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ABSTRACT

The performance of an F1 race car is greatly influenced by its
aerodynamics. Race teams try to improve the vehicle performance by
aiming for more levels of downforce. A huge amount of time is spent
in wind tunnel and track testing. Typical wind tunnel testing is carried
out in steady aerodynamic conditions and with car static
configurations. However, the ride heights of a car are continuously
changing in a race track because of many factors.

These are, for example, the roughness and undulations of the
track, braking, accelerations, direction changes, aerodynamic load
variations due to varying air speed and others. These factors may
induce movements on suspensions components (sprung and
unsprung masses) at different frequencies and may cause
aerodynamic fluctuations that vary tires grip. When the frequency of
the movement of a race car is high enough the steady aerodynamic
condition and the car static configurations are not fulfilled. Then,
transient effects appear and the dynamics of the system changes:
heave, pitch and roll transient movements of the sprung mass affect
both downforce and center of pressure position. The suspension
system have to cope with them, but in order for the suspension to be
effective, unsteady aerodynamics must be considered.

The main objective is to model the effects of unsteady
aerodynamics and know really the car dynamic, with the aim of
optimizing the suspension performance, improving tire grip and finally
reducing lap times.
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NOMENCLATURE

Am = Amplitude vibration (m).

f = Frequency vibration (Hz).

t = Time (s).

Uw = Air velocity (m/s).

ms = Sprung Mass (kg).

mu = Unsprung Mass (kg).

Ks = Spring constant sprung mass (N/m).

Ku = Spring constant unsprung mass (N/m).
Cs = Damper constant sprung mass (N/ms).
Cu = Damper constant unsprung mass (N/ms).
Y = Height in axis vertical (m).

faero = TF = Wing Transfer Function Aerodynamic.
I = Input Signal.

O = Output signal.

8 = Phase Angle.

dB = Decibels.

N = Number of points.

T = Signal vibration period (s).

Tp = Delay between two vibrations (s).

PI = Performance Index.

Setup = Set of car suspension values, masses and dimensions.

INTRODUCTION

There are many studies about the aero static or without aero
values; perhaps, there are some studies with transient aero in
vehicles and they effects; some papers about, work with CFD
techniques:
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In [1], study the change downforce depending on the height
above ground; in this case, it works on a simple profile placed close
to the ground, where the ground effect is very important. In [3],
study the influence on parts of a car vibrations caused by transient
aerodynamics. In paper [4], the downforce generated by a simple
motion profile heave and pitch for different frequencies is analyzed;
this study was performed from CFD studies and wind tunnel tests;
the results are compared with model results Theodorsen. In paper
[19], study the downforce variation for profile (Naca 0012) between -
50 and 139 in wind tunnel; the aerodynamic values are static. In
[30], study the downforce with aerodynamic transient of Ahmed
Body, front pitch position. In [14], analyze the effects of transient
aerodynamic forces in car stability are studied. Joint simulations CFD
and test in wind tunnels, show that the aerodynamic effect is
transient and reduces the pitching resonance frequency of the sprung
mass vehicle. One of the phenomena studied is the "porpoising"
effect that makes the vehicle suffer pitch oscillations of great
amplitude, which affect vehicle dynamics in a nonlinear way.

Also, there are studies about active suspension in cars or
control of flight in planes, in order to improve the comfort of
passengers or vehicle behavior; for that, define and analyze some
performances index (PI):
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In [5], a magneto-rheological suspension is applied to improve
the suspension of a bicycle model of a vehicle; no aerodynamic
values are used and PI is defined to achieve optimization. In [18],
study the influence of transient aerodynamics in the fast and high
amplitude of small wing movement is studied. The idea is that the
aerodynamic models used for flight control, based on assumptions of
quasi-static conditions are valid for conventional aircraft. Also, it
examines the aerodynamic effects of an inverted wing ground effect
performing a vertical ("heave") sinusoidal movement at different
frequencies. In [22], improve behavior car from active control
surfaces in order to variate the ride control in sport cars; define a
new PI. In [23], define a PI for improving behavior car from active
and semiactive suspension. In [21], study a PI for improving car
passenger suspension and road holding. In [20], study the quarter
car optimization from active and semiactive suspension under random
road excitation; define PI. In [24] and [26], analyze the suspension
improve from inerters and hydraulic actuators; analyze the PI. In
[27], analyze the comfort with the aerodynamic controlled surfaces in
unsprung mass. In paper [7], analyze the influence of transient
aerodynamics in the fast and high amplitude of small wing movement
is studied. The idea is that the aerodynamic models used for flight
control, based on assumptions of quasi-static conditions are valid for
conventional aircraft. In [16], analyze the effect of tire damping on
the performance of vibration absorbers in an active suspension; use
Pi and transfer functions. In [11], study the PI for damper variable in
active suspension; 1 Hz to 100 Hz and quarter car model. In [17],
analyze the influence of transient aerodynamics in the fast and high
amplitude of small wing movement is studied. The idea is that the
aerodynamic models used for flight control, based on assumptions of
quasi-static conditions are valid for conventional aircraft. Also, it
examines the aerodynamic effects of an inverted wing ground effect
performing a vertical ("heave") sinusoidal movement at different
frequencies. In [10], analyze the PI of a car with suspension active
using quarter car model for different road profile. In [9], study the
suspension active applied in race cars. In [15], analyze one new PI
for improving dynamic vehicle.

Another’s studies, work about analysis post rig (a post test rig,
produce a known input signal or excitation and compare this signal
with the output signal may be the movement of the sprung and
unsprung mass; by this comparison, it is possible to optimize the
damper) or lap time, applied to cars; there are not aero transitory or
aerodynamic values in general:
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In [8], study 8 post rig 8 analysis without aero; the goal is
improve the damper for race cars. In [12], analyze the PI in a half car
model with engine, differential, etc. (full lap time). This study is
without aerodynamic values; in [28], improve the dynamic vehicle
analyzing PI without aerodynamic values.

In [25], analyze the influence of mass added in heave vibration
on object in water. Finally in [29] and [34], improve the vehicle
behavior from inters dampers (for that, define a PI) and stiffness or
pressure wheel and damper.

The structure and parts of this paper are:

Point 1: The geometry used for the CFD tests described; is
vibrated up - down geometry at different frequencies and amplitudes,
calculating the downforce that the profile generated against the
vertical position. The data is displayed as Lissajous curves. That is
the first step for aiming to know and understand what happens to the
downforce if the wing vibrates.

Point 2: Is explained the existing problem with nonlinear
dynamics and method to solve it: generating a transfer function (TF)
from a number of cycles or periods using as input data the tests in
point 1 is proposed. That TF will be the aero - function for using in
this paper.

Point 3: It described the two models will be used for test the
new procedure created in this paper: the quarter car model without
the intervention of aerodynamic forces and quarter car model in the
presence of TF aerodynamic generated in point 2.

Point 4: The basic objective is to compare real data with data
obtained from the procedure established in this paper; For this, a
"real" test is created from a CFD simulation; this simulation CFD
tested any vibration on the quarter car defined in point 3.

Point 5: In this essential point, it compare data from point 3
against data point 4; with that, will be possible to validate the new
procedure of this paper.

Point 6: To know whether or not improved suspension
parameters, a set of values defined whose mission is to quantify the
possible improvement; the first value quantifies the Bode plot, the
second quantized value variations in height (sprung and unsprung
mass) and the third value takes into account the tire contact patch.

Point 7: Finally, as mentioned objective is to optimize the setup
of a car; for it and to validate the procedure established in this paper,
the damper of the suspension of the quarter car model of point 3 is
optimized, obtaining different improved values, depending if it want
to improve the movement of the sprung mass or unsprung mass.

Point 8 and 9: Conclusions, future directions and references.
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1. COMPUTATIONAL SIMULATION
1.1. TEST GEOMETRY

The geometry (typical in wings cars competition but also in
sport cars) to study combine two profiles Naca 4612 (Fig.1)

composite:

The measures are:

21 mm

Fig.1 Measures composition Profiles Naca.

The incidence angle (5 degrees) of the geometry tested is (Fig.2);
this angle is typical for cars low downforce:
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Fig.2: Incidence angle geometry.

The span (perpendicular to profile) is 1500 mm (Fig.3):
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Fig.3: Span wing

1.2. SIMULATION CONDITIONS

First fixed geometry allowed to air flow stabilizes; this happens
by 0.11 seconds; once the flow has stabilized, the geometry is
vibrated up and down (direction “y”), perpendicular flow direction.

The movement can vary in amplitude (Am in “m”) and
frequency (f in “"Hz") (Eq.1):

y(t): Am 'Sin(f (t _011)) Eqg.1: Amplitude input

signal.

Wind Dinection q.—k___u__:__,_.--'

vit) 20 NN
ARV ARV AV
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The frequencies chosen for the simulations are:1Hz, 3Hz, 5Hz,
8Hz, 10Hz, 11Hz, 13Hz,15Hz, 18Hz, 20Hz, 23Hz, 25Hz, 28Hz, 30Hz,
33Hz, 35Hz, 38Hz, 40Hz, 66Hz, 80Hz, 100HZz, 500HZz and 800Hz, with
allows for a complete study of the behavior of the profile in a large
frequency range and specially all the most important frequencies in
relation to the vibrations of a vehicle (not covered so far in the
literature); ); the amplitude has been chosen from the next Table 1
for all frequencies:

Hz Am (mm} Hz Am (mm)
20,00000 25,00000 2,00000
3 15,00000 28,00000 2,00000
1200000 30,00000 2,00000
8 6, 00000 33,00000 2,00000
10 3,00000 35,00000 2,00000
11 3,00000 38,00000 1,00000
13 3,00000 40,00000 1,00000
15 3,00000 6600000 1,00000
18 3,00000 80,00000 0,50000
20 2,00000 100,00000 0,40000
23 2,00000 500,00000 0,20000

800,00000 0,1

Table 1: Amplitude against frequencies.

The software CFD used is Star CCM+ V.9.02-007 (Company:
CD-Adapco), resolving the Navier Stokess equations [33]; the
values of the simulation are (mesh and programation):

About the mesh (Fig.4 and Fig.5):

Mesh model = Morphing mesh; Growth Rate = 1.01 (same mesh
density in all wind tunnel); Base size = 0.1m; Size minimum in wings
= 0.0005m; Size target in wings = 0.001m; Number layers in
boundary layer = 10; Stretching factor boundary layer = 1.1
(thickness proportion between two layers together); Thickness first
layer boundary layer = 6*10°m; Courant Friedrich Levy (CFL)
number = 1; all these values providing the best possible precision
[32].
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Fig.4: General mesh.

Fig.5: Detail mesh with boundary layer.

About the programation: U = 50 m/s (reference speed as
medium speed, in race cars); Temperature air = 20°C; Atmospheric
pressure = 1012 mbar; Phisics models equations = Navier Stokess
equations; Turbulence model = K-Epsilon [31].

1.3. RESULTS

In order to show some results (Fig.6, 7, 8, 9, 10, 11 and 12), it
can plot the downforce against the position of the first period (up -
down); if going up geometry shown in red, else in blue. This plot is
named Lissajous curve.
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Fig.10: 80Hz
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Fig.12:

It can see that the downforce quantity is not symmetrical up-
down, so the profile is not symmetrical too.

1.4. GEOMETRY LISSAJOUS STUDY

In order to know what is Lissajous curves variation, in function
of input amplitude and frequencies, it show the next curves:

Fig.13-33Hz Frequency: Amplitudes: 1mm, 2mm, 4mm and
6émm, Fig.14-66Hz Frequency: Amplitudes: 1mm, 2mm, 4mm and
6mm , Fig.15-99Hz Frequency: Amplitudes: 1mm, 2mm, 4mm and
6mm, Fig.16-1mm Amplitude: 33Hz, 66Hz and 99Hz , Fig,17-2mm
Amplitude: 33Hz, 66Hz and 99Hz, Fig.18-4mm Amplitude: 33Hz,
66Hz and 99Hz, Fig.19-6mm Amplitude: 33Hz, 66Hz and 99Hz:
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Fig.13: 33Hz: Amplitudes: 1mm, 2mm, 4mm and 6mm.
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Fig.14: 66Hz: Amplitudes: 1mm, 2mm, 4mm and 6mm.
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Fig.18: 4mm Amplitude: 33Hz, 66Hz and 99Hz.
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Fig.19: émm Amplitude: 33Hz, 66Hz and 99Hz.

Is possible to see that if the frequency or displacement is greater,
the downforce also is greater.

For the moment and in every frequency, show it only one period
(the first period full) (Fig.20):

-438

Downforce
(N ga3

062 0615 061 0605 06 0D5% 059 0585 058 0575
full first period.

But if it representing more periods, the geometry generated is
different (Fig.21, 22, 23, 25 and 25):
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The same representation with another frequencies and periods:
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Fig.22: 3Hz:
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Position (m)
Fig.25: 40HZ

Can now appreciate, many downforce values obtained for the
same position in height: the non-linearity is present; that is a
problem, because is not possible to create a Function Transfer
between all frequencies and downforce.

The most important is that the gain is always the same for one
frequency, not the phase:

2. TRANSIENT ANALYSIS

When the vehicle takes an irregularity, it is in the initial moment
when it reacts, hence want to use the "first" transient downforce
values; for this, the study will be based on Lissajous curve calculated
on average between the first two periods.

2.1. TRANSFER FUNCTION GENERATION

It work about the TF system generation between displacement-
input (frequencies) and downforce-output (Fig.26); that is the
objective:

20 AERODYNAMICS RESEARCH GROUP



Q

Input Output
— —

Fig.26: Input and output signal.

For that, is necessary creating the bode plot and from him,
generate the TF. About the generation Bode plot, first it show the
Gain (in decibels) versus Frequency (Fig.27) and the nomenclature:

A_out

Output
Output

1 U SR SO SN SR S

01
Time

Input
Fig.27: Representation Lissajous curve and geometry values.

The gain in dB is (Eq.2):
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Am(dB) = 20 I()g10

o
|

Eg.2: Gain in dB.

Show it the gain for every frequency (Table 1 and Fig.28):

A_out A_in
Hz (N) (mm) | Gain
1 8,20 20,00 -7,74
5 22,80 12,00 | 5,58
10 10,80 3,00 (11,13
25 14,70 2,00 (17,33
33 17,40 2,00 (18,79
38 9,60 1,00 |19,65
66 16,20 1,00 |24,19
500 94,00 0,20 |53,44
800 128,30 | 0,10 (62,16

Table 1: Gain against frequencies.
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Fig.28: Gain against frequencies.

guency [Hz)

About the delay or phase between input “I” and output “O0”

(Fig.29):

tp

T

Fig.29: Input and output delay.

The phase in degrees is (Eq.3):
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360tp

T Eqg.3: Phase in degrees.

o) =

Show it the delay or phase for every frequency (Table 2 and
Fig.30)):

Phase

Hz (®)
1 63,00
5 90,00
10 94,58
25 95,16
33 92,67
38 92,06
66 71,52
500 18,00
800 27,00

Table 2: Phase against frequencies.
Phase (2]

120

100
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[[=]

&0

40

20

~ AN
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N\

1 10 100 1000

Frequency (Hz)

Fig.30: Phase against frequencies.
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From this bode plot, is possible to calculate the TF.

It work with a Matlab tool (System Identification) in order to
calculate the Transfer Function (Estimated) from a values CFD.

It suppose that exist 4 Zeros and 4 Poles (Eq.4); so:
Fit to estimation data (Matlab tool): 99.96% (filter focus); FPE:
0.06247, MSE: 0.03224

10 2

—24450005" -11471(0' 5" +11081(0"'s" - 227410 s - 653610 "
g -20895 +5.418]1()'s +2.7661 (0 s—-3.68110"

Eqg.4: Transfer Function estimated, with 4 zeros and 4 poles.

The bode plot of Eq.4 is (Fig.31):
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Fig.31: Bode Plot Transfer Function (Eg.4) against points values from
CFD.

Working it with this Transfer Function, there is a problem: the
dynamic system evolution with this TF is not stable (Theorem Routh-

Hurwitz); that is because the poles and zeros are in semiplane right
(Fig.32):
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Fig.32: Localization poles and zeros TF:

In order to convert the TF in stable is necessary to translate
poles and zeros to semi plane negative (Fig.33); that process creates
a new Transfer Function (Eq.5); this process is made with Matlab
command directly:

Root Locus
4000 r T T T T

3000 - o R |

2000 - \ ]

1000 |- / -

-1000 - ]

Imaginary Axis (seconds™)

-2000 [~ b

-3000 -~ ]

-4000 : ; : ;
-10000 -8000 -6000 -4000 -2000 0 2000

Real Axis (seconds™)

Fig.33: New localization poles and zeros TF.
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24610005 " +15581 ()’ S +11921 (S +23191(0 S +61511Q "
S'+212510'S +1.4321(0’S " +3.0021 (0 "'S +3.6451(

Eq.5: New stable TF.

Now, the new Bode plot is (Fig.34); that Transfer Function is
stable:

30 ———— : ——

25 * CFD points .
TF stable

20 -

15

10

dB

120 ———————— ————rr

" .
1001 CFD points )

TF stable + *

80
2 Phase
60

40

20

107 10 Hz 10 10°

Fig.34: Bode Plot TF stable, with CFD points comparison.
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There is a little difference in phase (not important), not in gain.
That will be the TF for this article.
3. APPLICATION: Ya MODEL CAR

The principal goal now, is applied this procedure (TF aerodynamic)
into a car; for that and in the first step, is applied to quarter car
model. As we was say before, from this procedure it will be possible
to know the car behavior really; that is: with the aerodynamics
values transients.

3.1. TEST VALUES, CONDITIONS AND RESULTS WITHOUT

AERODYNAMIC

In this model the tire is represented with a spring (ku) and damper
(Cu); the suspension system as a spring (ks) and a damper (Cs);
sprung mass in the car is represented by "ms” and unsprung mass by
“my” (Fig.35):

Y

|,

% p———
O Vo VYA

Fig.35: Quarter car model.
Data values (Table 3):
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sprung Mass 32 Kg
Unsprung Mass S Kg
SPring Suspension 40000 N/m
Damper Suspension: 1600 N/ms
Spring Tyre 46000 N/m
Damper Tyre 0,2 N/ms

Table 3: Values test.

The tests consists in:

It applied one vertical (“y” direction) impulse as input (to
unsprung mass); the input (as a track) value is a signal of 400 N

while 2 milliseconds.

It works with a typical quarter model; the equations are (Eq.6):

m, ¥, +Cs(Y1 - y2)+ks(y1 - yz):O

m,y, +Cs(Y2 - y1)+Cu(y2 - y5)+ ks(yz - y1)+ ku(yz - yl): kuy3

EQ.6: Quarter car model without aerodynamics.
The goal is know the TF influence into quarter car model; so is
necessary to know the dynamic behavior quarter model without
transients aerodynamic; the values are (Fig.36 and 37):

Sprung mass vertical motion (Fig.36):

Sprung mass
0.5

0.4

0.3

0.2

0.1

0

displacement (mm)

-0.1

-0.2

-0.3
0

r r r r r r r r r r
01 02 03 04 05 06 07 08 09 1
time (s)

vertical motion

Fig.36: Sprung mass
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Unsprung mass vertical motion (Fig.37):

Unsprung mass
0.5 T T T T T T T T T T

0.4

0.3

0.2

0.1

displacement (mm)

-0.1

_02 r r r r r r r r r r
01 02 03 04 05 06 07 08 09 1
time (s)

Fig.37:
Unsprung mass vertical motion

This evolution will be the base for the comparison.

3.2. TEST VALUES AND MODEL WITH TRANSFER FUNCTION
AERODYNAMIC

Now, the quarter car model used, with aerodynamic transients
forces is (Fig.38):

- M Y
fuo | ] =

K 2 W

v s 1 U-

4 P R
m.

Y, &232.lc
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Fig.38: Quarter car model with aerodynamic transfer function.
The values are the same as point 3.1.

The equations are (Eq.7), with “faero” as a transfer function:

mSY1 +Cs(y1 - y2)+ ks(yl - yz):_faero
m, yz +Cs(Y2 o Y1)+Cu (yz o Ys)+ ks(yz o y1)+ ku(yz o yl): ku Y3

Eq.7: Equations quarter car model with aerodynamic transfer
function.

4. REAL TEST DESCRIPTION: RESULTS VALIDATION

The goal is validate the results with TF, against real test; but is
very complicate to have a “real” test in this case; in virtual wind
tunnel (CFD) that is possible; it considered this simulation, are the
results more realistic.

4.1. CFD “REAL" TEST VALUES

III

In order to avoid the “rea
simulations are performed:

Virtual Wind Tunnel test, the following

- Geometry (wings combination) as a sprung mass in model
Fig.38; the geometry to test is: (two profiles Naca 4612) ; is
the same geometry as point 1.1, but 400 mm of span
(Fig.39) and 21.1179 of angle incidence (Fig.40).

- Spring and damper, as a tire (among mass as unsprung
mass).

- Spring and damper as suspension (between sprung and
unsprung mass).

- Signal input by impulse (400 N while 2 milliseconds).

Fig.39: Span geometry.
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Fig.40. Incidence angle.

The tests consist in: it is the quarter model car on the road; is
applied as examples, a stream of air at 30, 50 and 69.4 m/s and is
observed that the suspension and tires deflect to an equilibrium
position in time; it is that time is applied an impulse as input; the
input value is a signal of 400 N in 2 milliseconds, when the initial
downforce is stabilized.

In these tests, there are two periods or zones so:
. Stabilization in position and downforce (Fig.41).
. Input sighal and system dynamic evolution (Fig.42).

o Q

oo

Zone "a

Unzprung Mass
—_ Sprung Mass

—_
—_—

N

Displacement (mm)

'
L

0 ' 1
Physical Time (s)
Fig.41: Stabilization period - 30 m/s
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D.
Unsprung Mass
Sprung Mass
-1
-2
¥
II
II
-
-3
-4

2 : 3
Physical Time (s)

Fig.42: Impulse period - 30 m/s

4.1. GRAPHICAL COMPARISON

The objective is to know the speed influence in the
dynamic evolution.

4.1.1.QUARTER CAR MODEL WITHOUT AERODYNAMICS
FORCES AGAINST QUARTER CAR MODEL IN VIRTUAL
WIND TUNNEL - LOW SPEED (30 m/s) WITH IMPULSE
400 N WHILE 2 MILLISECONDS

Show it the displacement of Sprung and Unsprung mass against
Time (Fig.43 and 44):
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displacement (mm)
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01 9
0.08 -
0.06 E
0.04 - 4
0.02. L ] ] I /A 1 -
0.25 03 0.35 04 0.45 0.5 0.55
time (s)

Fig.43: Displacement Sprung mass.
Detail of Fig.43
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displacement (mm)
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0.06

0.04

Unsprung mass

T T T T T T T T

Without Aerodynamics values
Wind tunnel values

03 04 05 06 07V 08 09 1
time (s)

Unsprung mass

Without Aerodynamics values
Wind tunnel values

022 024 026 028 03 032 034 036 038 04 042
time (s)

Fig.44: Displacement Unsprung mass
Detail of Fig.44
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For low speed, the differences between wind tunnel virtual
values and quarter car model, is little.

4.1.2.QUARTER CAR MODEL WITHOUT AERODYNAMICS
FORCES AGAINST QUARTER CAR MODEL IN VIRTUAL
WIND TUNNEL - MEDIUM SPEED (50 m/s) WITH
IMPULSE 400 N WHILE 2 MILLISECONDS

Show it the displacement of Sprung and Unsprung mass against
Time (Fig.45 and 46):

Sprung mass

0.5 . T T
04r
——— W ithout Aerodynamicsvalues
0.3F —— 0 ind tunnelvalues Bl

displacement (mm)

0 0.1 0.2 03 0.4 0.5 0.6
time (s)
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Unsprung mass

0.5 T . T
0.4
—— Without Aerodynamicsvalues
—0ind tunnelvalues

03
€
< o2}
[
]
E
i
& 01t
O
wn
=

0r
O1F
_D._E | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

Fig.45: Displacement Sprung mass. Fig.46: Displacement

Unsprung mass.

In this case, the differences are greater.

4.1.3.QUARTER CAR MODEL WITHOUT AERODYNAMICS
FORCES AGAINST QUARTER CAR MODEL IN VIRTUAL
WIND TUNNEL - HIGH SPEED (69.4 m/s) WITH IMPULSE
400 N WHILE 2 MILLISECONDS

Show it the displacement of Sprung and Unsprung mass against
Time (Fig.47 and 48):
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Fig.47: Displacement Unsprung mass. Fig.48:

Displacement Unsprung mass.
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Finally, the differences between wind tunnel virtual values and
quarter car model are big; that is normal: the aerodynamic is a big
damper.

5. VALIDATION MODEL ARTICLE: QUARTER CAR MODEL WITH
TRANSFER FUNCTION AGAINST QUARTER CAR MODEL IN VIRTUAL
WIND TUNNEL (REAL); GRAPHICAL COMPARISON

That is the principal objective and conclusion; to compare the
quarter car model wit and without aerodynamic TF.

If the difference is low, the procedure will be correct and
acceptable; for that, it work with a geometry model, with a new
configuration:

The same values as point 4, but another incidence angle
and span (Fig.49 and 50):

-
- —
-
-—— =

-
—————————————

Fig.49: Incidence angle.

Fig.50.
Span geometry.

The values in virtual wind tunnel, against quarter car without
aero and aero model Transfer Function, are (sprung and unsprung
mass) (Fig.51 and 52):
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— Without aerodynamic model

— With aerodynamic model
Data CFD-postrig M

Position (mm)

[ [ [ L [ [
0.2 0.4 0.6 0.8 1 1.2
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Fig.51: Displacement sprung, without aero, with aero and CFD test.

L L L L Wi‘thout aerodynamic mo‘del
— With aerodynamic model
04l Data CFD-postrig L
0.3~ -
0.2~ -
€
E
2 o1l- .
o
0~ /
4 o
0.1 -
02 [ [ [ [ [ r
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
Fig.52: Displacement unsprung, without aero, with aero and CFD
test.

Details of Fig.51 and 52 (Fig.53 and 54):
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Fig.53: Detail of Fig.51
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Time (s)
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Fig.54: Detail of Fig.52

0.6
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The difference between wind tunnel virtual values and quarter
car model with TF is very little; perhaps the difference between wind
tunnel virtual values and quarter car model without aerodynamics, is
big; all that is good for validating the new procedure and analysis.

The bode plot of quarter car model (sprung and unsprung
mass) is (Fig.55 and 56):

Frequency Response: Sprung Mass

-80 T T T T T T TTE T T T T T T TTE T T T T T TTTg T L L R
290 |- -
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& 120~ —
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-150 — -
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180 r r r r rrreerf r rr r rrrrf r rr r rrrecrk r rr r rrrref
0 3
-90 |~
=)
(3]
Z
()
7]
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R
o
-180 —
— Without aerodynamic model
With aerodynamic model
270 e==¢ r r r r rrrF T r r r rrrrf r r r r rrrrf r r r r rrrrf —

-1 0 1 2
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Frequency (Hz)

Fig.55: Sprung mass bode plot.
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Frequency Response: Unsprung Mass
80— T T T T ; R ; A - T T T T

-90 |~

-110 —
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-120 —
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-135 —

Without aerodynamic model
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T T T rrrf

I : . c o creck . S SIS S

-1 0 1 2
10 10 10 10

Frequency (Hz)

Fig.56: Unsprung mass bode plot.
It can see that the gain is lower, so the attenuation is
lower too.

-180 ==

6. NUMERIC COMPARISON: OPTIMIZING SUSPENSION:
PERFORMANCE INDEX

The goal is improve the suspension and so, the behavior car in
the track; in order to avoid that, needless to express a value for
improving:

- High Contact patch load.

- Constant contact patch load.

- Littles variations of sprung mass height; constant heights.
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In a race car, is very important the aerodynamic behavior; that
is; the parameters most important in a race car, are the pitch and the
ride height; so is very important that this parameters will be constant

(Fig.57):
Yaw@
S ol

Ride Height front Ride Height rear

Fig.57: Car freedom degrees / movements in every axes; Ride
heights.

For that, in a quarter car model, it is also important to maintain
the constant height of the sprung mass.

Show below a set of values Performances Index “PI”:

6.1. DEFINITION PI

This method is based on studying the Bode plot (Fig.58), and
so, minimize the resonance peak:
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Fig.58: Overshoot and bandwidth.

The Eq.8 is a first Performance Index definition:

OVERSHOOT
PI 1= BANDWIDTH Eq.8: Performance Index PI

In order to improve the unsprung mass behavior (to optimize
the contact patch load (so the grip) and maintain its constants), is
necessary to reduce the overshoot and augment the bandwidth (the
response will be quickly); the same for sprung mass; for that (Table
4):

ﬂ Increase Reduce \
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Unsprung mass Sprung mass
Overshoot | Bandwidth | Overshoot | Bandwidth

Tyre constant f /-' \ ﬂ
Suspension constant N f f f

Tyre Damper ;‘ / / /’-

Suspension damper /’

sprungmass |\ A 2

Table 4: What doing to reduce the PI

6.2. DEFINITION PI:

In order to improve the damper or suspension in general, also
exists a Performance Index (PI>) (EQ.9), including the body vertical
vibration acceleration, the suspension dynamic travel and the tire
vibration (N = number points):

o—2

Pl.= % q,(Y,— y3) +(, (Y~ yz) +(0, y

Eq.9: Definition PI>

The symbols g1, g2 and g3, represent the weight coefficients of
every variable, depending if the goal is improve the comfort passage
or have a sport driving. In this study, the principal goal is to reduce
the tire vibration and reduce the variation height of chassis in order
to have the aero constant, because the tire degradation will be less
and the downforce will be more constant; for that, q3=0. Another
parameter very important for improving the car behavior, is that the
contact patch between tire and track, always exist and with the
contact patch load greater possible.
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6.3. DEFINITION PI3

The contact load and so a good contact between track and tires,
depend the patch tire; the tire have a deformation in function of a lot
parameters:

- Pressure inflate.

- Load.

-  Geometry setup (camber, toe, tire dimensions, etc....).
- Speed rotation.

Is very important to know what this deformation is and so, the
contact patch and the contact patch load.

Let the area contact patch “Ac”; it possible to define the next
performance index PI3 in two forms (Eq.10 and 11):

Pll

P I 361 Eq.10: Performance Index PIs with PI;

Plz

P I 3 Eq.11: Performance Index PIs with PI,

In this way, is p055|ble to improve the damper behavior if PI3 is
lower.

7. APPLICATION REAL: IMPROVE SUSPENSION PARAMETERS

It work about values from Table 3; the goal is improve the setup;
from a damper and spring suspension data, it tested a values
between 150% up and 50'% down; that is: from 1600 N/ms
(damper), it tested values between 2400 N/ms and 800 N/ms; the
same with spring.

7.1. PIy
For the base setup (Table 3), the bode plot is: (Fig.59):
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Fig.59: Bode Plot setup base from Table 3, to improve.

The blue color mean that the PI; is lower; red is greater; it show
the performance index for sprung and unsprung mass (Fig.60 and

61):
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Fig.60: PI; Sprung mass.
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Fig.61: PI; Unsprung mass.

Showing the results, is possible to improve the damper and
spring:

The both zones blue is around spring value 30.000 N/m and
Damper value 800 N/ms; improve both values, is complicate because
areas blue are not the same. So is necessary as always, a
compromise between damper and spring.

7.2. PI»

In this case, it work about improve the suspension parameters
(only damper) for a step; it work with 1 track irregularity-step
(Fig.62):

Fig.62: Step test profile.

Test values:

a= 0.01 m, and Speed= 50 m/s; the quarter car values are
Table 3.

The test interval for improving the suspension damper is (800
N/ms, 2400 N/ms). It will work also, with the contact path and the
contact patch load; in order to calculate the contact or not of a tire, if
the tire deflection (spring tire) is greater than initial tire thickness,
there is not contact; that is the contact condition. The results are
(Table 4):
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Performace Index - Plz
Sprung Mass | Unsprung Mass|  Full
Damper Suspension
200 Nfms 220,1942 145,4842 187,3302
1000 N/ms 2025659 136,0461 169,3060
1200 N/ms 185,9747 132,0770 159,0259
1400 N/ms 175,9793 131,7860 153,8830
1600 N/ms 170,6357 134,0474 152,3416
1800 N/ms 168,7428 138,1440 153,4434
2000 N/ms 169,4451 143,5712 156,5082
2200 N/ms 172,0971 149,9598 161,0285
2400 N/ms 176,1739 157,0183 166,5961

Table 4: PI> with aerodynamic TF, and different Damper suspension.
Representing in lines Fig.63:

240

220 \

200 \

Bl \ x‘\ =—=5Sprung Mass

\ — L — =—r=Llnspung Mass
160 T Full

U _",...-"
140 1 ..:"""f
—
Damper Suspension MN/ms
120
750 1250 1750 2250

Fig.63: Lines of PI> (Table 4).

There are some thinks very important about:

- The damper optimum for sprung mass is around 1760 N/ms.
This value is ideal in car with big aerodynamic influence:
Formula 1 for example.

- The damper optimum for unsprung mass is around 1300 N/ms;
that value is ideal in car with aerodynamic not very important:
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rally car for example. Also, there will be a high conservation of
tires.

- The damper optimum for full suspension is around 1530 N/ms.

- For 2400 N/ms there is the bigger contact patch load.

These conclusions about the PI; results, are very important
because is possible already to know really the car behavior and so,
improve exactly the damper or suspension parameters in general.

8. ACKNOWLEDGEMENTS

The author would like to acknowledge the support of my family.

9. CONCLUSIONS AND FUTURE DIRECTIONS

In this paper presents the study of the influence of a double wing
profile in the dynamic behavior of a model of a quarter of a vehicle
suspension. First, there have been experiments virtual wind tunnel
(using techniques CFD), to obtain a transfer function of the double
profile representing the behavioral model of downforce when the wing
varies its vertical position (movement heave).

To obtain have introduced different position sinusoidal signhals at
different frequencies and there have been variations in the amplitude
and phase shift downforce.

Simulations with different amplitudes of position shows that the
transfer function is unchanged if the first cycle of the sinusoidal signal
over time is taken. However, when registering more than one cycle of
the sinusoidal signal a shift in the time position of the gap between
observed and downforce for any frequency. In the module variations
are observed.

This illustrates the nonlinear nature of the system. In order to
simplify the study of the problem applied to the dynamic model of a
quarter vehicle suspension, it has chosen to use a transfer function of
the aerodynamics of the double profile built considering the first cycle
of the sinusoidal signal in time.
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When the behavior of a model of a quarter of a vehicle suspension
are compared with and without the double transfer function profile
shows that the airfoil has an effect of reducing the amplitude of the
temporal fluctuations and a slight reduction in speed of these
oscillations. From the viewpoint of frequency response results in a
lower resonance peak and a slight reduction in bandwidth of both the
sprung mass and the unsprung. This entails taking into account the
aerodynamic model if it is to optimize the behavior of the suspension.
Simulations for optimizing suspension performance by applying
different rates of return show that the results are different as note or
aerodynamic model. In addition, it is noted that in any case has to
reach a compromise between the behavior of the sprung mass and
the unsprung.

In the future it is expected to deepen in several respects. For one,
it will be a more detailed phase variations of the transfer function
study aerodynamics are taken into account when more than one time
cycle sinusoidal position signal. Furthermore, we will study how the
effect soil affects the aerodynamic transfer function different profiles.
The ultimate goal is to study the effects of aerodynamics on a model
of bike and full car model; in these cases, will be necessary study the
pitch and heave variations.

Finally, another application will be improve the comfort of
passengers in bus, or vehicle transport in general.
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