
European Journal of Mechanics / B Fluids 105 (2024) 338–345

A
0
(

Contents lists available at ScienceDirect

European Journal of Mechanics / B Fluids

journal homepage: www.elsevier.com/locate/ejmflu

Influence of passive deformation in the lift coefficient of a NACA0012 wing
model
E. Duran a,∗, M. Lorite-Díez a,b,c, N. Konovalov-Shishov a, P. Gutierrez-Castillo a, C. del Pino a

a Department of Mechanical, Thermal and Fluids Engineering, Universidad de Málaga, Málaga, Spain
b Andalusian Institute for Earth System Research, University of Granada, Granada, Spain
c Departamento de Mecánica de Estructuras e Ingeniería Hidráulica, Universidad de Granada, Spain

A R T I C L E I N F O

Keywords:
Lift coefficient
Passive deformation
NACA0012
Aspect ratio

A B S T R A C T

The extensive use of lightweight materials in aerial vehicle wings involves structural flexibility phenomena
that generate non-negligible deformation effects. This influence is not restricted to big aircraft but also plays a
role in smaller aeroplanes and Unmanned Aerial Vehicles (UAVs). Here, we conduct wind tunnel experiments
to analyze the effect of passive deformation on the wing model lift slopes. To isolate the deformation effect,
we compare rigid wings with a NACA0012 airfoil imposing a prescribed spanwise deformation. We study
three levels of deformation: non-deformed, around 2% and 4.5% of tip deflection. Also, we consider the effect
of the wing length by using three different semi-aspect ratios (1, 2, and 4), so a total of nine rigid wing
models have been analyzed for a range of Reynolds number from 80×103 to 160×103. Deformed wing models
show an increase in lift coefficient compared to non-deformed wing cases. Both deformation levels exhibit a
qualitatively similar lift increment. A correlation to predict lift coefficient slope in a flat plate is adapted for
a NACA0012 airfoil and validated using our experimental results and literature data. The adjusted correlation
can quantify the deformation effect on the lift slope, which is comparable to using a slightly longer wing
model.
1. Introduction

Researchers have traditionally considered air vehicle wings as rigid
parts throughout most experimental studies to determine aerodynamic
characteristics. However, nowadays, the extensive use of lightweight
materials entails some structural flexibility. The aerodynamic forces
acting on the newly developed slender large aspect ratio wings could
provoke significant deformations. In the case of aircraft, deformations
of more than 10% of half wingspan have been observed even at cruise
flight [1]. This effect appears to be not restricted to aircraft but is
also relevant in smaller military aeroplanes, low-speed near space
aircraft or Unmanned Aerial Vehicles (UAVs) [2,3]. Therefore, studying
the aerodynamic impact of possible wing deformations is crucial in
many aerial applications. Also, the deformation effects are relevant at
different flow regimes over a wide range of Reynolds numbers.

Given the importance of the eventual flexibility of real wings and its
effect on the flight performance of air vehicles, the scientific and indus-
trial communities have devoted several studies to this topic in recent
years. Firstly, at a large Reynolds number, Afonso et al. [4] conducted
a thorough review of the recent advances in the role of flexibility for
high aspect ratio wings. Moreover, Zhong et al. [5] analyzed the effect
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of static deformation at high Reynolds number and aspect ratios on a
whole aircraft model using experimental and numerical approaches.
Additionally, several works have studied the dynamic response and
stability of the associated structure under specific flow regimes for long
aeroelastic wings [6–8].

On the other hand, the scientific community is also interested in
the effect of the deformation on intermediate or low Reynolds num-
ber regimes closer to the range studied here. Several authors [9–11]
showed how the aerodynamic coefficients (including the slope of the
lift coefficient) of flexible micro air vehicle (MAV) wings of low aspect
ratio at low Reynolds number can either grow or decrease depending on
the geometry of the wing and the settings of flexible parts. Furthermore,
the aerodynamic performance of flexible wings under flapping condi-
tions (typical of bio-inspired UAVs) and the influence of their aspect
ratio have also attracted attention lately [12–16].

One of the main factors characterizing the aerodynamic perfor-
mance of wings is the lift coefficient, 𝐶𝐿, and its slope versus the
angle of attack, 𝐶𝐿𝛼 . This latter parameter has been studied in the
literature for different wing shapes due to its connection to flight
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requirements and their influence on induced drag computation [17–
19]. A recent study has provided correlations of the 𝐶𝐿𝛼 of a straight
flat plate for any aspect ratio (between 1 and 8) and Reynolds number
(ranging from 40 to 200×103) [20]. However, the estimations of 𝐶𝐿𝛼
for NACA0012 wing models become more complicated due to the
appearance of non-linear effects as the production of negative lift at
positive and small angles of attack near zero at moderate Reynolds
number [21]. In the case of a NACA0012 wing model, the onset of
negative lift or a dead band [3] appears to be primarily related to
both temporal and spatial two-dimensional periodic patterns, and to
the upstream flow pre-alignment of the airfoil [21]. Tank et al. [22]
also presented a study summarizing the reasons for the measurement
discrepancies in the literature for a NACA0012 wing model at moderate
Reynolds numbers. A correlation was proposed for a slightly higher
Reynolds number to estimate the lift coefficient slope for a semi-aspect
ratio equal to 2 and different Reynolds numbers containing results
obtained from several authors [23]. Some authors compared flat plates
and NACA0012 wing models, finding similar lift coefficients at angles
of attack equal to 6.5◦ [24]. In addition to the complexity of analyzing
𝐶𝐿 and 𝐶𝐿𝛼 for different wing shapes, wing flexibility and its associated
deformations mentioned above result in a non-negligible change in the
lift coefficient [5].

Despite the number of works analyzing wing deformation and its
effect on aerodynamics, the impact of the deformation is coupled with
other mechanical problems such as aeroelastic phenomena, unsteady
dynamics, or complex wing structures, making it challenging to iden-
tify just the effect of wing deformation compared to a non-deformed
case. With this work, we aim to isolate the aerodynamic influence
of passive wing deformations from other degrees of freedom, such as
flexibility. Specifically, we perform wind tunnel experiments with rigid
wing models, with and without an imposed deformation, to extract the
effect of deformation on the lift coefficient. In particular, we compare
the non-deformed case with two deformed geometries extracted from
experimental measurements of flexible wings [25]. We test the effect
of the deformation on the force coefficients varying the level of wing
deflection, the aspect ratio and the Reynolds number. These results
could be used to predict essential aerodynamic parameters for different
applications and could help to design wing models of UAVs at low
Reynolds numbers.

The structure of the paper is the following: in Section 2, we present
the details of the experimental setup, including the geometry of the
deformed wings. We also describe the different configurations tested
regarding aspect ratio, Reynolds number and the level of deformation.
We introduce the results of our study by validating our experimental
data in Section 3.1. In Section 3.2, we analyze the effect of the defor-
mation in the 𝐶𝐿 coefficient for different aspect ratios and Reynolds
numbers. In Section 3.3, we discuss an expression to approximate 𝐶𝐿𝛼
or NACA0012 wing models, comparing it with other results in the lit-
rature and evaluating its accuracy for deformed wings. Then, we used
he 𝐶𝐿𝛼 expression in Section 3.4 to relate the deformation effect with
he wing aspect ratio. Finally, in Section 4, we present the conclusions,
ummarizing the main results and the possible contribution from the
resent study.

. Outline of the experiment

Wing model forces were obtained under different conditions using
wind tunnel located at the aero-hydrodynamic lab at the University

f Málaga. The wind tunnel has a 1 × 1 m2 cross-section with low
urbulence (of the order of 0.8%, see more details in [20]). Each
ing model has a 𝑐 = 100 mm chord, with a length, 𝑙, from 100

o 400 mm, avoiding relevant (solid and wake) blockage effects. The
eak value of the solid blockage is 𝑆𝐵𝑚𝑎𝑥 = 𝐴𝑏𝑚𝑎𝑥/𝐴𝑡×100=0.93%
or 𝑠𝐴𝑅 = 4 and 𝛼=10◦, 𝐴𝑏 and 𝐴𝑡 being the wing model and the
ind tunnel cross-sectional areas, respectively. Besides, we computed
n ultra-low wake blockage factor of 𝐸 =1 × 10−4 [26]. Finally, there
339

𝑤𝑏
s also a weak influence of the down-wash effect because the wing
odel is at a finite distance from the wall of the wind tunnel. Previous
article Image Velocimetry measurements showed a non-dimensional
ore radius, 𝑟𝑐𝑜𝑟𝑒∕𝑐, of trailing vortices ranging between 0.07 and 0.12
n the near and intermediate fields at 𝑧∕𝑐 ≤30 from the non-deformed

NACA0012 wing model for 𝑅𝑒=20-40 × 103 with 𝑠𝐴𝑅=2 [27,28]. The
reader must consider that the larger 𝑅𝑒, the smaller the core radius
of the trailing vortex [28]. Thus, the ratio between 𝑟𝑐𝑜𝑟𝑒∕𝑐 ≃0.1 and
the spanwise length, 𝑙, represents only a peak value of 5% for the
smallest semi-aspect ratio 𝑠𝐴𝑅=2. To sum up, a total of 9 wing models
were analyzed, including wing aspect ratios (𝑠𝐴𝑅 = 𝑙∕𝑐) equal to
1, 2, and 4 and different levels of imposed longitudinal deflection in
the wing model with NACA0012 airfoil: non-deformed, intermediate
deformation, and large deformation. Fig. 1 depicts a sketch of the
employed models and the experimental setup.

The wind tunnel has a servomotor that controls the wing’s hori-
zontal orientation, allowing the angle of attack variation. We tested
each model for different angles of attack in an automated sweep. We
used a precise 6-axis force/torque sensor (ATI FTD-GAMMA, SI-32-2.5)
of accuracy ±0.006𝑁 to acquire the different local force components,
being the force 𝐹𝑥′ located in the longitudinal direction, 𝐹𝑦′ in the cross
direction and 𝐹𝑧 in the vertical one. Then, the global lift force compo-
nent, 𝐹𝐿, has been defined in a coordinate system aligned with wind
direction (see Fig. 2) and computed with the following transformation:

𝐹𝐿 = 𝐹𝑥′ sin (𝛼) + 𝐹𝑦′ cos (𝛼) . (1)

here we have already subtracted the offset of the force signals,
ee [23] for details about the experimental procedure. Then, the
on-dimensional lift force in the global coordinate system is given by

𝐿 =
2𝐹𝐿

𝜌𝑈2
∞𝐴

(2)

where 𝜌 is the air density at a given wind tunnel (temperature)
condition and 𝐴 is the lateral area of the model, 𝐴 = 𝑙 ⋅ 𝑐.

As mentioned above, we have used models with two different im-
posed deformations along the spanwise direction. Fig. 3 reproduces the
profiles of both deformations extracted from actual measurements of
wing deformations [25] (originally obtained from a NACA0018 profile
with 𝑠𝐴𝑅 = 6 and 𝑅𝑒 = 230 × 103) together with the non-deformed
profile. Specifically, we considered the intermediate deformation to be
the deformation experienced for an angle of attack of 5◦ and the large
deformation corresponding to 10◦ [25]. Note that, in the deformed
cases, 𝑏 length corresponds to the projection of the wing on the 𝑧 axis,
and the total curvilinear wing length is slightly greater.

3. Results

3.1. Validation

We manufactured all the NACA0012 wing models with the same
material (aluminum), surface ending, and edge rounding. We compared
the measurements of non-deformed wings with previous results for
validation purposes with a good agreement [21,23]. Fig. 4 displays 𝐶𝐿
as a function of the angle of attack for cases of 𝑠𝐴𝑅 = 1 and 𝑠𝐴𝑅 = 2
for 𝑅𝑒 = 80 × 103 and 𝑅𝑒 = 120 × 103 as examples of this validation.
Note that there is a small difference in the lift coefficients because the
Reynolds values from the literature slightly differ from ours. However,
the results show an expected performance since the higher the Reynolds
number, the higher the lift coefficients.

3.2. Influence of the deformation

As mentioned in the introduction, the scope of this study is to
analyze the influence of wing deformation on its aerodynamic perfor-
mance, particularly on the lift coefficient. Fig. 5 shows the variation of
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Fig. 1. Experimental setup sketch. The solid inset represents the cross-section of the airfoil. The dashed inset depicts the chord deformation for the three tested configurations: no
eformation (ND), intermediate deformation (ID) and large deformation (LD).
𝑠
i
o
s

t
l
m
a
w
d
c
d

b
a
d
(
w
(
W
s
(
a
w
d
c

c

Fig. 2. Airfoil cross-section, representing the orientation of the airfoil for an angle of
attack 𝛼, and the aerodynamic force components on the local airfoil reference frame
𝐹𝑥′ , 𝐹𝑦′ , and the global wind tunnel reference frame 𝐹𝐿, 𝐹𝐷 .

Fig. 3. Non-dimensional deformation levels studied in this work, corresponding to
deformations observed from Farnsworth et al. [25].

lift coefficient with the angle of attack, 𝛼, for non-deformed models to-
ether with deformed ones for several 𝑠𝐴𝑅, 𝑅𝑒 pairs revealing evident
ifferences. Before analyzing these variations, we will focus on some
f the singularities inherent in the NACA0012 wing models using non-
eformed models. First, it is well known the non-linearity for small 𝑅𝑒
hat can lead even to negative lift coefficients for small positive angles
f attack [21,22,29]. The most plausible explanation for the appearance
f this zone with negative lift is due to a two-dimensional effect in
hich there is a pre-alignment of the flow at the leading edge [21].
340
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This non-linear behavior appears in our experiment for 𝑅𝑒 = 80 × 103,
especially for 𝑠𝐴𝑅 = 2 and 4. Additionally, Martínez-Aranda et al. [23]
showed that there are two different lift slopes (one corresponding to
approximately 0 − 3◦ and another one from 3◦ to the angle of attack
corresponding to the stall) using 𝑠𝐴𝑅 = 2 wings. They also report
that the change in tendency is more prominent for smaller Reynolds
numbers. We observe this change in trend also about 3◦ for all the
𝐴𝑅 = 2 cases, from 𝑅𝑒 = 80×103 to 𝑅𝑒 = 160×103, being more evident
n the cases with lower 𝑅𝑒. Concerning aspect ratio variations, we have
bserved that when increasing 𝑠𝐴𝑅 (see Figs. 5c,f, i), the change in
lope is even more evident, whereas, for smaller wings (𝑠𝐴𝑅 = 1), there

is not an apparent change in tendency.
Focusing on the deformed cases, 𝐶𝐿 curves are qualitatively similar

o non-deformed ones and exhibit the same singularities. The non-
inearity also appears for low 𝑅𝑒 at low angles of attack and is even
ore noticeable than in non-deformed cases. The trend of the curves

lso shows a dual slope for high 𝑅𝑒 and 𝑠𝐴𝑅 pairs. Nevertheless,
hile the same qualitative behavior of non-deformed cases is observed,
ifferences appear, and the deformation can slightly modify the lift
oefficient for each angle of attack by increasing (in most cases) or
ecreasing its value.

In general, the influence of the deformation on the lift coefficient
ecomes more evident for greater 𝑠𝐴𝑅 and 𝑅𝑒 and high angles of
ttack. In particular, for 𝑠𝐴𝑅 = 1 (Figs. 5a,d,g), there is almost no
ifference between deformed and non-deformed cases. For 𝑠𝐴𝑅 = 2
Figs. 5b,e,h), differences are subtle for 𝑅𝑒 = 80 × 103, but they grow
ith 𝑅𝑒, and they are evident for 𝑅𝑒 = 160 × 103. For 𝑠𝐴𝑅 = 4

Figs. 5c,f,i), differences are noticeable for all the analyzed 𝑅𝑒 values.
e can also notice that, in general, 𝐶𝐿 differences appear in the second

lope region, so for small angles of attack, the effect is almost negligible
except when non-linearity appears), so it starts to grow after a certain
ngle of attack 𝛼 ∼ 3◦. Regarding (not shown) drag coefficients,
e have observed that wing deformation has a small impact, finding
ifferences below 𝛥𝐶𝐷 < 0.04 for the tested angles of attack and flow
onditions.

To better quantify the effect of the deformation on the lift coeffi-
ient, we computed the percentage change on the lift coefficient for

◦
representative 𝛼 = 10 in which the differences are more evident,
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Fig. 4. Lift coefficient, 𝐶𝐿, versus angle of attack, 𝛼, for (a) 𝑠𝐴𝑅 = 1 and 𝑅𝑒 = 80 × 103 and (b) 𝑠𝐴𝑅 = 2 and 𝑅𝑒 = 120 × 103. Validation with results from (a) Aguilar-Cabello et al.
21] with 𝑠𝐴𝑅 = 1 and 𝑅𝑒 = 90 × 103 and (b) Martínez-Aranda et al. [23] with 𝑠𝐴𝑅 = 2 and 𝑅𝑒 = 133 × 103.
Fig. 5. Evolution of lift coefficient, 𝐶𝐿, versus the angle of attack for several aspect ratios (𝑠𝐴𝑅 = 1, 2, 4) and flow conditions (𝑅𝑒 = 80, 120, 160 × 103) for no deformation (black),
intermediate deformation (red) and large deformation (blue) wings. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
displayed in Table 1. These values show that intermediate and large
deformations produce similar lift variations, so the level of the defor-
mation is not proportional to the change in the lift coefficient (this
effect is not restricted to the angle of attack 𝛼 = 10◦ as is noticeable by
insight inspection of the 𝑠𝐴𝑅 = 4 cases, see Figs. 5c,f,i). Note that the
341
intermediate deformation case has a maximum deformation of about
2% of the wingspan, and the large deformation case has a maximum de-
formation of about 4.5%. However, the maximum lift deviations found
for 𝑠𝐴𝑅 = 4 and 𝑅𝑒 = 160 × 103 are 10.5% and 13.4%, respectively,
for intermediate and large deformations. In conclusion, a deformation
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Table 1
𝛥𝐶𝐿 = (𝐶𝐿 − 𝐶𝑁𝐷

𝐿 )∕𝐶𝑁𝐷
𝐿 values for intermediate (ID) and large deformation (LD) cases with respect to the non-deformed case (ND), measured at 𝛼 = 10◦. Warm and cool colors

represent an increase and a decrease of 𝐶𝐿, respectively.

𝑠𝐴𝑅 = 1 𝑠𝐴𝑅 = 2 𝑠𝐴𝑅 = 4

ID LD ID LD ID LD

𝑅𝑒 = 80 × 103 −3.2% −1.4% +2.4% +4.1% +9.9% +6.6%
𝑅𝑒 = 120 × 103 −1.0% −1.0% +4.4% +3.0% +10.5% +13.4%
𝑅𝑒 = 160 × 103 +0.4% +1.9% +7.8% +7.2% +11.3% +14.6%
Fig. 6. Difference of the lift coefficient, 𝐶𝐿, for intermediate (red) and large (blue) deformation wings with respect to the non-deformed ones. Several wings (𝑠𝐴𝑅 = 1, 2, 4) and
low conditions (𝑅𝑒 = 80, 120, 160 × 103) are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
b
i

3

k
s
d
o
𝑠

n the wingspan direction, even being very small, significantly impacts
he lift coefficient.

Furthermore, the influence of the deformation on 𝐶𝐿 is not neces-
arily homogeneous with the angle of attack. Fig. 6 shows the variation
f the 𝐶𝐿 depending on 𝛼 for the cases of study. For 𝑠𝐴𝑅 = 1
Figs. 6a,d,g), almost no variation is appreciated with deformation,
ith absolute differences below 0.01 for the range of angle of attack
nd Reynolds number of the study. Increasing the aspect ratio, that is,
or 𝑠𝐴𝑅 = 2 and 𝑠𝐴𝑅 = 4, the increase of 𝐶𝐿 grows with the angle of
ttack for all the cases, showing higher values for high 𝑠𝐴𝑅 and 𝑅𝑒,
s displayed in Table 1 for relative differences. Moreover, we observe
particular behavior for low 𝑅𝑒 cases (Figs. 6b,c,e): we computed

egative difference values for low angles of attack, so 𝐶𝐿 decreases for
eformed cases; then, the difference grows with 𝛼, being positive for
≳ 6◦. The comparison between intermediate and large deformation
342

ases does not provide noteworthy differences. However, differences
ecome more evident for high 𝑠𝐴𝑅 and 𝑅𝑒, showing a slightly higher
ncrease in 𝐶𝐿 for the large deformation case.

.3. Lift slope coefficient 𝐶𝐿𝛼

The slope of the lift coefficient with the angle of attack, 𝐶𝐿𝛼 , is a
ey factor in any aerodynamic design. However, its measurement is not
traightforward for NACA0012 wing model due to the non-linearity and
ual tendencies for certain values of 𝑅𝑒, 𝛼, and 𝑠𝐴𝑅, as indicated. In
ur study, we have computed a unique slope value for every pair of
𝐴𝑅 and 𝑅𝑒 to get a first approximation of 𝐶𝐿𝛼 , which could be helpful

for aerodynamicists. Specifically, we have computed the slope for a
linear approximation of the 𝐶𝐿 coefficient for 𝛼 ∈ [−7, 7]◦, ensuring
that the stall is not considered. This linear approximation is forced to
pass through the origin and has associated coefficients of determination

2
of 𝑅 > 0.985 for all the cases. Note that certain designs whose working
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Fig. 7. Lift coefficient slope, 𝐶𝐿𝛼 , evolution for different aspect ratios at (a) 𝑅𝑒 = 80 × 103, (b) 𝑅𝑒 = 120 × 103, (c) 𝑅𝑒 = 160 × 103. Different lines represent non-deformed (black),
ntermediate deformation (red) and large deformation (blue) cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
his article.)
n
(
r
o
o

i

t

c
c
f

onditions are mainly in the range of NACA0012 singularities may
equire refinement in the calculations.

The lift slope, 𝐶𝐿𝛼 , increases with Reynolds number and aspect ratio
s shown in Fig. 7. This tendency is coherent with the aerodynamic
iterature. Furthermore, the variation of 𝐶𝐿𝛼 with 𝑅𝑒 tends to stabilize
fter a particular value. An increase of 𝐶𝐿𝛼 around 10% is observed
rom 𝑅𝑒 = 80 × 103 to 𝑅𝑒 = 120 × 103, while the values are comparable
or 𝑅𝑒 = 120 × 103 and 𝑅𝑒 = 160 × 103.

Regarding the deformation effect on 𝐶𝐿𝛼 , an increase is observed
compared to the non-deformed case. This increase is more evident for
higher aspect ratio values, reaching a ∼ 10% for 𝑠𝐴𝑅 = 4. Note also that
oth levels of deformation exhibit similar behavior with comparable
ncreases of 𝐶𝐿𝛼 , even slightly higher for intermediate deformation
n some cases. This result is coherent with the ones reported in Sec-
ion 3.2, where it was stated that the lift variation is not proportional to
he level of deformation. Therefore, changes of 𝐶𝐿𝛼 are not proportional
o the deformation either.

.4. 𝐶𝐿𝛼 Correlation

Due to the importance of 𝐶𝐿𝛼 , correlations have been proposed in
he literature to approximate this parameter for various ranges of 𝑅𝑒
nd 𝐴𝑅. Since NACA0012 wing models are relatively thin symmetric
rofiles, we could try to estimate a first approximation of 𝐶𝐿𝛼 value

using the correlation provided by Gutiérrez-Castillo et al. [20] for a
flat plate (which was obtained for the same range of 𝛼 that our study):

𝐶∗
𝐿𝛼 =

(

2𝜋
1 + 𝛼1∕𝐴𝑅

) (

𝛼2
1 + 106∕𝑅𝑒

)1∕5
, (3)

with 𝛼1 = 5.21 and 𝛼2 = 14.61 as coefficients of the fitting curve. This
mpirical correlation is valid for the range of Reynolds numbers 𝑅𝑒
etween 40 − 200 × 103, and for semi-aspect ratios belonging to 0.5 ≤
𝐴𝑅 ≤ 4. Using that expression with the given 𝛼𝑖 coefficients, we obtain
rrors of ∼ 10% on 𝐶𝐿𝛼 . However, we can improve the approximation
y setting more suitable 𝛼𝑖 values for NACA0012 wing models. First,
e computed 𝛼1 and 𝛼2 for our non-deformed cases combined with
on-finite length NACA0012 results in the literature. Specifically, we
ave included experimental results [22,29–31] and numerical results
btained with XFLR5 software, with 2D cases (𝑠𝐴𝑅 = ∞). Considering
ll these values, we obtained 𝛼1 = 6.98 and 𝛼2 = 12.13. In Fig. 8, we

show a scatter plot with 𝐶𝐿𝛼 values compared with those obtained
with expression (3), noted as 𝐶∗

𝐿𝛼 . We find an excellent agreement
with the correlated value for all the data, obtaining a coefficient of
determination 𝑅2 = 0.995 and a mean quadratic error of 𝐸 = 0.01.
Therefore, we can conclude that this correlation, even though it was
first proposed for flat plates, permits a good approximation of 𝐶𝐿𝛼
or NACA0012 wing models with any aspect ratio within its range of
alidity for 𝑅𝑒 [20].
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Fig. 8. Scatter plot comparing lift coefficient slope from experimental and numerical
results, 𝐶𝐿𝛼 , and from expression (3), 𝐶∗

𝐿𝛼 , for non-deformed cases. 𝛼𝑖 values represent
the coefficients employed to adjust 𝐶∗

𝐿𝛼 fitting curve. Black symbols represent our
on-deformed data for 𝑅𝑒 = 80 × 103 (◦), 𝑅𝑒 = 120 × 103 (□), and 𝑅𝑒 = 160 × 103

▵). Yellow symbols represent data obtained from the literature and XFRL5 numerical
esults. Red dashed lines represent the confidence interval of 10%. (For interpretation
f the references to color in this figure legend, the reader is referred to the web version
f this article.)

To the best of our knowledge, there is no information regarding the
nfluence of the wing deformation in a 𝐶𝐿𝛼 correlation. When we try to

directly approximate 𝐶𝐿𝛼 for deformed cases using the 𝐶∗
𝐿𝛼 values from

he non-deformed NACA0012 𝛼𝑖 coefficients (Fig. 9a), the accuracy is
slightly reduced, and the error grows to 𝐸 = 0.02.

The 𝛼1 and 𝛼2 coefficients directly obtained for deformed models,
although they provide accurate predictions for 𝐶𝐿𝛼 , have no specific
physical meaning. To isolate the effect of the deformation more physi-
cally, we fixed 𝛼2 = 12.13 obtained for the non-deformed NACA0012
ases since this parameter is related to the 𝑅𝑒 variations. Then, we
alculate 𝛼1, related to the wing aspect ratio, to adjust the correlation
or deformed models. In Fig. 9b, we show a scatter plot of 𝐶𝐿𝛼 vs 𝐶∗

𝐿𝛼
for deformed cases, adjusting 𝛼1 = 6.60. We obtain a good accuracy with
𝐸 = 0.01, approximately the same error we obtained mathematically
adjusting both 𝛼𝑖 values for deformed cases. Therefore, the correlation
parameter 𝛼1 can absorb the deformation effect on the lift slope.
In conclusion, in terms of the 𝐶𝐿𝛼 , including a deformation in the
spanwise direction is equivalent to changing the wing aspect ratio.
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Fig. 9. Scatter plot comparing lift coefficient slope from current experimental results, 𝐶𝐿𝛼 , and from expression (3), 𝐶∗
𝐿𝛼 , for (a) non-deformed and deformed cases using 𝛼𝑖 values

rom non-deformed cases (see Fig. 8), and (b) deformed cases readjusting 𝛼1 value. Red dashed lines represent the confidence interval of 10%. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this article.)
Table 2
Equivalent aspect ratio of a non-deformed wing with the same 𝐶𝐿𝛼 of the corresponding deformed case. Last row, 𝑠𝐴𝑅𝐶 , represents the actual curvilinear length of the deformed
wings.

𝑠𝐴𝑅 = 1 𝑠𝐴𝑅 = 2 𝑠𝐴𝑅 = 4

ID LD ID LD ID LD

𝑅𝑒 = 80 × 103 1.07 1.07 2.06 2.16 4.05 4.17
𝑅𝑒 = 120 × 103 1.13 1.13 2.42 2.36 4.49 4.34
𝑅𝑒 = 160 × 103 1.04 1.05 2.09 2.07 3.81 3.60

𝑠𝐴𝑅𝐶 1.0002 1.001 2.0004 2.002 4.0009 4.004
The equivalent length of a non-deformed wing with the same 𝐶𝐿𝛼
han a deformed case can be estimated with expression (3) using the
on-deformed NACA0012 coefficient 𝛼1 = 6.98 (and keeping 𝛼2 = 12.13
ince this parameter was not altered when including the effect of the
eformation). Table 2 summarizes the 𝑠𝐴𝑅 values of equivalent non-
eformed wings in terms of 𝐶𝐿𝛼 for each deformed wing of the study.
e observe that the increment of 𝐶𝐿𝛼 corresponds with the effect of

a length increase up to ∼ 20% if non-deformed wings were considered.
Note that, as explained in Section 2, the spanwise deformation entails a
higher curvilinear wing length, 𝑠𝐴𝑅𝐶 , but this value is a much smaller
alue than the equivalent increment from the deformation effect since
he imposed deformations are very small (2% and 4.5% of maximum
eformation in the wingspan). The values of 𝑠𝐴𝑅𝐶 are also included in
he last row of 2 to facilitate the comparison between the actual length
ncrement when imposing the deformation and the effect that would
roduce on 𝐶𝐿𝛼 a non-deformed wing with a different 𝑠𝐴𝑅. In general,

we can conclude that the impact of including a slight deformation in
𝐶𝐿𝛼 is more pronounced than increasing the size of a straight wing.

4. Conclusion

We have measured the lift coefficients of several NACA0012 rigid
models with and without an imposed passive deformation in the
wingspan direction, showing how this deflection significantly affects
their lift. Specifically, we have studied two deformation levels, around
2% and 4.5% of the wing length, for three different aspect ratios
and Reynolds numbers, thus confirming that both deformation levels
give a comparable lift coefficient increment. This lift change is not
equal at every angle of attack; therefore, it alters the slope of the
344

lift coefficient, 𝐶𝐿𝛼 , an essential parameter in aerodynamic designs.
We have deeply analyzed this slope, raising three crucial conclusions.
First, a first approximation of 𝐶𝐿𝛼 for NACA0012 wing models can be
obtained using a flat plate correlation when adjusting two parameters
(𝛼1, 𝛼2, which accounts for 𝐴𝑅 and 𝑅𝑒 effect, respectively). This result
was obtained with our measurements jointly with literature results
to expand it to non-finite wings. Second, we include the influence
of a wingspan deformation in the correlation by altering only one
of its parameters, equivalent to varying the wingspan. Third, a slight
deformation has a high impact in 𝐶𝐿𝛼 , producing an increment of 𝐶𝐿𝛼
stronger than simply changing a non-deformed wing aspect ratio.

In conclusion, our study quantifies the influence of wingspan passive
deformations of the lift slope that most modern aerodynamic designs
exhibit. This information is helpful to the estimation of aerodynamic
characteristics and, specifically, how it affects the lift slope. To our
knowledge, no previous correlations could account for the deformation
effect. Therefore, this study opens a new line for future investigations
of interest for scientific and industrial applications.
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