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Parametric study of a switchable vortex generator for load
alleviation in transonic conditions

Luca Marino* and Ilias Kiat
Delft University of Technology, The Netherlands

Adrian Eberle*
Airbus Operations GmbH, Germany

Jurij Sodja®
Delft University of Technology, The Netherlands

This paper investigates the impact of introducing a switchable vortex generator (SVG),
acting as a mini-tab, on the aerodynamic performance of a high-aspect-ratio wing’s outer
section in transonic regime. A parametric study is conducted employing computational fluid
dynamics 2D simulations, focusing on the aerodynamic effects of changing the chord-wise
position and height of the vane of a SVG located on the airfoil upper surface in both nominal
cruise conditions and for varying angles of attack. The analysis reveals that mini-tabs can
strongly affect the aerodynamic forces produced by the wing section, showing great potential
for load alleviation and control, but also emphasising the need for a careful parameter selection
to reduce undesirable effects such as the generation of shock waves. In cruise conditions, lift
reduction increases with the vane height and has its maximum for chord-wise positions at 60%
of the chord-length. However, SVGs located in the first half of the chord-length yield more
robust performance for varying angle of attack, without sharp lift variations or generated shock
waves, and a delayed stall onset. High SVGs (>3% chord-length) can also lead to strong shock
waves on the airfoil lower surface at small or negative angle of attack, while small SVGs (<1%
chord-length) can generate normal shock waves on the upper surface, with limited lift reduction
in cruise conditions and at higher incidence.
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Nomenclature
= wingspan
c = chord-length
Ca = drag coefficient
Crx = skin friction coefficient
G = lift coefficient
Cm,c;4 = moment coefficient at 25% of the chord-length
C, = pressure coefficient
h = height of the vortex generator vane
M = Mach number
Re = Reynolds number
X = coordinate along the chord-wise direction
x* = vortex generator position along the chord-line
y = coordinate along the wing span

*Research Associate, Faculty of Aerospace Engineering, Department of Aerospace Structures and Materials, Kluyverweg 1, 2629 HS Delft;
l.marino-1 @tudelft.nl.

fMSc Student, Faculty of Aerospace Engineering, Department of Aerospace Structures and Materials, Kluyverweg 1, 2629 HS Delft;
i.kiat@student.tudelft.nl.

FR&T project leader, Flight Physics, Technology Strategy & Integration, Airbus-Allee 1, 28199 Bremen; adrian.eberle @airbus.com

§ Assistant Professor, Faculty of Aerospace Engineering, Department of Aerospace Structures and Materials, Kluyverweg 1, 2629 HS Delft;
j.sodja@tudelft.nl.

Copyright © 2024 by LucaMarino; Ilias Kiat; Adrian Eberle; Jurij Sodja. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.

10.2514/6.2024-2110



Downloaded by Technische Universiteit Delft on January 5, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-2110

T

y = dimensionless wall distance parameter

z = coordinate normal to the chord-wise direction in the airfoil plane
a = angle of attack

vy = heat capacity ratio

A = sweep angle

I. Introduction
IRCRAFT encounter a wide range of aerodynamic loads during their operation, including those induced by gusts,
Aatmospheric turbulence and maneuvers. These loads can exert considerable stress on structural elements, potentially
leading to fatigue, excessive deformation or even catastrophic failure. Load alleviation and control strategies are
developed to address these challenges by mitigating the magnitude and fluctuations of the aerodynamic loads. By
effectively reducing the loads acting on the aircraft’s structure, these techniques enhance fatigue life, reduce weight
requirements and improve overall structural reliability [1]].

Passive load alleviation strategies involve the use of fixed devices, such as stall triggers applied to wing’s leading edge,
or modifications to the aircraft’s structure to passively reduce aerodynamic loads by inducing wash-out and/or controlling
airflow separation. However, the effectiveness of these techniques is limited to specific flight conditions and may not
provide significant load alleviation in all scenarios or adapt to changing aerodynamic conditions. Active load alleviation
and control are often achieved by employing control surfaces, such as flaps, ailerons, spoilers, and wing morphing
mechanisms, and allow the management and redistribution of aerodynamic loads in response to changing conditions
[2,13]]. Nonetheless, the large inertia of the control surfaces limits their efficacy in controlling loads characterized by
high reduced frequencies [4]. While more and more advanced actuators have been developed in recent years to achieve
faster time response and higher performance in terms of stroke and bandwidth (see, e.g., [3]), active load control systems
generally require advanced sensors and control algorithms, adding weight and complexity to the aircraft, along with the
need for a careful design to avoid undesirable dynamic interactions [6].

In recent years, different studies have investigated the potential of using small mechanical devices, called mini-tabs,
to impact the lift provided by the airfoil. This concept can be seen as a generalisation of the Gurney flap’s principle.
Gurney flaps are thin tabs perpendicular to the airflow. In aeronautical applications, they are typically installed on
the lower surface of an airfoil, near the trailing edge, to provide lift increase. When air flows over the airfoil, the
Gurney flap produces a separated region characterized by a counter-rotating vortex pair behind the flap, displacing the
Kutta condition downstream and increasing the suction peak on the upper surface [/H10], hence increasing the overall
airfoil lift. The use of similar mini-tabs mounted on the upper surface, physically acting as mini-spoilers, has also
proved effective for lift reduction purposes [[11,[12]. Further studies explored the effects of placing mini-tabs/spoilers at
different chord-wise locations. Compared to the placement at the trailing edge, moving the mini-tabs upstream up to
xy/c > 0.70 was shown to reduce the lift decrease at & = 0° [13}[14]]. On the other hand, the employment of mini-tabs
in proximity of the leading edge has yielded small advantages at low angles of attack (AoAs), but provides a significant
lift decrease for higher incidence. Finally, locations around x s /¢ = 0.60 appear to offer an effective lift reduction for a
wide range of AoAs [4}[15/16]]. Nonetheless, while numerical and experimental results presented in these contributions
show that the use of mechanical devices such as mini-tabs has great potential for load alleviation purposes, it is also
clear that their performance is strongly dependent on geometrical factors such as their height, orientation and chord-wise
location. This suggests that even better performances could be achieved by using mini-tabs designed to be activated or
rotated in response to changing aerodynamic conditions. However, further research is needed to fully assess the impact
of these design factors on the aerodynamic load alleviation. Moreover, most studies are currently limited to subsonic
conditions, thus offering a limited insight on the potential effects of using mini-tabs in transonic conditions, where
transonic aerodynamic effects could reduce their performance.

While the use of mini-tabs has mostly been explored for purposes such as controlling aerodynamic loads in high-speed
and low-AoA conditions, small triangular-shaped fins or plates known as vortex generators (VGs) are usually mounted
on aircraft’s surfaces (see Fig[I)) to augment their aerodynamic performance during low-speed and high-AoA flight
regimes. Through the generation of vortices that are shed downstream, VGs aim at re-energising the turbulent boundary
layer, delaying flow separation and reducing the risk of premature stalls [18]]. Conventional, passive, vane-type VGs
[19], with vane height comparable to the boundary-layer thickness, are currently the preferred option for flow separation
control [20], mostly because of their design simplicity, ease of manufacture, installation and low maintenance [21]].
Several research studies [20, [22H25]] have been conducted to determine the effectiveness of these VGs for varying height,
orientation, shape and location. In particular, it was found that good performances in lift generation can also be achieved
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Fig. 1 Array of vortex generators on the outer wing of an Airbus A300B2 [17].
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Fig.2 Concept design of a switchable vortex generator: (A) spoiler configuration inducing airflow separation in
transonic conditions; (B) vortex generation to suppress/delay separation at high angles of attack and low speeds;
(C) position of minimum impact on drag for nominal cruise conditions.

by employing VGs whose height is only a fraction of the boundary layer thickness, avoiding the significant residual
drag increase caused by conventional VGs [18], 20]. Finally, the use of active smart vortex generators, actuated using
shape memory alloys, has also been investigated in recent years [26-29]. These VGs showed an improved capability of
increasing lift and stall angle, while inducing a negligible rise in drag in nominal cruise conditions. However, while the
working principles of traditional, passive VGs are generally well understood, further investigations are still needed to
determine whether active VGs can operate reliably in a broad range of aircraft operating conditions and how their design
parameters can be selected to meet this requirement in different aerodynamic conditions.

Switchable vortex generators (SVGs) are among those novel concepts which are being developed to improve flow
separation control and load alleviation performances in the next generation of wings. In particular, load alleviation
and control becomes a key factor in high-aspect-ratio wings, where offloading outer wing sections is vital to avoid the
over-sizing of the wing structure, and the consequent weight penalty. In these devices, the dual purpose of alleviating
aerodynamic loading and preventing stall can simply be achieved by rotating the vortex vane, as shown in Fig[%} (A) in
high speed-low AoA conditions, the vane can be rotated perpendicularly to the incoming airflow, hence acting as a
spoiler and inducing flow separation; (B) in low speed-high AoA conditions, the vane can be rotated at an angle between
0 and 90 deg to delay or suppress flow separation through the generation of streamwise vortices. The spoiler function of
the SVG can be particularly useful to offload wing sections with high structural loads in high-speed off-design conditions,
such as manoeuvring and in the event of gusts or turbulence, which generally define the critical load cases for structural
sizing. Moreover, an important advantage of SVGs is that they can be deployed on demand only when their functionality
is required. For the remaining part of the operational time, such VGs can be maintained in an aerodynamically neutral
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position to allow for optimal aerodynamic performance in terms of drag (Fig2] case C).

This paper aims at assessing the effect of operating a SVG in its spoiler configuration (i.e, acting as a mini-tab) on
the aerodynamic performance of an outer section of a new generation high-aspect-ratio wing, namely the DLR-F25 wing
shown in Fig[3] A parametric study is conducted, by means of two-dimensional computational fluid dynamics (CFD)
simulations, to determine how design parameters, including the height of the vortex vane and the chord-wise position of
the SVG, can affect lift and drag generation in transonic cruise conditions. To further explain these aerodynamic effects,
pressure and skin friction coefficients distributions, as well as the velocity airflow around the airfoil, will be examined.
Moreover, a sensitivity analysis is conducted to establish how the performance of the spoiler function of the SVG is
affected by different angles of attack.

The paper is organised as follows: section [[I| introduces the analysis methodology; the investigation into the
effects from height and chord-wise location of the SVG is presented in section[[TI} the sensitivity analysis of the SVG
performance with respect to the angle of attack is showcased in section [[V}, finally, concluding remarks are summarised
in section [Vl
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Fig.3 Layout of the DLR-F25 wing and outer wing section at y/b = 0.85 selected for the parametric study.

I1. Analysis methodology

The spoiler configuration of the switchable vortex generator is meant to alleviate the aerodynamic load acting on
the outboard portion of the wing in high-speed conditions. In this paper, the effect of the SVG on the aerodynamic
performance of a wing section is assessed by conducting 2D CFD simulations for varying vane heights and chord-wise
location, considering nominal cruise conditions and high-speed off-design conditions characterised by different values
of the angle of attack. Consistently with the scope of the spoiler function of the SVG, an outer section of the DLR-F25
wing, located at y/b = 0.85, has been selected as a case-study for the investigation, as illustrated in Fig The properties
of the airflow in cruise conditions for the DLR-F25 wing are specified in Table [T}

Table 1 Airflow properties in cruise conditions for the DLR-F25 wing.

Density, kg/m? Temperature, K Velocity, m/s Viscosity, kg/(ms)
0.3955 220.80 232.26 1.4443.1073

Since the validity of a two-dimensional analysis is limited to the plane of the aerodynamic field where orthogonal
gradients are zero [30]], the so-called rule of cosine has been considered in this study to account for the wing sweep
effects [31]]. In particular, the chord-length and coordinates of the airfoil have been transformed as:

¢p = €3p CoS Ay X2D = X3p COS Ay 22D = 23D ()
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generating the geometry illustrated in Fig[3] Furthermore, the velocity of the airflow has been scaled as:
Voo, 2D = Vo, 3D €O A (@)

to represent the effective velocity component concerning the 2D section. The scaling of the Mach and Reynolds numbers,
resulting from the above transformation, is given by:

2
Moo 2D = Mo 3p €OS A Rew2p = Rew 3p €OS™ Ay 3

The corresponding values are reported in Table [2] for nominal cruise conditions. Finally, an angle of attack equal to
2.15 deg has been selected for the 2D analysis to yield the best agreement with the pressure coefficient distribution from
the full 3D wing results obtained in nominal cruise conditions. The corresponding comparison between 2D and 3D
pressure coefficients is reported in FigE], where the 3D sectional distribution is scaled by 1/cos?(Ay), as required by
the swept wing theory [32]]. The dashed black line in Fig[]represents the critical pressure coefficient associated with
incipient sonic flow, which is here evaluated by using the Anderson’s formulation [33]:

o _.2 2+(7—1)M§0]77‘ 1
p,crlt—yMgo

y+1
where v = 1.4 and Mo, = M op. In the remaining of the paper, all the relevant airflow and wing geometry properties
will be directly referred to the transformed values for the 2D analysis, omitting the “2D” subscript.

“

Table 2 Mach and Reynolds numbers for the DLR-F25 full 3D wing and effective values for two-dimensional
analysis at y/b = 0.85.

Mach number, M, Reynolds number, Re,
3D wing 0.780 8.27-10°
2D section (85% span) 0.714 6.93-10°

It is worth mentioning that the described approach, often referred to as 2.5D method, can only provide approximate
results for a tapered swept wing, where the local sweep angle varies from the leading edge to the trailing edge [34]. In
the above equations, the sweep angle Ay is referred to 40% of the chord-line, the expected shock location in nominal
cruise conditions, since previous studies have shown that this leads to a better agreement with the targeted 3D pressure
distribution on the wing section [35]. While more advanced techniques, including the 2.75D method [32} 34} 135]], can
be applied to the investigation of these wings, this approximated approach has been deemed acceptable for the present
study, whose main scope is the investigation of the SVG effects on a typical transonic airfoil. Therefore, the results
described in this paper are not meant to be representative of the actual behaviour of the DLR-F25 wing.

—3D wing section
17 —2D transformed airfoil ||

0 0.2 0.4 0.6 0.8 1
x/c

Fig.4 Pressure coefficient distribution along the chord of the DLR-F25 wing section at y/b = 0.85: 3D wing
section (in black, scaled by 1/cos(A;)) vs 2D transformed airfoil.
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Fig. 6 Structured mesh around the DLR-F25 wing section at y/b = 0.85 and geometry of the fluid computational
domain. A mini-tab of height //c = 0.20 is positioned at 25% of the chord-line.

The geometry of the selected DLR-F25 wing section, as well as the computational domain required for the CFD
analysis, were modelled in Ansys Design Modeler®. The length and height of the fluid computational domain were set
to 100 times the chord-length of the wing section, according to the geometry shown in Figl6] to minimise the effect of
the far-field boundary conditions on the simulations. The meshing process was performed within Ansys Workbench®.
To improve the accuracy of the solutions, a structured, C-grid mesh was realised, as presented in Figl6| and the mesh
quality was ensured by following the best-practice recommendations for Ansys CFD provided in [36]. In order to
appropriately resolve the boundary layer, the height of the cells adjacent to the airfoil surface was set to 5 - 1076 m,
resulting in y* < 1. The SVG was modelled as a zero-thickness wall normal to the airfoil upper surface, with parametric
height and chord-wise position. The discretisation of the fluid domain was carried out enforcing the presence of 40
elements along this wall, regardless of the SVG height. The final mesh contained about 2.5 - 103 volumes.

CFD simulations were performed in the Ansys Fluent® software. The fluid domain was modelled as a compressible
ideal gas, whose properties are listed in Table[T] Turbulence was modelled selecting the k-w SST model [38]], while
no-slip wall boundary conditions were imposed on the airfoil and mini-tab surfaces. The CFD solver was configured to
use a pressure-based formulation with second-order spatial discretisation. Simulations were run in two different steps.
First, a stationary analysis was conducted, setting the residual convergence requirements to 1 - 107 for the lift, drag,
moment coefficients and wall shear stress as a convergence criterion. Secondly, if the convergence was not achieved
within 1000 iterations, implicit transient simulations were run using the obtained stationary solution as an initial guess,
with a time-step of 1ms.

ITI. Sensitivity analysis of vortex generator height and chord-wise location in cruise conditions

In this section, the aerodynamic effect of introducing a SVG on the upper surface of the DLR-F25 wing section
located at y/b = 0.85 is assessed in nominal cruise conditions (see Table[I)). The analysis is conducted for varying
chord-wise locations and vane heights of the SVG, according to the methodology described in section [[I}

A. Effect on lift, drag and moment coefficients

An overview of the SVG effect on lift, drag and moment coefficients is depicted in Figs[7)and 8] for vane heights
ranging from 0.005¢ to 0.06¢, and chord-wise positions included between 0.1¢ and 0.9¢. In particular, the contour
plots in Fig show the variations of C;, Cy4, and C,, /4 induced by the presence of a mini-tab of varying height and
chord-wise location on the upper surface of the airfoil, while Fig[8]illustrates the C; — x*/c and Cy4 — x*/c curves
obtained for specific fixed values of the parameter /2/c. The lift and drag coefficients evaluated for the wing section in
clean configuration, i.e., C; = 0.698 and C4 = 0.013, are also reported in Fig@ for reference.
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Fig.7 Variation of lift (a), drag (b) and moment (c) coefficients of the DLR-F25 wing section at y/b = 0.85, when
a mini-tab of varying height is positioned on the upper surface at different chord-wise locations, at M., = 0.714,
Res = 6.93-10° and o = 2.15deg. The dashed white line represents the boundary layer thickness along the
chord.
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Fig. 8 Lift (a) and drag (b) coefficients of the DLR-F25 wing section at y/b = 0.85, with a mini-tab of varying
height positioned on the upper surface at different chord-wise locations, at M., = 0.714, Re., = 6.93 - 10° and
a =2.15deg.

The results presented in these plots clearly show that the introduction of a SVG on the upper surface can significantly
impact the aerodynamic forces acting on the wing section, even when its height is only a small fraction of the chord-length.
In general, increasing the vane height has a clear effect of intensifying the change produced in the aerodynamic forces
and moments. At any height equal or larger than 0.02¢, the C; values will become negative for most chord-wise
locations, potentially assuming large absolute values and, therefore, leading to an excessive negative wing section
loading. However, while this would suggest that the use of small SVGs is a better approach to C; reduction, it is also
worth to stress that these results are limited to a 2D case. Hence, it is expected that the application SVGs on a 3D wing
would result in a less pronounced effect.

The choice of the SVG chord-wise location can also significantly affect the performance of the wing section. From
Figsma and |§|a, it can be seen that, for most vane heights, the maximum C; reduction is achieved for locations around
60% of the chord, in good agreement with the findings from Heathcote et al. [4} [15], evaluated in subsonic conditions.
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The lift generated by the wing section will gradually increase as the SVG is moved towards either the leading or the
trailing edge. However, Fig[Bh also suggests that this regular behaviour is only observed for SVGs whose vane height
exceeds a critical value, included between 0.005¢ and 0.01c in the present investigation. For smaller heights, the
C; — x*/c curves present two different patterns: for SVGs located more closely to the leading edge, the lift reduction is
very limited and slowly increases for increasing values of x* /¢, while SVGs located further downstream exhibit the same
behaviour observed for 4/c > 0.01. The transition between these patterns occurs for smaller values of x*/c¢ and more
sharply as the SVG height is increased, as shown for 4/c¢ = 0.002 and /¢ = 0.005. In these cases, the maximum lift
reduction is also shifted to further downstream SVG locations. This peculiar aerodynamic behaviour will be discussed
and explained later in this section. The maximum drag generation is generally not obtained at the same SVG locations
as the maximum lift reduction. In fact, in the C; — x*/c curves in Fig, the maximum C, is observed for positions
between 20% and 30% of the chord-length. Therefore, it can be deduced that SVG locations in the second half of the
chord-length can offer a larger C; reduction with a limited generation of drag. From Fig[7k, it can be seen that variation
of the moment coefficient mimics that of the C;, with a tendency to achieve larger variations for locations closer to
the trailing edge when #/c is increased. For SVG locations in proximity of the leading edge, it can be observed that
variation of C; with respect to i2/c increases with a decreasing rate as larger heights are approached. This behaviour
is less visible in the C4 — x*/c curves, leading to the conclusion that higher SVGs can lead to a considerably higher
generated drag without offering significant advantages in terms of lift reduction.

As a final consideration on the SVG effect on the overall aerodynamic forces acting on the wing section, it is worth
considering that, in some of investigated cases, the SVG vane is entirely within the boundary layer thickness, reported in
Fig[7|by means of a dashed white line. This factor does not appear to affect the performances of smaller mini-tabs,
suggesting that micro-VGs might also be considered suitable for load alleviation purposes. However, as mentioned
above, small SVGs only have a limited impact on the aerodynamic performances, which are heavily affected by the vane
height.

B. Effect on velocity, pressure and skin friction coefficients distribution for varying SVG chord-wise location
The patterns described by the C;, C4 and C,, /4 curves for varying height and chord-wise locations of the SVG,
discussed in the above subsection for the spoiler configuration, provide a good overview of its impact on the aerodynamic
performance of a wing section. To gain further insight on the causes of such aerodynamic effects, a discussion on the
alterations introduced by the SVG in the velocity field and pressure distribution is presented in what follows.
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Fig. 9 Pressure (a) and skin friction (b) coefficients distribution along the chord of the DLR-F25 wing section at
y/b = 0.85, with a mini-tab of height /2/c = 0.01 positioned on the upper surface at different chord-wise locations,
for My, =0.714, Re, = 6.93 - 10° and « = 2.15 deg.
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Fig.10 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab of height
h/c = 0.02 positioned on the upper surface at different chord-wise locations, for M., = 0.714, Re,, = 6.93 - 10°
and a = 2.15deg.

1.5

0.5}

zlc
o
Jaquinu yoep

o
3

: : : 0
-0.5 0 0.5 1 1.5

x/c

Fig. 11 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85 in clean configuration,
for M., = 0.714, Re,, = 6.93 - 10% and « = 2.15 deg.

Figures Op and b illustrate the pressure and skin friction coefficient distribution along the chord of the investigated
wing section in cruise conditions, for varying chord-wise locations of a SVG of height 42 = 0.01¢. This specific height
value has been selected to represent a typical SVG behaviour when the vane height exceeds the critical value indicated
in subsection [[IL.A] The velocity fields around the airfoil are shown in Fig[I0]for x/c = [0.15,0.30,0.60, 0.90]. For
reference, the velocity field around the clean wing section is reported in Fig and the corresponding Cp, and Cyy
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distributions are reported in Fig[9] by means of a continuous black line. The clean wing section exhibits the typical
behaviour of a transonic airfoil, with the minimum negative C), reached in proximity of the leading edge and followed
by a pressure plateau until about 40% of the chord, where the shock occurs, as also indicated by the sudden pressure
change at approximately 0.4c. The introduction of a mini-spoiler changes significantly the pressure distribution and the
velocity flow above the upper surface of the airfoil, as described in what follows.

* Starting from the leading edge, the SVG introduces a deceleration of the airflow, such that supersonic conditions
are no longer reached upstream of the SVG, except that for chord-wise positions in proximity of the trailing edge
(see the case x*/c = 0.90 in Fig[Oh).

* This deceleration is followed by a pressure drop across the vortex vane, which gradually decreases as the SVG is
moved downstream. Among the cases investigated, only for x*/c < 0.45 this drop is such to lead to supersonic
conditions downstream of the SVG, as indicated by the crossing of the Cp, (i line. The expansion of the airflow
around the mini-spoiler is also well-visible in Fig[I0](see, e.g., the case x*/c = 0.15).

* One of the main effects of the SVG on the airflow pattern is the introduction of recirculation zones, whose location
and extension is indicated by the Cy¢y < 0 values in Fig@). Here, it can be observed that the SVG triggers a
small recirculation zone upstream and, more importantly, a larger one downstream. For i/c = 0.01, the latter
recirculation area extends from the mini-tab to the trailing edge in most cases, with flow re-attachment only
observed for x*/c = 0.15. This behaviour is also visible in Fig[I0] where the streamlines clearly show how the
recirculation area gradually extends towards the trailing edge (up to x*/c = 0.30) and hence becomes smaller and
smaller as the SVG is moved further downstream, reducing the height of the wake region. This process explains
why the maximum generated drag is achieved around x*/c = 0.30 for a SVG of height 0.01¢ (see Fig[8p).

More limited effects by the SVG can be observed on the lower surface of the wing section. In fact, as can be seen in
Fig@]a, the overall evolution of the C}, and C, distributions along the chord is not strongly affected by the parameter
x*/c. However, it is also possible to observe that the presence of the SVG leads to lower pressures on the lower surfaces,
with the maximum pressure reduction observed for the x*/c = 0.60 case among those investigated, in agreement with
the maximum C; reduction already observed in Fig[8p.

C. Effect on velocity, pressure and skin friction coefficients distribution for varying SVG height

The pressure and skin friction coefficient distributions along the chord of the airfoil are depicted in Figs[TZh and b
for varying heights of the SVG vane and x*/c = 0.25. The clean configuration of airfoil is also included in the plots for
reference. The corresponding velocity flow fields are illustrated in Fig[T3|for 2/c = [0.005,0.01,0.02, 0.04]. Overall,
these plots clearly show the strong impact of the VG height on the aerodynamic behaviour of the wing section, as
detailed in the following annotations.

* On the upper surface, for vane heights below the critical height (see, e.g., #/c = 0.002), the location of the shock
wave is moved upstream with respect to the clean configuration, with a reduction of its intensity. For 2/c > 0.01,
supersonic conditions are no longer reached in this region, as already discussed in the previous subsection.

* The airflow patterns after the pressure drop across the SVG are severely affected by its vane height. While
increasing i /c above 0.01 has the expected effect of enlarging the height of the downstream recirculation and
wake regions, smaller SVGs can also significantly affect the velocity flow field above the upper surface. In fact,
for ii/c = 0.002 and 0.005, the pressure drop becomes particularly significant (see Fig[I2h), leading to very high
velocities (M > 1.5), as visible in Fig In this case, as also indicated by the Cy, patterns in Fig, the
flow reattaches to the upper surface almost immediately downstream of the SVG. This phenomenon explains the
different pattern shown by the C; — x*/c curves in Fig[§]for small SVG heights and locations in the first portion of
the airfoil chord. Fig[T4]shows how, for /1/c = 0.005, the intensity of the supersonic region generated by mini-tabs
located at x* /¢ > 0.40 is no longer such to enforce the flow re-attachment. Therefore, the aerodynamic behaviour
becomes similar to that presented by SVGs of height 2 > 0.01c.

* On the lower surface, the acceleration induced by higher SVGs leads to supersonic speeds starting from the
case h/c = 0.02, as shown by the C, distribution in Fig. For larger vane heights, the formation of the
supersonic regions is also well-visible in Fig[I3| (see ~/c = 0.04). In particular, a small supersonic region is
located in proximity of the leading edge and second, more extensive region can be observed around the mid of the
chord. Both regions terminate with normal shock waves, whose locations is shifted further downstream as //c is
increased. In Fig[12b, the case h/c = 0.06 suggests that shock-induced separation occurs for higher SVGs.
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Fig. 12 Pressure (a) and skin friction (b) coefficients distribution along the chord of the DLR-F25 wing section
at y/b = 0.85, with a mini-tab of varying height positioned on the upper surface at x*/c = 0.25, for M., = 0.714,
Re =6.93-10° and o = 2.15 deg.
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Fig. 13 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab of

varying height positioned on the upper surface at x* /¢ = 0.25, for M, = 0.714, Re., = 6.93 - 10° and o = 2.15 deg.
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Fig. 14 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab
of height //c = 0.005 positioned on the upper surface at x*/c = 0.30 and at x*/c = 0.40, for M., = 0.714,
Reo = 6.93 - 10° and a = 2.15 deg.

In conclusion, the presence of a SVG on the upper surface of a wing section in transonic conditions can effectively
alter its aerodynamic performance, leading to drastic changes in lift, drag and moment coefficients. The intensity of
these variations will generally be stronger for larger SVG heights, while the maximum lift reduction is achieved for
positions around 60% of the chord-length. Although the SVG impact on the aerodynamic coeflicients can be used to
achieve load control and alleviation, it was also shown that higher SVGs (2/c > 0.03) can lead to undesirable effects
such as large negative C; values and the formation of normal shock waves on the airfoil lower surface. On the other
hand, small SVGs (h/c < 0.01) can also generate strong shock waves on the upper surface. Therefore, the selection of
the vane height appears to be a crucial factor in the SVG design process. Nonetheless, it is also worth considering that
the presented results are limited to the investigation of a 2D section, and that the effect of the application of either one or
multiple SVGs on a full 3D wing are supposed to be significantly milder, hence reducing these potential negative effects.

IV. Sensitivity analysis of angle of attack effects on vortex generator performance
In the previous section, the effects of the SVG in spoiler configuration on the aerodynamic behaviour of an outer
wing section have been investigated in nominal cruise conditions, hence keeping the angle of attack constant at 2.15 deg.
While this corresponds to the main operative condition for the spoiler function of the SVG, it is also important to
establish how its performance changes for varying incidence, since different angles of attack could be induced by gusts
or maneuvers. As in the previous analyses, the effect of varying « will be assessed for varying height and chord-wise
location of the SVG, in the ranges specified in Section

A. Aerodynamic effects for varying SVG chord-wise location

The lift and drag coefficient curves, evaluated for angles of attack ranging from -5 to 10 degrees, are depicted in
Figs[I5h and b for different chord-wise locations of a SVG of height //c = 0.02. In the clean configuration, reported in
these plots for reference as a dashed black line, the wing section exhibits a linear increase of C; between @ = —5 deg and
a = 3 deg, with stall occurring at about @ = 5 deg. The drag coeflicient of the section, in the absence of the SVG, has its
minimum in the range between —2 and 2 deg, with larger values for smaller and larger angles of attack, as expected. The
introduction of a mini-tab of height 0.02¢ on the upper surface can significantly change the patterns exhibited by lift and
drag for varying angle of attack, as explained in what follows.

* An important effect of the SVG is the change of slope in the linear range of the C; — @ curves, which increases
with the parameter x*/c. SVGs located in the first portion of chord, up to 60% of the chord-length, reduce the lift
variation with the angle of attack with respect to the clean configuration case, while SVGs positioned more closely
to the trailing edge lead to a sharper increase of C; for increasing . It is also worth mentioning that, while this
central portion of the C; — @ curves will be referred to as linear range in the following discussion, the C; evolution
also becomes more nonlinear for SVG locations near the leading edge.

* In the linear range, the generated drag presents a significant increase with the angle of attack for SVG locations
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closer to the leading edge, while remaining almost constant for locations in proximity of the trailing edge (see
Fig[T5p).

» Athigh incidence, the SVG delays the stall of the airfoil. This effect becomes more significant as the SVG is moved
towards the leading edge, with stall occurring at about @ = 6.5 deg for x*/c = 0.90 and out of the investigated
range for x* /¢ = 0.10. However, it is also worth mentioning that the transition from the linear behaviour to stall
occurs more and more sharply as the SVG approaches the leading edge (see Fig[T5h).

¢ At negative angles of attack, the SVG can lead to an earlier stall onset than in clean configuration. While this
effect appears to be very mild for SVGs positioned near the leading edge, it gradually becomes more significant,
with negative stall occurring at @ = —2 deg in the worst case, i.e., for locations around 60-70% of the chord-length.
Sharper transitions between the linear range and stall at negative incidence are observed for SVGs locations in
proximity of the trailing edge.

0.2
0.15¢}

o o 01

x*=0.30c

x*=0.20c

0.05 [+=0.10¢

clean ~
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Fig. 15 Lift (a) and drag (b) coefficients of the DLR-F25 wing section at y/b = (.85, with a mini-tab of height
h/c = 0.02 for varying chord-wise locations on the upper surface, at M., = 0.714, Re., = 6.93 - 10° and varying
angle of attack.

To offer a further insight on the aerodynamic behaviour induced by SVGs located at different chord-wise positions,
the pressure and skin friction coefficients distributions, as well as the velocity field, are reported here for two different
angles of attack, @ = 5deg and @ = —1 deg. These specific values have been selected to elucidate the effects of varying
incidence within the linear range, while the SVG impact on the stall onset and other transitions will be analysed in
subsection

The pressure and skin friction distributions, plotted in Fig[I6|for @ = 5 deg, clearly show the limited impact of SVGs
located in proximity of the trailing edge, which results in the smaller lift reduction and generated drag highlighted in
Figl[T3] In this case, as also visible in Fig[17]for x*/c = 0.80, the primary effect from the SVG is the shifting of the
shock location further upstream on the upper surface, with a reduction of its intensity. As the SVG is moved towards the
leading edge, it can be observed that the separated region and the wake become larger and larger, accounting for the
increase in generated drag, while supersonic conditions are no longer reached on the upper surface. At the same time,
larger airflow acceleration is observed along the lower surface, explaining the larger lift reduction observed for SVG
locations near the leading edge at high angles of attack.

In the case @ = —1deg, the pressure and skin friction coefficients presented in Fig[T8| highlight how the most
significant SVG effects are produced on the airfoil lower surface. In fact, differently from the clean configuration case,
supersonic regions appear in the presence of the SVGs at any chord-wise locations. In particular, a first small supersonic
region is located in proximity of the leading edge, while a second larger region can be observed around the mid of the
chord-line (see the velocity contour plots in Fig[T9). Normal shock waves are present at the end of the former supersonic
region upstream in all the cases investigated, but only visible for x*/c > 0.3 for the latter region downstream. For both
shock waves, the strongest intensity and the furthest downstream locations are observed for SVG positions around the
60% of the chord-length, in agreement with the maximum C; reduction achieved in this case (see Fig[I5).
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Fig. 16 Pressure (a) and skin friction (b) coefficients distribution along the chord of the DLR-F25 wing section at
y/b = 0.85, with a mini-tab of height /2/c = 0.02 positioned on the upper surface at varying chord-wise locations,
for M, = 0.714, Reo, = 6.93 - 10° and and « = 5 deg.
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Fig. 17 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab of
height /1/c = 0.02 positioned on the upper surface at varying chord-wise locations, for M, = 0.714, Re, = 6.93-10°
and o = 5deg.
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Fig. 18 Pressure (a) and skin friction (b) coefficients distribution along the chord of the DLR-F25 wing section at
y/b = 0.85, with a mini-tab of height /2/c = 0.02 positioned on the upper surface at varying chord-wise locations,
for M,, = 0.714, Reo, = 6.93 - 10° and and « = —1 deg.
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Fig. 19 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab of
height /1/c = 0.02 positioned on the upper surface at varying chord-wise locations, for M, = 0.714, Re, = 6.93-10°
and o = —1deg.
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B. Aerodynamic effects for varying SVG height

The lift and drag coefficient curves obtained for varying angle of attack and different vane height are illustrated in
Fig[20]in the case of a SVG located at 25% of the chord-length. In additions to the behaviours described in subsection
these curves also exhibit further transitions and peculiar patterns, which are detailed in the following observations.

* In the linear range, the C; — a curves corresponding to vane heights larger than 0.01¢ present the same slope,
independently of the height value. Consistently with the previous discussion, this slope is smaller than that
observed in the absence of the SVG. The curves corresponding to //c = 0.005 and 0.01 present a gradual variation
between the slopes observed in clean configuration and for #/c > 0.01. Figl20h also shows that the increase of
the lift coefficient with @ has a pronounced nonlinear trend for these two vane height values.

* At higher angles of attack, the linear range does not always terminate with a sharp increase in C; followed by stall,
as observed in the case #/c = 0.02. For instance, at #/c = 0.01, the sudden lift increase is followed by a further
linear range, terminating with stall at @ = 9 deg. In the C; — a curve corresponding to i/c = 0.005: (i) the linear
range is followed, from o = 1.5 deg, by a slow nonlinear increase in Cy; (ii) at @ = 4 deg there is a further, sharper
increase in Cy, followed by a sudden decrease at @ = 6 deg; (iii) a further linear increase is observed between the
latter transition and @ = 8 deg, when stall occurs. Nonetheless, these additional transitions do not appear to affect
the generated drag, as visible in Fig[20p.

* At negative incidence, stall can occur significantly earlier (e.g., at @ = —2 deg for 4/c = 0.04). As the vane height
is increased, it is also possible to observe a sharper and sharper fall in the C; values before the stall onset.
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Fig. 20 Lift (a) and drag (b) coefficients of the DLR-F25 wing section at y/b = 0.85, with a mini-tab of varying
height positioned on the upper surface at x*/c = 0.25, at M., = 0.714, Re., = 6.93 - 10° and varying angle of
attack.

The above described transitions in the aerodynamic behaviour can be explained by observing the contour plots of
the velocity fields illustrated in Figs21}23] Figure[21]shows the evolution of the velocity field before (@ = 5.5) and after
(@ = 6.5) the sudden increase of C; displayed in Fig20h for h/c = 0.01. It is clearly visible that the reason for this
transition lies in the appearance of a normal shock wave in proximity of the leading edge, followed by shock-induced
separation. The increase in C; is not only due to the larger airflow velocities achieved on the first portion of the upper
surface, but also to a loss of effectiveness of the SVG, which is now mostly immersed in the separated region. At
the same time, the height of the wake region appears to decrease across the transition, motivating the reduction in
generated drag observed in Fig[20b. If the angle of attack is further increased, the SVG will become fully immersed in
the separated region, and therefore C; and C; will eventually approach their clean configuration values.
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Fig. 21 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab of
height /2/c = 0.01 positioned on the upper surface at x*/c = 0.25, for M, = 0.714, Re., = 6.93 - 10° and varying
angle of attack.
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Fig. 22 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab of
height /2/c = 0.005 positioned on the upper surface at x*/c = 0.25, for M, = 0.714, Reo, = 6.93 - 10° and varying
angle of attack.
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The presence of additional transitions in the case //c = 0.005 is explained by the velocity fields around the airfoil
reported in FigR22]for a = [3.5,4.5, 6,9] deg. While the presence of a supersonic region between the SVG and the mid
of the chord-length in the case @ = 3.5 deg has already been discussed in section[[IIand illustrated in Figs[I3]and[I4] a
further supersonic area is also visible in proximity of the leading edge. The first nonlinear increase of C; observed
for h/c = 0.005 is due to the gradual onset of the normal shock wave visible at the end of this region, in a similar
process to that described for the case #/c = 0.01. However, as the angle of attack is further increased, this shock wave
will move downstream, eventually leading to a coalescence of the two supersonic regions, which is well-visible for
@ = 6 deg. During this phase, where two strong, normal shock waves are still present (see @ = 4.5 deg in Fig[22) the
C; — a curve exhibits a further increase. However, after the complete coalescence of the supersonic regions, which leads
to a sudden C; reduction, the remaining normal shock wave will gradually move towards the leading edge, with the
already discussed progressive immersion of the SVG in the separated region following the shock.

Finally, the early onset of negative stall in the presence of high SVGs can be explained by looking at Fig[23] where
the velocity field contour plots are illustrated for @ = 0 and @ = -2 deg in the case i/c = 0.04. By comparing the
velocity fields at an incidence of 0 deg and 2.15 deg (shown in Fig[T3)), it is possible to see that the supersonic region
originating in the latter case near the leading edge gradually extends downstream, eventually leading to a normal shock
on the lower surface. The formation of this shock wave, besides the shock present in both cases around 60% of the
chord-length, accounts for the sudden decrease of C;, observed in Fig[20h when « is decreased below 0deg. When
a = -2 deg, these two supersonic regions merge, forming a unique supersonic area extending from the leading edge to
about the mid of the chord-length, as shown in Fig[23] The airflow is here strongly accelerated at the leading edge,
reaching high speeds above M = 1.5 and leading to a strong lift reduction. If the angle of attack is further decreased, the
remaining shock wave moves towards the leading edge and gradually loses its intensity. This leads to the higher C;
values displayed in Fig20p for @ < 2 deg. The generated drag rapidly increases after the coalescence of the supersonic
regions, due to shock-induced separation and the consequent enlargement of the wake region downstream.
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Fig. 23 Contour plot of the velocity field around the DLR-F25 wing section at y/b = 0.85, with a mini-tab of
height //c = 0.04 positioned on the upper surface at x*/c = 0.25, for M, = 0.714, Re., = 6.93 - 10° and varying
angle of attack.

In summary, the analysis conducted in this section has shown that SVGs located at smaller percentages of the
chord-length offer more robust performances with respect to variations of the angle of attack. Differently, SVGs
positioned more closely to the trailing edge cause sharper variations in the lift generated by the wing section for varying
incidence, tend to generate potentially strong shock waves and can lead to stall onset at smaller absolute angles of attack.
SVGs whose vane height is between 1 and 2% of the chord-length appear to offer good performances in a larger range
of angles of attack. In fact, while higher SVGs perform poorly at negative incidence, generating strong shock waves
on the lower surface and early stall onset, small SVGs also present a complex behaviour at higher angles of attack,
characterised by the formation of shock waves on the upper surface and sudden variations in the lift reduction.
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V. Concluding remarks

In this paper, the effect of introducing a switchable vortex generator, operating as a mini-tab, on the upper surface of
an airfoil has been investigated in transonic conditions. In particular, the aerodynamic performance of an outer section
of the DLR-F25 wing has been explored for varying vane heights and chord-wise locations of the vortex generator in
nominal cruise conditions, and for varying angle of attack.

This study, conducted by means of 2D computational fluid dynamics analyses, has proved that the spoiler configuration
of the SVG can effectively reduce the lift generated by the wing section and, more in general, lead to a significant
variation of the produced aerodynamic forces and moments. In cruise conditions, lift reduction can be increased by
selecting higher SVGs and by positioning them around 60% of the chord-length. However, high performances in lift
reduction are not always desirable, since they can lead to excessive negative wing loading and are often related with the
formation of shock waves on the airfoil lower surface. The drag generated by the SVG does not generally follow the
same patterns described by the change in lift. While increasing with the SVG height, the maximum C, values have
been observed between 20 and 30% of the chord-length. The sensitivity analysis carried out for varying angle of attack
has shown that SVGs located in proximity of the leading edge generally offer more robust performances than those
located further downstream. In fact, SVGs located after 60% of the chord-length can lead to sharper lift variations,
generation of strong shock waves and early stall onset. Independently of the chord-wise position, the introduction of
SVGs delays the stall onset at high angles of attack, but leads to earlier stalls for negative incidence. Additionally, it has
been observed that large SVGs, whose height is equal or above 3% of the chord-length, perform poorly at negative
incidence, generating strong, normal shock waves on the lower surface and causing stall to occur at smaller absolute
values of the angle of attack. On the other hand, small SVGs, whose height is below 1% of the chord-length, exhibited
limited performance in nominal cruise conditions and at high incidence, particularly if placed within the first portion of
the chord-length. In these cases, they often induce a significant flow acceleration downstream, leading to the generation
of strong, normal shock waves on the upper surface and preventing any significant flow separation.

Overall, the results of the parametric study presented in this contribution indicate that, although the spoiler function
of the SVGs has great potential for purposes such as load control and alleviation in transonic conditions, certain
combinations of their vane height and chord-wise position can also lead to undesirable effects, including the generation
of strong shock waves and shock-induced separation. These phenomena can lead to excessive vibrations and have
structural implications (e.g., fatigue issues), as well as a significant increase in generated drag. Therefore, a careful
selection of these parameters is advised during the design process, which should aim to also determine the optimal
balance between load alleviation performance of the SVG and aerodynamic robustness. It is also worth underlining
that the presented results are restricted to the case of a 2D wing section and to the assumption of stationary conditions.
Future work will focus on extending these findings to the case of a full 3D wing, hence also investigating the effects of
parameters such as the length and the span-wise location of the SVGs. Moreover, transient dynamic analyses, will be
required to fully assess the suitability of SVGs for purposes such as the alleviation of the aerodynamic loads produced
by gusts.
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