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Abstract

The continuous evolution in the automotive world demands a parallel evolution in the facilities

and in the measuring techniques. The paper describes the evolution of the automotive wind tunnel in

Pininfarina as well as the progress made in parallel to its measuring techniques. Eventually, the paper

reports examples of the measurements made with these techniques during the aerodynamic and

aeroacoustic development of new cars.
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1. Introduction

The evolution of passenger cars, in the last years, has been extremely fast because of
increased competition between the car companies. In order to cope with this evolution, a
continuous improvement of the testing facility and of the measuring techniques is
necessary. In fact the technical requirements for the new car models are usually more and
more stringent, in any case never lower than the previous ones. Furthermore, the available
time for the development tends to be more and more reduced, in order to reach a shorter
time-to-market.

In addition to all that, also the number of prototypes which are available for the tests
during the development phase, tends to be reduced for cost reasons. To fulfill all these
different requirements, it is necessary to develop new measuring techniques that are
capable of investigating and understanding, in a short time, the aerodynamic and the
see front matter r 2008 Published by Elsevier Ltd.
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aeroacoustic flow field in every detail. In this way it is possible to find the most appropriate
solutions and to fix the problems that are found during the development. At the same time,
it is fundamental to improve the testing facility, where the development is carried out, so as
to make it as close as possible to the road. This means that the flow conditions in the test
section have to be as representative as possible to those existing on the road.
All that to prevent the development of solutions that could be optimal in the wind tunnel

but less effective on the road: that would involve additional costs without giving real
benefits.
Keeping in mind all that, the strategy of Pininfarina has continuously been focused

towards these two main targets:
(a)
 improvement of the measuring techniques

(b)
 upgrading the facility performance
In the first case, new measuring techniques were developed so as to be able to investigate
in a short time the details of the aerodynamic and aeroacoustic flow field.
In the second case, a number of modifications were carried out to the facility in order to:
�
 reduce the ambient noise to improve aeroacoustic measurements.

�
 simulate in the wind tunnel the relative motion between the car and the ground, as well

as the rotation of the car wheels and that is necessary to improve the flow simulation
along the underbody, in the wheels/wheelhousings areas and more generally in most of
the car flow field.

�
 generate, when needed, a suitable turbulent flow so as to reproduce the conditions that a

car finds on the road in the presence of ambient wind.

All these aspects are described in detail in the following paragraphs. More details can be
found in some papers that deal specifically with these topics and that are listed in the
references.
It is worth outlining that some improvements made to the measuring techniques are

dependent on the upgrades carried out to the flow simulation in the wind tunnel. In
particular the turbulence generation system (TGS) produces a flow condition that is
unsteady and therefore time dependent. So, to investigate in an appropriate way these
flows, it is necessary to use more advanced measuring techniques that are able to make
time-resolved measurements. See Sections 3.4, 3.5 and 3.7 as examples of techniques that
are appropriate to investigate unsteady flows.

2. Facility upgrading

Construction of the Pininfarina full-scale automotive wind tunnel was over in 1972 and,
after a period of commissioning, was put into operation in 1973. It was the first in Italy and
one of the first in Europe. Its performance, compared to present day standards, is certainly
poor. At that time, it was common practice to carry out the tests with ground fixed and
wheels static.
Furthermore, it was accepted that the ambient noise in the wind tunnel was pretty high,

as the aeroacoustic noise of passenger cars was not yet an issue (Fig. 1).
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Fig. 1. A view of the original wind tunnel, as built in 1972. Typical features, the high-noise fan, the static ground

and the absence of acoustic treatment on the plenum walls.

Fig. 2. (a) First major improvements made in 1985 to reduce the ambient noise. A new more silent fan-drive

system and acoustic treatment to the plenum walls.
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In the course of the following years the wind tunnel has been progressively improved in a
number of different aspects, year after year, with continuous important investments. The
main ones are in the following.

2.1. Aeroacoustics

As mentioned before the original fan-drive system was quite noisy.
The first important improvement was carried out in 1985 by replacing the fan-drive

system with to the state-of-art one of that period (Fig. 2a).
At the same time an acoustic treatment was carried out on the plenum as well as to some

parts of the aerodynamic circuit.
In the years 1996–1999 a further more important improvement was made (Cogotti,

1997) by installing, (Fig. 2b):
�
 a new low noise fan-drive system. The new fan has 29 blades and turns at low rpm,

�
 a new nose cone aerodynamically shaped and acoustically treated,

�
 eleven guide vanes in front of the fan to absorb the noise, and 40 guide vanes behind the

fan to improve the efficiency of the fan-drive system.
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Fig. 2. (b) 1996–1999. The latest improvements to reduce the ambient noise. A new 29 blade fan, collector and

nose cone as well as an improvement of the overall acoustic treatment.
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Fig. 2. (c) Noise spectra in the test section, outside the jet, at V ¼ 100 and 140 km/h, after the various

modifications.
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The collector and the diffuser were rebuilt so as to absorb as much as possible the
remaining fan noise.
As a result of this modification, the noise in the test section was strongly reduced, by

about 20 dB at the low frequencies and 10 dB at the mid-high frequencies (see Fig. 2c the
spectrum for the year 1999).
Following some further minor improvements, the overall SPL was further reduced to

71 dBA at V ¼ 100K/h and 80 dBA at V ¼ 140K/h (out-of-flow) (values for the years
2001–2003).
In this condition, the car noise is easily measurable both inside the car (by acoustic

heads) and outside (by two ellipsoidal acoustic mirrors, installed on the plenum walls), Fig.
3a.
The acoustic map in Fig. 3b is an example of a measurement made by the acoustic

mirror. The noise generated by the rear view mirror and by the aerial on the roof is easily
detectable. The same technique can be used to check the noise generated by high-speed
trains or, in wind engineering, by cables (of bridges, electric lines, slender structures),
wind barriers, etc., that can have an impact on the environment. As an example,
Fig. 3c shows tests made on ‘Insulators Strings’ of electric lines. At low wind speed
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Fig. 3. (a) Acoustic heads to measure the noise inside the car and ellipsoid acoustic mirror and its traversing

system on the test section wall.

Fig. 3. (b) Acoustic sources on the car surface measured by the acoustic mirror, in particular the rear view mirror

and the aerial.
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(14–22m/s ¼ 50–80 km/h) the aerodynamic noise reached values up to 92 dBA at
frequencies in the range of 500–750Hz. The impact on the environment was unacceptable.

This noise was then reduced by an appropriate selection of the insulator shape and size.

2.2. Ground effect simulation

About 10 years ago, Pininfarina decided to improve the simulation of the flow under the
cars, by integrating a new ‘Ground Effect Simulation System’ (GESS) into the balance. At
that time, as a result of a research program carried out at the end of the 1980s (Vernacchia,
1990), Pininfarina presented, in 1990, the low-drag car (Cd ¼ 0.19), shown in Fig. 4a.
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Fig. 4. (a) The CNR low drag model and (b) its micro-drag map.

Fig. 3. (c) Aeroacoustic tests on isolators of electric lines to reduce the aerodynamic noise and its environment

impact.
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The result was excellent, considering that this low-drag car was based on the mechanics of
a production car having a Cd ¼ 0.35. However, the analysis of its flow field showed that
most of the drag was generated by the car underbody and by the wheels and wheel-housing
areas (Fig. 4b). Any further work aiming at a further reduction of the Cd value had to be
made in that area. However, the flow field under the car, at that time, did not correspond
to that on the road, as the ground motion and the wheel rotation were not properly
simulated in the wind tunnel. Therefore, any optimization of the underbody made in the
wind tunnel was unlikely to be the optimum for the road. This conclusion brought to the
decision in 1992, to install in the wind tunnel a ‘moving ground system’ of some type, as a
necessary pre-condition for being able in the future, to carry out a ‘real’ optimization of
the car underbody.
Starting from these considerations regarding car aerodynamics, the wind tunnel was

heavily modified in 1995.
An innovative system of moving ground was integrated into the aerodynamic balance

(Cogotti, 1995,1998a,1999) and equipped with additional systems shown in Fig. 5:
(a) to rotate the car wheels (by rollers integrated into small pads),
(b) to reduce the boundary layer on the areas of the floor not covered by the moving

ground, by means of three sub-systems (BSS ¼ Basic Suction System, TB ¼ Tangential
Blowing, DSS ¼ Distributed Suction System),
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Fig. 5. The ground effect simulation system. The moving ground, the rollers, the suction and blowing sub-

systems, the car supports and the car lifters.
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(c) to support the car through the rockers by means of 4 slender cylindrical struts; the strut
heights are computer-controlled to easily change the car standing heights and any
combination of pitch, roll and yaw (this last by rotating the balance) can be obtained
continuously, without stopping the wind tunnel, and that saves a large amount of testing time,

(d) to lift the car over the balance in about 3000, to give the possibility of work on the
shields, dams, deflectors and the other add-on parts that are used to improve the
aerodynamics of the car underbody.

This system has provided a fundamental improvement in the wind tunnel simulation of
the road condition.

A correct simulation of the flow along the car underbody is important:
�
 first of all to improve the underbody itself,

�
 second, because the underbody and the adjacent areas are often the only areas that can

be modified without changing the car styling,

�
 third, because the correct flow along the underbody interferes with the car wake, usually

reduces its longitudinal slope, and therefore changes the optimum shape and size of, for
instance, the spoiler over the backlight.

The wheel rotation is very important too. In the case of front wheels:
�
 The wheel upper part is moving against the wind, therefore the relative velocity is twice
the test velocity. That significantly changes the flow field in the case of isolated wheels,
and that is well known. See for instance the flow difference behind the wheel as well as
at H ¼ 20mm over the ground in the 2 conditions of belt/static and rotating wheels, in
Fig. 6a from Cogotti (2001). However the flow field change is important for the wheels
of the passenger cars too. The flow maps in Fig. 6b are an example of the different
separation areas that can be expected on the upper part of a car front wheel housing, in
the two conditions of static and rotating wheels.

�
 The wheel’s lower part is moving in the flow direction. Its relative velocity is ‘zero’ at

ground level, and it progressively increases with the height over the ground. As a result
of that, the angle of the flow approaching the wheel is lower, the wheel wake is different
(smaller and more aligned with the main flow), see Fig. 6c and mainly the optimum
design of the dam in front of the front wheels is different too.
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Fig. 6. (a) Isolated wheel: (A) static ground and wheel, (B) moving ground and rotating wheel total pressures

100mm behind the wheel and velocities 20mm over the ground. (1) Base WT Gess off, (2) Base WT+Gess on, (3)

WT+Gess on+TGS.
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In the case of the rear wheels:
�
 The effect of dams in front of rear wheels is greatly reduced by the wheel rotation. Nine
years of tests have clearly shown that there is often no drag reduction due to these rear
wheel dams, which were very common when tests were made with static wheels.

�
 The rear wheel rotation energizes to some extent the wake. That reduces the drag and

may change the rear lift. The amount of this effect is quite variable, it depends on a large
number of factors, as the rear overhang, the type of wake, the quality of the flow
approaching the rear wheel, the car ground clearance etc.

�
 The rear wheel rotation is furthermore important to check the behavior of the exhaust

gases, Fig. 24, as well as of the flow pattern that is responsible of the backlight soiling,
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Fig. 6. (b) Pressure and velocity maps behind the left front wheel, in 3 different flow conditions: (1) base WT Gess

off, (2) Base WT+Gess on, (3) WT+Gess on+TGS.

Fig. 6. (c) Pressure and velocity maps under the car underbody, in 3 different flow conditions: (1) base WT Gess

off (2) Base WT+Gess on (3) WT+Gess on+TGS.
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Fig. 25. In conclusion, it is not surprising that a growing number of aerodynamic tests is
made by using a moving ground and rotating wheels to achieve a better simulation of
the road conditions.
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2.3. The new turbulence generation system (TGS)
As already presented in the SAE papers 2003-01-0430 (Cogotti, 2003a) and 2004-01-
0807 (Cogotti, 2004), Pininfarina started at the end of 1998, a 3-year research program
aimed at:
�
 defining which type of turbulent flow has to be simulated in the wind tunnel,

�
 designing a TGS that can produce a flow of controlled turbulence intensity and integral

length scale close to the one previously defined,

�
 developing and setting up new measuring techniques to investigate various aspects,

specific of turbulent flows.

In summary, the key-points for the design of the TGS, derived from previous works of
J. Saunders, K. Cooper, J. Howell, S. Watkins, et al. (Cogotti, 2002, 2003b, c; Cooper,
1989, 1991; Saunders et al., 1985; Watkins et al., 1992; Saunders and Watkins, 1993;
Watkins and Saunders, 1995, 1998; Saunders and Mansour, 2000; Gilhome et al., 2001;
Gilhome and Saunders, 2002; Macklin et al., 1997; Howell, 2000; Széchényi, 2000), are the
following ones. Most of the time, vehicles are moving on the road in the presence of
turbulent flows. This turbulence is due to two main sources:
�
 ambient wind, often in the presence of roadside obstacles,

�
 other vehicles moving on the road, ahead or at the side,

�
 a combination of the two above-mentioned factors.
As a first step, Pininfarina decided that the project had to deal with the first of these two
sources, i.e. the simulation of the ambient wind turbulence only. In this case:
�
 The turbulent flows that are of interest for passenger cars, are those very close to the
ground, from h ¼ 0 to 1–2m (maximum). The stagnation point on the car front end is
typically at h ¼ 0.5m, and the car flow field is mainly dependent on the flow at this point.

�
 The presence of roadside obstacles is important too, as it increases the lateral

component of the turbulence intensity, as shown in Watkins and Saunders (1995).

�
 Furthermore, for most of the driving time, the wind is a ‘light wind’ with velocities of

3–5m/s and a ¼ 0.16–0.20. Its turbulence intensity ranges from 10% to 35% (Cooper;
Watkins and Saunders, 1998). The turbulent flow associated with this light wind is
statistically the most common and therefore important.

�
 Eventually, this ambient wind has to be combined with the car velocity. The resultant

velocity, its turbulence intensity, TLS, etc. is what we have to simulate in the wind
tunnel (Fig. 7).

In conclusion, following the measurements made on the road by various authors as well
as some numerical simulation made to estimate the effect of the roadside obstacles, it was
decided that the flow to be reproduced in the wind tunnel has to present these
characteristics:
�
 power law exponent a in the range 0.16–0.20,

�
 total turbulence intensity in the range (I ¼ ) 2–7%,
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Fig. 7. Resultant velocity Vres ¼ Vwt is a function of Vcar, yaw angle b and Vwind.
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Iu/Iv in the range 0.7–4,
Iu in the range 2–6%,
Iv in the range 2–10%.
Furthermore, the following main requirements were stated at the start of the project:
�
 The Turbulence Generator System must generate a flow having a velocity profile and
turbulence intensity that falls in the ranges listed before.

�
 The TGS must be easily inserted in (and removed from) the nozzle. That is important to

keep the possibility of testing in the low-turbulence flow of the base wind tunnel and,
immediately after, to be able to test the same car configuration in a condition of a high
turbulent flow.

To do that it was necessary to dig under the nozzle to create a large basement (Fig. 8)
where parking:
�
 the Turbulence Generators when not in use, and

�
 the Lifters that bring (and remove) the TGS into the nozzle in a short time.
The ceiling of this basement is now the new floor of the nozzle.
1.
 The Turbulence Generators must be remotely controlled by the wind tunnel control
room. Their control system must be flexible so as to have the possibility of exploring
various possible ways of operation (i.e. various flapping frequencies, Turb. Generators
in-Phase (InP) or Out-of-Phase (OoP), etc.). A number of prototypes, static and actively
controlled, different in number, shape, height were tested. Fig. 9a shows the 5 final
prototypes tested in 2002 (Cogotti, 2002, 2003a–c, 2004). Each one has a couple of
vertical flaps or ‘wings’ made of wood. The inner angle between the flaps is controlled
by motors. The flaps can be kept static at a pre-selected angle. Alternatively an active
control system can generate a ‘flapping’ motion at a pre-selected frequency or at a
combination of frequencies. The flapping motion is important in particular to generate
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Fig. 8. New basement for the TGS.
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Fig. 9. (a) Final prototypes of the turbulence generators.

Fig. 9. (b) some views of the final TGS in operation since January 2003.
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a turbulence intensity lateral component greater than the longitudinal component, and
a TLS in the order of 1m or more.
Fig. 9b shows the final system, in operation since January 2003. The 5 final turbulence
generators have flaps made of carbon fiber to achieve a higher flapping frequency (up to
1Hz). They are usually parked under the nozzle. Being installed on lifters, when needed,
they can be raised into the nozzle in a short time (about 103000). They can be removed
and parked again, in the same short time. This way the TGS can be easily used in
addition to the standard low-turbulence tests, not instead of them, to check
aerodynamics and aeroacoustics of the new car models, when necessary, in conditions
of a turbulent flow too. Depending on the mode of operation of the 5 TGs, the flow has
characteristics in the following range:
2.
 log law of the wall velocity profile, a�0.16–0.24.

3.
 turbulence intensity I up to 7–8% [0.3–0.7%].

4.
 Iv/Iu�1.3–1.4

5.
 TLS up to 1.0–2.0m [o0.1m ? ].

The values in brackets [ ] are the values of the base wind tunnel, without TGS.
Possible modes of operation include:
1.
 TGs static, with flaps open at different angles, from 151 to 451, mode 1.

2.
 TGs flapping at a constant frequency, from 0 to 1Hz, in-phase, mode 2a, or out-of-

phase, mode 2b.

3.
 TGs flapping at a continuously varying frequency, from a min. to a max, within periods

that vary according to various possible laws, so as to achieve a ‘pseudo-random’
behavior. Again the 5 TGs can flap in-phase, mode 3a, or out-of-phase, mode 3b. The
mode 3b is the one that is used at present to simulate the turbulence generated by a light
wind.

New modes of operation are under investigation as explained later.
Each mode of operation generates a flow having different characteristics of velocity

distribution and turbulence. They are summarized in Table 1. Mode of operation 1
( ¼ TGs static at a given angle of aperture of the flaps) can be used
�
 to check the car response in the condition of low turbulence (I ¼ 3.9%, TLS ¼ 0.17m)
when the angle of the flaps is kept to the minimum, or (I ¼ 5.9%, TLS ¼ 0.18m) when
the angle of the flaps is kept to the parking position.

�
 to check the car response in the condition of higher turbulence (I ¼ 10.2%,

TLS ¼ 0.29m) and mainly in the presence of 2 large vortices that appear in the flow,
when the angle of the flaps is large (Fig. 10a). These vortices are similar to those shed by
a down-lifting car, like a racing car. They induce on the car in the test section a strong
front lift. It could be used to check the behavior of a racing car in the wake of another
racing car.

The mode of operation 2 ( ¼ 5 TGs flapping at a given frequency) can be used to check
the car response to that specific frequency. A possible flapping frequency (0.2Hz) is easily
visible in the PSD, see Fig. 11a.
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Table 1

Summary of the flow turbulence characteristics corresponding to the various modes of operation

TGs mode X (m) Y (m) H (m) I % Iu % Iv % Iv/Iu TLS (m)

3b-random Out of phase Bal. center 0 0.5 7.5 5.8 7.9 1.35 0.68

3b-random Out of phase Bal. center �1 0.5 6.0 5.0 6.3 1.27 0.53

3b-random Out of phase �2.5 0 0.5 8.0 5.8 8.7 1.50 0.61

3a-pseudo-random In phase Bal. center 0 0.5 7.8 5.8 7.6 1.31 1.53

2–0.2Hz In phase Bal. center 0 0.5 8.0 6.0 7.7 1.29 2.56

1 Flap angle ¼ minimum Bal. center 0 0.5 3.9 3.0 4.3 1.43 0.17

1 Flap angle ¼ lift Bal. center 0 0.5 5.9 4.7 6.7 1.42 0.18

1 Flap angle ¼ minimum Bal center 0 0.5 10.2 7.7 10.4 1.53 0.29

Fig. 10. (a) TGS setup that generates up-wash and (b) TGS setup that generates down-wash.
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�
 The turbulence intensity at h ¼ 0.5m, x ¼ bal. center, y ¼ 0 is I ¼ 8.0%, Iu ¼ 6.0%,
Iv ¼ 7.7%, Iv/Iu ¼ 1.29.

�
 The integral scale of the turbulence TLS ¼ 2.56m (autocorrelation method).
Mode 2 could be used, in principle, in wind engineering too, to check the response of a
building (or a bridge, etc.) to a flow periodically varying at a constant frequency chosen in
the range 0.01–1.00Hz. Considering the size of the wind tunnel open jet (11m2) the scale
model could have a frontal area up to 2.5–3.0m2, depending on the shape of the model.
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Fig. 11. (a) Power spectral density for the 0.2Hz flapping mode, versus the base wind tunnel.

Fig. 11. (b) Power spectral density for 2 TGS setups versus the base wind tunnel.
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The mode of operation 3a ( ¼ 5 TGs in-phase) generates more turbulence and a larger
TLS , see ‘setup 2’ in Fig. 11b:
�
 The turbulence intensity at h ¼ 0.5m, x ¼ bal. center, y ¼ 0 is I ¼ 7.8%, Iu ¼ 5.8%,
Iv ¼ 7.6%, Iv/Iu ¼ 1.31.

�
 The integral scale of the turbulence TLS ¼ 1.53m (autocorrelation method).

The mode of operation 3b ( ¼ 5 TGs out-of-phase) that at present is considered the best
to simulate the turbulence generated by a light wind, has the following characteristics:
�
 The TGs flap out of phase, at a frequency varying from 0.1 to 0.75Hz in a period
varying from 15 to 6000. All these parameters may be easily changed by computer.

�
 The dynamic pressure profile generated in the test section is shown in Fig. 12a.

�
 The PSD measured at h ¼ 0.5m, x ¼ bal. center, y ¼ 0m is shown in Fig. 11b as

‘setup 1’.
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Fig. 12. (a) Dynamic pressure distribution at the balance center-mode 3b.

Fig. 12. (b) Noise inside a car due to the TGS.
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�
 The turbulence intensity: I ¼ 7.5%, Iu ¼ 5.8%, Iv ¼ 7.9%, Iv/Iu ¼ 1.35.

�
 The integral scale of the turbulence is TLS ¼ 0.68m (autocorrelation method).

The time-averaged flow is reasonably uniform both as velocity distribution in X and Y as
well as turbulence intensities.

In fact, at h ¼ 0.5m, x ¼ bal. center, y ¼ �1m:
�
 The turbulence intensity: I ¼ 6.0%, Iu ¼ 5.0%, Iv ¼ 6.3%, Iv/Iu ¼ 1.27.

�
 The integral scale of the turbulence TLS ¼ 0.53m (autocorrelation method).
At h ¼ 0.5m, x ¼ �2.5m from the bal. center, y ¼ 0m,
�
 The turbulence intensity I ¼ 8.0%, Iu ¼ 5.8%, Iv ¼ 8.7%, Iv/Iu ¼ 1.50.

�
 The integral scale of the turbulence TLS ¼ 0.61m (autocorrelation method).
From a subjective stand point, mode 3b is one of the preferred as, beside any
consideration regarding the PSD or the TLS, it gives an acoustic subjective feeling, that,
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according to some people, recalls, better than other modes, the noise that is heard by the
driver when a car is moving on the road.
It is worth noticing that the noise generated by the flapping of the 5 TGs is much lower

than the ambient noise in the test section. Fig. 12b shows the noise measured inside a car,
with the TGs flapping, in the 2 conditions of ‘no wind’ and wind at 140 km/h. Therefore
the TGS noise does not affect at all the aeroacoustic measurements on the vehicles.
In conclusion the TGS offers the possibility of testing in a number of turbulent flows.

Each of them can be easily generated by changing by computer the mode of operation.
Other possible modes of operation are in course of investigation. In particular it has been
shown already the possibility of simulating the following flows:
�
 A flow that simulates the presence of another car upstream the car in the test section: This
flow induces a change in the front lift of the car that follows. That change can be easily
measured and linked to the vorticity or to the local flow angle of the approaching flow.
See examples in Figs. 10a and b.

�
 An oscillating flow that induces a dynamic yaw on the car.

This work is in progress, it will be reported in a future paper.

2.4. Some examples of results with the TGS

2.4.1. Aerodynamics

This paragraph reports examples of measurements made in different test conditions:
1.
 Base wind tunnel, i.e., say a low-turbulence flow and a flow velocity corresponding to
the car velocity (conventional test condition).
2.
 Wind tunnel+turbulence generation system, at Vwt ¼ Vcar, i.e., turbulent flow and flow
velocity corresponding to the car velocity (to check the effect of the increased turbulence
only).
3.
 Wind tunnel+turbulence generation system, at Vwt4Vcar, i.e., turbulent flow and flow
velocity corresponding to the car velocity+the ambient wind velocity. This condition is
that similar to the actual road condition. It shows the combined effect of the increased
turbulence and of the increased resultant wind velocity, while the moving ground
velocity is kept constant.

2.4.1.1. Force measurements, time-averaged values. The following diagrams show an
example of time-averaged values measured on a car in the 3 different testing conditions
(Fig. 13).
The CD diagram shows a small increase of drag due to the increased turbulence, and a

larger increase when the wind tunnel velocity is increased to account for the presence of
ambient wind. In this last case the CD values are referred to the moving ground velocity.
The front lift CLF shows a similar trend. However, the effect of the turbulence (and of

the velocity profile) is, in this case, more important.
Fig. 14 shows results (CD and CLF) measured on a second car (wagon type), in the first

and second test conditions. The trend is the same, increase of CD and CLF with the
turbulence. Furthermore, the vertical bars show the fluctuation (Std. Dev.) of these
coefficients in the time. This fluctuation is quite large for the front lift.
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Fig. 13. CD and CLF mean values measured at different yaw angles and in 3 different test conditions.
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Fig. 14. CD and CLF mean values and standard deviation, in 2 different test conditions.
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The rear lift mean value CLR usually does not change too much. However, it may show a
large increase in some cars, having a rounded upper edge over the backlight. The wake of
these cars is critical. An increase of turbulence in approaching flow may reattach the flow
on the backlight, causing a noticeable increase of drag and rear lift, Fig. 15.

Different cars show different behaviors. Although the number of tests made up to the
time of the writing of this paper, is not very large, some statistics can be made and the
results can be seen in Fig. 16.

2.4.1.2. Force measurements, time-dependent values. Figs. 17 and 18 show the time
history and the frequency spectrum of the fluctuating part of the 3 coefficients, CD, CLF,
CLR. These values are filtered 2Hz low pass. It can be seen that, in general, the fluctuation
in time of the coefficients increases in the presence of turbulent flow. As a consequence, to
get repeatable mean values a longer integration time (typically 12000) is necessary.

Sometime, there might be a re-attachment of the flow on the backlight, due to the
increased turbulence and, therefore, the rear lift coefficient (CLR) increases both as mean
value (Fig. 15) and as fluctuation.

2.4.1.3. Flow field maps, time-averaged values. Fig. 19 shows the total pressure map
measured behind a minivan in the base wind tunnel and in turbulent flow condition.
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Fig. 16. D_CD, D_CLF and D_CLR measured on various cars in presence of turbulent flow ( ¼ with TGS).
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Fig. 15. Different behavior of 2 different rear end configurations of the same car, in the base wind tunnel and in

the presence of turbulent flow. Yaw angle ¼ 21; Dotted lines ¼ tests with TGS.
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The main effect of the turbulent flow is to mix the separated flows coming from various
sources, the rear view mirror, the A-pillars, etc. Therefore, it is more difficult to understand
from the wake image behind the car, which are the sources of separated flows in the car
front end. However, if there is a flow re-attachment on the backlight caused by the
increased turbulence, the wake shape shows major changes (as well as the Drag and the
Rear Lift, as shown in Fig. 15).

2.4.1.4. Car body vibrations. Measurements were made on some cars to see the
deformation of the bonnet and of the side windows in the presence of turbulent flow
compared with the base wind tunnel. It was observed that the deformation increases in
some points on the bonnet, which typically lift up by 2mm at 100 km/h, and may rise to
3–4mm in the presence of turbulent flow. These values are strongly car-dependent and are
usually larger for small cars where the bonnet is lighter and less stiff (see Figs. 20 and 21).
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Fig. 17. Example of time history of CD, CLF, CL.
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3. Measuring techniques

In order to understand the details of the flow field and decide what to do during the car
development it is important to improve the existing measuring techniques. In the
following, a short description is given of some of the main measuring techniques set up in
Pininfarina (Cogotti, 1998b, c, 2000, 2003d) and used at present to speed up the
development work.

3.1. Pressure probe to survey the flow around the car

Pininfarina has developed in the course of years several pressure probes. The last of
them is named ‘14-hole probe’. Its main feature is the capability of measuring the local
total and static pressures, and the three components of the velocity, whatever is the
direction of the local flow. That is an important feature, considering that a car flow field
has a number of separated flows, that often means ‘reverse flows’. And these ‘reverse flows’
cannot be measured by conventional 4 or 5 or 7-hole probes.

The probe is permanently installed on the main traversing gear, and under computer
control, measures the flow characteristics along any planar surface around the car,
including the car underbody.

This technique has been progressively improved in the course of the years, so as to
reduce the measuring time. At present an area of 1.6m*3.0m is scanned in about 300. At
the end of the measurement, after a few minutes of post-processing, 6 maps are available.
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Fig. 18. Freq. analysis of CD, CLF, CLR.

Fig. 19. Total pressure maps in the base wind tunnel and in turbulent flow.
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They show in detail the distribution of the total and static pressures, the velocity and the
cross flow, the vorticity and the ‘Microdrag’. This last map shows, in each point of the
map, the momentum loss of the flow. By integration of these values the car drag can be
computed. However the most important information given by these maps is the indication
of sources that are actually generating the drag. Some examples are reported in Figs. 4b,
6a–c, 10a, b, 19, 22.
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Figs. 20,21. Time history of the bonnet vibration in the base wind tunnel and in conditions of turbulent flow.

Fig. 22. Flow interference between cooling towers—scale 1:100. The wake of the upstream tower produces an

asymmetric suction on the sides of the downstream tower.
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This technique has been used in the past also in the course of some wind engineering
tests that, time and again, are carried out in our wind tunnel. In the case shown in Fig. 22,
it was requested to measure the flow field around a cooling tower, located downstream
another cooling tower. These flow interference effects are important. A simple flow
visualization by smoke and laser light sheet was not sufficient, it was important in this case
to get quantitative information about pressures and velocities.

3.2. Laser doppler velocimetry

A special fiber-link 3-D LDV system is available in the wind tunnel to measure velocities
(3 comp.) and turbulence, with no physical interference with the flow. Main features are:
�
 miniature end probe, Fig. 23a,

�
 fiber-optic link,
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Fig. 23. (a) Laser generator and main optics miniature end-probe.

Fig. 23. (b) Histograms of the 3 vel. components in a point of a matrix behind the rotating wheel.
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�
 high accuracy,

�
 high spatial resolution (meas. volume of 0.5m*1.5mm),

�
 time-resolved measurements.
It is mainly used for measurements:
�
 close to the car surface, in the boundary layer,

�
 close to rotating parts (radiator fans, wheels, see Fig. 23b) or inside the rotating wheel

disk openings to measure the disk cooling flow,

�
 within the engine bay, where the flow is more difficult to measure, being low velocity

and time dependent both as magnitude and direction (Cogotti and Berneburg, 1991;
Berneburg and Cogotti, 1993; Cogotti and De Gregorio, 2000).



ARTICLE IN PRESS
A. Cogotti / J. Wind Eng. Ind. Aerodyn. 96 (2008) 667–700 691
And these measurements are often used to validate CFD simulations or PIV
measurements.

3.3. Recirculation of exhaust gases and backlight soiling

Fig. 24 shows an example of recirculation of exhaust gases. The image is taken at
Y ¼ exhaust pipe.

Fig. 25 shows an example of backlight soiling. The image is taken at Y ¼ 0 ¼ center line.
Both are examples of unsteady flows at the car rear end.

The visualization is made by the help of smoke and a laser light sheet.
In both cases, tests are made with moving ground and rotating wheels. This last point is

important to correctly reproduce the behavior of the exhaust gases and of the soiling.

3.4. PIV

The ‘particle image velocimetry’ or PIV is a recent technique that is capable of providing
quantitative velocity information, instantaneously, at a large number of points.

This feature gives the possibility to identify the flow structures and, to some extent, their
evolution in the time.

PIV system of various types are already successfully in operation in many wind tunnel
(mainly of small size) and in water tunnels, for instance at INSEAN in Italy (Calcagno et
al., 2004; Albano and De Gregorio, 2004).

A Stereo-PIV system is at present in course of development at Pininfarina. Although
the technique itself is pretty well known, its application in a full-scale automotive
wind tunnel presents a number of technical and practical problems that are not yet
completely fixed.
Fig. 24. Recirculation of exhaust gases.
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Fig. 25. Backlight soiling. Visualization by laser light-sheet and smoke on laser light-sheet and smoke on the car

centerline.
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The first of this problem is the setup time. It is usually quite long, not acceptable in an
automotive wind tunnel, where the available time is always limited.
The PIV probe in course of development at Pininfarina (Fig. 26b) intends to optimize

the setup time, improve the optical access and in general to make this technique easy to use
in the every day work.
Some examples of PIV measurements made in the past are shown in Fig. 26a, and those

recently made in Fig. 26c.
As one can understand from these images, the technique is quite powerful, and it is

probably the best technique to be used in the future to investigate unsteady flows.

3.5. Disk brake cooling

A limitation that is peculiar is the tests in the purely aerodynamic wind tunnel is the
impossibility of measuring the real cooling of the brake disks. Often modifications made to
the car front end to reduce the CD reduce the brake cooling and that can be checked only
when the same car configuration is re-tested in a climatic wind tunnel.
In order to fix this problem a technique has been developed recently in Pininfarina. This

technique uses some sensors embedded on the brake disk, to measure the tangential
velocity on the disk while the wheels are rotating.
The sensors are applied on each side of the disk, so that the cooling effect can be

measured on the inner and outer sides of the disk.
The sensors are ‘hot-film’ type, conveniently modified in house so as to be applicable on

the disk surface. They are calibrated in terms of tangential velocity. However what they
actually measure is the heat exchange between the rotating disk and the surrounding flow.



ARTICLE IN PRESS

Fig. 26. (a) PIVNET 1—Workshop 1999—flow downstream of the rear view mirror. A—PIV setup, B—time-

averaged velocities, C—instantaneous velocities.

Fig. 26. (b) A view of the Pininfarina Stereo-PIV probe (in course of development).
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As the frequency response of the sensors is high, a good spatial and temporal resolution
is achieved.

While the disk is turning, data are acquired on a number of angular positions at each
wheel turn. At the end of the measurement, the mean velocity and the standard deviation
are computed, point-by-point, on the disk surface.
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Fig. 26. (c) Example of PIV measure at the car side through the open window at Z ¼ 1100 and 1200mm.

Fig. 27. (a) Sensors on the brake disk for cooling measurement.

A. Cogotti / J. Wind Eng. Ind. Aerodyn. 96 (2008) 667–700694
Fig. 27a shows the sensors applied on the brake disk.
Fig. 27b shows an example of results measured on 2 different car configurations, with

and without a dam on the front bumper. In particular, it can be seen that
�
 the dam reduces the disk cooling,

�
 the cooling effect is larger on the disk inner side than on the outer side,

�
 the cooling efficiency reduces at high speed, i.e. when the wind velocity is increased.

Some discontinuity in the trend suggests the existence of local flow separations that are
velocity and/or turbulence dependent.
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Fig. 27. (b) Velocity distribution on the inner and outer sides of the brake disk.
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3.6. Sunroof booming
Sunroof booming is a very common feature of many cars when the sunroof is fully open.
It typically happens at low velocity and the booming peak has a low frequency in the order
of 20Hz.

Fig. 28a shows an example of noise spectra measured by an acoustic head with the
sunroof open. The booming peak is clearly visible. Fig. 28b shows a visualization of the
shear layer over the sunroof opening. It is an unsteady flow typical of passenger car.

The oscillation of the shear layer is the source of the booming and it can be affected by
the turbulence of the incoming flows.

3.7. Buffeting on open roof cars

Another typical problem of open roof cars is the flow buffeting around the heads of the
passengers. The buffeting is usually reduced with the help of some flaps on the windscreen
upper frame or by wind stoppers at the rear of the passenger heads.

A practical way to obtain a quantitative indication of this buffeting is the measure of the
local velocity fluctuation on the head of a dummy. This is made in Pininfarina by using a
helmet (named ‘comfort helmet’) equipped with a number of sensors. These sensors
measure the local velocity as well as the fluctuation of the velocity. Again the mean velocity
in each point and its fluctuating part may depend on the level of turbulence intensity of the
flow approaching the car. Fig. 29a shows an example of the test setup. Fig. 29b shows an
example of results measured in the condition of low-turbulence (left image) and high-
turbulence flow (right image).
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Fig. 28. (a). Frequency spectrum of the sunroof booming.

Fig. 28. (b) Visualization of the flapping shear booming layer over the sunroof open cavity.
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3.8. Soft top deformation

The deformation of the soft top caused by the aerodynamic loading is another feature
that has to be kept under control by a suitable measurement technique. The amount of
deformation cannot exceed a given value for esthetic reasons and to avoid noise infiltration
through the soft tops sealing.
The technique used in Pininfarina uses a small laser that moves along the soft top

centerline , and measures the soft top profile, at first without wind, and then with the wind
at one or more velocity. The difference of profile gives an accurate indication of the soft
top deformation. An example is shown in Fig. 30.
The same technique is used to measure the deformation of side glasses, mainly at yaw, or

of other mobile parts under aerodynamic load.
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Fig. 29. (a) ‘Comfort Helmet’ on the head of the acoustic dummy.

Fig. 29. (b) Mean vel. and std. dev. on each point of the helmet, in the base WT (left) and with the turbulence

generators (right).
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4. Wind engineering

The Pininfarina wind tunnel works mainly in the automotive field. However, time
by time, we are asked to perform aerodynamic or aeroacoustic tests in other fields, from
Fig. 31. Examples of non-automotive tests (aerodynamic or aeroacoustic), carried out on various types of: trains

(1:7.5), cooling towers (1:100), buildings-bridges-wind barriers, in large scale, with or without turbulent flow.
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high-speed trains to buildings of various type that belong to the wind engineering field.
That is because of the size of the wind tunnel open jet (larger than the most of the wind
engineering wind tunnels), or of the requested top speed, or of the measuring techniques
that are necessary for some tests and that are not available in other wind tunnels. Some
example of these tests are shown in Fig. 31.

5. Conclusion

The continuous evolution of the road vehicles demands a parallel continuous evolution
of the facilities and of the measuring techniques, so as to be able to face the new
requirements. Obviously the same happens in a number of other fields. All that requires
continuous investments to upgrade the facilities and the measuring techniques. Pininfarina
has a firm commitment to accept this challenge. At present a new important upgrading of
the wind tunnel is in progress. The aim is to increase the top speed to about 250 km/h and,
at the same time, to further reduce the ambient noise in the test section by about 5 dB. The
end of this work is planned to finish around mid 2005.
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