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This paper investigates the impact of introducing a switchable vortex generator (SVG), acting as a minitab, 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 two-dimensional simulations, focusing on the aerodynamic
effects of changing the chordwise 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 minitabs can strongly affect
the aerodynamic forces produced by the wing section, showing great potential for load alleviation and control, but also
emphasizing 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 chordwise 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 (greater than or equal to 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 (less than 1% chord length) can generate normal shock waves on
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the upper surface, with limited lift reduction in cruise conditions and at higher incidence.

Nomenclature

wingspan

drag coefficient

skin friction coefficient

= lift coefficient

pressure coefficient

chord length

height of the vortex generator vane

Mach number

Reynolds number

flow velocity magnitude

coordinate along the chordwise direction
vortex generator position along the chord line
coordinate along the wing span
dimensionless wall distance parameter

= coordinate normal to the chordwise direction in the airfoil
plane

angle of attack

heat capacity ratio

sweep angle
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I. Introduction

IRCRAFT encounter a wide range of aerodynamic loads

during their operation, including those induced by gusts, atmos-
pheric 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. How-
ever, 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 mech-
anisms, and allow the management and redistribution of aerodynamic
loads in response to changing conditions [2,3]. Nonetheless, the large
inertia of the control surfaces limits their efficacy in controlling loads
characterized by high reduced frequencies [4]. Although 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., Ref. [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 minitabs, to impact the lift
provided by the airfoil. This concept can be seen as a generalization 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 counterrotating vortex pair
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behind the flap, displacing the Kutta condition downstream and
increasing the suction peak on the upper surface [7-10], hence increas-
ing the overall airfoil lift. The use of similar minitabs mounted on
the upper surface, physically acting as minispoilers, has also proved
effective for lift reduction purposes [11,12]. Further studies explored
the effects of placing minitabs/spoilers at different chordwise loca-
tions. Compared to the placement at the trailing edge, moving the
minitabs upstream up to x;/c > 0.70 was shown to reduce the lift
decrease at a = 0° [13,14]. On the other hand, the employment of
minitabs in proximity of the leading edge has yielded small advantages
at low angles of attack (AOA) but provides a significant lift decrease
for higher incidence. Finally, locations around x;/c = 0.60 appear
to offer an effective lift reduction for a wide range of AOA [4,15,16].
Two-dimensional [17] and three-dimensional [18] experimental
studies were also conducted to evaluate the effectiveness of minitabs
and spoilers for lift reduction in the presence of unsteady wing
motion, showing that load alleviation can still be achieved if unsteady
effects of limited magnitude occur. Nonetheless, while numerical
and experimental results presented in these contributions show that
the use of mechanical devices such as minitabs 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 chordwise location. This suggests that even better
performances could be achieved by using minitabs 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 minitabs in transonic
conditions, where transonic aerodynamic effects could reduce their
performance.

Although the use of minitabs 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 sur-
faces 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 reenergizing the turbulent
boundary layer, delaying flow separation and reducing the risk of
premature stalls [19]. Conventional, passive, vane-type VGs [20],
with vane height comparable to the boundary-layer thickness, are
currently the preferred option for flow separation control [21],
mostly because of their design simplicity, ease of manufacture,
installation, and low maintenance [22]. Several research studies
[21,23-26] 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 by employing VGs whose height is only a
fraction of the boundary-layer thickness, avoiding the significant
residual drag increase caused by conventional VGs [19,21]. Finally,
the use of active smart vortex generators, actuated using shape
memory alloys, has also been investigated in recent years [27-30].
These VGs showed an improved capability of increasing lift and
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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 con-
cepts 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 oversizing 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. 1:

1) 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.

2) 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 maneuvering and in the event of gusts or turbu-
lence, 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 main-
tained in an aerodynamically neutral position to allow for optimal
aerodynamic performance in terms of drag (Fig. 1, case C).

This paper aims at assessing the load alleviation performance of
the spoiler configuration of a SVG operated on a supercritical air-
foil, in transonic conditions. To this end, the aerodynamic behavior of
an outer section of a new-generation high-aspect-ratio DLR-F25
wing (shown in Fig. 2) is investigated in the presence of a minitab
mounted on the airfoil’s upper surface. A parametric study is con-
ducted, by means of two-dimensional computational fluid dynamics
(CFD) simulations, to determine how the design parameters of the
SVG, namely, the height of the vortex vane and the chordwise position,
can affect lift and drag generation at transonic speeds. To further
elucidate these aerodynamic effects, pressure and skin friction coef-
ficients distributions and 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 organized as follows. Section II introduces the analysis
methodology. The investigation into the effects from height and chord-
wise location of the SVG is presented in Sec. III. The sensitivity
analysis of the SVG performance with respect to the angle of attack
is showcased in Sec. IV. Finally, concluding remarks are summarized
in Sec. V.

Spoiler configuration
ST i ——

Vortex generator

—>

CR e ———
w7

Minimum impact

© e, ==

Fig.1 Concept design of a switchable vortex generator.
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Wingspan, y/b

0.85 1

Chord-wise direction, x/c

—3D wing section
— 2D transformed airfoil [

Fig. 2 Layout of the DLR-F25 wing and outer wing section at y/b = 0.85 selected for the parametric study.

II. 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 two-dimensional (2D) CFD simulations for
varying vane heights and chordwise location, considering nominal
cruise conditions and high-speed off-design conditions characterized
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. 2. The properties of the airflow in
cruise conditions for the DLR-F25 wing are specified in Table 1.

A. Geometry Transformation for Two-Dimensional Analysis

Because the validity of a two-dimensional analysis is limited to the
plane of the aerodynamic field where orthogonal gradients are zero
[31], the so-called rule of cosine has been considered in this study to
account for the wing sweep effects [32]. In particular, the chord
length and coordinates of the airfoil have been transformed as

Cp = ¢3pCosA;  xop =x3pcosA;  Zp=zp (D
generating the geometry illustrated in Fig. 2. Furthermore, the veloc-
ity of the airflow has been scaled as

Veop = Veosp €OS Ag 2

to represent the effective velocity component concerning the 2D
section. The scaling of the Mach and Reynolds numbers, resulting
from Eq. (2), is given by:
M op = Moo 3p COS A Regop = Regzpcos® 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 compari-
son between 2D and three-dimensional (3D) pressure coefficients is

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

Density, kg/m®  Temperature, K Velocity, m/s  Viscosity, kg/(m - s)
0.3955 220.80 232.26 1.4443 1073

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

reported in Fig. 3, where the 3D sectional distribution is scaled by
1/ cos?(A,), as required by the swept wing theory [33]. The dashed
black line in Fig. 3 represents the critical pressure coefficient asso-
ciated with incipient sonic flow, which is evaluated here by using
Anderson’s formulation [34],

2 2 — M2 /-
Cperic = —3 {[ =D °°] —1} @
yM5, y+1

where y = 1.4 and M, = M, 5p. In the remainder 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.

It is worth mentioning that the described approach, often referred
to as the 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 [35]. In Eqgs. (1-3), the sweep angle
A, is referred to 40% of the chord length, the expected shock location
in nominal cruise conditions, because previous studies have shown

—3D wing section
1f —2D transformed airfoil |

0 0.2 0.4 0.6 0.8 1
x/c
Fig.3 Pressure coefficient distribution for the DLR-F25 wing section at

y/b = 0.85: 3D wing section (scaled by 1/ cos(A;)) vs 2D transformed
airfoil.
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that this leads to a better agreement with the targeted 3D pressure
distribution on the wing section [36]. While more advanced tech-
niques, including the 2.75D method [33,35,36], 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 supercritical airfoil.
Therefore, the results described in this paper are not meant to be
representative of the actual behavior of the DLR-F25 wing.

B. Geometry, Mesh, and Simulation Settings

The geometry of the selected DLR-F25 wing section, as well
as the computational domain required for the CFD analysis, were
modeled 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 Fig. 4, to
minimize 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 realized, as presented in Fig. 4, and the mesh
quality was ensured by following the best-practice recommenda-
tions for Ansys CFD provided in [37]. To appropriately resolve the
boundary layer, the height of the cells adjacent to the airfoil surface
wassetto5 - 107% m, resulting in y™ < 1. The SVG was modeled as
a zero-thickness wall normal to the airfoil upper surface, with
parametric height and chordwise position. The discretization 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 - 10° volumes.

CFD simulations were performed in the Ansys Fluent® software.
The fluid domain was modeled as a compressible ideal gas, whose
properties are listed in Table 1. Turbulence was modeled selecting
the k-w Shear Stress Transport (SST) model [38,39], while no-slip

Minitab

L

Fig. 4 Structured mesh around the DLR-F25 wing section at y/b =
0.85, with minitab of height i/c = 0.20 at x* /¢ = 0.25 and computa-
tional domain.

a)

Fig.5 For the airfoil RAE 2822: a) structured mesh and b) pressure coefficient distributions, evaluated for the flow conditions in Table 3.

wall boundary conditions were imposed on the airfoil and minitab
surfaces. The CFD solver was configured to use a pressure-based
formulation with second-order spatial discretization. Simulations
were run in two different steps. First, a stationary analysis was
conducted, setting the residual convergence requirements to
1- 1075 for the lift, drag, moment coefficients, and wall shear stress
as a convergence criterion. Second, 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 1 ms.

C. Experimental Validation

The validity of the methodology proposed in this paper for inves-
tigating the effects induced by the spoiler configuration of the SVG
on a supercritical airfoil was tested by comparing the results from
CFD simulations with existing experimental data. Because, to the
best of the authors’ knowledge, no experimental data are available in
the literature for supercritical airfoils equipped with a minitab or
spoiler on the upper surface and operated at transonic speeds, the
following cases were selected: 1) the clean configuration of a RAE
2822 supercritical airfoil, at transonic speeds and small incidence
angle, and 2) a NACA 0012 airfoil with a minitab of varying sizes,
mounted on the upper surface at different chordwise locations, in
low-speed flow conditions.

In the first case, the experimental dataset provided by Cook et al.
[40] for M, = 0.729, Re,, = 6.5 - 10°, and an angle of attack equal
to 2.31 deg was considered. The CFD analysis was set up by gen-
erating the RAE 2822 airfoil geometry from the coordinates provided
in Ref. [40] and discretizing the computational fluid domain accord-
ing to the procedure described in Sec. IL.B. This resulted in a mesh
of about 2.1 - 10° volumes, as depicted in Fig. 5a. The simulation was
carried out using the airflow conditions specified in Table 3. The
resulting pressure distribution is compared to the experimental results
in Fig. 5b, in which overall good agreement can be observed. The
main discrepancy between the CFD simulation and experimental
results lies in the position of the normal shock on the upper surface,
which is slightly farther downstream in the experimental tests. How-
ever, the shock position from the CFD analysis is in excellent agree-
ment with that determined by Slater using the NPARC code [41].
Further CFD analyses were conducted on the RAE 2822 airfoil under
the same conditions reported in Ref. [42] for varying mesh size and
using different turbulence models, yielding very similar results to
those computed in this paper. Therefore, it can be concluded that the

Table 3  Airflow properties for the RAE 2822 airfoil analysis

Density, kg/m® Temperature, K Velocity, m/s  Viscosity, kg/(m - s)
0.3813 255.56 233.54 1.6277 1073

15 . : : T

o Experimental
00008°°  |——-Numerical (NPARC)
——Numerical (CFD) [

-0.5 R
o> 0 w
0.5} '
1 4
1.5 : : : .
0 0.2 0.4 0.6 0.8 1
b) x/c
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proposed CFD setup is suitable for simulating the aerodynamic
behavior of a typical supercritical airfoil in transonic flow conditions.

The second step of the experimental validation aims at verifying
the suitability of the proposed methodology for analyzing the aero-
dynamic effects introduced by the presence of a minitab on the upper
surface of the airfoil, for varying vortex vane heights and chord-
wise positions. This task was accomplished by reproducing, through
CFD simulations, the experimental results presented by Heath-
cote et al. [4,15] for a NACA 0012 airfoil. These simulations were
performed by generating geometry and mesh according to the pro-
cedure described in Sec. IL.LB (see Fig. 6) and setting the airflow

Fig.6 Structured mesh around the airfoil NACA 0012, with a minitab of
height /¢ = 0.40 positioned on the upper surface at 60% of the chord
line.

1F
0.51
5
of Xz 1
%
VG location, x*/c
05 ¢ ---Clean —0.45
% % —0.15 0.60
x§ x —0.30 —0.75
RES- -
-10-8 6 4 -2 0 2 4 6 8 10 12 14
a) h=0.02¢ «, deg

conditions to the same values indicated by the authors, thatis, U, =
20 m/s, Rey, = 6.61 - 10°, and standard air density and temperature.
The minitab heights and locations analyzed were i/c = [0.02, 0.04]
and x* / c ranging from 0.15 to 0.75, respectively. Finally, the angle of
attack was varied between —10 and 14 deg.

Figure 7 show good overall agreement between the experimental
and CFD C; — a curves across all minitab configurations analyzed,
as well as for the clean airfoil configuration. The main differences
between the numerical and experimental data are observed at large
negative angles of attack and for x* /¢ = 0.15. In the latter case, this
discrepancy can be explained by considering that, in the experimental
tests, the boundary layer over the airfoil was forced to transition
to turbulence at x/c = 0.1, by placing a wire on both the upper and
lower surfaces. Therefore, it can be supposed that the proximity of the
wire to the minitab contributed to the different patterns observed for
x*/c = 0.15. To gain further insight into the capability of the CFD
setup to reproduce the experimental results, a comparison of the
pressure distributions around the airfoil is reported in Fig. 8, showing
good agreement for the casesa = 0 degand @ = 8 deg, both for the
clean configuration and for the minitab configuration with height
h = 0.04c and position x* = 0.25c¢. It is worth mentioning that the
differences observed between the experimental and numerical results
in the clean configuration were already observed by Heathcote and al.
[15] and are therefore independent of the proposed CFD approach.
Finally, contour plots of the velocity field around the airfoil for
the same minitab configuration are displayed in Fig. 9, in the cases
a =0 degand a = 10 deg. Here, the boundary of the recirculation
region and wake caused by the minitab in the experiments is overlaid
on the simulated velocity field, showing excellent agreement. Over-
all, the presented results demonstrate that the proposed approach can

1t
0.51
G
0.
-0.5F VG location, x*/c
——Clean 0.45
—0.15 0.60
< % —0.30 —0.75
= - L L L ' n n n n
-10-8 6 4 -2 0 2 4 6 8 10 12 14
b) i =0.04¢ «, deg

Fig. 7 Lift coefficient vs angle of attack for NACA 0012 airfoil with a minitab of varying height and chordwise position: CFD (lines) vs experimental

(markers) results.

-1.5 T T T T
——CFD (Up, clean) === CFD (Low, clean)
—CFD (Up, VG) - CFD (Low, clean)
1P A Exp (Up, clean) © Exp (Low, clean) |4
| "\0\ A Exp (Up, VG) o Exp (Low, VG)

a=0.0°

1.5 : : : :
0 0.2 0.4 0.6 0.8 1

a) @ = 0deg x/c

-4 : - r T
——CFD (Up, clean) === CFD (Low, clean)
A Exp (Up, clean) © Exp (Low, clean)
-3 ——CFD (Up, VG) -~ CFD (Low, clean)|
A Exp (Up, VG) o Exp (Low, VG)

o=8.0°

2 \ \ \ \
0 0.2 0.4 0.6 0.8 1

b) @ = 8deg x/c

Fig. 8 Pressure coefficient distributions for NACA 0012 airfoil with minitab of height # = 0.04¢ at x* = 0.60c and clean configuration: CFD vs

experimental (Exp) results.
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04F a=0.0° 1

-0.4r

0 0.2 0.4 0.6 0.8 1
a) @ = 0 deg x/c

04r o =10.0°

N
o
Velocity magnitude, m/s

15
0.2} i’
5
04} ]
: : : ' - et
0 0.2 0.4 0.6 0.8 1
b) a = 10 deg x/c

Fig.9 Computational velocity field around NACA 0012 airfoil, with minitab of height 2 = 0.04¢ at x* = 0.60c, experimental boundary of recirculation

area (in red).

be used to simulate the aerodynamic behavior induced by the pres-
ence of a minitab on the airfoil’s upper surface.

III. Sensitivity Analysis of Vortex Generator Height and
Chordwise 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 1). The analysis is
conducted for varying chordwise locations and vane heights of the
SVG, according to the methodology described in Sec. II.

A. Effect on Lift and Drag Coefficients

An overview of the SVG effect on lift and drag coefficients is
depicted in Fig. 10, for vane heights ranging from 0.005¢ to 0.06c,
and chordwise positions included between 0.1c¢ and 0.9¢. The lift and
drag coefficients evaluated for the wing section in clean configu-
ration, that is, C; = 0.698 and C,; = 0.013, are also reported for
reference.

The results presented in these plots clearly show that the introduc-
tion 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. At any height equal to or larger than 0.02c,
the C; values will become negative for most chordwise locations,
potentially assuming large absolute values and therefore leading to an
excessive negative wing section loading. However, although this
would suggest that the use of small SVGs is a better approach to C;
reduction, it is also worth it to stress that these results are limited to a
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2D case. Hence, itis expected that the application SVGs on a 3D wing
would result in a less pronounced effect.

The choice of the SVG chordwise location can also significantly
affect the performance of the wing section. From Fig. 10a, 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. The lift generated by the wing section will gradually
increase as the SVG is moved toward either the leading or the trailing
edge. However, Fig. 10a also suggests that this regular behavior 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* /¢ 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*/c,
while SVGs located farther downstream exhibit the same behavior
observed for i/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 #/c = 0.002 and &/c = 0.005.
In these cases, the maximum lift reduction is also shifted to farther
downstream SVG locations. This peculiar aerodynamic behavior 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* /¢ curves in Fig. 10b,
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. For SVG locations in proximity of the
leading edge, it can be observed that variation of C; with respect to
h/c increases with a decreasing rate as larger heights are approached.
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Fig. 10 Effect of minitabs with different vane heights, positioned at varying chordwise locations, on a) lift and b) drag coefficients in nominal cruise

conditions.
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This behavior is less visible in the C; — x* /¢ 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.

B. Effect on Velocity, Pressure, and Skin Friction Coefficients

Distribution for Varying SVG Chordwise Location

The patterns described by the C; and C,, curves for varying height
and chordwise locations of the SVG, discussed in the previous
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.

Figures 11a and 11b illustrate the pressure and skin friction coef-
ficient distribution along the chord of the investigated wing section in
cruise conditions, for varying chordwise locations of a SVG of height
h = 0.01c. This specific height value has been selected to represent
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typical SVG behavior when the vane height exceeds the critical value
indicated in Sec. IIL.A. The velocity fields around the airfoil are shown
in Fig. 12 for x/c = [0.15, 0.30, 0.60, 0.90]. For reference, the veloc-
ity field around the clean wing section is reported in Fig. 13, and the
corresponding C,, and Cy, distributions are reported in Fig. 11 by
means of a continuous black line. The clean wing section exhibits the
typical behavior of a supercritical 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 minispoiler changes significantly the pressure dis-
tribution and the velocity flow above the upper surface of the airfoil, as
described in what follows:

1) Starting from the leading edge, the SVG introduces a deceler-
ation of the airflow, such that supersonic conditions are no
longer reached upstream of the SVG, except that for chordwise
positions in proximity of the trailing edge (see the case x* /¢ = 0.90
in Fig. 11a).
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Fig. 11 Effect of minitabs of height .2 /c = 0.01, positioned at varying chordwise locations, on a) pressure and b) skin friction coefficients in nominal

cruise conditions.
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Fig.12 Effect of minitabs of height 4 /¢ = 0.01, positioned at varying chordwise locations, on the velocity field around the wing section in nominal cruise
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Fig. 13 Velocity field in nominal cruise conditions for the clean con-
figuration of the wing section.

2) This deceleration is followed by a pressure drop across the
vortex vane, which gradually decreases as the SVG is moved down-
stream. Among the cases investigated, only for x*/c < 0.45 this
pressure drop is such to lead to supersonic conditions downstream
of the SVG, as indicated by the crossing of the C, o line. The
expansion of the airflow around the minispoiler is also very visible
in Fig. 12 (see, e.g., the case x*/c = 0.15).

3) One of the main effects of the SVG on the airflow pattern is the
introduction of recirculation zones, whose location and extension are
indicated by the Cy, < 0 values in Fig. 11b. 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 minitab to the trailing edge in
most cases, with flow reattachment only observed for x*/c = 0.15.
This behavior is also visible in Fig. 12, in which the streamlines
clearly show how the recirculation area gradually extends toward the
trailing edge (up to x*/c = 0.30) and hence becomes smaller and
smaller as the SVG is moved farther downstream, reducing the height
of the wake region. This process explains why the maximum gen-
erated drag is achieved around x*/c¢ = 0.30 for a SVG of height
0.01c (see Fig. 10b).

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. 11a, the
overall evolution of the C, and Cy, 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
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x*/c = 0.60 case among those investigated, in agreement with the
maximum C; reduction already observed in Fig. 10a.

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. 14a and 14b for varying heights
of the SVG vane and x* /¢ = 0.25. The clean configuration of airfoil is
also included in the plots for reference. The corresponding velocity
flowfields are illustrated in Fig. 15 for /¢ = [0.005, 0.01, 0.02, 0.04].
Overall, these plots clearly show the strong impact of the VG height
on the aerodynamic behavior of the wing section, as detailed in the
following annotations:

1) On the upper surface, for vane heights below the critical
height (see, e.g., i/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 /¢ > 0.01, supersonic conditions
are no longer reached in this region, as already discussed in the
previous subsection.

2) The airflow patterns after the pressure drop across the SVG are
severely affected by its vane height. Although increasing //c above
0.01 has the expected effect of enlarging the height of the down-
stream recirculation and wake regions, smaller SVGs can also
significantly affect the velocity flowfield above the upper surface.
In fact, for 7/c = 0.002 and 0.005, the pressure drop becomes
particularly significant (see Fig. 14a), leading to very high veloc-
ities (M > 1.5), as visible in Fig. 15. In this case, as also indicated by
the Cy, patterns in Fig. 14b, 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. 10 for small SVG heights and locations in the first portion of the
airfoil chord. Figure 16 shows how, for /¢ = 0.005, the intensity
of the supersonic region generated by minitabs located at x* /¢ >
0.40 is no longer such to enforce the flow reattachment. Therefore,
the aerodynamic behavior becomes similar to that presented by
SVGs of height & > 0.01c.

3) On the lower surface, the acceleration induced by higher SVGs
leads to supersonic speeds starting from the case //c = 0.02, as
shown by the C, distribution in Fig. 14a. For larger vane heights,
the formation of the supersonic regions is also very visible in Fig. 15
(see h/c = 0.04). In particular, a small supersonic region is located
in proximity of the leading edge, and a second, more extensive
region can be observed around the middle of the chord. Both regions
terminate with normal shock waves, whose locations is shifted farther
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Fig. 14 Effect of minitabs of varying height, positioned at x* /¢ = 0.25, on a) pressure and b) skin friction coefficients in nominal cruise conditions.
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Fig. 15 Effect of minitabs of varying height, positioned at x* /¢ = 0.25, on the velocity field around the wing section in nominal cruise conditions.
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Fig. 16 Velocity field around the wing section in nominal cruise conditions, with a minitab of height 2 /¢ = 0.005 and varying chordwise position.

downstream as i /c is increased. In Fig. 14b, the case /¢ = 0.06
suggests that shock-induced separation occurs for higher SVGs.

In conclusion, the presence of a SVG on the upper surface of a
wing section in transonic conditions can effectively alter its aero-
dynamic performance, leading to drastic changes in lift and drag
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 coefficients can be used to
achieve load control and alleviation, it was also shown that higher
SVGs (h/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 (i/c < 0.01)
can also generate strong shock waves on the upper surface. There-
fore, 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 configu-
ration on the aerodynamic behavior 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, because different angles of attack could be induced by
gusts or maneuvers. As in the previous analyses, the effect of varying
a will be assessed for varying height and chordwise location of the
SVG, in the ranges specified in Sec. III.

A. Aerodynamic Effects for Varying SVG Chordwise Location

The lift and drag coefficient curves, evaluated for angles of attack
ranging from =5 to 10 deg, are depicted in Figs. 17a and 17b for
different chordwise 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 @ = 3 deg, with stall occurring at about
a =5 deg. The drag coefficient 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 minitab 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:

1) An important effect of the SVG is the change of slope in the
linear range of the C; — a 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 a. It is also worth mentioning that, while this central
portion of the C; — a 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.

2) In the linear range, the generated drag presents a significant
increase with the angle of attack for SVG locations closer to the
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Fig. 17 Effect of minitabs of height 2 = 0.02¢, with different chordwise positions, on a) lift and b) drag coefficients for varying angle of attack.

leading edge, while remaining almost constant for locations in prox-
imity of the trailing edge (see Fig. 17b).

3) At high incidence, the SVG delays the stall of the airfoil. This
effect becomes more significant as the SVG is moved toward the
leading edge, with stall occurring at about @ = 6.5 deg for x*/c =
0.90 and out of the investigated range for x*/c = 0.10. However, it
is also worth mentioning that the transition from the linear behavior
to stall occurs more and more sharply as the SVG approaches the
leading edge (see Fig. 17a).

4) 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, that is, for locations around 60-70% of the chord length.
Sharper transitions between the linear range and stall at negative inci-
dence are observed for SVGs locations in proximity of the trailing edge.

To offer a further insight into the aerodynamic behavior induced by
SVGs located at different chordwise positions, the pressure and skin
friction coefficients distributions, as well as the velocity field, are
reported here for two different angles of attack, a =5 deg and
a = —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 analyzed in
Sec. IV.B.
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The pressure and skin friction distributions, plotted in Fig. 18
for a =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 Fig. 17. In this case, as
also visible in Fig. 19 for x* /¢ = 0.80, the primary effect from the
SVG is the shifting of the shock location farther upstream on the
upper surface, with a reduction of its intensity. As the SVG is moved
toward 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.

Inthe case a = —1 deg, the pressure and skin friction coefficients
presented in Fig. 20 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 chordwise 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 middle of the chord
line (see the velocity contour plots in Fig. 21). 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
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Fig. 18 Effect of minitabs of height 2 = 0.02¢, with different chordwise positions, on a) pressure and b) skin friction coefficients for « = 5 deg.
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Fig. 19 Effect of minitabs of height 2 = 0.02¢, with different chordwise positions, on the velocity field around the wing section for« = 5 deg.
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Fig. 20 Effect of minitabs of height 2 = 0.02¢, with different chordwise positions, on a) pressure and b) skin friction coefficients for « = —1 deg.

region downstream. For both shock waves, the strongest intensity and
the farthest 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. 17).

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. 22 in the case
of a SVG located at 25% of the chord length. In additions to the
behaviors described in Sec. IV.A, these curves also exhibit further
transitions and peculiar patterns, which are detailed in the following
observations:

1) 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 the clean configuration
and for 4 /c > 0.01. Figure 22a also shows that the increase of the
lift coefficient with @ has a pronounced nonlinear trend for these two
vane height values.

2) 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 i /c = 0.02. For instance, at #/c = 0.01, the sudden lift
increase is followed by a further linear range, terminating with stall
ata = 9 deg. In the C; — a curve corresponding to /¢ = 0.005, 1)
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
C,, followed by a sudden decrease at @ = 6 deg; and iii) a further
linear increase is observed between the latter transition and
a = 8 deg, when stall occurs. Nonetheless, these additional tran-
sitions do not appear to affect the generated drag, as visible in
Fig. 22b.
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Fig. 21 Effect of minitabs of height & = 0.02¢, with different chordwise positions, on the velocity field around the wing section for « = —1 deg.
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Fig. 22 Effect of minitabs of different vane heights, positioned at x* /c = 0.25, on a) lift and b) drag coefficients for varying angle of attack.

3) At negative incidence, stall can occur significantly earlier (e.g.,
ata = —2 deg for i/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.

The previously described transitions in the aerodynamic behav-
ior can be explained by observing the contour plots of the velocity
fields illustrated in Figs. 23-25. Figure 23 shows the evolution of
the velocity field before (o = 5.5) and after (@ = 6.5) the sudden
increase of C; displayed in Fig. 22a for 4/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. 22b. 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.

The presence of additional transitions in the case 4 /c = 0.005 is
explained by the velocity fields around the airfoil reported in Fig. 24
for a = [3.5,4.5,6,9] deg. Although the presence of a supersonic
region between the SVG and the middle of the chord length in the
case a = 3.5 deg has already been discussed in Sec. III and illus-
trated in Figs. 15 and 16, a further supersonic area is also visible
in proximity of the leading edge. The first nonlinear increase of C;
observed for /¢ = 0.005 is due to the gradual onset of the normal
shock wave visible at the end of this region, in a process similar to that
described for the case /¢ = 0.01. However, as the angle of attack
is further increased, this shock wave will move downstream, even-
tually leading to a coalescence of the two supersonic regions, which
is very visible for « = 6 deg. During this phase, where two strong,
normal shock waves are still present (see @ = 4.5 deg in Fig. 24),

the C; — a curve exhibits a further increase. However, after the com-
plete coalescence of the supersonic regions, which leads to a sudden
C, reduction, the remaining normal shock wave will gradually move
toward 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. 25, in which the velocity
field contour plots are illustrated for « = 0 and @ = —2 deg in the
case h/c = 0.04. By comparing the velocity fields at an incidence of
0 deg and 2.15 deg (shown in Fig. 15), 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. 22a when
is decreased below 0 deg. When a = —2 deg, these two supersonic
regions merge, forming a unique supersonic area extending from the
leading edge to about the middle of the chord length, as shown in
Fig. 25. 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 toward the leading edge and gradually loses its
intensity. This leads to the higher C; values displayed in Fig. 22a
for @ <2 deg. The generated drag rapidly increases after the coales-
cence of the supersonic regions, due to shock-induced separation and
the consequent enlargement of the wake region downstream.

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
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Fig. 23 Effect of a minitab of height 2 = 0.01¢, positioned at x* /¢ = 0.25, on the velocity field around the wing section.
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Fig. 25 Effect of a minitab of height i = 0.04c¢, positioned at x* /¢ = 0.25, on the velocity field around the wing section.

offer good performances in a larger range of angles of attack. In fact,
although higher SVGs perform poorly at negative incidence, gener-
ating strong shock waves on the lower surface and early stall onset,
small SVGs also present complex behavior at higher angles of attack,
characterized by the formation of shock waves on the upper surface
and sudden variations in the lift reduction.

V. Conclusions

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

This study, conducted by means of 2D computational fluid dynam-
ics analyses, has proven 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. In cruise conditions, lift reduction can be increased by select-
ing higher SVGs and by positioning them around 60% of the chord
length. However, high performances in lift reduction are not always
desirable because they can lead to excessive negative wing loading
and are often related with the formation of shock waves on the air-
foil 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 farther downstream. In fact, SVGs
located after 60% of the chord length can lead to sharper lift varia-
tions, generation of strong shock waves and early stall onset. Inde-
pendently of the chordwise 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, per-
form 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 down-
stream, 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 chordwise position can also lead to undesirable effects, includ-
ing the generation of strong shock waves and shock-induced sep-
aration. 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
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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 spanwise location of the SVGs. Moreover,
further research will be required to fully assess the suitability of
SVGs for purposes such as gust load alleviation as well as to
analyze the impact of dynamic effects introduced by unsteady
airfoil motions, gusts, and continuous turbulence on the SVG load
alleviation performance.
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