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Abstract: The fluid–structure interaction of a pivoting rigid wing connected to a spring and subjected
to freestream airflow in a wind tunnel is presented. Fluid–structure interactions can, on the one hand,
lead to undesirable aerodynamic behaviour or, in extreme cases, to structural failure. On the other
hand, improved aerodynamic performance can be achieved if a controlled application within certain
limitations is provided. One application is the reduction of drag of road vehicles at higher speeds
on a straight, while maintaining downforce at lower speeds during cornering. Conversely, another
application concerns increased downforce at higher windspeeds, enhancing vehicle stability. In our
wind tunnel experiments, the angle of incidence of the spring-mounted wing is either increased
or decreased depending on the pivot point location and spring torque. Starting from a specified
initial angle, the aerodynamic forces overcome a pre-set spring preload at incrementally increased
freestream velocity. Reynolds numbers at a range of Re = 3 × 104 up to Re = 1.37 × 105 are considered.
The application of a symmetrical NACA 0012 and a cambered NACA 6412 airfoil are tested in the
wind tunnel and compared. For both airfoils mounted ahead of the aerodynamic centre, stable results
were achieved for angles above 15 and below 12 degrees for the symmetrical airfoil, and above
25 and between 10 and −2 degrees for the cambered airfoil. Unsteady motions were observed around
the stall region for both airfoils with all spring torque settings and also below −2 degrees for the
cambered airfoil. Stable results were also found outside of the stall region when both airfoils were
mounted behind the aerodynamic centre, although the velocity ranges were much smaller and highly
dependent on the pivot point location. An analysis is reported concerning how changing the spring
torque settings at each pivot point location effects performance. The differences in performance
between the symmetrical and cambered profiles are then presented. Finally, an evaluation of the
systems’ effects was conducted with conclusions, future improvements, and potential applications.

Keywords: fluid–structure interaction; aeroelasticity; NACA 0012; NACA 6412; drag reduction;
aerodynamic optimisation; stability

1. Introduction

Fluid–structure interaction describes the relationship between fluid flow and motion
or deformation of a structure [1,2]. Fluid–structure interaction uses multi-physics coupling
between laws describing fluid dynamics and structural mechanics [3–5]. The phenomenon
is characterised by unstable, oscillatory, or stable interactions between deformable or
moving structures and fluid flow [6]. Stresses exerted on structures lead to strains within
that structure, which if sufficiently high can cause the structure to deform. The deformation
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endured depends on the material properties and the configuration of the structure as well
as the pressure exerted by the fluid [3,7].

Aeroelasticity describes the interaction of flexible structures with a surrounding air-
flow [8–10]. Aircraft wings are an example of a flexible structure [11,12], which are prone
to the aeroelastic effects of divergence, control reversal, and flutter [13,14]. Most flight con-
ditions have aerodynamic and elastic loads that converge into a state of equilibrium (static
aeroelasticity). When the loop becomes unstable, the deformations increase without or with
oscillations (dynamic aeroelasticity), which can both lead to structural failures. Although
understood, research is still highly active in this area, aiming to increase the accuracy in
predictions and efficiency of such tools [15–17]. Linear models in the calculation of flutter
have been proposed by Stancui [18]. The flow-induced vibration in the deep stall has been
investigated by Sidlof [19]. The effect of flutter on the NACA0012 has been investigated
experimentally by Rivera [20] and also numerically by Khatir [21]. The NACA0012 was
also used to investigate flutter in the transitional range by Goyaniuk [22].

Morphing of airfoils affects the aerodynamic performance by changing its profile,
resulting in revised aerodynamic forces and flow fields [23–27]. This type of interaction
can lead to the improved performance of airfoils for their relevant application by a means
of an active nature. The work conducted in this paper is based upon that of a passive
nature using a rigid fixed surface of an airfoil that does not deform. The rigid airfoil
is attached to a spring that leads to a fluid–structure interaction which can result in
improved performance for a prescribed condition. For example, a race car requires a
relatively large amount of downforce when cornering; however, this increased level of
downforce will cause large amounts of drag on the straights [28,29]. Therefore, by using a
method of a passive nature, the amount of drag on the straights can be decreased above
a certain vehicle speed, while maintaining the level of downforce below a certain speed
on the corners, thereby improving efficiency and decreasing lap times [30,31]. Conversely,
the spring-wing system could be set up so that increasing the incidence leads to more
downforce and drag, which would aid stability at higher speeds [32]. Other potential
applications of this work could include the fluid–structure interaction of hydrofoils to
improve performance [33,34], as well as managing forces on sails used in shipping or
wind turbines [35,36] in order to prevent damage in harsh conditions. The work could
be applied to the protection of a workforce by using fences that moderate flow while
maintaining levels of ventilation in harsh conditions [37]. Certain micro air vehicle and
unmanned air vehicle applications could also potentially benefit from passive aerodynamic
systems [38–40]. Wind tunnels enable the performance of these interactions to be easily
identified and analysed for a wide variety of configurations over a relatively short timescale,
allowing for the optimal performance to be found for a particular application of the airfoil
or aerodynamic surface [41].

The system is set up similar to the work of Poirel et al. [42], except we omit the effect
of heave in our approach. The proof of concept and validation of our system has been
shown by Knight et al. [43] for the symmetrical NACA 0012 mounted at 10% chord. The
aim of the work reported here is to further analyse the fluid–structure interaction of the
symmetrical NACA 0012 with various pivot point locations and to compare this with the
cambered NACA 6412. The effects that windspeed, pivot point locations, and spring torque
have upon the system’s structure and the resulting flow characteristics on both airfoils are
reported. The overarching aim is to ensure reduced drag at higher windspeeds when using
a pivot point location ahead of the aerodynamic centre. Conversely, if increased stability
is desired, an increased downforce at higher windspeeds can be realised by using a pivot
point location behind the aerodynamic centre. In this work for increased stability, we only
report the post-stall region whereby stable results are found.

Testing was carried out within the wind tunnel of the University of Portsmouth
by varying the airflow velocity and spring torque for each airfoil at various pivot point
locations and measuring the change in angle of incidence of the airfoil. This enabled
the analysis of how changing the spring torque settings at each pivot point location for
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both airfoils effects the performance, allowing for the comparison of how changing the
pivot point location and spring torque settings have differing effects for the two different
airfoils. Finally, conclusions and the evaluation of the system effects were conducted in the
performance with future improvements and considerations discussed.

2. Methodology

The present study builds upon an aeroelastic system, in which a ridged wing self-
adjusts its angle of incidence to the airflow velocity using an elastic element. The system
was also presented and verified at low angles in a previous study by Knight et al. [43].
The general system uses a wing mounted upon a rod with only a rotational degree of
freedom in pitching direction. The elastic element of the system is a spiral spring, which
has an adjustable preload angle (θ). It is attached to the rod and casing. The force required
to overcome the springs preload, causing the airfoil to rotate, occurs mainly due to the
aerodynamic pitching moment, although weight is also taken into account.

The basic system is extended to allow for experiments in which the wing is mounted
further back from the leading edge in order to investigate the effect of the position of the
pivot point location on the behaviour of the system. Furthermore, the targeted reversed
scenario, in which the wing is expected to increase its angle of incidence, can be tested by
utilising pivot point locations after the aerodynamic centre and negative spring preload
angles. In addition to the use of a symmetrical NACA 0012 profile, a second wing with the
NACA 6412 profile is also used to investigate the application of a cambered airfoil profile.
We acknowledge that many different profiles of varying camber and thicknesses are used
in motorsport; however, we choose NACA 0012 and NACA 6412 as they are both very
common in research literature, enabling comparisons with other research findings [44,45].
The aeroelastic system and its features are shown as a schematic in Figure 1.
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Figure 1. Schematic of the aeroelastic system.

2.1. System Characteristics

The system characteristics of the proposed aeroelastic system are of a mechanical and
aerodynamic nature. When considering a static equilibrium of forces, the system is mainly
determined by the spiral springs’ characteristics, aerodynamic forces, and the weight of
the airfoil. For the purpose of this work, inertial, frictional, and time dependency effects
are ignored. The total moment is produced from the weight of the wing (τg), the springs
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torque (τs) and the airflow (τa), with the rotational direction for the leading edge moving
upwards taken as positive (Equation (1)).

τg + τs + τa = 0 (1)

Although the wings used throughout this work are lightweight, the gravitational
force on the wing will affect the system. The wings’ weight (mw) will remain constant
throughout this work with the moment of τg varying with the angle of incidence (α), which
is calculated using trigonometry. The acceleration due to gravity is g and the distance
from the leading edge to the centre of gravity (CoG) is xCoG. The distance from the leading
edge to the mounting axis will be varied and is expressed as xMPi. Thence, τg is given in
Equation (2) for the four pivot point locations used in this work.

τg(α) = cos(α)(xCoG − xMPi) mw g for i = 1, 2, 3, 4

where
xMPi = 10 mm + 17.5 mm × (i − 1). (2)

Accordingly, the gravitational moment will become negative for a pivot point location
with a distance greater than the distance of the centre of gravity from the leading edge.

The moment for the springs torque (τs) is defined assuming the spring is used only in
the linear-elastic range. This allows Hooke’s Law to be applied with the tensioning of the
spring at a certain angle, acting as a restoring force making the force negative. The preload
angle (θ) is defined by the counter-clockwise rotation from the outer fixing point of the
spring and a stationary airfoil at a zero angle of incidence. The angle of incidence (α) can
be subtracted as it is defined at the same rotational direction. Thence, the moment caused
from the springs torque is defined in Equation (3). For the reversed scenario, however, a
negative spring preload angle is applied in order to fulfil the equilibrium in Equation (1).

τs(θ, α) = −κ (θ − α) (3)

A definition of the required aerodynamic moment for an equilibrium state at an angle
of incidence of zero can be seen in Equation (4), acting as a reference for the applied
spring preload carried out during this work. This method is more relevant than specifying
preload angle or spring torque only, as it deducts the effect of the gravity of the wing and
is therefore more relevant. It also offers a working approximation of Equation (1) for small
angles of incidence. We name it the spring torque setting τa,α=0.

τa,α=0(θ) = κ θ − (xCoG − xMPi) mwg (4)

For symmetrical airfoils, no lift is achieved at an angle of incidence of zero, therefore
the required aerodynamic moment is theoretical. Despite this, the election to use zero
degrees is decided upon the most suitable reference for this work, as cambered airfoils
can reach negative angles of incidence. This is due to their lift force and pitching moment
being present at an angle of incidence of zero degrees. Hence, the aerodynamic moment
driving the rotation of the wing is described below, with particular focus on the differences
between symmetrical and cambered wings.

It is well-known that a cambered wing generates a higher lift force than an equivalent
symmetrical-shaped wing and its aerodynamic moment τa is not only defined by the lift
force L but also by the pitching moment τAC concerning the aerodynamic centre. Two-
dimensional thin airfoil theory is considered when determining the aerodynamic moment
τa. The aerodynamic centre xAC is assumed to be located near the quarter-cord location
from the leading edge.

τa = L (xAC − xMPi) + τAC for i = 1, 2, 3, 4 (5)
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The lift force L is given by the general lift equation using the density of air ρAir, airflow
velocity v, and area of the wing A. The lift coefficient for small angle α can be expressed
theoretically by assuming a linear slope. Note, the lift coefficient CL has an offset CL0 for
cambered airfoils, while CL0 = 0 for symmetrical airfoils.

L =
1
2

CL ρAir v2 A where CL = CL0 +
dCl
dα

α (6)

The pitching moment for the cambered airfoil τAC is defined in Equation (7), where
Cm,AC is the pitching moment coefficient, while τAC = 0 for symmetrical airfoils.

τAC =
1
2

Cm,AC ρAir v2 A c (7)

When combining Equation (5), the general lift equation (Equation (6)) and Equation (7)
for a static airfoil gives Equation (8).

τa =
1
2

CL ρAir v2 A (xAC − xMPi) +
1
2

Cm,AC ρAir v2 A c =
1
2

ρAir v2 A (CL (xAC − xMPi) + Cm,AC c) (8)

Equations (2), (3), and (8) can then be substituted into Equation (1) that is rearranged
to compare mechanical and aerodynamic forces, which creates the characteristic equation
for the system in Equation (9), which is only valid for small angles.

τa = −τs − τg

1
2

ρAir v2 A (CL (xAC − xMPi) + Cm,AC c) = κ (θ − α)− cos(α)(xCoG − xMPi) mw g (9)

Therefore, at small angles, a trigger velocity of the freestream can be deduced as
shown in Equation (10) below.

v (α, θ) =

√
2 κ (θ − α)− cos(α) (xCoG − xMPi) mw g

ρAir A (CL (xAC − xMPi) + Cm,AC c)
(10)

Rearranging Equation (9) allows for the calculation of the spring preload angle re-
quired to achieve static equilibrium at the desired freestream velocity and angle of incidence
given. This is shown in Equation (11).

θ(α, v) =
1
2 ρAir v2 A (CL (xAC − xMP) + Cm,AC c) + cos(α) (xCoG − xMPi) mw g

κ
+ α (11)

A simpler form of these equations using the symmetrical NACA 0012 at low angles of
incidence have been validated with experimental results [43]. The experiment confirmed
the results of the change in angle with windspeed to be within theoretical infinite and finite
wing for small angles. More information of the experimental setup and validation can be
found in Knight et al. [43].

For higher angles, thin airfoil theory is no longer valid and drag becomes a more
dominant force that must be taken into account, alongside lift. Equation (5) becomes

τa = (L cos(α) + D sin (α)) (xAC − xMPi) + τAC for i = 1, 2, 3, 4. (12)

The characteristic equation then becomes

1
2

ρAir v2 A ((CL cos(α) + CD sin(α)) (xAC − xMPi) + Cm,AC c) = κ (θ − α)− cos(α)(xCoG − xMPi) mwg (13)
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This results in the equation for the trigger velocity at all angles to be

v(α, θ) =

√
2 κ (θ − α) − cos(α) (xCoG − xMPi) mw g

ρAir A ((CL cos(α) + CD sin(α)) (xAC − xMPi) + Cm,AC c)
. (14)

The spring preload angle can then be determined from

θ(α, v) =
1
2 ρAir v2 A ((CL cos(α) + CD sin(α)) (xAC − xMP) + Cm,AC c + cos(α)(xCoG − xMPi) mw g

κ
+ α. (15)

The next section gives an overview of the experimental setup, which includes the
addition of the cambered wing.

2.2. Experimental Setup

The experiments were conducted in the University of Portsmouth’s low-speed, open-
circuit wind tunnel with a closed test section. A transparent box, shown in Figure 2,
encompasses the entire system and is placed within the wind tunnel test section.
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Figure 2. Experimental setup (a) zoomed in (b) complete rig.

The transparent box is made from lasered acrylic glass with dimensions of
450 mm × 262 mm × 350 mm. There are precise holes drilled into the acrylic walls
used as bearings for the airfoils’ mounting rod. Friction occurring in these bearings during
testing is reduced by greasing them before each test. A mounting rod locks to the airfoils
with a small removable pin through a recess in the side of the airfoil and hole in the mount-
ing rod. Once fitted to the mounting rod, the airfoils have a locking pin inserted into the
recess, allowing for a quick disassemble and reassemble without tools. For this mechanism,
a small gap of approximately 10 mm on both sides is needed, which is shown in Figure 2a.
This means the system cannot be treated completely as quasi-two-dimensional.

The spiral spring is connected to the mounting rod and a configurable mount upon
the wall of the transparent box. The mounting plate has 36 notches in it, enabling the spiral
spring to be positioned in 10◦ steps and allowing for the springs preload to be selected, as
shown in Figure 2b. Preliminary tests are conducted to verify that the behaviour of the
spring is linear within the required working range. The torsional spring constant is assessed
to be κ = 0.1643 Nmm/deg and the spring system is calibrated by identifying the zero point,
following the same procedure conducted in previous work [43]. The angle of incidence
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initially set for the preload angle of the spring is limited by a small pin compensating for
the force produced from the spring, as shown in Figure 2a. This is referred to as the angle
of incidence limiter, which can be adjusted vertically and thus allows for the initial angle
of incidence to be selected. On the opposite side of the wall, a degree scale is attached for
direct readings of the angle of incidence.

The system is placed in the wind tunnel and is essentially a static system in pre
and post-stall regions. Above a certain flow velocity, where the aerodynamic moment
overcomes the spring preload, further increases in the flow velocity will result in a change
in the incidence. A constant flow velocity will result in a particular constant incidence
angle, thus the system is defined as static. However, the system is dynamic in the near-stall
region whereby the airfoil will oscillate at a constant flow velocity.

The blockage of the system varies from 6.3% at 0 degrees incidence to 16% at 90 degrees
incidence. Throughout this paper, the angle of attack is the same as the angle of incidence.
At high angles of incidence, the wake could potentially have an influence on the angle of
attack due to blockage but we do not consider this effect in this paper. We acknowledge
that at high angles the data should be corrected due to the wake blockage. However, for
simplicity and to allow for direct comparisons, we have not corrected for wake blockage.

2.3. Airfoil Models

We use the symmetrical NACA 0012 and the cambered NACA 6412, based upon
coordinate points obtained by the University of Illinois at Urbana-Champaign [46]. Both
airfoils have a maximum thickness of t = 12 mm located at 30% of the chord length,
wingspan of s = 228 mm, and a chord length of c = 100 mm, giving an aspect ratio of both
airfoils of AR = 2.28. To ensure comparability, the properties of the two wings are as similar
as possible, apart from their airfoil shape. The airfoils have four holes for the rod, which
is 6 mm in diameter and used for mounting the wing. Hence, there are four pivot point
locations (MP1, MP2, MP3, and MP4) located along the camber line of both airfoils, as can
be seen in Figure 3. Similar weight properties for both wings were achieved by sealed
cavities inside the wing, which were independently adjusted. Thus, the wings both have
the same centre of gravity located at 42.4 mm (42.4% of the chord) from the leading edge
and same volume despite their outer geometry being different. The airfoils are 3D printed
and have refined surfaces. The density of the printing is at a 25% fill rate using the material
acrylonitrile butadiene styrene (ABS), resulting in the airfoils both having a lightweight
construction with a mass of 119.3 g. We do not consider surface roughness in our approach.
The flow speeds investigated correspond to Reynolds numbers below 1.37 × 105 and we
suspect laminar flow throughout this work [47]. At higher speeds, the surface roughness
could potentially trip the flow in the boundary layer to being turbulent.
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3. Results and Discussion
3.1. NACA 0012 at Various Pivot Point Locations and Spring Torque Settings

The results for the response of the angle of incidence of the symmetrical airfoil while
increasing the velocity of the airflow when using various spring torque settings at the
pivot point locations MP1, MP2, MP3, and MP4 are presented in this section. For MP1, the
spring preload angles were adjusted to match the spring torque settings in the previous
study [43] as closely as possible to provide a correlation of data. The spring torque settings
for MP2, MP3, and MP4 are subsequently adjusted to match as closely as possible the
spring torque settings of MP1, further enabling comparisons to be made. For MP3 and MP4,
as discussed before, to achieve a state of static equilibrium, the spring torque settings are
inverted. However, with MP3, as the centre of gravity is very close, lower torque settings
are required in order to see movement of the airfoil. MP1 and MP2 have a starting angle
of incidence of 40◦, which decreases as velocity increases, whereas MP3 and MP4 have a
starting angle of incidence of 17◦, which increases as the velocity of the flow is increases.

The results for the spring torque settings of 11.53 Nmm to 49.32 Nmm at MP1 are
presented in Figure 4a. The results show the same general shape for all torque settings,
shifting to a higher velocity as the springs torque increases. This is due to a larger moment
required to be overcome to rotate the airfoil as the spring torque increases. However,
the response of the gradient in the post-stall region (above 15◦) slightly decreases as the
springs torque increases, while the resistance from the spring against the force created
by the airflow increases as the torque increases. In addition, the final angle of incidence
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at which the airfoil stopped rotating increases with higher springs’ torque as the force
required to rotate the airfoil is increased. As can be seen in Figure 4a, for this symmetrical
profile, zero degree incidence is never achieved because at this angle the CL is also zero and
some aerodynamic force is needed to balance the spring torque. Behaviour of an oscillatory
nature, which is indicated by a gap in the data, is observed at all spring torque settings,
apart from the lowest tested of 11.53 Nmm. The velocity range where this is observed
increases with higher spring torques. The response at pre-stall angles of incidence (below
12◦) is observed as being parabolic in shape for all spring torque settings tested. The results
are consistent with the previous study [43]. Results for the tests at MP2 are presented in
Figure 4b, showing spring torque settings of 12.29 Nmm to 50.08 Nmm.
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The results also show the same general shape for all torque settings, shifting to a higher
velocity as the springs torque increases due to the same reasons given for MP1. The gradient
of the post-stall response also decreases as the springs torque increases, as demonstrated
for MP1. With increasing spring torque, the angle of incidence where the response levels
out and oscillatory behaviour is observed increases. Oscillatory behaviour is found in all
torque settings, apart from 43.51 Nmm and 50.8 Nmm, which could not be studied further
due to the wind speed limitations of the wind tunnel. When compared to MP1, the spring
torque setting has a larger effect for MP2, as being closer to the aerodynamic centre requires
more aerodynamic force to rotate the airfoil.

Results for the reversed scenario at MP3 are shown within Figure 5a with spring torque
settings ranging from −1.73 Nmm to −49.38 Nmm. The results indicate the same general
profile for all torque settings, shifting to a higher velocity as the springs torque increases.
The response starts to level out with the parabolic curve becoming more pronounced as
the spring torque increases, with the gradient decreasing at higher velocities. A greater
amount of force is required to overcome the springs’ moment due to the centre of the
sum of the aerodynamic and gravitational moments being close to MP3. The difference
between the responses is larger than with MP2, suggesting that the centre of the sum of
the aerodynamic and gravitational moment is between MP2 and MP3, and closer to MP3,
requiring greater aerodynamic force to rotate the airfoil. Results for various spring torque
settings of −10.82 Nmm to −49.61 Nmm at MP4 are presented within Figure 5b.
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Figure 5. Response of the angle of incidence against flow velocity for (a) MP3 and (b) MP4 of
NACA 0012.
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The results show the same general profile for all torque settings, shifting to a higher
velocity as the springs torque increases, as with other pivot point locations. The initial
gradient for the post-stall response is large for all spring torque settings. Within this region,
all torque settings show that once the angle of incidence passes 60◦, the response starts to
level out with lower torque settings reaching the maximum limited angle at lower velocities.
The difference between responses is slightly larger than that of MP1 but lower than other
pivot point locations, further proving that the centre of the sum of the aerodynamic and
gravitational moment is closer to MP3.

3.2. Comparison of Pivot Point Locations for NACA 0012

The results for the response of the angle of incidence while increasing the velocity of
the airflow for various pivot point locations at a similar torque setting are presented in
Figure 6. The torque settings are 23.03 Nmm for MP1, 23.79 Nmm for MP2, −23.09 Nmm
for MP3, and −22.32 Nmm for MP4.
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The results show the centre for the sum of the gravitational and aerodynamic moment
for NACA 0012 is between MP2 and MP3, shown by the angle of incidence decreasing in
the response to the airflow velocity for MP2 and increasing for MP3. The results show the
centre is closer to MP3 than MP2, as a much increased velocity is required to produce a
force to overcome the similar torques of the springs.

Comparing MP1 and MP2, the gradient of the response in the steady post-stall region
(above 15◦) is larger for MP1 due to MP2 being closer to the aerodynamic and centre
of gravity. The aerodynamic and gravitational moments produced are smaller for MP2,
requiring a higher airflow velocity to produce a force to overcome the springs’ moment.
In our setup, we do not reach the steady pre-stall region for MP2, which we believe
will occur at speeds greater than the available maximum in our wind tunnel of 20 m/s
(Re = 1.37 × 105).

The gradients for MP3 and MP4 are greater than MP1 and MP2, attributed to MP3
and MP4 having a divergent reaction as changes in aerodynamic force incur an additional
aerodynamic force. MP4 has the greatest gradient due to the pivot point location being
a further distance away than MP3 to the aerodynamic centre and the centre of gravity.
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Therefore, this requires a lower velocity to overcome the springs’ moment and, once
overcome, an increased divergent reaction.

For a location of the mounting axis before the centre of the sum of the aerodynamic
and gravitational moments, as in MP1 and MP2, a decrease in the coefficient of lift and
drag occurs, leading to a stable equilibrium if outside the stall region. For the mounting
after the centre, as in MP3 and MP4, an increase in these coefficients is found, leading to a
more unstable equilibrium due to divergence.

3.3. NACA 6412 at Various Pivot Point Locations and Spring Torque Settings

The results for the response of the angle of incidence while increasing the velocity of
the airflow for various spring torque settings at MP1, MP2, MP3, and MP4 for the cambered
NACA 6412 are presented in this section. The torque settings used are the same as for
NACA 0012 to compare data. Similarly, the starting angle of incidence for MP1 and MP2 is
40◦. However, a larger starting angle of incidence of 27◦ is used with NACA 6412 for MP3
and MP4 to avoid the unsteady stall region, which is larger for the cambered profile.

Results for various spring torque settings of 11.53 Nmm to 49.32 Nmm at MP1 are
shown in Figure 7a. The results show the same general profile for all spring torque settings
tested, shifting to a higher velocity as the springs’ torque value increases due to the same
reasons as for NACA 0012. The gradient of the post-stall response (above 25◦) appears
to be constant as the springs’ torque increases, unlike that found with the symmetrical
airfoil. In addition, the response for the lowest spring setting of 16.46 Nmm became
unsteady past −2.5◦. However, the behaviour once again became stable past the velocity
of 16.6 m/s (Re = 1.13 × 105) at −5◦. The reason is not known but thought to be due to
flutter or a separation bubble forming on the top surface, which could detach and reattach
in cycles [21,45,48]. Results for various spring torque settings of 12.29 Nmm to 50.08 Nmm
at MP2 are presented within Figure 7b.

The results show the same general profile for all spring torque settings tested, shifting
to a higher velocity as the springs’ torque value increases due to the same reasons as
for MP1. Here, the gradient of the post-stall response (above 27◦) decreases slightly as
the springs’ torque increases for the same reasons as reported before for the symmetrical
airfoil. The response for the lowest three spring settings of 16.46 Nmm, 17.22 Nmm,
and 23.79 Nmm below −2.5◦ shows that the behaviour became stable past an angle of
incidence of −4◦, which is believed to be for the same reasons as MP1 where a separation
bubble is suspected.

Results for various spring torque settings of −1.73 Nmm to −49.38 Nmm at MP3 are
presented in Figure 8a. The results show the same general profile for all torque settings,
shifting to a higher velocity as the springs’ torque increases due to the same reasons as
MP1. The initial gradient for the post-stall response, similar to MP1, appears the same as
the springs’ torque increases for the same reasons as MP1. However, at higher speeds, the
gradient can be seen to reduce. Once torque settings past −16.52 Nmm, no movement
was recorded. This is because the centre of the sum of the aerodynamic and gravitational
moment is too close to MP3, thus a larger force is required to overcome the springs’ moment,
which would require a larger velocity than was available in the wind tunnel used. The
difference between the responses is larger than with MP2, suggesting the aerodynamic
centre is between MP2 and MP3, and closer to MP3, requiring greater aerodynamic force to
rotate the airfoil. Results for various spring torque settings of −10.82 Nmm to −49.61 Nmm
at MP4 are presented within Figure 8b.
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Figure 7. Response of the angle of incidence against flow velocity for (a) MP1 and (b) MP2 of NACA 6412.
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The results show the same general profile for all torque settings, shifting to a higher
velocity as the springs’ torque increases due to the same reasons as for MP1. The initial
gradient for the post-stall response, similar to MP2, decreases as the springs’ torque
increases for the same reasons. Within this range, all torque settings show that once the
angle of incidence passes 70◦, the responses start to level out. Using lower torque settings,
the maximum limited angle is reached at lower velocities.

3.4. Comparison of Pivot Point Locations for NACA 6412

The results for the response of the angle of incidence while increasing the velocity of
the airflow for the relative pivot point locations at a similar torque setting for NACA 6412
are presented in Figure 9. The spring torque settings are 23.03 Nmm for MP1, 23.79 Nmm
for MP2, −23.09 Nmm for MP3, and −22.32 Nmm for MP4.
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The results show the centre for the sum of the gravitational and aerodynamic moment
for NACA 6412 is between MP2 and MP3, indicated by the angle of incidence decreasing in
the response to the airflow velocity for MP2 and increasing for MP3. The results show that
the centre is closer to MP3 than MP2, shown by the velocity of the airflow being required
to produce a force to overcome the springs’ torque, notably higher with MP3 using similar
values of spring torque.

Comparing MP1 and MP2 in Figure 9, the gradient in the steady post-stall region
(40 to 27◦) for MP2 is less than that of MP1, which is due to MP2 being closer to the aerody-
namic and gravitational centre. The aerodynamic and gravitational moments produced
are smaller, requiring a higher airflow velocity to produce a force to overcome the springs’
moment. Conversely, within the steady pre-stall region (12 to −2◦), the gradient for MP2
is shown in Figure 9 to be much larger than MP1. The reason for this is believed to be
caused by the camber of the lower surface protruding down in front of MP2, creating a
rapid change from suction to high pressure on that lower surface over a small change in
the freestream velocity. This produces a moment that changes the sign, adding to that
produced in the same rotational direction behind the pivot point location on the upper
surface, resulting in the airfoils nose rapidly moving upwards. At MP1, this protruding
area is behind the pivot point location, acting as a counteracting force, thus the change is
more gradual.
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MP3 has a lower gradient compared to other pivot point locations primarily due to
MP3 being located close to the aerodynamic centre. The suction from the protruding area
on the lower surface counteracts the high pressure from the upper surface close to the
trailing edge, which rotates the airfoil upwards. At MP4, the gradient is steeper as the
aerodynamic centre is further away; hence, small changes to the aerodynamic force have a
larger effect on the moment produced, leading to even higher incidences and divergence.

For a location of the mounting axis before the aerodynamic centre (MP1 and MP2), a
decrease in the incidence and therefore coefficient of lift and drag occurs. For the mounting
after the aerodynamic centre (MP3 and MP4), an increase in the incidence and therefore an
increase in these coefficients is observed. In the post-stall region, above 27◦, the gradients
and hence the change in incidence is larger the further the pivot point location is from the
aerodynamic centre. Conversely, the change is less rapid in the pre-stall region for angles
between 12◦ and −2◦ for the airfoils tested at MP1 and MP2.

3.5. The Comparison between Cambered and Symmetrical Airfoils

The figures in this section show the response of the angle of incidence while increasing
the velocity of the airflow for each of the relative pivot point locations at the same torque
settings. This enables a comparison of the differences in airfoils at each of the pivot point
locations. Figure 10a shows the effect of the airfoil shape for MP1 at a spring toque setting
of 36.17 Nmm. For the NACA 6412 cambered airfoil, a lower airflow velocity is required to
initiate movement, with it reaching lower angles of incidence than the symmetrical airfoil.
This is caused by an aerodynamically improved performance of NACA 6412, with the
airfoil producing a larger amount of downforce than NACA 0012. The response gradient
for NACA 6412 can be seen in Figure 10a, slightly larger in both the post-stall region and
pre-stall region. The unsteady near-stall region for NACA 6412 occurs from 25◦ to 12◦,
whereas for NACA 0012, it occurs from 15◦ to 12◦. The larger region for NACA 6412 is due
to the airfoils cambered shape, resulting in a delayed and more gradual stall, which results
in higher fluctuations of pressure and hence unsteadiness. Figure 10b shows the effect of
airfoil shape for MP2 at a spring toque setting of 30.37 Nmm.

Once again for NACA 6412, a lower airflow velocity is required to initiate movement,
with it reaching lower angles of incidence into the steady pre-stall region, similar to that
found with MP1. Comparing the steady post-stall region, similarly, the gradient is larger
for NACA 6412 and the unsteady near-stall region is the same as MP1. Conversely, the
gradient for NACA 6412 in the pre-stall region with MP2 is larger than that for MP1,
which, as previously mentioned, is suspected to be due to a rapid change in moment.
The pre-stall region is not reached with NACA 0012 using MP2 and would require larger
airflow velocities than were available.

Figure 11a shows the effect of airfoil shape for MP3 at a spring toque setting of
−6.66 Nmm. The starting angles are different when comparing airfoils at MP3. Nev-
ertheless, at 27◦, a slightly smaller velocity is required to initiate movement of NACA
6412; however, it has a decreased gradient, reaching a lower angle of incidence at higher
wind speeds. This is partly due to NACA 6412 producing a slightly larger aerodynamic
force, initiating movement at a slightly lower velocity. The gradient is slightly less when
compared to the NACA 0012 but similar at higher velocities. The cambered airfoil produces
a larger amount of downforce at a given incidence due to the increased turning of the
airflow. Figure 11b shows the effect of airfoil shape for MP4 at −42.04 Nmm.
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Figure 10. Effect of airfoil shape at (a) MP1 and (b) MP2.
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At 27◦, a smaller velocity is required to initiate movement of NACA 6412 at MP4 when
compared to MP3. Conversely, the NACA 6412 reaches the maximum limited angle of 90◦

at a lower velocity when compared to the symmetrical airfoil, unlike MP3. The gradients
are similar up to 60◦ and thereafter both gradients reduce but the symmetrical airfoil can
be seen to reduce more, reaching the limiting angle at a higher wind speed.

4. Conclusions

From the results obtained, the study has proven the concept of an airfoil passively
adjusting to a freestream velocity. The adjustment is highly dependent on pivot point
location and spring preload, resulting in either a reduction or increase in both downforce
and drag. From the results, it is concluded that pivot point location plays the largest role in
whether the lift and drag coefficients increase or decrease and when concerning the rate of
change when subjected to a freestream velocity. When the sum of the aerodynamic and
gravitational moment was negative (leading edge down, MP3 and MP4), an increase in
lift and drag coefficients was observed due to the increase in incidence. Conversely, when
the aerodynamic and gravitational moment sum was positive (leading edge up, MP1 and
MP2), a decrease in lift and drag coefficients occurred due to the decrease in incidence.
The centre of the sum of the aerodynamic and gravitational moments was determined to
be between MP2 and MP3 for both airfoils, positioned slightly closer to MP3. When the
aerodynamic centre and centre of gravity was closer to the mounting axis, this produced
smaller moments, decreasing the rate of change. Where the pivot point location was closer
to the centre of the sum of the aerodynamic and gravitational moments, the velocity range
in which unsteady behaviour occurred increased.

The results also showed that spring torque played a role in the initiation, rate of
change, and final angle of incidence achieved. As the springs’ torque increased, the
wind speed required to change the angle of incidence increased. In addition, with higher
windspeeds, the rate of change in the angle of incidence decreased. However, as the
springs’ torque increased, the velocity range in which unsteady behaviour occurred also
increased. The cambered NACA 6412 produced a larger aerodynamic force and therefore
aerodynamic moment when compared with NACA 0012 airfoil at a given windspeed. This
larger force enabled changes to the angle of incidence at lower velocities. However, the
cambered NACA 6412 was also subject to increased velocity ranges and angles of incidence
of unsteady behaviour.

The springed wing system described here could represent a real wing with support
structure that is elastic. The pivot point and spring torque setting represent the mounting
location and strength of support, respectively. The symmetrical or cambered wing could
be used in the application of reducing the drag of road vehicles at higher windspeeds. To
avoid unsteady fluctuations in forces, it would be advised to use an initial setting no higher
than 12◦. The symmetrical airfoil has a larger speed range and no upper limit to its use.
The cambered profile is more efficient, although a final setting no larger than −2◦ should
also be used to avoid unsteady fluctuations. The value of the spring preload can be selected
according to the desired velocity at which the road vehicle is intended to have a reduced
drag and the pivot point location can be adjusted according to the intended rate of drag
reduction with velocity. For the opposite application of increased stability with velocity,
the cambered profile demonstrated a larger velocity range and lower rate of change when
compared to the symmetrical profile. Similarly, the initial velocity can be triggered by
selecting a spring preload. The use of symmetrical or cambered profiles with pivot point
locations ahead of the centre of pressure could be used with hydrofoils and rigid sails to
prevent damage at higher than intended wind velocities, although the effects of heave may
have to be considered in these applications alongside aerospace applications. Conversely,
they could also be used in shielding fences to block flow at higher wind speeds, provided
that a suitable support structure is used. In the same manor, the trigger velocities can be
selected with the preload and rate of change with the position of the pivot point.
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The system setup had some notable challenges and limitations. At low values of
spring torque settings, it is believed the results could be affected by friction in the bearings,
which could have produced slightly distorted results. Steady pre-stall measurement is
also attempted at MP3 and MP4 but are not reported here due to the high sensitivity
and difficulties in achieving reliable results. Recommendations for future work include
an investigation of the effects at higher Reynolds numbers, which would require more
advanced wind tunnel facilities capable of higher airflow velocities. Another area of
interest would be the steady pre-stall region for MP3 and MP4, for which a wind tunnel
with smaller incremental changes in velocity to capture the effects is needed. Finally,
further investigation could be carried out into how this type of fluid–structure interaction
can be achieved by the use of anisotropic materials, such as carbon fibre, and how the
layup of the material can change the behaviour of the response. The work reported here
is performed with torsional springs obeying Hooke’s law. Further work is proposed to
study spring-mounted wings with variable spring constants dependent on deformation,
as well as wings with elastic support structures of various strengths and configurations.
In addition to this, the results can be used as an initial benchmark to validate numerical
simulations before tackling more complex fluid–structure interactions.
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