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ABSTRACT
This study investigates the instantaneous lift re-

sponse of a rectangular finite wing with a NACA 0012
airfoil, immersed in a high Reynolds number turbulent
boundary layer, through wind tunnel experiments. Un-
steady aerodynamic forces are measured at the root of
the wall-mounted wing, synchronously with the three
fluctuating velocity components of the upstream flow at
the wing tip. The primary objective of this study is to
elucidate the contribution to the unsteady wing lift of
the three velocity components, their associated squared
value and the cross-component terms for three different
angles of attack. A multi-input / single-output model
is derived using spectral methods to attribute the re-
spective contributions. This study demonstrates a high
level of coherence between the measured oncoming ve-
locity fluctuations and the lift force fluctuations, with
30% of the lift variance correlated to the incoming tur-
bulence. Additionally, we show that cross-component
terms are strongly correlated with lift fluctuations at
small angles of attack. As the angle of attack increases,
the linear terms become the dominant contributors to
lift fluctuations with streamwise fluctuations in the low
wavenumber range, and the transverse component in the
energy-containing range.

INTRODUCTION
The challenge of reducing the global CO2 emissions

has renewed the interest in wind-assisted propulsion
for cargo ships. To this end, different technologies are
considered for their potential gains in performance
such as kites, Flettner rotors, suction sails and rigid
wingsails. This work focuses specifically on wingsails.
These lifting surfaces operate in the lower part of the
atmospheric boundary layer where turbulence can sig-
nificantly impact the aerodynamic performance of the
systems. In such real-world environments, the aerody-
namic forces are highly unsteady, leading to undesirable
vibrations and noise. Predicting the force fluctuations

is therefore critical for sizing the mechanical structures
and prevent them from fatigue and premature breakage.

Understanding and predicting the link between the
turbulence and the fluctuating aerodynamic forces has
been a point of interest for decades. Building on thin-
airfoil theory, Sears (1941) derived the lift response
of a two-dimensional airfoil at zero angle of attack
(AoA) to a sinusoidal gust normal to the chord. In
the Sears function, the lift response of the wing strip
is directly related to the one-wavenumber gust normal
to the wing planform, assuming perfect spanwise coher-
ence of the wind. Liepmann (1952) extended the dis-
crete frequency approach of Sears to continuous spec-
trum, paving the way for the relationship between aero-
dynamic force fluctuations and turbulence spectra, a
concept now known as aerodynamic admittance. To
account for the three-dimensionality of turbulence, Gra-
ham (1970) introduced a two-wavenumber transfer func-
tion and derived its exact solution using lifting-surface
theory for an airfoil of infinite span length at zero AoA
and zero-thickness. The Graham function was later
experimentally validated by Jackson et al. (1973) and
Li et al. (2015). Goldstein & Atassi (1976) added the
contribution of the streamwise component to the Sears
function and Atassi (1984) corrected the lift formula to
take into account the influence of the AoA, the airfoil
camber and the thickness.

In recent experiments, Li et al. (2018, 2022) and
Zhao et al. (2025) introduced a method to measure the
one-wavenumber aerodynamic admittance on an airfoil
subjected to grid turbulence. This method validated
and revealed the robustness of the originale theoretical
works made by Sears (1941), Graham (1970) and Atassi
(1984) across a range of conditions, including varying
the integral length scale of the oncoming turbulence,
aspect ratio and angle of attack.

In the marine environment, wingsails operate under
flow conditions that differ significantly from those stud-
ied in aerodynamic wind tunnels. Specifically, wingsails
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Figure 1. Experimental setup.

Table 1. Characteristic quantities of the present study.

U∞ Uτ z0 δ Reτ b/δ c/δ Rec

7.5 m/s 0.56 m/s 17 µm 1.2 m 40000 0.35 0.087 38000

perform within the atmospheric surface layer (ASL),
where the oncoming wind is highly inhomogeneous and
anisotropic. In such wall-bounded flows, investigation-
sprevious studies highlighted the co-habitation of dif-
ferent organized turbulent motions (Smits et al., 2011).
Elongated low-streamwise-momentum region in the in-
ner layer, also called large-scale motions (LSMs) (Adrian
et al., 2000) and superstructures (Hutchins & Marusic,
2007) present in the surface layer could influence the lift
response of wingsails. Additionally, the characteristic
energy-containing turbulence length scales in the hun-
dreds of meters are substantially larger than the chord
lengths (c ≈ 10 m) of these lifting bodies.

Throughout this paper, u, v and w will be used
to denote the velocity components in the streamwise
x, the transverse y and wall-normal z directions, re-
spectively. In the previous cited experimental works,
the lift force is linearly linked to turbulence terms and
especially the transverse wind component v normal to
the wing planform. However, in a turbulent boundary
layer, anisotropy and inhomogeneity could yield to non-
negligible contribution of higher order turbulence terms
to lift fluctuations. As a first approximation, for small
AoA (α << 1 rad), the lift force on a two-dimensional
strip can be expressed as

l2D(z, t) = 2πα(z, t)ρc|u(z, t)|2, (1)

where ρ is the fluid density, c the chord length of the
airfoil, u = (u,v) is the incident velocity vector and α is
the AoA of the wing. The linearization of eq. (1) around
the steady state (α0, U0) yields the following expression
for the lift perturbation

l′2D
2πρcU2

0
'α0(2u′/U0+u′2/U2

0 +v′2/U2
0 )+(v′/U0+v′u′/U2

0 ),

(2)
where only first and second order terms were main-

tained. Although this expression does not account for

the two-wavenumber transfer function derived by Gra-
ham (1970), it highlights the potential contribution
of higher-order turbulence terms to aerodynamic force
fluctuations.

This work aims to quantify the contribution of up
to the second-order turbulence terms on a finite rect-
angular wing immersed in a turbulent boundary layer,
focusing on three angles of attack: α0 = 0°, 5° and 14°.
To achieve this, synchronous measurements of both the
global aerodynamic forces and the upstream turbulent
velocity are performed to enable the derivation of a
Multi-Input / Single Output (MISO) model using spec-
tral methods as proposed by Bendat (1998) and Bendat
& Piersol (2010).

METHODS
Experimental details

The experiments have been performed in the at-
mospheric wind tunnel of the Laboratoire de recherche
en hydrodynamique, énergetique et environnement at-
mospherique (LHEEA) at Ecole Centrale Nantes (fig-
ure 1). The wind tunnel is a 25-meter-long open-circuit
facility with a 2 m×2 m cross-section. The oncom-
ing flow is a turbulent boundary layer, generated us-
ing four 1.2-meter-high tapered spires installed down-
stream of the convergent. The boundary layer is fur-
ther developed with perforated metal plates (diameter
= 5 mm, depth = 2 mm) on the wind tunnel floor.
The freestream wind speed (U∞) is 7.5 m/s. This con-
figuration mimics a scaled neutral marine atmospheric
boundary layer (Schliffke, 2022) whose Reynolds num-
ber is Reδ = Uτ δ/ν = 40000 at the position of the test
section ensuring scale separation between the inner and
the outer layers and fully developed turbulent structures
as detailed in Smits et al. (2011), where Uτ is the skin
friction velocity, δ the boundary-layer thickness and ν

the kinematic viscosity of air. All the relevant quan-
tities associated to the oncoming turbulent boundary
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Figure 2. Wall-normal evolution of (a) the mean (u)

and the turbulence intensity (
√

u′2/u) of the stream-
wise velocity component within the turbulent bound-
ary layer and (b) the streamwise longitudinal integral
length scale at the location of the finite wing. In (a),
the red solid line represents the theoretical log-law ex-
pressed as u(z) = (Uτ/κ) ln(z/z0), where Uτ is the skin
friction velocity, κ = 0.4 the Von Kàrmàn constant, z0
the aerodynamic roughness length. U∞ is the freestream
velocity and δ the 99% boundary-layer thickness. The
grey vertical line indicates the extent of the wing within
the boundary layer.

layer are detailed in table 1. Flow characteristics in the
wind tunnel were measured using hot-wire anemometry.
Theory predicts a logarithmic dependence of the mean
longitudinal wind component to the wall-normal dis-
tance (Pope, 2000). This theoretical prediction agrees
with the experimental data shown in figure 2.a up to
z/δ ≈ 0.4. The wall-normal distribution of the longitu-
dinal turbulence intensity and the streamwise integral
length scale of the longitudinal velocity component of
the oncoming turbulence are displayed in figure 2. Un-
der the present flow conditions, the energy-containing
turbulence scales are significantly larger than the chord
length of the wing which is a notable aspect of this study.

In this study, a rectangular finite wing was verti-
cally mounted on a 6-component balance (ATI Gamma
Force/Torque Sensor) located under the wind tunnel
floor to measure the unsteady aerodynamic forces. The
wing has a span of b = 400 mm and a chord length of
c = 100 mm with a cross-section based on a NACA 0012
airfoil. To minimize fluid-structure interactions in the
collected force data due to wing vibrations, the core of
the model is made with extruded polystyrene with uni-
directional high-modulus carbon fibers spars inserted
at the maximum thickness of the wing. The core is
enveloped with +45°, −45° carbon fiber sheets. This
choice guarantees an optimal stiffness-to-density ratio

of the model, resulting in a natural frequency of the
wing of fR = 60 Hz. The blockage ratio associated to
the finite wing is less than 1%. The wing is fully im-
mersed in the log-law region of the oncoming flow. The
instantaneous velocity at the wing tip is measured us-
ing a TFI Cobra Probe positioned 30 mm above the
wing tip. The Cobra Probe is a four-hole pressure-
based probe able to resolve the 3 components of the
velocity with an uncertainty of ±0.3 m.s-1 and a max-
imum sampling frequency of 1.2 kHz. The data acqui-
sition system recorded measurements at a sampling fre-
quency of 5 kHz, with a total acquisition duration of
28 800 s= 1.8 · 105δ/U∞. The reference velocity is de-
fined as the mean longitudinal wind value integrated
along the wingspan (U0 = 1

b
∫ b

0 U(z)dz), giving a chord-
based Reynolds number of Rec =U0c/ν = 38000.

Multi-Input/Single-Output System
To analyze the contribution of the three velocity

components and the characteristics of the link velocity-
forces, MISO models are derived using spectral trans-
fer functions, for several angles of attack. Using the
Reynolds decomposition, any quantity is written as
y(t) = Y + y′(t) where Y = y is the arithmetic mean and
y′ its fluctuating part. In this work, the MISO model
takes the fluctuations of the three linear velocity fluc-
tuations (u′, v′, w′), squared velocity fluctuations (u′2,
v′2, w′2) and cross-component velocity fluctuations (u′v′,
u′w′, v′w′) as inputs. The output is the lift force fluctu-
ations (l′) acting on the finite wing. The set of inputs
will be denoted by I. When correlation exists between
any pair of input records (e.g ei and e j), the contribu-
tion from the input e j to the output can be partially or
entirely attributable to another input ei. To eliminate
this potential bias, the inputs must be conditioned by
removing any linear contribution of er in e j for r < j.
In this study, all inputs are conditioned. For simplic-
ity, they will continue to be denoted by their original,
non-conditioned symbols. The contributions from the
different inputs are estimated using the partial coher-
ence function defined by Bendat & Piersol (2010) as

γ
2
il(k1) =

|φil(k1)|2

φii(k1)φll(k1)
, for i ∈ I (3)

where the subscript ’l’ denotes the lift force signal, φil
cross-spectrum density between the quantity ei and the
lift, and, φll & φii are power spectral densities. The
multiple coherence function is defined as

γ
2
Jl =

J

∑
i

γ
2
il , for J ⊆ I. (4)

For J = I, the multiple coherence then becomes the to-
tal coherence function, denoted by γl

2 which assigns the
total contribution of the turbulence to the lift fluctua-
tions. This function has one as least upper bound : for
a perfectly linear system, fully described by the inputs,
the multiple coherence function should be unity (Bendat
& Piersol, 2010).
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Figure 3. (a) Mean and (b) root mean square of the lift
coefficient versus the angle of attack in the turbulent
boundary layer. Markers highlight the three selected
angles of attack of the present study.

RESULTS
The time-average and root mean square (rms) of the

lift coefficient on the finite wing are presented in figure 3
versus the AoA measured in the turbulent boundary
layer. The three selected AoAs α0 = 0°, 5° and 14° are
illustrated with markers. These angles were chosen to
represent distinct aerodynamic regimes: zero lift, linear
lift dependence on α, and high-lift conditions, respec-
tively. The non-linear dependence of the lift coefficient
on α0 is attributed to well-documented low-Reynolds-
number effects (Winslow et al., 2018), though these ef-
fects are not discussed further in the present study.

The premultiplied one-wavenumber power spectral
densities (PSDs) of both the unconditioned and condi-
tioned inputs, measured at the wing tip, are presented in
figure 4. The inputs are categorized into three distinct
subsets containing the linear terms (I1), the squared
terms (I2) and the cross-component terms (I3), respec-
tively. Results are shown for an arbitrary α0 as the
measured inflow spectra are independent of this param-
eter. Figure 4 indicates that the decorrelation process
has an influence on certain inputs, such as the w′, u′w′

and v′w′. This influence arises due to surface-layer tur-
bulent structures, where the following correlations are
non-zero: u′w′ 6= 0, u′w′2 6= 0 and w′v′2 6= 0. However,
the effects of the decorrelation process remain negligi-
ble for the other inputs.

The premultiplied one-wavenumber PSDs of the
fluctuating lift force are presented with full lines in fig-
ure 5.a for α0 = 0°, 5° and 14°. For small AoA, the
energy-containing fluctuations of the lift force aligns
with the energy-containing length scale of turbulence.
As the AoA increases up to the stall condition the lift
force spectrum shifts to higher frequency. The Strouhal

number, calculated at the reduced frequency where the
premultiplied PSD reaches its maximum for α0 = 14°,
is St = f × csin(α0)/U0 = 0.19. This suggests that the
lift PSD shifts toward frequencies associated with vor-
tex shedding. The fraction of the lift spectrum cor-
related with the inputs is shown with dashed lines in
figure 5.a. 30% of the variance of the lift is correlated
to the inputs measured at the wing tip, independently
of the AoA. In the present study, the turbulence-lift
correlation does not reach 100%. The primary explana-
tion is that the transfer function is build from a one-
point turbulent measurement with the total lift acting
on the wing. With only one-point measurement, the
three-dimensionality of the turbulence cannot be taken
into account and reduces considerably the turbulence-
lift correlation (Ma et al., 2019).

The figure 5.b presents the total coherence func-
tions between the inputs I and the lift fluctuations for
the three different AoAs. This figure reveals that the
level and the frequency range of the turbulence-lift cor-
relation remains almost unchanged when varying α0.
For the different AoAs, the total coherence is close to
unity (0.6 > γl > 0.3) for reduced frequencies up to 0.1
then drops to zero with the same slope for the different
AoAs. The evolution of the coherence function is con-
sistent with the three-dimensional turbulence correction
proposed by Li et al. (2018).

The MISO model gives access to spectral contribu-
tions from the different inputs to the lift fluctuations.
The figure 6 presents the partial contribution of the in-
puts split into the three distinct subsets presented ear-
lier. The total contribution of the inputs I to the lift
fluctuations is represented by the shaded area on each
graph. It is interesting to notice that the fluctuations
of the streamwise components do not contribute to the
lift fluctuations for α0 = 0° as expected by eq. (2) and
derived by Atassi (1984). When increasing α0, u′ be-
gins to contribute and becomes predominant at low re-
duced frequencies while v′ remains the main contribu-
tor in the energy-containing range. At small AoA, the
u′v′ term is the predominant non-linear term. Its im-
portance decreases as the AoA increases and becomes
negligible close to stall conditions. The presence of a
non-negligible contribution of u′ and u′v′ may be the
footprint of interactions between the elongated streaky
structures present in the boundary layer and the lift re-
sponse at low wavenumber. The v′w′ term also arises
at small AoA. Its origin may be attributed to three-
dimensional effects. This point remains to be further
investigated. The black dashed lines in figure 6 show
the multiple coherence function of each set of inputs.
The area between the multiple coherence function and
the total coherence function for the I1 subset represents
the contribution neglected when the linear terms are the
only considered inputs. This area is not negligible for
α0 but reduces drastically when increasing α0 and is al-
most null at α = 14°. This suggests that linear terms
that must include both u′ and v′ are sufficient to de-
scribe the lift fluctuations when the time-averaged lift
force is non-zero.

CONCLUSION
The main goal of this study was to use a Multi-

Input/Single-Output (MISO) modeling approach to re-
late the contribution of the turbulence to the aerody-
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Figure 5. (a) Premultiplied PSD of lift for the different angles of attack, and (b) total coherence function between the
inputs I and the lift fluctuations. In (a), the full lines represent the lift PSD based on force measurements, while dashed
lines correspond the portion lift PSD correlated to inputs I.
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namic force fluctuations. This method was applied to
a finite rectangular wing immersed in a high Reynolds
number turbulent boundary layer, using synchronous
measurements of the inflow three velocity components at
the wing tip and the total lift force at the wing root. The
inputs of the MISO model were organized in three sub-
sets which contain the linear turbulence terms (u′,v′,w′),
the squared turbulence terms (u′u′,v′v′,w′w′) and the
cross-component turbulence terms (u′v′,u′w′,v′w′). The
contribution of these inputs were compared to the aero-
dynamic lift force fluctuations acting on the finite wing
was analysed for three angles of attack: α0 = 0°, 5° and
14°.

The main novelty of this study lies in the inflow con-
ditions. The finite wing was fully immersed in the loga-
rithmic layer of high Reynolds number turbulent bound-
ary layer, where anisotropy and inhomogeneity are most
pronounced, and where energy-containing turbulence
structures are larger than the characteristic length scales
of the wing. Under theses conditions, the contribution
of non-linear turbulence terms on the lift fluctuations
was investigated.

This study demonstrates a high level of correlation
between the turbulence measured at the tip of the wing
and the total lift fluctuations, accounting for 30% of the
total lift variance, independent of the angle of attack.
At zero angle of attack, u′v′ and v′ are primary drivers
of the lift fluctuations, with no contribution from u′. As
the angle of attack increases, u′ and v′ become prominent
contributors. The terms u′v′ and u′ have a non-negligible
contribution to lift fluctuations in the low wavenumber
range. These contributions may be attributed to the
large-scale and very large-scale motions present in the
logarithmic region of the oncoming boundary layer. In
the energy-containing range, v′ has a well-known contri-
bution for all the considered angles of attack.

Future work will be conducted in turbulent bound-
ary layer to take into consideration the finite coherence
length of the turbulence along the wingspan as well as
the spatial inhomogeneity of the turbulent boundary
layer flows.
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