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Abstract

Formula SAE vehicles, like many other vehicles within 
motorsport, often employ rear mounted aerodynamic 
devices to improve cornering performance, these 

devices can however have a significant amount of aerody-
namic drag. Additional speed can be gained by reducing the 
impact of the rear wing on the straightaways of the track 
through the use the aptly named Drag Reduction System 
(DRS), which works by reducing the angle of attack of the rear 
wing flap(s).

A DRS can however introduce other performance losses, 
including the losses from having a gap between the rear wing 
flaps and endplate to prevent friction, the potential to stall the 
rear wing from improper opening angles of the flaps, and from 
the wake of the DRS actuator if positioned in front of the 

airfoils. An additional concern is the time it takes for the rear 
wing performance to return upon DRS deactivation, which 
will affect how long before corner entry the driver must disable 
the system.

Insight into each of these problems as well as the optimum 
opening angles was found through the use of CFD using 
Siemens’ STAR-CCM+ 2019.1. Simplified geometry came from 
UMSAE Polar Bear Racing’s car, PBR20, out of the University 
of Manitoba. All steady state simulations were done using 
RANS, while the DRS deactivation study was done using a 
novel method using Detached Eddy Simulation (DES), where 
dynamic overset meshes were used to model the transient 
motion of the flaps. As a result of the deactivation study, new 
insight was gained into the dynamic behaviour of drag 
reduction systems.

Introduction

Formula SAE
Formula SAE is one of the several competitions that is a part 
of SAE International’s Collegiate Design Series (CDS). These 
competitions allow post secondary students across the world 
to gain hands on engineering experience by creating small 
prototype vehicles designed for specified tasks. In the case of 
Formula SAE it is to create an open wheeled racecar to be raced 
on autocross courses. While these cars are limited in speed 
through regulations that restrict their power, the design of 
the race courses heavily rewards cornering ability. As a result, 
a primary emphasis on development is on cornering ability, 
resulting in some teams creating cars being able to corner at 
rates of over 2 [g].

Due to the combination of the relatively low speeds of the 
cars (averaging 50 [kph]) and the high emphasis on cornering 
ability, the current state of the art for these competitions has 
evolved to include the use of extreme, high downforce 
(negative lift) producing aerodynamic devices. Since the aero-
dynamics of these cars are designed with a low emphasis on 
aerodynamic efficiency, aerodynamic drag coefficients in the 
range of CD = 1.0-1.5 are common. While this drag is accept-
able given the performance gained due to increased grip from 

downforce, the race tracks in Formula SAE will all include 
straightaway sections that reward cars with lower drag.

Drag Reduction System (DRS)
The problem of unnecessary drag on straightaways resulting 
from downforce producing aerodynamic components is not 
a new problem in the world of motorsports. In 2011, Formula 
1 teams began implementing a Drag Reduction System (DRS) 
to their car, reducing the angle of attack of their rear wing flap 
in order to reduce drag on predetermined zones of the track. 
Since then, Formula SAE teams have began to implement a 
DRS on their car for the same reason. These systems can have 
aerodynamic drawbacks depending on their implementation, 
which could result in reduced performance not only because 
of the activation of the DRS, but also when the system is not 
active. These losses will be herein referred to as ’active’ and 
’passive’ losses respectively.

Active losses can be split into two effects, the loss in 
downforce and flow structure of the rear wing due to the 
opening of the flaps, and the time it takes for the downforce 
to return once the flaps close. Depending on the design of the 
rear wing there exists a potential for the main plane of the 
rear wing to stall upon DRS activation, which could result in 
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AERODYNAMIC DESIGN AND ANALYSIS OF A FORMULA SAE DRAG REDUCTION SYSTEM (DRS) 2

a larger response time of the rear wings donwnforce upon 
DRS deactivation due to the larger change in flow structure. 
The second effect is that a stalled wing would create an even 
further reduction in downforce, which while not important 
for speed in a straight line, would reduce the aerodynamic 
stability of the car in a time where the car will be  at its 
maximum speeds. The second loss due to the activation of the 
DRS is due to the systems behaviour upon its deactivation. 
The return profile of downforce upon deactivation of the DRS 
is not well studied, with an initial attempt being made with 
aeroelastic modelling [1]. This unknown dynamic behaviour 
is further complicated by the variety of different DRS imple-
mentations throughout Formula SAE.

The existence of passive losses varies depending on the 
implementation of the DRS, specifically the positioning of 
the actuator and mechanical linkages, as well as the gap 
required between the flaps and endplate of the rear wing to 
prevent binding during activation. Positioning of the actua-
tion mechanism can vary, with some teams using a servo 
motor inside of their airfoils connected to kinematic linkages 
on external side of the endplates, and other teams using a 
pneumatic cylinder mounted directly to the main plane of 
the rear wing connected to the f laps with linkages, all 
directly in the path of the air flowing into the flaps. Losses 
due to the gap between the endplates and the flaps are less 
a matter of design choices, but rather due to manufacturing 
tolerances. This gap would affect the performance of the 
wing by reducing the effect of the endplate on the flaps, 
allowing some air to leak from the high pressure side of the 
flaps to the low pressure side.

Computational Fluid 
Dynamics
In the modern age of aerodynamics, the majority of initial 
development is done through the use of computational fluid 
dynamics (CFD) as it allows for low cost concept exploration 
and design refinement. This is especially true for student 
competitions such as Formula SAE as many universities lack 
facilities such as wind tunnels, let alone full-scale automotive 
wind tunnels with rolling roads. This has lead many Formula 
SAE teams to go through their entire design process using 
aerodynamic simulation, leaving physical testing for valida-
tion work of the completed car.

Research Aim
The purpose of this work is to:

 • Determine the effect of flap opening angle combinations 
on downforce, drag, aerodynamic efficiency, and 
aerodynamic balance

 • Gain insight into the aerodynamic behaviour of a DRS 
being closed

 • Determine the effect of the flap-endplate gap size on 
wing performance

 • Determine the aerodynamic losses from the DRS 
actuator wake

Computational Setup
Two different computational setups will be  used for our 
analysis, with a RANS setup being used for every simulation 
except for the DRS deactivation simulation which used a 
Detached Eddy Simulation. Each simulation was performed 
using STAR-CCM+ 2019.1 (Build 14.02.010). The geometry 
used for all simulations was a simplified, CFD ready version 
of the PBR20 vehicle from the University of Manitoba Student 
Chapter of SAE International’s Formula SAE team, UMSAE 
Polar Bear Racing.

All simulations originated from the same car model and 
domain sizing as shown in figures 1 and 2, each using a 
symmetry condition down the centerline of the car in order 
to reduce computational cost. The inlet face of the domain 
was placed 5L forward of the front of the car, where L=3.0 [m] 
is the length of the car. The freestream velocity was 20 [m/s] 
with a turbulent viscosity ratio of 200 and a turbulent intensity 
of 1%. The top and side faces of the domain are 5H (H=1.2 
[m]) and 5W (W=1.4 [m]) away from the car respectively, each 
with slip conditions applied such that the velocity gradient 
near the wall was zero. The domain outlet was 10L behind 
than the rear of the car, set to a pressure outlet condition. The 
ground for the simulation was modelled as a moving road 
with the speed being set to match the freestream velocity of 
the simulation, the wheel surfaces also have the appropriate 
tangential velocity applied to them to match the road velocity.

Meshing best practices are taken from Siemens’ webinar 
Online Formula Student Training [2], giving recommendations 
on a series of volumetric refinements and prism layer proper-
ties. Using a base size of 20 [mm], this resulted in an under-
body refinement to 10 [mm], a large box around the vehicle 

 FIGURE 1  UMSAE PBR20
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 FIGURE 2  Computational domain

©
 S

A
E 

In
te

rn
at

io
na

l.

Downloaded from SAE International by David Penner, Wednesday, April 08, 2020



AERODYNAMIC DESIGN AND ANALYSIS OF A FORMULA SAE DRAG REDUCTION SYSTEM (DRS)  3

extending upwards, forwards, and to the side by 1 [m], and 
rearwards to the end of the domain with a with a mesh sizing 
of 80 [mm], a more constrained wake around the car and 1.5 
[m] rearward refined to 20 [mm], tire wake refinements 
extending 1 [m] rearward to 10 [mm], and tire contact patch 
refinements to 2.5 [mm]. In order to achieve a wall y+<1 on 
all airfoils, 24 layers were generated with a near wall thickness 
of 0.021 [mm], and a total prism layer thickness of 8.0 [mm]. 
All other surfaces were meshed to achieve y+<5, the rest of 
the car received 13 layers with a near wall thickness of 0.082 
[mm], and a total prism layer thickness of 8.0 [mm], the ground 
received 14 layers with a near wall thickness of 0.2 [mm], and 
a total prism layer thickness of 50 [mm]. These refinement 
volumes are shown in Figure 3.

RANS Set-Up
Steady state RANS was used for simulations involving the 
opening angle sweep, the flap-endplate gap sweep, and the 
DRS actuator wake. Each of these simulations was ran on an 
11 million cell polyhedral mesh, with the k-ω SST turbulence 
model, using the coupled solver within STAR-CCM+. 
Simulations were ran until force coefficients for downforce 
and drag dig not vary by more than 0.0005 over 400 iterations, 
this resulted in average residuals of 3.7E-3 for specific dissipa-
tion rate, 3.9E-5 for turbulent kinetic energy, 1.8E-5 for 
x-momentum, 6.3E-6 for y-momentum, 5.4E-6 for 
z-momentum, and 1.0E-7 for continuity.

Flap Opening Angles For the simulations involving the 
rotation of the flaps, each flap was rotated about an axis at 
70% of its cord along the mean camber line. Opening angles 
as high as 40° for flap 1 and 65° for flap 2 were simulated, with 
the baseline angles of attack being 32.5° for the first flap, and 
57.5° for the second. An overlay of an open configuration and 
the closed configuration of the rear wing airfoils is shown in 
Figure 5, demonstrating the pivot point of the flaps.

Flap-Endplate Gap Flap-endplate gaps between 1 [mm] 
and 10 [mm] were modelled by the deletion of the flaps for the 
specified distance from the endplate. Mesh refinements were 
created in these gaps with a specified refinement size of 0.15 
[mm], bringing the total mesh size to approximately 30 million 
cells, depending on the size of flap-endplate gap.

DRS Actuator The DRS actuator geometry being studied 
is a pneumatic cylinder mounted on the main plane of the 
rear wing, with a set of linkages and mounts connecting it to 
the flaps. While the pneumatic cylinder is mounted on the 
car centerline, the linkages are asymmetric, and would not 
be fully represented in any simulation using the real-world 
geometry. As such, the linkages were duplicated and mirrored 
about the centerline such that both of the linkages are repre-
sented, while this does result in more geometry being repre-
sented than the real-world, it provides for a conservative 

 FIGURE 3  Volumetric refinements
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 FIGURE 4  Rear wing mesh cross-section
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 FIGURE 6  Flap-endplate gap mesh closeup
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 FIGURE 5  Flap actuation range
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result. A 0.5 [mm] refinement was applied to the actuator 
surfaces in addition to a wake refinement extending 10 [cm] 
downstream, resulting in a mesh size of 22.1 million cells, an 
increase of 11.1 million cells relative to the baseline geometry.

Detached Eddy Simulation 
Set-Up
One difficulty faced by modern RANS turbulence models is 
the simulation of detached flows, with many models not being 
able to sufficiently predict the onset of flow separation [3]. 
Due to the lack of resources in the public domain on the simu-
lation of DRS motion, the SST IDDES turbulence model was 
chosen to try and provide the most confident result within 
the computational budget. SST IDDES, short for Improved 
Delayed Detached Eddy Simulation using Menter’s Shear 
Stress Transport model, is a hybrid RANS-LES model in 
which the near wall regions of the flow are using a traditional 
RANS turbulence model, with the rest of the flow to be simu-
lated using Large Eddy Simulation (LES) as long as there is 
sufficient mesh resolution. This class of turbulence modeling 
has shown increased accuracy in the simulation of detached 
flows relative to URANS [3]. A 0.05 [ms] timestep was used 
to keep the convective CFL number under one throughout 
the majority of the domain. Meshing for this simulation was 
done using a hexahedral mesher. Five inner iterations were 
used for this simulation, resulting in average residuals of 
1.6E-4 for the specific dissipation rate, 9.1E-6 for the 
x-momentum, 8.4E-6 for the y-momentum, 8.1E-6 for the 
z-momentum, 1.4E-7 for the turbulence kinetic energy, and 
8.4E-8 for continuity.

Overset Mesh Motion In order to simulate the motion 
of the flaps, an overset mesh was used for each of the two flaps. 
The motion prescribed to the flaps was a linear profile from 
25° and 50° to 0° for the first and second flaps respectively. 
This motion will occur over 50 [ms] as conservatively esti-
mated from footage of TUG Racing’s 2018 drag reduction 
system closing, as both systems use the same concept of a 
spring loaded pneumatic cylinder pivoting the flaps about a 
point far back on the mean camber line. Since the flaps have 
a passive closing mechanism, that being that the piston does 
not return by pressurized air, but rather a combination of a 
spring within the pneumatic cylinder in addition to the 

aerodynamic moment on the flaps naturally closes the system, 
a true closing time or motion profile cannot be determined 
without complex modeling or physical testing. Therefore, the 
results from this simulation are to be used as an initial insight 
into the dynamic behaviour of the system without being taken 
as a rigid claim of how these systems always behave.

Adapted Mesh Refinements Since suitable meshes for 
DES require a high level of resolution in order to reach suffi-
cient accuracy, there is a motivation to make meshes that are 
efficient in having additional refinements where is required 
and nothing more. Due to the ’organic’ nature of fluid flow, 
traditional refinement shapes such as cylinders and blocks 
often refine more of the fluid domain than is necessary, espe-
cially for complex flows such as open wheeled race cars. In an 
exploratory approach to solving this problem, a steady state 
RANS solution was found for the ’flaps closed’ state of the car, 
which was used to create volumetric mesh refinements for the 
DES mesh. This was done through recommendations given 
by Addad et al. on relations between turbulence metrics and 
optimal unstructured mesh sizing for large eddy simulation:

"The attempt of building an unstructured LES grid based 
on the Taylor microscale has been found very successful. 
However, as the Reynolds number is increased this sort of 
requirement might be excessive and eventually a criterion such 
as one tenth of the integral lengthscale could be sufficient" [4]

As a function for a recommended mesh size h, this can 
be represented as:

 FIGURE 7  DRS Actuator Mirrored Geometry
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 FIGURE 8  Flap overset mesh
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 FIGURE 9  DRS motion profile
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 h L= ( )max l,  (1)

Where the Taylor microscale, λ, and integral length scale, 
L, are calculated as:

 h
k= 10n
ε

 (2)

 L
k=

3 2/

ε
 (3)

Using equation (1), threshold volumes can be created 
from a precursor solution at sizes of 10 [mm], 5 [mm], and 2.5 
[mm], and used a volumetric refinements. After re-meshing 
and further solving of the RANS solution, this process was 

repeated again to result in ’smooth’ volumetric refinements. 
Due to computational cost constrictions, these recommenda-
tions were not followed rigidly, but were still used for the 
creation of refinements as fine as 2.5 [mm] for the rear wing 
and 5 [mm] for the rest of the car. This resulted in a total mesh 
size of 55.4 million cells.

Results

Flap Opening Angles
A simulation sweep was done for the entire range of combina-
tions of opening angles for the first and second flap, with a 
resolution of 5°. A total of 126 simulations were completed, 
with results for the relative rear wing drag, downforce, effi-
ciency, and front aerodynamic balance being shown in Table 
1, Table 2, Table 3, and Table 4 respectively. In order to aid in 
the filtering of configurations, the pitching moments about 
the pivot axis for flap 1 and flap 2 are considered, and are 
provided in Table 5 and Table 6 respectively.

For PBR20, positive pitching moments are required to 
close the flaps upon DRS deactivation, as the spring within 
the pneumatic piston is not strong enough for this task. As 
such, a negative moment at high speeds may overpower the 
spring and the mechanism will not begin to close at all. When 
looking at Table 5, it can be  seen that flap 1 experiences 
negative closing moments at opening angles of 30 and over, 
with the opening of flap 2 also having a negative effect on the 
flap 1 closing moment as it is no longer able to ’drive’ the flow 
behind flap 1.

When looking at Table 6, multiple strong patterns are 
observed. When the flap opening angles are equal ± 5°, the 
flap 2 closing moment is equivalent to, if not greater than 
the initial configuration. When flap 2 is opened less than 
flap 1, the flap 2 closing moment shows little influence from 
the opening angle of either flap. Finally, when flap 2 is 
opened more than flap 1, a strong decrease in the flap 2 

 FIGURE 10  Recommended mesh sizing

©
 S

A
E 

In
te

rn
at

io
na

l.

 FIGURE 11  Adapted refinement, 5 [mm] sizing
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 FIGURE 12  Adapted rear wing mesh
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TABLE 1 Drag relative to baseline [%]
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closing moment is observed as the angle of attack between 
the two flaps increases. In filtering the results based on the 
negative closing moments seen in these tables, Tables 1 
through 4 are shown with a bold line separating the disal-
lowed configurations. Table 7 shows the force coefficient for 
the overall closing moment of the system about flap 1, with 
disallowed configurations from this table being shown with 
parallel bold lines.

With the filtered results, Tables 1 through 3 may be used 
to determine the optimum configuration based on the criteria 
set by the team. When considering all simulations performed, 
a minimum drag of 13.6% was found at opening angles of 35° 
for flap 1 and 60° for flap 2. If the team is looking to minimize 
the drag or maximize the aerodynamic efficiency, an opening 
angle of 25° for flap 1 and 50° for flap 2 should be chosen. This 
configuration has an interesting standing within the results, 

TABLE 4 Front aerodynamic balance

TABLE 5 Flap 1 closing moment relative to baseline [%]

TABLE 6 Flap 2 closing moment relative to baseline [%]

TABLE 2 Downforce relative to baseline [%]

TABLE 3 Efficiency relative to baseline [%]
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as it has both the minimum drag and downforce within all of 
the allowed configurations, the maximum aerodynamic effi-
ciency within the entire data set, and is next to the transition 
line between positive closing moments and negative closing 
moments for each of the two flaps.

Further work would involve an second sweep around this 
configuration with higher resolution in flap opening angles 
to determine if these qualities always occur at the same point, 
or if they occur at similar but different points.

Flap-Endplate Gap Losses
A total of 10 flap-endplate gaps were simulated in addition to 
a zero-gap baseline case, with the results being shown in 
Figure 15. While a clean trend cannot be seen from the results, 

it can be seen that the existence of a flap-endplate gap only 
results in a minor performance loss, indicating that that the 
rear wing does not stall. Figure 13 shows a vector line integral 
convolution of the wall skin friction coefficient in vicinity of 
the flap-endplate gaps for the 2 [mm] case, and can be used to 
determine flow separation in this region. While no separation 
is observed, a streak of high skin friction coefficient with a 
large lateral component is observed. This streak can be attrib-
uted to a strong vortex created by the air leaking from the gap, 
as seen in Figure 14.

While the rear wing being simulated experienced toler-
able losses from even large flap-endplate gaps of 10 [mm], it 
cannot be said that this will hold true for other multi element 
configurations. For example, a more aggressive rear wing 
could potentially experience aerodynamic stall from a simi-
larly sized flap-endplate gap.

DRS Actuator Wake
Table 8 provides the absolute force coefficient for each rear 
wing component with and without the DRS actuator wake. 
The results show that the rear wing only experiences a 0.69% 
loss in downforce, and in-fact a 0.93% reduction in drag as 
well. An explanation for the drag reduction is that by the 
actuator wake reducing the total force produced by the wing, 
there comes enough of a reduction in induced drag to coun-
teract any drag from the DRS actuator.

Detached Eddy Simulation - 
DRS Deactivation
The downforce, drag, and aerodynamic balance response of 
the vehicle to the DRS closing is shown in Figures 18, 19, and 
20. Each plot shows a linear response, indicating that the flaps 
experience no leading edge separation or other breakdown in 
flow structure. An overshoot in lift, drag, and aerodynamic 
balance is seen at the starting and ending times of the DRS 

TABLE 7 Combined moment coefficient at flap 1 (Cm * A * 
1E3), [m2]

 FIGURE 13  Bottom view of flap 1 skin friction for 2 [mm] 
flap-endplate gap
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 FIGURE 14  Lambda2 vortex criterion for 2 [mm] 
flap-endplate gap
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actuation, which can be  attributed to the discontinuous 
velocity profile the flaps experience, resulting in infinite accel-
eration of the flaps at these times.

Due to the motion of the simulation geometry, time 
averaged statistics were not gathered for comparison to the 

stationary flap RANS solutions, and further simulation of the 
’f laps closed’ state of the car was not possible due to 
computational restrictions.

In examination of the convective CFL number along the 
symmetry plane, small groups of cells within the prism layers 
of the flaps had convective CFL numbers greater than 1. While 
this not ideal, the implicit second-order temporal scheme used 
does not have a strict requirement on convective CFL numbers. 
Since these areas of concern occur at the parts of the flap 
which leading edge separation would stem from (the primary 
concern for this simulation), simulations using smaller 
timesteps should be performed to ensure timestep indepen-
dence has been reached.

 FIGURE 15  Relative aerodynamic performance versus flap-
endplate gap width
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TABLE 8 Aerodynamic losses from DRS actuator wake

C_L*A C_D*A
No Linkage Linkage No Linkage Linkage

Mainfoil 0.7687 0.7644 
(-0.56%)

0.0699 0.0695 
(-0.57%)

Flap 1 0.2739 0.2715 
(-0.88%)

0.1604 0.1591 
(-0.81%)

Flap 2 0.115 0.1134 
(-1.39%)

0.1782 0.1755 
(-1.52%)

DRS 
Linkage

n/a 0.0001 n/a 0.0006

Overall 1.1575 1.1495 
(-0.69%)

0.4084 0.4046 
(-0.93%) ©
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 FIGURE 17  Lambda2 vortex criterion (λ2 = 0) before and 
after DRS actuation
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 FIGURE 18  Downforce response to DRS closing
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 FIGURE 16  Convective CFL number on symmetry plane
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Conclusions
Multiple aerodynamic studies were performed on the 
University of Manitoba Formula SAE Team’s PBR20 car with 
the aid of computational fluid dynamics. The design space 
defined by the opening angles of the first and second flap was 
characterised, with a single combination containing the 
minimum drag and minimum downforce within permittable 
opening angle combinations (determined by a positive closing 
moment), and maximum aerodynamic efficiency within all 

combinations. Losses in performance due to the existence of 
flap-endplate gaps and a DRS actuator wake were determined 
and found to be non-critical. Lastly, a detached eddy simula-
tion using moving overset meshes was used to determine the 
dynamic behaviour of the drag reduction system upon closing, 
which was found to respond with the same linear profile 
prescribed to the flap motion.
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 FIGURE 19  Drag response to DRS closing
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 FIGURE 20  Front aerodynamic balance response to 
DRS closing
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