover, the use of
the wall-function boundary conditions adds uncertainty to
the results for some flow conditions. While, in the results
presented here, supersonic flow occurred already in the at-
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tached flow regions, the possible inaccuracies in separated
flow regions could have impacted the results. It is also im-
portant to note that only fully turbulent flow conditions were
considered in this study, whereas laminar to turbulent tran-
sition could occurs on clean wind turbine airfoils. Note that,
therefore, for consistency with the fully turbulent flow of the
URANS, compressibility correction analyses presented here
were repeated with tripped conditions rather than the natural
transition used in De Tavernier and von Terzi (2022). More-
over, here, we considered only two-dimensional flow over
the airfoil. However, compressibility effects are more pro-
nounced near the blade tip, where three-dimensional effects
may become important.

The presence of supersonic flow raises research questions
regarding the impact of shock waves and buffeting on wind
turbine performance and lifetime. Indeed, it will be crucial
to assess these effects to ensure efficient operation and dura-
bility of the next-generation large wind turbines. Due to the
highly unsteady and three-dimensional nature of the phe-
nomenon and the need to predict dominant frequencies in
the flow field to assess aeroelastic instabilities, it is recom-
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mended to conduct experiments and/or high-fidelity simula-
tions. Along this line of research, due to the limitations asso-
ciated with the high flow Reynolds number in transonic wind
tunnels, future investigations may want to consider employ-
ing large eddy simulations (LESs) with advanced wall mod-
els or hybrid RANS-LES techniques, like the ones recently
proposed by Salomone et al. (2023).
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