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Ming Kin NG* and Tom-Robin Teschner
Affiliation
(Dated: May 6, 2025)

New regulations introduced by the Fédération Internationale de I’Automobile (FIA) for the 2026
Formula 1 season mark the first instance of active flow control methods being endorsed in Formula
1 competition. While active methods have demonstrated significant success in airfoil development,
their broader application to grounded vehicle aerodynamics remains unexplored. This research
investigates the effectiveness of Trapped Vortex Cavity (TVC) technology in both active and passive
flow control, applied to a NACAQ012 airfoil and an inverted three-element airfoil from a Formula
1 model. The investigation is conducted using numerical methods to evaluate the aerodynamic
performance and potential of TVC in this paper. In the single airfoil case, a circular cavity is placed
along the trailing edge (TE) on the suction surface; for the three-element airfoils, the cavity is
positioned on each airfoil to determine the optimum location. The results show that the presence of
a cavity, particularly with active flow control, significantly improves the lift-to-drag ratio (Cr/Cp)
for both the single airfoil and the three-element airfoils. A maximum enhancement of 1160% was
recorded for the single airfoil, while the three-element airfoils saw an improvement of 313% compared
to their original configurations. However, when the TVC was placed in positions other than the
trailing edge of the mid airfoil, a performance reduction was observed, even with active blowing
applied. The passive flow control approach, which requires no additional energy input, yielded a
modest improvement of 3.52% for the NACA0012 airfoil. However, passive control underperformed
due to unstable vortex interactions with each airfoil element for the inverted three-element airfoil
case. Even with optimal placement and geometrical modifications, the maximum Cr/Cp ratio
for passive control was only 96% of the original C,/Cp of the unmodified three-element airfoils,
suggesting that passive flow control is less effective here compared to active flow control.
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I. INTRODUCTION corners like Tabac can enhance traction, allowing
closer racing distances and creating more overtaking
opportunities on the following straight. A generic

To ensure competitiveness in Formula 1, new . ' )
race car can achieve a lap time improvement of up to

regulations have been introduced by the Fédération

Internationale de 1’Automobile (FIA) for the 2026
season. In contrast to previous rules that strictly pro-
hibited active flow control, the latest regulations permit
the use of active aerodynamic systems on the front
wing. These systems allow drivers to switch different
aerodynamic modes to optimize performance based
on real-time racing conditions. This shift in FIA’s
stance opens up new opportunities for implementing
active aerodynamics, mainly through techniques such
as blowing and suction, which involve the injection of
energy into the airflow to enhance performance [1].

Active flow control offers significant advantages
in delaying flow separation and increasing the suc-
tion effect, thereby helping to maintain an optimal
lift-to-drag ratio (Cr/Cp). A well-balanced Cr/Cp
ratio is critical for racing performance, especially on
demanding circuits like the Monaco Grand Prix, where
aerodynamic efficiency plays a crucial role in corner-
ing stability. A higher Cp/Cp ratio in high-speed
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62 seconds if it operates at its optimal performance,
maximizing the Cp/Cp. Specifically, an increase in
aerodynamic downforce, with increasing from 0 to
-2.0, significantly enhances aerodynamic efficiency.
This improved efficiency enables the vehicle to gain a
competitive advantage by achieving better positioning
in a race [2]. Given the importance of maintaining an
optimal C1/Cp ratio in these conditions, this paper
investigates the application of active aerodynamic
systems on the front wing of a Formula 1 car, with
a particular focus on how these systems can enhance
racing performance through improved aerodynamic
efficiency.

The front wing of a Formula 1 model, in contrast to
aircraft wings, is designed as an inverted airfoil that
operates closely to the ground. Due to its proximity to
the ground, an interaction between the airflow and the
ground is induced, commonly referred to as the ground
effect, causing the constrained airflow on the suction
surface to accelerate. This acceleration, combined
with the camber of the wing, reduces the pressure
underneath, and therefore, downforce is generated.
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The front wing consists of three main elements that
work together to optimize aerodynamic performance.
The slat at the front helps extend the angle of attack,
and delays flow separation by maintaining airflow
attachment. The midsection accelerates airflow toward
the flap due to its negative camber, while the flap,
with its high angle, induces greater circulation around
the main element, resulting in increased suction on the
lower surface and higher pressure on the upper surface,
which enhances overall downforce.

%

Figure 1: TVC concept applied in NACA0012: Upper
side is suction surface and bottom side is pressure
surface

To further enhance the aerodynamic performance
of the front wing, the Trapped Vortex Cavity (TVC)
concept is introduced in this paper as a potential

method to maximize the Cp,/Cp. The TVC is based on
a vortex which is anchored inside a cavity placed near
the flow separation region along the suction surface
of an airfoil, as displayed in Figure 1. By trapping
a stable vortex within the cavity, the recirculating
flow is encouraged to reattach to the surrounding
airflow, thereby delaying flow separation. Through this
mechanism, aerodynamic efficiency can be significantly
improved by reducing drag and maintaining lift.
Although the TVC has received some attention within
the aeronautical research community, it has yet to be
explored for motorsport applications, particularly in
the context of inverted airfoils used on Formula 1 front
wings. Therefore, its implementation in motorsport
is considered a promising, untapped opportunity for
performance gains.

This paper focuses on implementing active and
passive aerodynamic methods within the TVC based
on numerical investigation.First, a thorough literature
review will be conducted to understand the devel-
opment of TVC in the airfoil domain, including its
current benefits and limitations. Then, the study’s
simulation result will be performed. A single airfoil will
be used to demonstrate the concept and validate the
approach. Following that, the TVC will be integrated
into the three elements airfoils from a Formula 1 car
to analyze and optimize the CL/Cp ratio. The goal
is to determine the most effective configuration for
maximizing performance under racing conditions.

II. LITERATURE REVIEW

The concept of generating vortices has been widely
implemented in motorsport to improve the aerody-
namic efficiency of wings in racing cars. Several
studies have investigated methods to enhance the
lift-to-drag ratio (Cr/Cp) through passive flow control
devices. Katz et al. [3, 4] explored the effectiveness
of vortex generators on a flat plate, demonstrating
that vortex generators successfully formed streamwise
vortices. These vortices energized the boundary layer,
suppressing flow separation and increasing downforce.
Building on this work, Kuya et al. [5] advanced the
research by placing vortex generators on the mid-
section of a race car wing. Their study showed that
vortex generators, with a height equal to 20% of the
boundary layer thickness, delayed flow separation from
65-80% to over 80% of the chord length. However,
this improvement in downforce came at the cost of
increased drag compared to a clean airfoil configuration.

In a parallel line of research, Basso et al. [6] applied
Gurney flaps to the trailing edge of the wing’s flap.
The Gurney flaps, formed by extruded aluminum
strips, generated a circulation pool by shifting the
wake downward [7], resulting in a significant 24%
increase in downforce. Unfortunately, this increase
was accompanied by a 28% drag penalty, underscoring
the inherent trade-off between lift and drag in such
passive aerodynamic devices. = While both vortex
generators and Gurney flaps provided considerable
performance improvements, they also introduced
notable drag penalties. These methods rely on passive
flow control techniques that suppress flow separation
by geometrically modifying the wing, thereby applying
their effects consistently across the flow regime [8]. A
key limitation of these passive systems is their inability
to dynamically adjust to changing racing conditions,
which restricts their efficiency in optimizing the Cr,/Cp.

In contrast to the methods mentioned above, the
concept of Trapped Vortex Cavity (TVC) offers an



alternative flow control method by enlarging the
suction effect generated by a trapped vortex anchored
inside the cavity that is placed near the wake region
on the suction surface of an airfoil. This design
encourages reattachment of the flow, preventing flow
separation and allowing for an increase in the angle
of incidence, which helps to avoid stall conditions
and improve aerodynamic efficiency without the same
level of drag penalties. The trapped vortex concept
was first proposed by Ringleb [9], and the Kasper
wing, developed in 1974 [10], was one of the earliest
applications based on this principle. The Kasper wing
reportedly achieved an increase in lift coefficient at low
Reynolds numbers.

However, experiments by Kruppa [11] revealed a
significant issue with vortex shedding, which resulted in
a substantial drag penalty rather than the anticipated
lift enhancement. These findings underscored the
need to trap the vortex inside the cavity and keep it
in a nearly steady state to prevent vortex shedding.
Similarly, wind tunnel experiments conducted by
Donelli et al. [12] further concluded that anchoring
the vortex within the cavity is challenging without an
active control mechanism. To address this challenge,
De Gregorio et al. [13] demonstrated that applying
blowing slot inside the cavity can form a coherent
vortex, thereby significantly reducing vortex shedding
and enhancing overall aerodynamic performance.

Further CFD studies have reinforced these findings.
De Gregorio et al. [13] compared an airfoil at a 7°
angle of attack with and without a trapped vortex
cavity, demonstrating that active TVC flow control can
effectively manage flow separation and requires only a
limited blowing coefficient. Similarly, Tutty et al. [14]
emphasized that constant active flow is necessary to
stabilize the flow within the cavity, which helps prevent
large-scale vortex shedding. Lasagna et al. [15] inves-
tigated a NACA 0024 airfoil equipped with a trapped
vortex cavity, showing that the introduction of blowing
significantly improves drag reduction at low angles of
incidence (—2° < a < 8°) and a Reynolds number
of approximately 10. This study revealed that, with
blowing slot applied, the TVC system effectively
delays flow separation. Panigrahi et al. [16] further
explored the same airfoil configuration, concluding
that a constant mass-flow rate (MFR) is sufficient to
enhance the efficiency of the TVC airfoil, leading to
an improved C7,/Cp ratio compared to a clean airfoil.
Additionally, the stall angle was increased from 10° to
14° due to the application of active flow control.

The cavity shape in a TVC system is another
important factor in improving the C,/Cp performance
of TVC-equipped airfoils. One notable example is the

Vortex Cell 2050, which provides a platform for the
design of vortex cells aimed at better incorporating
trapped vortex and active flow control into thicker
airfoils. Panigrahi et al. [16] introduced a third-order
Bézier curve to optimize the shape of the cavity,
demonstrating improved results for the optimized
TVC shape compared to the non-optimized version.
Vuddagiri et al. [17] compared various cavity shapes,
including cavities inclined toward the downstream
edge and upstream edge and elliptical, vertical, and
circular cavities. The results suggested that the circu-
lar cavity performed better, as no secondary vortices
were observed, whereas other shapes exhibited vortex
breakdown.

The location of the TVC along the suction surface
of an airfoil also plays a crucial role in affecting the
C1/Cp performance. Vuddagiri et al. [17] compared
the performance of a circular cavity placed at the
leading edge, mid-chord, and trailing edge, and the
results suggested that the Cp/Cp ratio was highest
when the cavity was located at the leading edge
and trailing edge. Anand et al. [18] explained that
positioning the TVC at the leading edge can cause
flow acceleration over the frontal area, leading to an
early transition to a turbulent boundary layer. This
early transition makes the early reattachment hard to
reconnect to the downstream of the cavity, causing a
drag increment. As a result, placing the TVC beyond
x/c 7~ 0.5 is recommended for future studies.

It has been demonstrated that simply placing a
TVC and treating it as a passive flow control method
is ineffective at trapping the vortex within the cavity.
However, the potential of other passive flow control
techniques, particularly those involving geometrical
modifications, has been recognized as a promising
alternative. In a comparative experimental and com-
putational study, Prince et al. [19] investigated the use
of high pressure from the leading-edge stagnation point
to feed air jets on the upper surface through a channel.
This approach successfully delays flow separation and
tolerates a higher angle of attack, thereby avoiding
stall conditions without requiring an active system or
incurring significant drag penalties.

The concept of a passive blowing channel has been
identified as having potential when combined with
the TVC. This channel could provide blowing power
for stabilizing the vortex inside the cavity without
additional energy input. This combination of passive
techniques has been proposed as a promising solution
for maintaining the coherence of the vortex within
the cavity, potentially enhancing the aerodynamic
performance of TVC-equipped airfoils.



III. METHODOLOGY
A. Geometry and Cavity design

This study investigates two primary geometries. The
first geometry is a baseline NACA0012 airfoil with a
chord length of 1 meter. The second geometry is a cross-
sectional area (Figure 2) derived from the front wing of
a 2022 baseline Formula 1 model, as shown in Figure 3
and Figure 4. The three-dimensional front wing is en-
closed within a bounding box with dimensions of 0.9 m
in length, 2m in width, and 0.39 m in height. The cross-
sectional profile of the wing comprises three elements:
a slat, a mid airfoil, and a flap. The total chord length
of the combined airfoil elements is 0.4325 m.
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Figure 2: Cross-sectional area of the front wing; the
first element airfoil is slat, second element airfoil is
mid, third element is flap: Upper side is pressure
surface and bottom side is suction surface

Figure 3: 3D model of the front wing used in the study

For the NACAO0012 airfoil case, the study was
conducted at an angle of incidence of 10 degrees with
a Reynolds number of 6 x 109, facilitating comparison
with the experimental results provided by Ladson
[20]. The cavity on the airfoil is circular in shape
and incorporates several critical flow features as
seen in Figure 5, including the Cusp Point, where
the flow changes direction and is redirected toward
the stagnation region; the Stagnation Point, where
the flow velocity becomes zero and the flow divides;

Cross Sectional Area

Figure 4: Cross sectional area being assessed in 2D
case

and the Inflection Point, where the pressure gra-
dient reverses. These key flow characteristics have
been studied by Donelli et al. [12] and Vuddagiri et
al. [17]. In this study, the Trapped Vortex Cavity
(TVC) is located on the suction surface at approxi-
mately z/c = 0.75 (x/¢c = TV Ciocation/ Chord Length).

For the three-element airfoil cases, the study
was conducted at a freestream Reynolds number of
1.5 x 109, corresponding to a velocity of 50 m/s. This
Reynolds number, different from the NACAO0012 case,
was selected to reflect specific racing conditions, such as
cornering, where aerodynamic performance—especially
in Cr,/Cp—is critical. The selection of 50 m/s is rep-
resentative of high-speed corners on racetracks where
overtaking opportunities exist, particularly in sections
following a corner. For example, Suzuka’s Turn 14 has
an average speed of 175 km/h (48.6 m/s)[21], and the
subsequent straight provides a prime overtaking op-
portunity. Similarly, in high-speed corners like Chapel
at Silverstone (Turn 13), cars can reach speeds of 220
km/h (61.1 m/s)[22]. Therefore, the chosen velocity of
50 m/s represents the aerodynamic conditions in these
overtaking zones, falling within a comparable velocity
range.

The cavity structure applied to the three-element
airfoils is similar to that of the NACA0012 airfoil.
Several cavity locations were considered, including the
leading edge, mid-chord, and trailing edge of the main
airfoil, as well as the trailing edges of the slat and flap
airfoils, with the primary objective of optimizing the
TVC’s location for enhanced aerodynamic performance.

Blowing flow was applied near the Cusp Point for
both geometries as shown in Figure 5. The mass flow
rate is given as

inpA7 (1)

where Vi, is the velocity entering the cavity at the
blowing slot location, normal to the the boundary, p is
the air density, and A is the cross-sectional area of the

Min =
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Figure 5: Features of the TVC

blowing slot.

For the passive aerodynamics cases, a blowing chan-
nel is introduced in both the NACAO0012 airfoil and
the inverted three-element airfoils. This channel links
the stagnation point to the TVC. The performance of
the channel is examined in terms of the length ratio
between the tunnel inlet and outlet, denoted as the
tunnel Inlet (hg,) / tunnel Outlet (hoy:) as demon-
strated in Figure 6. This ratio is studied to assess
the impact of channel flow on the overall aerodynamic
behavior of the system.

hout

Figure 6: NACA0012 with the passive blowing tunnel:
hin represents the tunnel inlet; h,,; represents the
tunnel outlet: Upper side is suction surface and
bottom side is pressure surface

B. Active vs. Passive blowing

Both active and passive flow control methods share
the common objective of increasing the blowing effect
within the cavity to amplify the suction effect along
the trailing edge of the suction surface after airflow

exits the TVC. However, these methods achieve this
goal through fundamentally different approaches.

In the active flow control case, additional energy
input is required to create an external blowing effect in-
side the cavity. This is achieved by applying a blowing
power, which is measured based on the mass-flow rate
as the energy input parameter. A constant length ratio
of the blowing slot to the TVC diameter is incorporated
along the edge of the cavity, and the blowing power is
varied by adjusting the mass-flow rate. In this study,
the mass-flow rate is represented by V;,,/ Voo, which V;,
refers to the velocity exiting from the blowing slot and
Vo refers to the velocity imposed at the inlet.

In contrast, the passive flow control case does not re-
quire additional energy input. Instead, a geometrical
modification is introduced to generate a free-blowing
effect. A blowing tunnel is designed, extending from
the stagnation point of the airfoil to the TVC. The
high-pressure region at the stagnation point provides
the necessary blowing energy directly into the cavity.
The ratio hin/hout is varied to examine the effect of
the strength of the blowing mechanism, with A, and
TVCaiameter kept constant. The ratio between h;, and
hout With TVCgameter 18 shown in Table I. An increase
in the hip/hout ratio corresponds to a larger tunnel en-
trance at the stagnation point, allowing a greater vol-
ume of high-pressure air to enter the cavity. This, in
turn, enhances the observed blowing effect.

hin [_] hout [_] hin [_]
hout TVCpiameter TVCpiameter

NACAO0012 Case

1.0 0.1875 0.1875
2.0 0.1875 0.375
3.0 0.1875 0.5625
4.0 0.1875 0.75
5.0 0.1875 0.9375
6.0 0.1875 1.125
7.0 0.1875 1.3125
Three-element Airfoils Case
1.0 0.18 0.18
2.0 0.18 0.36
3.0 0.18 0.54
4.0 0.18 0.72
5.0 0.18 0.90
6.0 0.18 1.08
7.0 0.18 1.26

Table I: Dimensions of Passive Blowing Tunnel of
NACAOQ012 and Three-element Airfoils



C. Grid Settings

The computational grids for the NACAO0012 airfoil
and the front airfoils were generated using Fidelity
Pointwise. Quadrilateral elements were used in the in-
flation layer near wall boundaries using a wall-resolved
approach. A y* =1 was set, with a growth rate of 1.2
and sufficient cells to cover the entire boundary layer.
The farfield was filled with a quad-dominant advanc-
ing front approach, applying local refinement around
the airfoil geometries. This grid setup was applied uni-
formly across all simulations to ensure consistency and
accuracy in the boundary layer resolution.

D. CFD Setup

All simulations were performed using an incompress-
ible solver setup, solving the Reynolds-averaged Navier-
Stokes (RANS) equations. SIMPLE algorithm is em-
ployed for coupling pressure and velocity and the k-w
SST turbulence model to capture turbulence. The sim-
ulations were deemed converge after the average lift and
drag coefficient did not change by more than 0.1% over
an averaging window size of 50.

E. Boundary condition

The inlet boundary condition was specified for the
simulations as a velocity inlet. In the case of the
NACAOQ012 airfoil, the freestream Reynolds number
was set to 6 x 10%, while for the front wing airfoils,
it was set to 1.5 x 10%. In both cases, the turbulence
intensity was defined as 5%, and the turbulent viscosity
ratio was set to 10. The outlet boundary condition was
defined as a pressure outlet with a gauge pressure of 0
Pa.

For the NACAO0012 airfoil, both the top and bottom
boundaries were specified with a zero-shear stress
condition. For the three element airfoil case, the
top boundary maintained the same zero-shear stress
condition, but a moving ground was utilised, where the
moving ground and inlet velocity were matched.

The airfoil body and the front airfoils were assigned
a no-slip boundary condition to accurately capture the
viscous effects at the surface. Additionally, the slot
was designated as a mass flow inlet.

IV. RESULTS AND DISCUSSION

A. Validation

Ncells CL T GCI GCIasymptotic D CLextrapolated
213189 1.0021e+00 1.50 0.09%

97680 1.0028e+00 1.50 0.18% 1.043 1.83 1.00

43163 1.0012e+00 - -

Neels CD T GCI GC]asymptotic D CDextrapolated
213189 1.8036e-02 1.50 0.01%

97680 1.8040e-02 1.50 0.03% 1.025 4.66 1.80e-02
43163 1.8013e-02 - -

Table II: Grid convergence study of Cf, and Cp over 3
grids for NACA0012

Ncells CL r GCI GCIasymptotic P CL

extrapolated

165846 -1.247e+00 1.50 0.51%

73499 -1.251e+00 1.48 0.86% 0.971 1.23 -1.24e+4-00
33463 -1.245e+00 - -

Neells CD r GCI GCIaSymPtOUC p CDextrapulated
165846 2.267e-02 1.50 0.40%

73499  2.245e-02 1.48 1.69% 0.966 3.49 2.27e-02
33463  2.335e-02 - -

Table III: Grid convergence study of Cy, and Cp over
3 grids for the three-element airfoils

A grid convergence study was conducted for the
NACAQ0012 airfoil and the three element airfoils to
evaluate the lift coefficient (Cp) and drag coefficient
(Cp) across coarse, medium, and fine grid. The
results are shown in Tables II-III. The extrapolated
values of C, and Cp are denoted by Cr extrapolated
and Cp extrapolated- LThe parameter Ncens represents
the number of grid elements, while r is the grid
refinement ratio between two successive grids. The grid
convergence index (GCIT) is calculated as a percentage
to quantify the uncertainty associated with the grid
resolution. The asymptotic value of the GCI, denoted
as GClysymptotic, 15 used to assess the proximity of the
solution to grid independence. The order of accuracy,
p, achieved in the simulations was also determined.
The fine grids were selected for further analysis based
on the grid convergence study results.

The lift coefficient (Cp) and drag coefficient (Cp) of
the clean NACA 0012 airfoil without a Trapped Vortex
Cavity (TVC) were obtained from CFD simulations
for angles of incidence ranging from 0° to 20°. These
results were compared with the experimental data from
Ladson [20] at a Reynolds number of Re = 6 x 10°
to validate the CFD model, as shown in Figure 7. In
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Figure 7: Simulation validation with Experimental result by Ladson [20], «[°] represents angle of attack, cr[—]
represents the Lift coefficient, and cp[—] represents the Drag coefficient

Ladson’s experiments, a trip wire was placed near the
leading edge of the airfoil to induce a fully turbulent
boundary layer, ensuring a fully turbulent flow around
the airfoil. This approach, including the same inlet
conditions, was adopted in this study to ensure consis-
tency with the experimental setup and to align with
the turbulence modeling methodology.

Both Cf, and Cp values from the CFD simulations
showed good agreement with the experimental data
for angles of incidence below the stall angle. Although
the CFD simulations predict slightly higher C'p values
than the experimental results, the overall trend is well
captured, attesting to a good qualitative match with
the experimental data.

B. 2D NACAO0012
1. Active Aerodynamics Case

A parametric study presented in Figure 8 was con-
ducted to evaluate the effectiveness of the TVC system
under varying mass-flow rates, with a fixed TVC diam-
eter equals to 0.29 TV Cyameter/Air foilinickness|—]-
The mass-flow rate is calculated from Eq. (1), where
Vin is the velocity exiting from the blowing slot, as
mentioned in Figure 5, and V, is the velocity imposed
at the inlet. The ratio Vi, /V, serves as a dimensionless
measurement of the mass-flow rate, which is used to
evaluate the effect of the blowing slot on the C1/Cp.
The Cp/Cp of the NACA0012 airfoil equipped with
the TVC system is compared to the CL/Cp of the
original NACAQ012 airfoil without the TVC system to
facilitate a dimensionless comparison. For this purpose,
the ratio CL/CD normalized by CL/ODwithout TVC is

without TVC [ _]
o<}

. Cp

[

0.0 0.2 0.4 0.6 .8 1.0 1.2 14

0
V,
i

Figure 8: NACAQ012 attached with TVC with
mass-flow rate anachored inside the cavity: Vi, /Voo[—]
represents the mass-flow rate in term of velocity
entering into the cavity versus free-stream velocity;
cr,/ep[—] represent Lift coefficient versus Drag
coefficient

presented on the y-axis. A reference value of 1 is used
to indicate the condition where the performance of the
airfoil with the TVC system is equivalent to that of
the original airfoil without the system under the same
circumstances.

The result indicates that the introduction of mass
flow into the cavity leads to an improvement in the
CL/Cp. Even at zero mass flow, the Cp/Cp ratio of
the airfoil with TVC is 5.1% higher than that of a
clean airfoil. As the mass-flow rate increases beyond
0.4 Vin/Vo, the CL/Cp ratio rises steeply, reaching
a maximum value at 1.5Vi,/V.. This represents a
12.6-fold improvement over the clean airfoil with TVC.

However, when V;,/V,, exceeds 1.5, the drag value



drops to nearly zero, and transitions into thrust
at a ratio of 1.6. At this point, the original TVC
functionality is essentially lost, as the system begins
to behave more like an air-jet, deviating from the core
focus of the research. Therefore, in the case of the
NACAO0012 airfoil, the mass-flow rate has been limited
to values corresponding to Vi, /Voo < 1.5, ensuring that
the investigation remains aligned with the intended
objectives of the study.

The significant increase in the Cp/Cp can be at-
tributed to the enhancement of vortex strength as the
mass-flow rate increases. The velocity of the airflow
exiting the slot not only helps trap the vortex but also
drives some of the airflow divided at the stagnation
point into the cavity, thereby strengthening the vortex.
The intensified vortex accelerates the flow, leaving the
cavity and producing a suction peak near the exit of
the TVC. The accelerated flow leads to a reduction
in static pressure along the suction surface, which
contributes to an increase in downforce.

Additionally, the accelerated flow near the trailing
edge of the TVC promotes flow reattachment, prevent-
ing flow separation and significantly reducing drag.
Consequently, as the mass-flow rate increases, a larger
suction peak forms near the TVC edge, accelerating
the airflow over the airfoil and further improving the
Cr/Cp ratio. With sufficient mass-flow input, the
Cp/Cp ratio can exceed that of a clean airfoil by
more than 12.6 times, offering substantial aerodynamic
benefits.

While an improvement in Cf,/Cp has been observed
with the active aerodynamic system, this improvement
comes at the cost of external energy input required
to pump fluid away from the boundary layer and
energize the flow. The system depends on continuous
energy supplied through the blowing slot to maintain
vortex strength, as demonstrated by the mass-flow rate
equation (Eq. 1). However, the actual energy cost of
operating the active system needs to be further inves-
tigated to evaluate its overall efficiency for practical
applications.

To address this potential limitation, a passive aero-
dynamic case has been introduced as an alternative
method. Unlike the active system, the passive approach
relies solely on geometrical modifications to enhance
Cr/Cp without requiring external energy inputs.
This method explores whether changes in geometry,
represented by the ratio hi,/hout[—], can achieve
similar aerodynamic performance while minimizing the
need for mass-flow rates and energy input.

2. Passive Aerodynamics Case

0.0 215 43.0 64.5 86.0 108.0 129.0 151.0 172.0 194.0 215.0

Velocity Magnitude [m/s]

Figure 9: Velocity contour of NACAQ0012 attached
with trapped vortex cavity connected with passive
blowing tunnel at its optimal ratio of 4. The color bar
represents the velocity magnitude.
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Figure 10: NACA0012 attached with TVC connected
to passive blowing tunnel: h;,/hoy[—] represents the
length ratio between the channel inlet and channel
outlet; ¢y, /ep[—] represent Lift coefficient versus Drag
coefficient: The blue solid line represents results
obtained from CFD while the red dashed line
represents window-averaged results.

In the passive configuration of the NACAQ0012 airfoil,
the tunnel was created, as illustrated in Figure 6. The
tunnel geometry features a varying hj,/hou: in the
range of 0.5 < hin/hoyt < 7. The velocity contour
around the airfoil is shown in Figure 9, and the Cr,/Cp
performance is presented in Figure 10.

Based on Figure 10, a steadily increasing trend of
CL/Cp is observed as the h;,/hoy: increases. Initially,
at lower ratios, the performance of the airfoil equipped
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Figure 11: NACAO0012 attached with TVC connected to passive blowing tunnel: h;,/hou:[—] represents the
length ratio between the channel inlet and channel outlet; cr,[—] represents Lift coefficient and ¢p[—] represents
Drag coeflicient. The blue solid line represents results obtained from CFD while the red dashed line represents
window-averaged results.

with the channel and TVC is worse than that of the
clean airfoil. However, once the h;,/hout exceeds 2.5,
the performance of the channel-equipped airfoil begins
to surpass that of the clean airfoil.

The maximum improvement in Cp/Cp occurs at
an hip, /hoyt of 4, where a 3.52% increase in Cp,/Cp is
recorded compared to the clean airfoil. Beyond this
point, however, the performance begins to decline.
When the h;y, /oyt reaches 6.5, the performance drops
below that of the original clean airfoil.

Compared to a clean airfoil, the Cf, of the channel-
equipped TVC airfoil revealed in Figure 11, was
investigated to understand better the aerodynamic
principles of the TVC system linked with the channel.
The results show that C, increases rapidly within the
Rin/hout range of 1 to 4, where a maximum enhance-
ment of 4.9% is recorded compared with the clean
airfoil. Beyond a ratio of 4, the lift coefficient continues
to increase but at a more gradual rate, reaching a 5.7%
improvement at a ratio of 7.

Between the ratios of 1 and 4, the sharp increase
in lift can be attributed to the increased mass-flow
rate through the channel into the TVC cavity. As the
channel inlet size increases, more high-pressure air from
the stagnation point flows into the channel. This larger
mass-flow rate, achieved without any external power
input, accelerates as it moves through the channel,
particularly near the outlet linked to the TVC. The
accelerated flow creates a higher suction peak near the
TVC edge and lowers the static pressure along the
suction side of the airfoil.

This accelerated flow also enhances the vortex
strength in the TVC, which plays a crucial role in
trapping the vortex within the cavity. The stronger
vortex further reduces pressure on the suction surface,
thereby increasing lift.

However, beyond a ratio of 4, the increase in Cp,
becomes more gradual. This suggests that the incre-
mental benefits of increasing the inlet size diminish,
indicating that the channel-TVC system is reaching
a saturation point. At this stage, the ability of the
TVC to trap and maintain the vortex by relying solely
on the passive mass-flow from the channel becomes
limited, resulting in a performance plateau for this
passive aerodynamic approach.

At an inlet/outlet ratio of 4, the sum of the drag
contributions from the internal channel and the outer
airfoil profile reaches its minimum value. The mini-
mum Cp occurs alongside the rapid increase in the Cfp,
resulting in the highest Cp/Cp ratio among all the
studied cases. Therefore, the h;,/hou: of 4 represents
the optimal point where the aerodynamic performance,
as measured by C1/Cp, is maximized due to the
balance between minimized drag and maximized lift.

The velocity contours of the NACA0012 airfoil’s
leading and trailing edges, with varying hi, /hout ratios,
are illustrated in Figure 12 and Figure 13 to help
visualize the performance trends as the parameters
change. Figure 13 shows an enhancement in vortex
strength when hy, /hoyt increases from 1 to 4. The
increased vortex strength in the ratio of 4 leads to
a higher ejected flow from the cavity, resulting in a
smaller wake region than the hi,/hout = 1 case. The
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Figure 12: Velocity contours of the NACAQ0012 trailing
edge at hiy/hout ratios of 1.0, 2.5, 4.0, and 7.0. The
color bar represents the velocity magnitude.
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Figure 13: Velocity contours of the NACA0012 leading
edge at hiy/hout ratios ranging from 1.0 to 7.0. The
color bar represents the velocity magnitude.

difference explains the rapid increase in Cp/Cp, as
shown in Figure 10. However, when the ratio is below
2.5, despite a continuous reduction in the wake region
with increasing hin/hout, the vortex strength remains
insufficient, and the Cf/Cp is worse than that of the
clean airfoil.

On the other hand, when the hiy /hous ratio exceeds 4,
only marginal changes in vortex strength inside the cav-
ity are observed. The wake region size remains almost
the same even as the ratio increases to 7. The similar
size suggests that the tunnel reaches a saturation
point, which correlates with the marginal improvement
in O, after an hi, /oyt Tatio of 4, as shown in Figure 11.



Figure 13 further explains the performance reduction
after a hiy/hout ratio of 4. A small recirculation region
forms at the pressure surface near the tunnel entrance
at the leading edge when the ratio exceeds 4. This
recirculation area delays the splitting air flow to attach
to the pressure surface of the airfoil, thus increasing
drag, as shown in Figure 11. Combined with the
marginal improvement in lift, this results in a reduction
in C,/Cp performance.

C. 2D Front Wing

1. Active Aerodynamics Case - TVC at slat, flap and
different chord length of mid airfoils
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Figure 14: Three-element airfoils performance of TVC
with located in different chord locations on mid airfoil,
slat airfoil and flap airfoil: V;,,/Voo[—] represents the
mass-flow rate in term of velocity entering into the
cavity versus free-stream velocity; ¢z, /cp[—] represent
Lift coefficient versus Drag coefficient

After results on the NACA 0012 airfoil suggest that
a performance increase can be expected even for the
passive aerodynamic case, the TVC was applied to the
three element airfoil wing as shown in Figure 2. The
results of the parametric studies are given in Figure 14,
where the radius of the TVC was kept constant. The
TVC was tested at different positions for each element
of the three-element airfoil. Specifically, the TVC was
positioned at z/c = 0.75 for the slat, at x/c = 0.75
for the flap, and at x/c = 0.25, z/c = 0.50, and
x/c = 0.75 for the mid airfoil in separate cases. The
findings indicate that, among these configurations,
placing the TVC at the trailing edge of the mid airfoil
(x/e = 0.75) yielded the highest Cr,/Cp, achieving a
value approximately four times greater than that of
the original three-element airfoil without TVC at a
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mass-flow rate ratio of 6 Vi, /V.

The superior performance of the mid-airfoil TVC
can be attributed to its ability to enhance flow control
capabilities and delay flow separation more effectively
than the slat and flap configurations. Increasing the
mass flow rate through the TVC resulted in a reduction
of static pressure on the suction surface of the mid
airfoil, which contributed to increased downforce.
Additionally, the proximity to the ground restricted
airflow beneath the airfoil, which promoted stronger
flow attachment in conjunction with the mid-airfoil’s
negative camber. The application of blowing flow via
the TVC further augmented the downforce, explaining
the significantly higher Cp,/Cp.

The increased aerodynamic efficiency of the mid air-
foil, compared to the other elements, is also influenced
by its central position within the three-element system,
allowing for beneficial interactions with both the slat
and the flap. By reducing pressure peaks and delaying
boundary layer separation, the slat airfoil delivers a
thinner boundary layer to the mid-airfoil’s leading
edge, enabling it to withstand stronger adverse pressure
gradients [23]. This interaction mitigates drag increase
and contributes to the overall improvement in Cr,/Cp.
Furthermore, the accelerated flow discharged from the
TVC on the mid airfoil enhances the dumping effect
on the flap, resulting in high-velocity, attached flow
downstream. This interaction intensifies the downforce
produced by the flap, further increasing the system’s
overall aerodynamic effectiveness.

In contrast, the placement of the TVC on the slat
was found to be less effective in generating downforce,
as shown in Figure 15. Although the TVC on the slat
stabilized the flow and delayed separation on the mid
airfoil, its impact on downforce was limited due to
the slat’s relatively flat geometry and lower camber,
which restricted the acceleration of the flow beneath
it.  Additionally, the slat’s position, being further
upstream, limited its ability to directly energize the
flow over the flap, resulting in a lower overall Cp,/Cp
compared to the mid airfoil configuration.

The application of the TVC to the flap produced
substantial downforce comparable to that observed in
the mid-airfoil configuration. However, this came at
the cost of a significant drag increase, as shown in
Figure 15, leading to the lowest Cp/Cp among the
three configurations. The large flap deflection angle at
the trailing edge, augmented by the TVC, energized the
underbody flow, contributing to increased downforce.
However, the high flap angle also induced a thicker
boundary layer and less effective pressure recovery,
which expanded the wake region and resulted in a
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Figure 15: Three-element airfoils performance of TVC with located in different chord locations on mid airfoil,
slat airfoil and flap airfoil

significant drag penalty.

The performance differences between the TVC
placements at z/c = 0.25, x/c = 0.50, and x/c = 0.75
along the mid are presented in Figure 14 as well. The
results indicate that positioning the TVC at x/c = 0.25
and x/¢ = 0.50 does not improve the aerodynamic
performance of the airfoil. In fact, with increasing mass
flow rate through the cavity, these configurations led
to a deterioration in performance, consistent with the
findings reported by [18], who investigated a similar
setup on a single airfoil without an applied mass flow
rate.

The negative impact of placing the TVC at the
frontal and mid-chord locations can be attributed to
the inability of the energized flow exiting the cavity to
reattach to the trailing edge of the mid airfoil. As the
mass flow rate inside the cavity increases, the enhanced
flow energy causes premature flow separation. This
early separation leads to increased drag as the flow
fails to maintain attachment over the entire surface of
the mid-wing. Consequently, placing the TVC at these
locations results in a reduction in overall aerodynamic
efficiency.

Thus, it is evident that placing the TVC at the
trailing edge of the mid airfoil leverages the beneficial
effects of the energized flow without inducing early
separation, leading to a marked improvement in
performance.
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Figure 16: Comparison of different diameters of TVC
located in mid airfoil: V;,,/V[—] represents the
mass-flow rate in term of velocity entering into the
cavity versus free-stream velocity; cr /cp[—] represent
Lift coefficient versus Drag coefficient;
diameter /T p,q.[—] represent TVC diameter versus
Mid airfoil thickness

2. Active Aerodynamics Case - TVC with diameters
vartation

Parametric studies were conducted to evaluate the
aerodynamic performance of the front airfoils with
varying TVC diameter ratios, defined as D/Tiax,
where D is the diameter of the TVC and T, is the
maximum thickness of the mid airfoil. The results,
shown in Figure 16, reveal that for diameter ratios
ranging from 0.29 to 0.35, the Cp/Cp ratio increases
as the mass-flow rate increased. Larger D/Ty,.x ratios
contribute to higher C,/Cp values, with the maximum
performance observed at a diameter ratio of 0.35. At
this ratio, the Cr,/Cp reaches up to four times that of



the original clean three-element airfoils at a mass-flow
rate of 6 V;,,/Veo.

However, the performance of the 0.36 diameter ratio
experiences a noticeable reduction compared to the
0.35 ratio despite still achieving the second-highest
CL/Cp at 6 Vi, /Vs, approximately twice the value
of the clean airfoil. This performance drop is more
pronounced at lower mass-flow rates than higher, where
the 0.36 diameter ratio records a significant reduction in
Cr/Cp. In contrast, smaller diameter ratios (D/Tax
< 0.35) show proportional performance improvements
with increasing mass-flow rates, although their rate of
increase is slower compared to the 0.35 ratio.
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Figure 17: Pressure contours at different
diameter-to-thickness ratios D /Ty ax.

The pressure contours for each D/Tyax ratio,
presented in Figure 17, provide insights into the aero-
dynamic behavior of the TVC. Across all cases, a region
of low static pressure consistently forms near the exit
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Figure 18: Velocity contours at 0.35 and 0.36
diameter-to-thickness ratios.

of the TVC. As the diameter of the cavity increases,
the static pressure near the cavity’s exit (adjacent to
the stagnation point) further decreases. This suggests
that for a given mass-flow rate, a larger TVC diameter
creates a lower static pressure region near the cavity
exit, which enhances the suction effect. This effect
contributes to increased downforce, as the lower static
pressure aids in maintaining flow attachment, thereby
improving C,/Cp.

The pressure contour analysis confirms that larger
TVC diameters enhance the suction effect, which gen-
erates greater downforce and helps the flow reattach
more effectively to the wing surface. This explains
why increasing the diameter ratio up to 0.35 improves
aerodynamic efficiency.

The velocity contours for the 0.35 and 0.36 diameter
ratios, shown in Figure 18, explain the performance
drop observed for the 0.36 diameter ratio. While the
ejected flow in the 0.35 case smoothly reattaches to
the trailing edge of the airfoil, the 0.36 diameter ratio
generates a recirculation region near the cavity exit.
This recirculation delays the flow reattachment to
the airfoil, resulting in increased flow instability and
separation. The delayed reattachment also enlarges the
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wake region, thereby increasing pressure drag.

This increased drag, rather than a reduction in lift,
explains the performance degradation for the 0.36
diameter ratio when the mass-flow rate increases. The
larger recirculation bubble and delayed flow reattach-
ment cause a significant drag penalty, which offsets
the lift gains from the enhanced suction effect, thereby
reducing the overall C,/Cp performance.

8. Passive Aerodynamics Case- Performance Comparsion
between slat, mid flap airfoil
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Figure 19: Three element airfoils attached with TVC
connected to passive blowing tunnel respectively:
hin/hout|—] represents the length ratio between the
tunnel inlet and tunnel outlet; ¢, /cp[—] represent Lift
coefficient versus Drag coeflicient
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Figure 20: Velocity contour of slat attached with TVC
connected to passive blowing tunnel at its optimal
ratio of 0.5

Figure 19 shows the performance of the TVC with a
passive blowing channel located in the slat. Initially,

at hin/howt = 0.5, with its velocity contour shown in
Figure 20, the CL/Cp ratio reaches its peak, achiev-
ing approximately 0.95 times the value of the clean
three-element airfoils. However, as the hjy,/hout ratio
increases, the performance oscillates, with a gradual
reduction in effectiveness. The oscillation suggests that
while the passive blowing in the slat region shows some
initial promise, it leads to unstable flow behavior as
the ratio increases, decreasing the overall C,/Cp ratio
and indicating an unsatisfactory performance in this
passive aerodynamic case.
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Figure 21: Velocity contour of mid attached with TVC
connected to passive blowing tunnel at its optimal
ratio of 3

Figure 19 illustrates the performance of the TVC
with a passive blowing channel placed on the mid as
well. The performance shows an oscillatory increase as
the hip/hout|—] ratio rises from 0.5 to 3. The Cr/Cp
ratio continues to improve and reaches a maximum of
0.96 times the value of the clean three-element wing.
The velocity contour of the optimal ratio of 3 is shown
in Figure 21. Although this is slightly lower than the
clean airfoils, the mid configuration performs better
than the slat and flap setups. The oscillatory nature of
the performance increase suggests that flow instabilities
are present. However, the overall trend shows that
the mid-airfoil configuration is better suited to passive
blowing, as observed in the active aerodynamics cases.

The flap configuration, shown in Figure 19, follows
a similar trend to the mid-wing. The Cp/Cp ratio
oscillates and increases as the h;,/hout[—] ratio grows
from 0.5 to 3. However, the maximum performance
achieved here is around 0.91 times the value of the clean
three-element airfoils, which is lower than the mid and
slat configurations. The velocity contour in which the
maximum Cp,/Cp ratio is reached in the flap is shown
in Figure 22. Beyond a ratio of 3, the performance
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Figure 22: Velocity contour of flap attached with TVC
connected to passive blowing tunnel at its optimal
ratio of 3

begins to decline. Among the three configurations, the
flap region shows the slightest improvement in C,/Cp,
indicating that the passive blowing channel is the least
effective in this location.

The passive aerodynamic case involving the TVC and
internal channels linking the slat, mid, and flap airfoils
has yielded results that differ significantly from those
previously observed in single-airfoil configurations.
Two studies have been conducted to identify potential
factors affecting the internal tunnel’s performance in
the three-element airfoils. In both cases, the TVC
model with a passive blowing channel placed at the
mid airfoil, demonstrating the best performance among
the three-element airfoils, is used.

These studies intend to investigate the influence of
ground proximity and three-element airfoil interactions
on the internal tunnel’s performance. The independent
variables in these experiments are the presence of
ground proximity and the interaction between the slat,
mid, and flap airfoils, and the dependent variable is
defined as the Cf,/Cp performance of the three-element
airfoils and the internal tunnel.

In the first study, the airfoil configuration is placed
in free-stream conditions without the influence of
ground proximity, consistent with the NACA0012
case. This setup allows for isolating the effects of
the three-element airfoil interactions on the tunnel’s
performance. In the second study, ground proximity
is maintained. However, the slat and flap airfoils are
removed, focusing solely on the mid airfoil’s tunnel and
its performance in the absence of interactions with the
other elements.
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Figure 23: Comparsion of three-element airfoils with
TVC and internal tunnel in mid with and without
ground effect considered: h;y,/hou:[—] represents the
length ratio between the tunnel inlet and tunnel
outlet; ¢y, /cp[—] represent Lift coefficient versus Drag
coefficient

Figure 23 illustrates the C1,/Cp performance of the
TVC with the passive blowing channel placed on the
mid airfoil, both with and without ground effect. The
results are compared with the C,/Cp performance of
the original three-element airfoil under the same ground
effect and free-stream conditions. Both configurations
exhibit a similar trend: the Cp/Cp ratio oscillates,
rising steadily as the hi,/hout ratio increases from 1 to
3, reaching a maximum at 3, then rapidly decreasing
continuously from 3 to 7. This behavior is consistent
across both cases, as the same three-element airfoil
configuration is used.

However, across all hi,/hous ratios, the Cr/Cp
performance is worse in the absence of ground prox-
imity than in the low ground clearance condition.
The discrepancy between the two cases becomes more
pronounced as the hi, /hout ratio increases. The finding
suggests that ground proximity provides a positive
aerodynamic effect on the tunnel’s performance. As
shown in Figure 24 of the pressure contours, the
presence of ground effect results in a lower static
pressure region forming between the mid airfoil and
the ground, mainly due to the negative camber of
the mid airfoil. This low-pressure region near the
tunnel outlet enhances suction in the area, increasing
the pressure differential between the tunnel inlet and
outlet.  Consequently, this leads to higher tunnel
efficiency than the case without ground proximity.
Therefore, ground proximity has a beneficial impact on
the overall aerodynamic efficiency of the system.

Figure 25 presents the C/Cp performance of the
internal tunnel in the mid airfoil configuration with
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Figure 24: Pressure contour of the three-element airfoils with TVC linked with the tunnel in mid airfoil. The
color bar represents the pressure magnitude.
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Figure 25: Comparison of tunnel performance for
single mid airfoil and three-element airfoils:
hin/hout|—] represents the length ratio between the

tunnel inlet and tunnel outlet; ¢, /cp[—] represent Lift
coefficient versus Drag coefficient
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Figure 26: Velocity contour of single mid airfoil case

the velocity contour displayed in Figure 26, comparing
the case where the slat and flap have been removed
to the case where both the slat and flap are present.
This plot focuses on the performance of the tunnel
itself, and as such, the Cp/Cp performance is not
normalized with Cr,/Cpwithout TVC, since the original
three-element airfoil does not include a tunnel, making
such a comparison invalid. Instead, the purpose of
this plot is to reveal the independent aerodynamic
performance of the tunnel in each configuration. The
plot reveals that both configurations follow a similar
trend with varying hi,/hout ratios. Cr/Cp reaches its
maximum at a ratio of 5, followed by a steady decrease
beyond this ratio. However, at each hi,/hout ratio, the
tunnel in the mid-airfoil-only configuration consistently
generates a higher C/Cp compared to the tunnel
with the three-element airfoils.

Further analysis of the Cp, and Cp for the perfor-
mance of the tunnel, as shown in Figure 27, shows
that the mid-airfoil-only configuration produces a
higher downforce (Cp) than the three-element airfoil
configuration. Interestingly, despite the increase in
downforce, the drag coefficient (C'p) remains nearly the
same for both configurations. The result suggests that
the presence of the slat and flap may negatively impact
the tunnel’s efficiency, as their removal improves
the tunnel’s ability to generate downforce without
increasing drag.

The reduction in tunnel efficiency when the slat and
flap are present can be attributed to the flow interac-
tion between the slat airfoil and the mid airfoil. The
flow leaving the pressure surface of the slat is redirected
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Figure 27: Comparison of tunnel performance for single mid airfoil and three-element airfoils: A, /hout[—]
represents the length ratio between the tunnel inlet and tunnel outlet; ¢z, /cp[—] represent Lift coefficient versus
Drag coeflicient

towards the outer regions of the mid airfoil, and part
of this flow is deflected towards the suction surface
of the mid airfoil, altering the pressure distribution
around it. While the three-element airfoil is designed
to optimize and accelerate flow over the airfoil system,
it inadvertently creates a boundary blockage effect near
the tunnel entrance. This blockage restricts smooth
airflow into the tunnel, reducing its overall efficiency.

In contrast, in the single mid airfoil case, the flow
approaching the tunnel entrance is less disturbed and
more aligned with the free-stream velocity direction.
This results in a more streamlined flow into the
internal tunnel, improving flow alignment at the tunnel
entrance. The improved flow conditions contribute to
higher tunnel efficiency, increasing downforce without
any associated drag penalties.

Therefore, while the three-element airfoil is intended
to improve overall aerodynamic performance, the inter-
action between the slat and mid airfoil creates adverse
flow conditions at the tunnel entrance, reducing the
effectiveness of the internal tunnel compared to the
single mid airfoil configuration. The absence of the
slat and flap allows for more favorable flow conditions,
thereby improving the tunnel’s performance.

Several alternative designs were explored to address
these challenges, as presented in Figure 28, with the
primary objective of providing more consistent airflow
to the TVC. These designs were intended to minimize
the unsteady flow interactions associated with the slat
and flap regions by focusing on the mid location, where
the flow is relatively more stable. Despite these efforts,
all alternative configurations resulted in a lower Cr,/Cp
ratio than the original airfoil, suggesting that signif-
icant barriers exist to the successful implementation

of a passive blowing channel in inverted three-element
airfoils.

It is therefore concluded that, while the mid airfoil
offers a more stable flow environment than the slat or
flap regions, the inherent complexity of the flow gener-
ated, due to the interaction based on the three-element
airfoils configuration, poses significant limitations on
the effectiveness of the TVC in passive aerodynamics
implementation.

V. CONCLUSIONS

Both active and passive aerodynamic approaches
have been investigated through numerical methods
for the NACAQ0012 airfoil and the cross-sectional area
of the front wing of a Formula 1 car. The results
indicate a significant improvement in the Cp,/Cp ratio
when active blowing flow is applied inside the TVC.
This improvement is attributed to the high ejection
flow from the TVC cavity, which generates a strong
suction effect at the trailing edge. The enhanced
suction effectively delays flow separation, resulting in
higher aerodynamic efficiency compared to the original
configurations.

The study of the Formula 1 front wing suggests
that positioning the TVC at the trailing edge of the
mid-airfoil yields the best performance in a three-
element airfoil configuration. However, for the passive
aerodynamics approach, while an improvement was ob-
served in the NACAQ0012 airfoil, similar gains were not
achieved for the front wing. This suggests that passive
aerodynamics may be less effective for ground-effect
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Figure 28: Alternative TVC and internal tunnel

designs.

inverted three-element airfoils, where flow interactions
are more complex.

For the active aerodynamic case, the TVC located
at the trailing edge of the NACA0012 airfoil, combined
with an optimized suction rate, recorded a 12.6-fold
improvement, as observed in Figure 8, resulting in a
maximum enhancement of 1160% in Cr,/Cp compared
to the original airfoil. For the three-element airfoil,
with an optimal TVC position and an appropriate
D/Tmax ratio of 0.35, a 4-fold improvement was
recorded, as shown in Figure 14. The best performance
improvement was therefore 313% in Cf/Cp compared
to the clean three-element airfoil configuration.

For passive aerodynamics, without additional power
input, the NACA0012 achieved a maximum improve-
ment of 3.52% in Cr,/Cp. Despite optimizing the TVC
position and using an appropriate D/Tpax ratio, the
maximum Cp,/Cp for the three-element airfoil was
only 96% of the original clean airfoil configuration.

The concept of the TVC can be extended to other
critical aerodynamic components of a Formula 1 car,
such as the rear diffuser. Integrating the TVC with
active flow control could create a second pressure re-
covery region, amplifying the negative camber effect at
the rear. This approach holds significant potential for
balancing the front and rear aerodynamic forces, poten-
tially improving the overall racing performance. Future
research in this area, combined with the findings from
the TVC application on the front wing, could provide
valuable insights into optimizing the aerodynamic effi-
ciency of Formula 1 cars.
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