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NUMERICAL INVESTIGATION OF THE CONTROLLABLE WING
STALL CAUSED BY THE AIR INJECTION

This paper presents results of numerical investigation on a controllable airfoil
flow separation phenomena practically applied in Formula One racing by a device
called the F-duct. Separation is forced by air jets from slots located at different posi-
tions on the profile of the dual element wing and is intended to reduce aerodynamic
drag. Slot position and the air jet velocity are the main parameters controlling the
flow separation. The flow structure, surface pressure distribution, and the generated
downwards lift and drag forces were investigated in this study. Two different flow
separation structures have been recognised. Typically, wing stall is correlated with
an increase in aerodynamic drag force. However, in the case of the finite wing with
low aspect ratio, the induced drag is dominant and is proportional to the downforce.
Therefore, flow separation on the wing increases the profile drag while simultaneously
reducing the induced drag, resulting in a decrease in the total aerodynamic drag.

1. Introduction

Wings are the typical elements used in racing cars for aerodynamic
downwards lift generation. The rear wing produces about 35% of the total
aerodynamic downforce of a car, which enhances the dynamic handling and
stability, although at the same time, it generates 30% of the total aerody-
namic drag [1]. As a consequence, a compromise must be found between the
maximum cornering speed, which is greatly influenced by the negative lift
force, and the reduction of the racing car’s top speed due to drag generation.

There are about 20 active Formula One racetracks in the world, each of
them requiring specific aerodynamic settings according to the diverse tracks
characteristics. For instance, as shown in Figure 1, the Monza course has
long straights and fast corners, and therefore requires minimal downforce
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that in turn leads to lower drag and, consequently, higher top speed. On the
other hand, Circuit de Monaco, allocated to the city streets, has tight corners
which require a high aerodynamic downforce in order to maximise the grip
of the tyres. Therefore, in order to avoid prominent aerodynamic drag on the
straight section of the racetrack, a very eligible solution would be the use of
a movable rear wing.
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Fig. 1. Autodromo Nazionale Monza and Circuit de Monaco

In the past, the driver from the cockpit controlled the angle of attack of
the wing mechanically; it was increased before entering a corner to generate
higher downforce, and then reduced on the straight [2]. Two serious accidents
that took place during the Grand Prix Barcelona in 1969 resulted in a strong
tightening of the FIA regulations. One of the main principles of the rules,
applicable right up until the year 2011, was to fix the aerodynamic device
geometry, which did not allow changes in the angle of attack to be made
during the race.

A racing car is a high-speed prototype, it is constantly evolving, develop-
ing, losing weight, gaining speed. The rate of development is so intense that
teams introduce a new part to the car on average every 17 minutes [6]. As a
consequence, the Formula One regulations are modified frequently, causing
permanent discussion between designers and FIA. Engineers, competing to
find innovations that match with regulations, try to outdo each other in finding
clever ways of evading the rules. Each season, they implement new innova-
tive methods of generating downforce with the purpose of achieving better
results. The best ideas are copied by other teams, while the authorities have
to control all technical solutions to ensure the safety of teams and spectators
in case of an accident. A significant solution development in the 2010 season
was the mysterious ‘RW80’ applied in McLaren’s MP4-25 racing car. The
inlet to the system was situated under the letter F of the ”Vodafone” branding
located at the top of the car body, which is why the system was eventually
dubbed the “F-duct” by journalists.

McLaren’s team pioneered a neat solution that allows the driver to control
the flow over the rear wing by means of a special duct allocated inside the
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racing car. Engineers used the driver’s movement as the switch, and since
the driver was not considered an aerodynamical device, the system did not
infringe the regulations. The air inlet is located in the front part of the racing
car in the upper body between the front wheels. The conduit continues along
the body, running next to the driver, and ends at an outlet to the rear wing.
In the cockpit, there is a vent that is blocked by the driver’s left leg, which
is not in use on long straights. Consequently, the air which normally comes
into the cockpit is redirected to the duct and, with the air from the gearbox,
led towards rear wing’s slots and disturbs the flow over the wing. Pressure
changes caused by the injection of air through small outlets on the rear wing
affect the wing in such a way that it enters a stalled state at high speed,
reducing aerodynamic drag, and allowing the car as much as an extra 6 mph
(9.7 km/h) on straights. Since the F-duct conduit was located inside the body
which has been homologated as a whole, other teams could not see the details
of this solution.

McLaren used stall to reduce the aerodynamic drag of a rear wing,
which naturally occurs when the value of the angle of attack is increased. As
shown in Figure 2, at low angles of attack, lift coefficient C; rises linearly
with the angle of attack, and the flow is attached over the entire edge of
the profile. A survey of the airfoil aerodynamics indicates that the value of
the lift generated is the result of the difference between positive pressure
distribution on one side of the wing, and negative pressure distribution on
the other [2]. Moreover, Figure 2 shows that the profile drag coefficient C,
increases with the angle of incidence.
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Fig. 2. Variation of lift and drag coefficient with angle of attack

Therefore, as shown in Figure 3, an increase in the angle of attack causes
a drop in the pressure value on the lower edge, resulting in a rise in the
pressure difference between edges. However, at a certain angle of attack, the
downforce coefficient reaches its maximum value Cy,,,, and starts decreasing
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due to flow separation on the bottom edge. The wing profile is stalled, and a
higher pressure after the point of detachment occurs. Consequently, the wing
works effectively only on a part of its surface, and produces less downwards
lift. Flow separation creates a wake of turbulent flow behind the wing profile.
The velocity in the area of detachment is low, while the pressure at the surface
of the wing remains constant, close to ambient pressure.
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Fig. 3. Surface pressure coefficient distribution over the profile for angles of attack 11, 21 and 31
deg

Increasing the angle of attack raises the value of the profile drag coeffi-
cient, as shown in Figure 2. This increase is significant, and is caused by a
rise in pressure drag due to flow separation. One may ask why does the stall
of a rear wing, which is correlated with an aerodynamic drag force increase,
enhance the speed of a race car on straight sections of the race track? The
reason is that the aerodynamic drag also consists of the drag linked to the
effects of vortices in the flow that form on the wing edges and propagate in
the flow behind the wing, as shown in Figure 4.

Fig. 4. Propagation of the edge vortices in the flow behind the wing

This is called the induced drag, and is an inevitable consequence of the
generation of downforce by means of a finite wing span. The flow over the
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wing tends to flow from the high pressure surface towards the low pressure
surface, as shown in Figure 5, leaking around the tips of the wing and creating
two strong vortices. Edge vortices therefore shed from the wing side edge,
changing the velocity and direction of the airflow behind the trailing edge,
deflecting it downwards, and thus inducing a downwash behind the wing. The
strength of the vortex is directly related to the produced lift. Therefore, the
decrease in downforce caused by stall is very important because it reduces
the induced drag. The analysis of the flow over the wing in two dimensions
assumes that the wing is infinitely long. Therefore, such a study does not
include the span dimension of the wing, and thus also does not take into
account all the phenomena associated with three-dimensionality of the flow
[3.4].
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Fig. 5. Computed pressure contours and velocity vectors on the cross section along the wing span

Teams have known for a long time that stalling the rear wing drastically
reduces downforce and, as a result, decreases aerodynamic drag. McLaren’s
engineers obtained stall by forcing separation by altering the flow over the
wing via introducing an air stream from slots placed in the lower surface.
Similar solutions have already been employed, e.g. flexible wings deflecting
due to high speed. However, these have been forbidden after several accidents,
and the rear wings became subject to static load tests. McLaren came up with
the F-duct idea initially, though there have been other attempts of recreation
by Sauber, Williams, and Ferrari with a changing level of success. Some
systems developed by manufacturers require the driver to remove a hand
from the steering wheel in order to close the vent, which has raised questions
about the safety of use. During voting, most teams opted for forbidding the
use of the system in the next season.

Any data describing the aerodynamic drag reduction caused by con-
trolled flow separation are not published, so the main aim of the paper is
the presentation of results of numerical investigations on these phenomena.
The research was based on the position of duct outlets located on the main
and secondary profile element, which was a primary geometrical parameter
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tested. Moreover, the influence of the slot air stream velocity on the strength
of separation, surface pressure distribution, and the generated lift and drag
forces was investigated.

2. Simulation of controlled flow separation

Test case description

The geometry employed in the two-dimensional simulation of the con-
trolled flow separation on a two-element wing was the rear wing profile
designed for the Formula Student race. It was a dual-element profile con-
sisting of airfoil GOES25 as the main element, and an additional element
located to achieve the greatest possible downforce. A numerical simulation
was conducted for 5 models with different localisations of the slots introduc-
ing air streams in directions normal to the airfoil surface. There were three air
outlets on the main profile, and two on the secondary profile element located
at the bottom edge in the positions shown in the Figure 6. The profile data
were collected for two angles of attack equal to 11° and 21°. To perform
the numerical simulation, we employed the software package ANSYS®. The
grid was prepared in Gambit ®, and the numerical analysis was conducted
using Fluent ®.

Fig. 6. Location and numbering of slots
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3. Computational domain

The computational domain, shown in Figure 7, was created as a rectan-
gular wind tunnel test section, the length and a width of which were 20 m
and 10 m, respectively. It was divided into two areas, the inner, which formed
a circle with a radius of 1.5 m and the outer, its complement. The centre of
the inner surface was located 6 m from the inlet and 1 m from the bottom
to take into consideration the additional effects due to ground proximity.
The domain consisted of external boundaries: inlet, outlet, bottom, top and
internal: interface, profile, and slot.

Fig. 7. Computational domain

Nodes were distributed on the profile edges as shown in Figure 8, with
their interval decreasing gradually in the direction of leading and trailing
edges, and in proximity of the slot. The grid comprised two main parts:
the near field, which was formed of triangular elements with a successive
expansion ratio 1.05, a maximum height 50 mm evolving in the far field
domain with a ratio of 1.25, and 500 mm maximum cell height. The other
part, a dense field applied to take into account the changes occurring in the
velocity boundary layer, consisted of 15 layers of a rectangular near-wall grid
surrounding the profile, as shown in Figure 9.

4. Boundary conditions

Non-slip boundary conditions were applied on the top and bottom profile
edges. A constant value of the velocity normal to the boundary was applied on
the inlet and in the slots. The pressure outlet boundary condition was applied
in the outlet boundary. Numerical analysis was carried out for viscous fluid
with Spalart-Allmaras turbulence model [5]. The velocity at the inlet was 30
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Fig. 8. Nodes distribution on the profile edges

Fig. 9. Distribution of the near-wall layers

m/s, while setting the turbulent intensity and the turbulent length scale to 3%
and 0.003 m, respectively. The simulation was conducted for slot velocities
of 0, 5, 10, 15, 20, 25, and 30 m/s.

5. Results of numerical simulations

In order to understand how the F-duct system works, the analysis and
discussion of the results was divided into two parts. First, the value of the lift
and drag coeflicient, which varied with the velocity of the injected air stream
at the outlet of the duct, was discussed based on the pressure distribution.
Second, the value of induced drag was estimated, and the total drag coefficient
was analysed with taking into account the influence of the additional air
streams provided to flow. Additionally, the relation of the induced and profile
drag was included. The aim of this research was to provide a numerical
analysis of the introduction of a disturbance to the flow over the wing, which
forces a controlled separation, and induces stall. The position of slots was
the primary geometrical parameter investigated.
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Fig. 10. Cells distribution in the near filed

6. Lift and drag coefficient

Figures 11-14 show the variation of the lift and profile drag coefficient
versus slot air velocity for 5 models obtained for angles of attack equal to
11° and 21°. The air jets velocity was expressed in relation to the free stream
velocity over the wing profile. The collated results show that, with an increase
in the velocity, a significant decrease in the value of the lift coefficient is
observed. Additionally, with a growth in duct outlet velocity, one can notice
a rise in profile drag coeflicient.

The value of the lift coefficient for outlets located on the main profile
at an 11° angle of attack decreased gradually, maintaining a generally linear
character. However, for the 21° angle of attack at which the maximum lift
coefficient was obtained, an increase in velocity at the slot located at the
main wing resulted in a drop in the value of the lift coefficient, and that
dependence was nonlinear. This was caused by the natural occurrence of
flow separation forced by setting the airfoil at the angle of attack for which
Cimax Was obtained.

For 11° angle of incidence, as shown in Figure 16, there occurred velocity
separation beginning from the lowest air stream slot, and with increasing flow
velocity in the air stream slot the area of detachment extended and increased
its intensity. Flow separation created a wake of turbulent flow behind the wing
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profile. Figure 15 shows the pressure distribution over the profile at 11° angle
of attack and for slot 1 activated. It can be noticed that the pressure on the
lower edge of the main element increased with an increase in outlet velocity
from the duct. Moreover, downstream of the air injection, the pressure grew
with the slot air velocity until it reached a value close to the ambient pressure
and remained constant. All this meant that the wing profile was stalled and
consequently the higher pressure after the point of detachment caused an
increase in pressure on the lower surface similar to the natural separation
that would occur due to the increasing angle of attack. As a result, the wing
worked effectively only on a part of its surface and produced less negative
lift force. The pressure coeflicient distribution plots also show clearly that
the pressure around an additional element did not change with the variation
of velocity in slots located at the main profile. Therefore, the introduction of
the air stream had no effect on the flow around an additional element profile
to which the flow remained attached.
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Fig. 11. Calculated lift coefficient at 11° of incidence
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Fig. 13. Calculated drag coefficient at 11° of incidence
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Fig. 16. Computed contours of air velocity around the wing profile at 11° of incidence for slot 1
active
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Fig. 17. Calculated surface pressure coeflicient distribution over the wing at 11° of incidence for
slot 5 active
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Fig. 18. Computed contours of air velocity around the wing profile at 11° of incidence for slot 5
active

For both angles of attack, the air injected through slots located on the
main profile increased the drag coeflicient significantly due to the velocity of
the air flow from the outlet altering the flow over the wing, as shown in Figure
13 and 14. This increase is associated with the pressure drag produced in
the area of separation. Therefore, for both angles of attack, the largest drag
and the greatest decrease in lift force was obtained for slot 1, because it
was located closer to the leading edge and the length of the section where
separation occurs was the greatest one.

The curves of downforce coefficient for the air jets located on the ad-
ditional profile, shown in Figures 11 and 12, are characterized by a rapid
decrease after a certain value of the duct outlet velocity was reached, which
was unique for each case. This velocity was related to the occurrence of
flow separation on the secondary element. Figure 17 shows the pressure
distribution over the profile for slot 5 at 11°of incidence. It can be noticed
that the pressure on the lower edge of the main element increases with the
slot air velocity, but this rise has initiated from the velocity value at which
separation occurs and causes stall. For inlets situated on the flap, this effect
does not take place for the low air slot velocity, which is in contrast to slots
located at the main element where separation occurs from the onset. The stall
on the additional element, as show in Figure 18, causes a small separation
at the trailing edge. For both incidences, the greatest decrease in lift force is
observed for slot 5.

For slots located on the additional profile, the drag coefficient behaves
differently to the previous cases, as shown in Figure 13 and 14. For low
velocity decreases, the value of the coefficient for slot 5 at both angles of
attack considered remains almost constant, but it is followed by a gradual
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rise with an increase in the additional air stream velocity. The increase of
drag is associated with a sharp drop in value of the downforce coeflicient
caused by a stall. The curves of drag coeflicient for slot 4 behave similarly.
However, initially there is a slight growth in value observed.

7. Induced drag coefficient

The total drag of a finite wing consists of the pressure and the viscous
drag for a two-dimensional wing profile and additionally of wing tip vortex-
induced drag. Therefore, all of these components were included. The induced
drag values depend on the intensity of the vortices, which are determined
by the value of downforce produced, and are therefore estimated by the
approximate formula [1]:

C Clz
T 7
where A is a wing aspect ratio. This value, considered for a wing with end
plates, was determined by applying the formula suggested by Hoerner [1]:

b

1= —
c(1+1.9%)

where the wing span b and the chord ¢ were 1 m and 0.5 m respectively,
and the edge plate height h was 1 m.

The formula describing the induced drag is derived for the attached
flow and is not fully valid for the separated flow case. Due to that fact, the
following consideration shows only the aproximate drag reduction values.

The value of the total drag coefficient varied with the slot air velocity
for both angles of attack, as shown in Figure 19 and 20. As it was previ-
ously done, the jet air velocity, was expressed in relation to the free stream
velocity. Since the induced drag coefficient depended on the values ??of the
downforce generated by the wing, and other parameters remained constant,
the characteristic was exactly the same. The lowest drag for both angles of
attack was obtained for slot 1 located on the main profile, and for slot 5,
which was situated on the flap.

The ratio of the induced drag to the profile drag varied with slot air
velocity for both angles of attack. To show the scale of the induced drag,
this ratio is shown in Figures 21 and 22. One can notice that the value of the
induced drag that occurs in three-dimensional flow analysis is much greater
than the profile drag caused by pressure and shear stresses. Consequently, the
downforce on which the induced drag mainly depends causes a significant
drag penalty.
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Fig. 19. Estimated total drag coefficient at 11° of incidence and different slots active

1.02 I [TTT1]
pe —o—slot 1]
t\ ‘[ —e—slot 2 ||
\* —e—slot 3| |
0.94 |+ B —e—slot 4/
: —o—slot 5[ |
\.\ N
T
0.86 .
C dtotal \.\ ‘\\ " \ -
NIA \.
0.78 < Y
IS ‘\\
\‘ - \ = )
¥ b #
0.7 by —0——— -
e
e
—
\
0.62 : -
0 0.2 04 0.6 0.8 1
V/V,

Fig. 20. Estimated total drag coefficient at 21° of incidence and different slots active



NUMERICAL INVESTIGATION OF THE CONTROLLABLE WING STALL CAUSED...

POLSKA AKADEMLA NAUK

www.czasopisma.pan.pl P N www.journals.pan.pl

215

13SS SAE
4.0 . . Q\
3.0 - - N
CafCay | P e
o * e
20 \ e
SSRRER e
—&—slot1 1‘ #\\\ +
10 [|-—® slot2 e | J
| —®—slot3
| —®—slot4
| —®—slot5
0.0 L=
0 0.2 0.4 0.8 1
VIV,

Fig. 21. Ratio of estimated induced drag values to calculated profile drag values at 11° of

4.5

2.9
Ca,/Ca,
2.1

13

0.5

incidence

| |

iy

2 T

- v

VIV,

Susuis
Sy ]
e slot 1 ey 3
| —@—slot 2 . e

| —®—slot 3 @
| —®—slot 4
| —e—slot5
[T 1 T T T

0.2 0.4 0.8 1

Fig. 22. Ratio of estimated induced drag values to calculated profile drag values at 21° of

incidence



www.czasopisma.pan.pl P N www.journals.pan.pl

216 PAULINA PIETRZAK, JANUSZ PIECHNA

8. Conclusion

The numerical simulation was conducted for two-dimensional model of a
two-element wing profile, including slots, that was designed for the Formula
Student race. The investigation was conducted for 5 different slot locations
with variation of its air outlet velocity at two incidences equal to 11° and
21°. Firstly, collated results confirmed that forcing separation through altering
the flow over the wing by introducing the air stream from slots affects the
wing in such a way that it enters a stalled state. Furthermore, two different
flow separation structures have been recognised. Injections of air through
slots located on the main airfoil element only cause separation on the main
element, leaving the additional element with attached flow. This is unlikely to
what is done by slots located at the additional airfoil element, which generate
separation on both elements. In the 2D analysis, profile stall conditions were
always correlated with an increase in the profile drag. Taking into account
additional three-dimensional effects on a low aspect wing used in cars, stall
conditions were accomplished by the reduction of total aerodynamic drag
that were strongly affected by induced drag of vortical structures at the wing
tips. Finally, if the flow over the wing is stalled, the result is a huge drop
in the downforce coefficient resulting in total net drag reduction, even if the
profile drag increases. This is the reason for major benefits in terms of the
top speed of a racing car. It should be noted, however, that stalling the flap
is more beneficial than the main wing stall. The investigation has shown
that the optimal position of the duct outlet is slot 5, for which forced flow
separation occurs at the lowest slot outlet air velocity.

Manuscript received by Editorial Board, May 18, 2012;
final version, March 12, 2013.
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Numeryczne badanie sterowanego oderwania przeplywu spowodowanego przez dodatkowe
strumienie powietrza z dysz umieszczonych na skrzydle

Streszczenie

W artykule przedstawiono wyniki badafi numerycznych zjawiska sterowanego oderwania
przeplywu na placie dociskowym praktycznie wykorzystywanym w wyscigach Formuly 1 przez
urzadzenie o nazwie F-duct. Oderwanie przeptywu zostalo spowodowane wprowadzeniem zaburze-
nia poprzez strumienn powietrza ze szczeliny, co doprowadzilo do zmniejszenia catkowitego oporu
aerodynamicznego plata dociskowego. Pozycje szczeliny i pr¢dko$¢ powietrza z nich wyrzucanego
byly giéwnymi parametrami kontrolujacymi oderwanie przeplywu. Gtéwnym przedmiotem badan
byly: struktura przeptywu, rozklady ci$nienia na powierzchni profilu oraz generowane sily nosna i
oporu. Podczas badan zostaly rozpoznane dwie rézne struktury oderwania przeplywu. Zazwyczaj
oderwanie przeplywu na placie zwigzane jest ze wzrostem oporu profilowego. Jednak w przy-
padku tréjwymiarowym dla plata o skoriczonej rozpigtosci wystepuje dodatkowy sktadnik oporu
ci$nieniowego spowodowany pojawieniem si¢ wiréw krawedziowych. Opdr ten jest proporcjonalny
do wspdlczynnika sily docisku. Eksperyment pokazal, ze oderwanie przeptywu wystepujace na
placie dociskowym zwigksza opdr profilowy, ale jednoczes$nie zmniejszajac op6r indukowany co
w konsekwencji prowadzi do zmniejszenia catkowitego oporu aerodynamicznego.



