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ABSTRACT
Dynamic stall is the delayed flow separation that occurs

on airfoils undergoing rapid changes in angle of attack. The
delay between the instant the critical stall angle is exceeded
and the onset of dynamic stall scales with the non-dimensional
pitch rate as a power law. This delay scaling has been char-
acterised under low-turbulence inflow conditions. We extend
this characterisation to turbulent inflow conditions through
force measurements on a pitching NACA 0018 airfoil under
three grid-generated turbulent inflows. The critical stall an-
gle measured with quasi-static angle of attack variations shifts
to higher angles of attack when the turbulence intensity in in-
creased in the free-stream, from 14° in the low-turbulent inflow
without grid to 20° in the turbulent inflow generated by the
coarsest grid. The stall onset delay follows a common power-
law scaling with pitch rate when calculated with respect to
the quasi-steady stall angle threshold measured for the specific
inflow conditions. Free-stream turbulence shifts the critical
threshold for static stall initiation but preserves the power-law
scaling of the dynamic stall onset as a function of the pitch rate
under unsteady conditions.

1 Introduction
Aerodynamic surfaces operating in realistic environments

are exposed to inflow disturbances. Wind turbines operate
within atmospheric boundary layers containing turbulent ve-
locity fluctuations generated by upstream turbines, terrain, and
built structures (Porté-Agel et al., 2020; Nedic et al., 2024;
Revaz & Porté-Agel, 2024). The wakes of upstream turbines
introduce velocity deficits, coherent vortices, and turbulence,
which alter the effective inflow experienced by downstream
blades. For horizontal-axis wind turbines, this turbulent en-
vironment has been studied mainly through its effect on wake
recovery and power output (Vahidi & Porté-Agel, 2024; Sham-
soddin & Porté-Agel, 2018; Dar et al., 2025). For vertical-axis
wind turbines, turbulence also influences the separation pro-
cess on the individual blades.

Free-stream turbulence affects the formation, transition,
and separation of the boundary layer and influences the aero-
dynamic behaviour of wings and blades (Yu et al., 2017; Ist-

van & Yarusevych, 2018; Huang et al., 2020). Turbulence
promotes boundary-layer transition, and makes the boundary
layer more resistant to adverse pressure gradients (Kay et al.,
2020; Toppings & Yarusevych, 2025). The transition location
depends not only on turbulence intensity but also on the inte-
gral length scale, which can either advance or delay transition
depending on its ratio to the boundary-layer thickness (Frans-
son & Shahinfar, 2020). The enhanced boundary layer resis-
tance shifts stall onset to higher angles of attack and increases
the maximum lift coefficient (Devinant et al., 2002; Thomp-
son et al., 2023). Wind tunnel measurements on a wind tur-
bine blade section at chord-based Reynolds numbers between
1.3×105 and 3×105 confirm that increasing turbulence inten-
sity from 0.3 % to 3 % delays the stall angle and smoothens the
lift curve near stall (Mishra et al., 2022). For a NACA 0018
airfoil at a transitional Reynolds number, elevated turbulence
suppresses static hysteresis and shifts both stall and reattach-
ment to higher angles of attack (Damiola et al., 2023).

Vertical axis wind turbines operating at low tip-speed ra-
tios experience dynamic stall during each cycle of rotation
(Le Fouest & Mulleners, 2022). Dynamic stall involves de-
layed leading-edge separation, the formation of a leading-edge
vortex, and a rapid reduction in lift when the vortex is con-
vected downstream. Increased turbulence intensity shifts the
formation of the leading-edge vortex to higher angles of at-
tack (Yu et al., 2017; Huang et al., 2020). Direct numerical
simulations of a pitching airfoil in the wake of an upstream
cylinder show that wake turbulence delays dynamic stall on-
set and produces a weaker dynamic stall vortex compared to
undisturbed inflow (Gandhi et al., 2017). At the turbine scale,
the delayed stall onset increases aerodynamic performance
(Ahmadi-Baloutaki et al., 2015; Nedic et al., 2024). Turbu-
lent inflow produces smaller and less coherent leading-edge
vortices and increases turbulent kinetic energy near the airfoil
surface, which promotes earlier reattachment when the angle
of attack is decreased (Yu et al., 2017; Huang et al., 2020;
Damiola et al., 2023). The earlier reattachment is attributed to
enhanced mixing and entrainment in the separated shear layer,
which increases momentum transport towards the surface (Vita
et al., 2020). These changes modify the magnitude and timing
of unsteady aerodynamic loads.
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Dynamic stall onset delay is measured relative to the
quasi-steady stall threshold, and the delay is governed by the
pitch rate. This delay follows a power-law scaling with the
non-dimensional pitch rate (Le Fouest et al., 2021; Ayancik &
Mulleners, 2022; Rezapour & Mulleners, 2025). This power-
law scaling of the stall onset delay with pitch rate has previ-
ously only been determined in clean inflow conditions. The
influence of free-stream turbulence on this scaling remains to
be determined.

Here, we examine how free-stream turbulence modifies
static stall thresholds and the dynamic stall onset delay. Grid-
generated turbulence is used to produce controlled inflow con-
ditions with varying turbulence intensities and integral length
scales. Quasi-static measurements are performed to quan-
tify shifts in stall and reattachment angles under turbulent in-
flows. Measurements of dynamically pitching airfoils are per-
formed to examine how stall onset delay scales with the non-
dimensional pitch rate for various inflow conditions.

2 Methods
Experiments were conducted in the SHARX recirculating

water channel at EPFL, which has a 0.6 m× 0.6 m× 3 m test
section. A NACA0018 airfoil with chord length c = 0.15m
and span s = 0.58m was mounted vertically in the test section.
The blade tip was positioned close to the bottom of the chan-
nel to limit tip vortices. A splitter plate was installed at the
blade root to eliminate surface effects. The flow velocity was
U∞ = 0.4m/s, corresponding to a chord-based Reynolds num-
ber of Re = 60000. At this Reynolds number, laminar separa-
tion bubbles can form. Zigzag tripping tape with a thickness
of 0.8 mm was applied on both the suction and the pressure
side near the maximum thickness location to enforce boundary
layer transition and eliminate the laminar separation bubble.
Aerodynamic forces were measured using a six-component
ATI Nano 25 load cell with a sampling frequency of 1000 Hz,
a sensing range of 125 N, and a resolution of 0.02 N.

Quasi-static measurements were conducted to obtain
static lift polars and to determine the critical static stall and
static reattachment angles. The angle of attack of the airfoil
was changed in discrete steps of 0.5°, from α = 0° to 30° dur-
ing pitch-up and from 30° to 0° during pitch-down. At each
step, aerodynamic forces were recorded for 20 s. This dura-
tion corresponds to ≈ 53 convective times ( U∞

c ). The mean
lift coefficient and its standard deviation were computed from
these measurements. Dynamic pitching tests were performed
by pitching the airfoil about its quarter-chord axis using lin-
ear ramp motions from α = 0° to αmax = 30°. The non-
dimensional pitch rates of the tested ramp motions, defined as
(α̇c)/(2U∞), was varied between 0.0008 and 0.01. The mea-
surements were repeated five times per pitch rate to assess un-
certainty.

Free-stream turbulence was generated using three reg-
ular square-mesh grids placed 800 mm upstream of the air-
foil leading-edge. The grids had mesh sizes M = 45mm,
90mm, and 180mm with a solidity of 30 %, corresponding to
M/c = 0.3, 0.6, and 1.2. The normalised downstream distance
from the grid to the airfoil location was x/M = 17.8, 8.9, 4.4
for the fine, medium, and coarse grids, respectively. The ratio
x/M characterises the stage of turbulence development down-
stream of the grid. The wake structures generated by the grid
interact and merge as x/M increases, leading to more homoge-
neous turbulence. The turbulence intensity decreases and the
integral length scale increases with increasing x/M due to the
decay and spatial evolution of turbulent kinetic energy (Mo-

hamed & Larue, 1990). The present values of x/M indicate
that the turbulence at the airfoil location is within the develop-
ing and early decay region of grid-generated turbulence. The
coarse grid (x/M = 4.4) produces turbulence dominated by
larger energetic structures, and the fine grid (x/M = 17.8) pro-
duces more evolved turbulence with smaller relative structure
size and lower energy levels.

The turbulence characteristics of these grids were previ-
ously quantified in the same facility using particle image ve-
locimetry (PIV). The streamwise turbulence intensity is de-
fined as Tu = urms/U∞, where urms is the root-mean-square of
the streamwise velocity fluctuations. The streamwise integral
length scale L11,1 represents the characteristic size of the dom-
inant turbulent structures. The measurements to determine the
turbulence intensity and the integral length scales were per-
formed 1115 mm downstream of the grids Nedic et al. (2024).
The streamwise integral length scales (L11,1) were measured
to be 38 mm, 40 mm, and 57 mm for the three grids, and the
corresponding turbulence intensities were 3.2 %, 6.5 %, and
12.3 %. The baseline turbulence intensity in the channel with-
out a grid was approximately 1 %.

The present measurements were conducted at a closer
downstream location (x = 800mm), where grid-generated tur-
bulence is expected to have higher turbulence intensity and
slightly smaller integral length scales due to the downstream
decay of turbulent kinetic energy and the spatial evolution of
the flow (Mohamed & Larue, 1990). The turbulence intensi-
ties at the airfoil location are expected to be slightly higher
than the previously reported values, but preserving the relative
differences between grid configurations. The coarse grid pro-
duces the largest turbulence structures and the highest turbu-
lence intensity, and the fine grid produces smaller-scale, lower-
intensity turbulence.

Throughout this paper, the term baseline inflow condition
refers to the flow in the absence of a turbulence-generating
grid. Turbulent inflow conditions refer to the flows generated
downstream of the turbulence grids.

3 Results
3.1 Static stall behaviour

The influence of the free-stream turbulence is first studied
for the static lift polars obtained during quasi-static pitch-up
and pitch-down motions for four inflow conditions. These in-
flow conditions include the baseline inflow (no grid) and three
turbulent inflow conditions generated by grids with mesh sizes
M = 45mm, 90mm, and 180mm (fig. 1). Mean values are
shown with markers, and shaded bands represent the standard
deviation of the lift coefficient at each angle of attack, com-
puted from measurements taken during 20s at each step.

The lift coefficient increases linearly with angle of attack
for the pitch-up polars for all inflow conditions up to ≈ 10°
(fig. 1a). The mean lift coefficients collapse onto a single
curve in the pre-stall region. The slope of this region is 1.9π

determined based on the linear part of the lift. Free-stream
turbulence does not modify the lift response when the flow
is attached. The standard deviation bands reflect the degree
of lift fluctuations. The lift measured under the baseline in-
flow condition shows the narrowest uncertainty band, and the
lift measured under the inflow generated by the coarse grid
(M = 180mm) shows the widest band throughout the pre-stall
and post-stall regions. As the angle of attack increases further,
the lift curves reach a maximum and transition into stall.

The transition from attached flow to separated flow de-
creases the CL during quasi-static pitch-up. We define the crit-
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Figure 1. Static lift coefficient (CL) polars for varying inflow conditions. The data are split into (a) polars obtained for the airfoil
pitching up from 0° to 30° and (b) poloars obtained for the airfoil pitching down from 30° to 0°. Shaded bands indicate the standard
deviation of the lift fluctuations. The visual legend at the top indicated the passive turbulence grids, ranging from the baseline (no grid)
inflow condition to the turbulent flow generated with the coarse-mesh.

ical stall angle as the angle of attack at which the decrease
begins. The lift curves obtained under the baseline inflow con-
dition and under the inflow generated by the fine and medium
grids (M = 45mm and 90mm) experience an abrupt drop in
CL, which provides a clear stall angle. The lift curve obtained
under the inflow generated by the coarse grid (M = 180mm)
shows a smooth transition rather than a distinct drop. The
airfoil operating under the baseline inflow condition stalls at
α = 14°. In the inflow generated by the fine grid (M = 45mm),
the stall is delayed to α = 17.5°, and in the flow generated
by the medium grid M = 90mm the stall is further delayed
to α = 20°. Under the inflow generated by the coarse grid
(M = 180mm), the lift curve transitions smoothly from in-
creasing to decreasing at α ≈ 20° without an abrupt loss of
lift. After crossing the critical stall angles, the flow is con-
sidered separated. In this separated-flow region, the mean lift
coefficient remains higher under turbulent inflow conditions
than under the baseline inflow condition. At a given angle of
attack, the mean lift coefficient increases with mesh size, indi-
cating that stronger turbulence enhances momentum exchange
within the separated shear layer. As the angle of attack ap-
proaches α = 30°, the lift coefficients converge for all inflow
conditions.

The separated flow reattaches when the angle of attack is
decreased (fig. 1b). For the pitch down polar, α is decreased
from 30°, where the flow is fully separated. Reattachment oc-
curs at a critical angle, where the separated shear layer reat-
taches to the airfoil surface (Rezapour & Mulleners, 2026).
This transition produces an abrupt increase in CL, which we
use to identify the critical reattachment angle (fig. 1b). Reat-
tachment occurs at α = 13° under the baseline inflow condi-
tion. Under the inflow generated by the fine, medium, and
coarse grids, the reattachment occurs at α = 17°, α = 19.5°,
and α = 21°, respectively. The critical reattachment angles
follow a similar trend as the critical stall angles variation, shift-
ing toward higher angles of attack for increasing turbulence in-
tensity and integral length scale. This shift indicates that turbu-
lent inflow modifies both separation and reattachment, which
changes the angular lag between these two events. The dif-

ference between the stall and reattachment angles is called the
static hysteresis.

3.2 Stall onset in dynamic pitching
The effect of free-stream turbulence on the dynamic lift

response is examined for two example non-dimensional pitch
rates, (α̇c)/(2U∞) = 0.003 and (α̇c)/(2U∞) = 0.009. The
ensemble-averaged evolutions of the lift coefficient for the
baseline inflow condition and the three turbulent inflow con-
ditions are shown in fig. 2. The coloured shaded bands around
each mean curve indicate the uncertainty range, defined as the
minimum and maximum lift coefficients recorded across the
five repetitions. The vertical grey band marks the estimated
stall onset transition window, determined from the power-law
scaling for each pitch rate case (eq. (1)).

In the attached-flow regime, the lift coefficient increases
again linearly with angle of attack for all inflow conditions
(fig. 2a,c). The pre-stall lift curves collapse onto a single curve
across all configurations, consistent with the static observa-
tions. Free-stream turbulence does not modify the attached-
flow lift response under dynamic pitching. The responses un-
der different inflow conditions diverge at higher angles of at-
tack, where the inflow turbulence delays the separation onset.
The dynamic stall angles shift toward higher values with in-
creasing mesh size, following the same trend observed in the
static results. The baseline inflow condition stalls first, fol-
lowed sequentially by the fine, medium, and coarse grid con-
figurations.

The lift reaches a maximum before decreasing when sepa-
ration develops. At (α̇c)/(2U∞) = 0.003, a distinct lift drop is
observed under the baseline and fine grid inflow conditions,
whereas the coarse grid condition produces a more gradual
decrease, resulting in a smoother transition from attached to
separated flow similar to what was observed for the static
behaviour (fig. 2a). At (α̇c)/(2U∞) = 0.009, the lift drops
sharply at dynamic stall under all inflow conditions, including
the coarse grid configuration (fig. 2c). This abrupt drop in-
dicates that leading-edge vortex formation and shedding gov-
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Figure 2. Effect of free-stream turbulence on the ensemble-averaged lift coefficient during the pitch-up phase for non-dimensional
pitch rates of (α̇c)/(2U∞) = 0.003 (a,b) and (α̇c)/(2U∞) = 0.009 (c,d). The lift coefficient averaged over five repetitions is plotted
against angle of attack α [°] (a,c), and convective time shifted by the instant the critical stall angle is exceeded (t − tss)U∞/c (b,d). The
vertical grey band marks the estimated stall onset transition window from the power-law scaling for each pitch rate case. The dashed
lines in (a) and (c) show the attached-flow lift slope 1.9π determined from the static polar under baseline inflow conditions.

ern stall onset at higher pitch rates, and turbulence does not
suppress this vortex-driven mechanism. The lift fluctuations
in the separated-flow region at (α̇c)/(2U∞) = 0.009 indicate
the subsequent leading-edge vortex formation and detachment
following the initial dynamic stall vortex detachment (Henne
et al., 2018).

To examine how turbulence modifies the temporal dynam-
ics of stall onset, the lift coefficients are plotted against con-
vective time shifted by the instant the configuration-specific
static stall angle is exceeded, tss. When we plot the lift re-
sponses versus (t − tss)U∞/c, the first lift peaks align across
all inflow conditions (fig. 2b,d). This alignment indicates that
once the quasi-steady stall threshold of each inflow condition
is exceeded, dynamic stall develops after a comparable con-
vective time delay, independent of turbulence level.

We now characterise the stall onset angle, maximum lift
coefficient, and stall delay across all tested pitch rates. These
parameters are presented as a function of the non-dimensional
pitch rate (α̇c)/(2U∞) in fig. 3. The mean values over five rep-
etitions per pitch rate case are indicated with markers, and the
error bars indicate the standard deviations across repetitions.

The dynamic stall angles αds increase with increasing

(α̇c)/(2U∞) for all configurations (fig. 3a), which is consis-
tent with the classical pitch-rate dependence of dynamic stall
onset. At every tested pitch rate, the airfoil operating un-
der turbulent inflow conditions stalled at higher angles than
under the baseline inflow condition. The angular offset be-
tween the baseline inflow condition and the inflow generated
by the fine grid (M = 45mm) remains approximately constant
to ∆α = 3.3±0.4 across the full range of pitch rates. This off-
set is close to the difference measured between the static stall
angles of these two inflow conditions. The stall angles mea-
sured under the inflow generated by the medium and coarse
grids follow the same increasing trend with non-dimensional
pitch rate (α̇c)/(2U∞), although with larger fluctuations due
to higher turbulence intensity in the free-stream. The higher
angles of attack at stall also affect the maximum lift coeffi-
cients.

The maximum lift coefficient at stall CL,max increases with
pitch rate (α̇c)/(2U∞) for all configurations (fig. 3b). At low
pitch rates, the airfoil operating under turbulent inflow con-
ditions reaches higher maximum lift coefficients than under
the baseline inflow condition. As the pitch rate (α̇c)/(2U∞)
increases, the difference between peak values becomes less
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Figure 3. Effect of turbulence on (a) stall onset angle, (b) maximum lift, and (c) stall delay. Results are compared to the no grid
condition. The empirical power law stall delay for the baseline low-turbulent flow is shown in panel (c) for comparison. Error bars
show the standard deviation of the results over five repetitions.

significant. The peak lift at stall results from the combined
contribution of the leading-edge vortex and the angle of attack
at which stall occurs. Under turbulent inflow, stall occurs at
higher angles of attack across all pitch rates. If the leading-
edge vortex strength remained unchanged, these higher stall
angles would produce higher peak lift coefficients. The con-
vergence of the maximum lift coefficients despite the higher
stall angles indicates that turbulent inflow reduces the effec-
tive strength or coherence of the leading-edge vortex. This in-
terpretation is consistent with flow field measurements by Yu
et al., whose circulation data show that the peak dimension-
less leading-edge vortex circulation decreases under turbulent
inflow across a range of reduced frequencies. Damiola et al.
also reported a less coherent and less detectable dynamic stall
vortex under high free-stream turbulence. At low pitch rates
((α̇c)/(2U∞) = 0.003), the peak lift remains higher under tur-
bulent inflow because delayed separation allows the airfoil to
reach higher angles of attack before stall. At higher pitch rates,
vortex-induced lift dominates the peak value, and the reduced
vortex coherence limits further lift increase despite the higher
stall angle. To assess whether turbulence affects vortex forma-
tion timing, we examine the temporal development of dynamic
stall.

We quantify the temporal development of dynamic stall
using the stall onset delay, defined as the convective time
elapsed between the moment the critical stall angle is exceeded
and the onset of dynamic stall (fig. 3c). The delays for each
inflow condition are measured relative to the corresponding
static stall angle determined in fig. 1. The delay values for the
baseline and turbulent flow conditions are comparable over the
entire range of (α̇c)/(2U∞). The measured delays follow the
empirical power-law scaling established for the baseline inflow
condition (Rezapour & Mulleners, 2025), given by

(tds − tss)
U∞

c
= 0.06((α̇c)/(2U∞))

−0.77 +3.57. (1)

The constant term represents the characteristic vortex forma-
tion time, expressed in convective time units. The agreement

between the delay values for all inflow conditions indicates
that turbulent inflow shifts the static stall threshold but does not
alter the rate-dependent scaling of the stall onset delay or the
vortex formation time. This result shows that turbulence mod-
ifies the angular stall threshold without affecting the tempo-
ral mechanism governing vortex formation and dynamic stall
onset. Once the static stall threshold corresponding to each
inflow condition is exceeded, the subsequent temporal evolu-
tion toward dynamic stall follows the same power-law scaling
found for various airfoils and Reynolds numbers (Ayancik &
Mulleners, 2022).

4 Conclusion
This work examined how grid-generated free-stream tur-

bulence modifies static and dynamic stall onset at Re = 60000.
Turbulence intensity and integral length scales were varied,
and their influence on stall characteristics was investigated.
The tested turbulence conditions correspond to integral length
scales smaller than the airfoil chord.

Free-stream turbulence shifted both the critical stall angle
and the critical reattachment angle to higher angles of attack.
The mean lift response in the attached-flow regime remained
unchanged, but turbulent inflow increased lift fluctuations due
to velocity perturbations in the incoming flow.

Under dynamic pitching, free-stream turbulence delayed
stall onset to higher angles of attack across the full range of
non-dimensional pitch rates. Turbulent inflow also increased
the maximum lift coefficient at low pitch rates, but the dif-
ference in peak lift decreased at higher pitch rates. When
stall onset delay was measured relative to the quasi-steady stall
threshold specific to each inflow condition, the delay followed
the same power-law scaling with non-dimensional pitch rate
independent of the turbulence level. Free-stream turbulence
shifts the stall threshold but preserves the convective timescale
governing the onset of dynamic stall. Once the quasi-steady
stall threshold is exceeded, the subsequent temporal evolution
toward vortex formation and dynamic stall follows the same
rate-dependent scaling regardless of turbulence intensity. This

5



14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28–31, 2026

robustness further supports that the dynamic stall process is
governed by a configuration-dependent threshold and a uni-
versal temporal scaling.

The grids used in this study simultaneously increase tur-
bulence intensity and integral length scale with increasing
mesh size. The effects of these two parameters on stall onset
cannot be separated in the current dataset. All tested integral
length scales remain smaller than the airfoil chord (L/c< 0.4),
a regime in which turbulence intensity governs the aerody-
namic response and the integral length scale plays a secondary
role (Vita et al., 2020). Wind tunnel experiments on a wind
turbine aerofoil with independently varied turbulence intensity
and integral length scale show that the strongest aerodynamic
effects occur when the integral length scale is comparable to
the chord (L/c ≈ 1), and that a critical turbulence intensity
must be exceeded before the length scale modifies the stall be-
haviour (Vita et al., 2020). Whether the power-law scaling
of dynamic stall onset delay is preserved when L/c ≥ 1, or
when turbulence intensity and integral length scale are varied
independently, remains an open question. Experiments with
multiple grid-to-airfoil distances that decouple these parame-
ters would clarify the respective roles of turbulence intensity
and integral length scale on the dynamic stall process.
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