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a b s t r a c t

In the recent years, rollover has become an important safety issue for a large class of vehicles. Even

though rollovers constitute a small percentage of all accidents, they have unproportionally large

contribution to severe and fatal injuries. Under this point of view, rollover of heavy vehicles is

particularly critical being associated with large traffic disruption, economic loss and risks connected to

the transported goods. One of the main causes for heavy vehicles rollover is recognised to be cross

wind. In order to determine which parameters (geometry and vehicle type, infrastructure scenario,

turbulence conditions, etc.) most affect the aerodynamic loads acting on heavy vehicles, a comprehen-

sive experimental campaign has been carried out in the Politecnico di Milano wind tunnel. The overall

activity is presented in 2 papers. In this first paper attention is focused on a high-sided lorry in

flat ground scenario. Mean aerodynamic forces and moments have been measured by means of a

six-components dynamometric balance for different yaw angles and turbulence conditions. Moreover,

in order to gain an insight of the flow pattern around the vehicle, pressure distribution on the vehicle

surface has been measured. Finally, the vehicle aerodynamic admittance function has been assessed, for

high turbulence conditions, to investigate the unsteady force/moment component. The second paper

deals with the effect of infrastructure scenario (flat ground, embankment, double and single viaduct), of

position (vehicle placed upwind or downwind) and of vehicle geometry/type (high-sided lorry with and

without a trailed unit, tractor-semitrailer combination and tank truck) on the aerodynamic forces and

moments, including both steady and unsteady components.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the serious consequences on road/rail transportation
safety, the interest towards wind induced rollover of road and rail
vehicles has arised during these last years. In fact, trains, high-
sided lorries, trucks and tank trucks are particularly at risk of
rollover when running on exposed sites such as embankments,
viaducts or long span bridges (Baker and Reynolds, 1992;
Coleman and Baker, 1992; Baker, 1994; Bocciolone et al., 2008).

Several studies (Cooper, 1984; Baker, 1991a, 1991b; Coleman
and Baker, 1994) and EC projects have addressed cross wind
induced rollover of road/rail vehicles over the years.

As far as rail vehicles are concerned, a specific task of the
BRITE-EURAM TRANSAERO project (1994–1998) was devoted to
the study of cross wind effects on rail vehicles (TRANSAERO
Consortium, 2002; Baker, 2002). The same occurred for the RAPIDE
project (2001). These studies were carried out within the DeuFrako
and the Aerodynamic in Open Air (AOA) projects, where a risk
analysis associated to cross wind on trains was performed
ll rights reserved.
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(DEUFRAKO Consortium, 2004; Gautier et al., 2003; Tielkes and
Gautier; 2005).

As far as road vehicles are concerned, during the EC project
WEATHER (Delaunay et al., 2006) involving, among the others,
Birmingham University, Nottingham University and Politecnico di
Milano, an alarm system aimed at warning the driver about
rollover risk associated to high cross wind was developed. The
alarm system includes meteorological sensors on the infrastruc-
ture and a risk assessment software, which evaluates the rollover
risk based on a probabilistic approach, taking into account vehicle
class and topographic effects. During the alarm system develop-
ment, different techniques (full scale tests, wind tunnel experi-
ments and CFD numerical calculations) for evaluating the mean
aerodynamic forces and moments were compared for a high-
sided lorry (Sterling et al., 2010; Quinn et al., 2007) to select the
most effective approach for tuning the risk assessment software.

In any case (i.e. both rail and road vehicles), all the approaches
proposed to estimate rollover risk are based on the assessment
of the vehicle mean aerodynamic coefficients. To this end, a
comprehensive experimental campaign including different scale
heavy-road vehicles models has been carried out in the wind
tunnel of Politecnico di Milano. The results of this campaign have
been divided into two parts. In this first paper, the wind tunnel
tests carried out on a high-sided lorry (called VAN in the
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following) in flat ground scenario are presented. The second paper
is devoted to comparing the high-sided lorry with different
vehicle types (tankers, tractor semitrailer combinations and
multiple units vehicles) and to evaluate the effect of the infra-
structure scenario (flat ground, embankment, single and double
viaduct) on the aerodynamic forces and moments acting on the
vehicles. Both mean and unsteady aerodynamic forces and
moments will be presented. In order to gain an insight of the
flow pattern around the vehicles, pressure measurements were
performed together with force measurements.

As already mentioned, this first paper focuses on the tests
carried out on a VAN, considering flat ground scenario. The
experimental set-up will be described and the main results
will be presented. In particular, the sensitivity of the mean
aerodynamic coefficients to the wind–vehicle relative yaw angle
and to the wind turbulence intensity (low, mean and high) will be
shown. The mean aerodynamic coefficients, obtained by means
of force measurements, will be interpreted on the basis of the
measured pressure distribution around the vehicle. Finally, the
aerodynamic admittance function of the force/moment compo-
nents, which are more significant from rollover point of view will
be shown. Taking into account the spatial correlation of pressures
at any two points on the vehicle surface, the aerodynamic
admittance function allows to evaluate the unsteady aerodynamic
forces and moments acting on a vehicle subjected to turbulent
cross wind and thus simulating the vehicle dynamic response
(Cheli et al., 2006).
2. Experimental set-up

In the first part of the experimental campaign, a high-sided
lorry (VAN, Fig. 1), 8 m long, 2.5 m wide and 3.5 m high (full scale
Fig. 1. Wind tunnel experimental set-up, VAN veh

Fig. 2. Wind tunnel experimental set-up: connection be
dimensions) was tested: the vehicle is the same, which was
considered in the WEATHER project (Sterling et al., 2010). The
VAN cabin and the wheels were built in resin (RenShape BM5030)
through a CNC machine and then they were assembled on the
VAN trailer, made of wood.

All the tests presented in this paper have been performed
considering a flat ground scenario, representing the vehicle
running on a flat and open terrain. This scenario has been
reproduced by positioning the vehicle model directly on the wind
tunnel floor, as shown in Fig. 1(a).
2.1. Force, speed and pressure measurements

The aim of the wind tunnel tests is to assess the aerodynamic
loads acting on a vehicle due to cross wind. It is important to
point out that a rigid model was used during the tests: this means
that the geometric characteristics of the tested vehicle are
reproduced, but not its inertial, stiffness and damping properties.
Thus the dynamic interaction between the vehicle and the wind
cannot be experimentally evaluated.

The aerodynamic loads acting on the vehicle have been
measured through a 6 component dynamometric balance placed
under the vehicle model and connected to its wheels. Fig. 2 shows
the measurement set-up: the balance is placed under the test
chamber floor, so that the connection bars between the wheels
and the balance are shielded from the wind.

The wind speed was measured through both Pitot tubes,
connected to low pressure micromanometers (Furness FC0510,
range 200–2000 Pa, accuracy 0.025% FSD), and a multi-hole
pressure probe (Turbulent Flow Instrumentation—series 100
Cobra Probe, accuracy 70.5 m/s). The latter instrument allows
to measure the 3 wind speed components with high frequency
icle: 1:10 scale model (a) and dimensions (b).

tween the vehicle and the dynamometric balance.
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response (up to 20 kHz) within a cone of 7451. One Pitot tube
was placed at a height of 0.6 m (model scale) in order to measure
the mean wind speed out of the boundary layer. During the tests
with boundary layer simulation, in order to allow the comparison
between aerodynamic coefficients assessed in low and mean
turbulence conditions, the mean wind speed was also measured
through a Pitot tube set in correspondence of the VAN centre of
gravity (0.25 m model scale, see Fig. 3). The multi-hole pressure
probe was also placed in the latter position during the tests
performed to measure the vehicle admittance function.

In addition to the force measurements, in order to investigate
the flow pattern around the vehicle, the model was instrumented
with 64 pressure taps placed as shown in Fig. 4. The pressure
measurements were performed through high-resolution multi-
channel pressure scanners (PSI Initium with ESP-DTC scanners),
Fig. 3. Wind tunnel experimental set-up: anemometer position for flat ground

scenario.

Fig. 4. Wind tunnel experimental set-up:

Fig. 5. Wind tunnel experimental set-up: normalised streamwise vertical velocity pro

turbulence (c).
directly set inside the model. All the pressure measurements were
synchronous and synchronised with the force measurements.
2.2. Turbulence conditions simulated during wind tunnel tests

In real operation, a vehicle will experience different turbulent
wind characteristics, depending on the terrain type where the
road is located. In order to evaluate the influence of turbulence on
the mean aerodynamic loads acting on the vehicle and to assess
the vehicle aerodynamic admittance function, tests were carried
out with (mean and high turbulence) and without boundary layer
simulation (low turbulence).

The vertical profile of the streamwise velocity U¼U(z),
normalised with respect to the wind speed Uref measured at the
reference height zref¼0.25 m (in model scale), is shown in Fig. 5
for three simulated turbulence conditions.

Table 1 summarises the main statistical properties associated
with the 3 turbulence conditions reproduced into the wind tunnel,
i.e. the turbulence intensity along the wind direction Iu and the
pressure taps position on the vehicle.

file (zref¼0.25 m, model scale): low turbulence (a), mean turbulence (b) and high

Table 1
Wind tunnel experimental set-up: wind characteristics in low, mean and high

turbulence conditions measured at the reference height zref¼0.25 m (model scale).

Turbulence Iu (%) xLu (m) yLu (m)

Low 2 0.10 0.033

Mean 20 1.185 0.3292

High 26 1.72 0.68
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integral length scales xLu and yLu (ESDU 86010) measured at the
reference height zref¼0.25 m.

Low turbulence flow results from the standard wind tunnel
operating conditions. It is characterised by a uniform vertical
profile of the mean wind velocity. In Fig. 5(a), it can be observed
that the boundary layer develops for a few centimetres over the
floor (15 cm) and, when the gradient is blown over, the mean
value of the wind velocity remains constant. This flow condition is
characterised by small turbulence intensity and short integral
length scales (see Table 1).

During boundary layer simulations, the mean turbulence
conditions were generated by positioning in the wind tunnel,
before the test section, an array of nine turbulence-producing
spires and roughness elements on the chamber floor (Fig. 6).
The spires present triangular profile and allow reproducing the
velocity gradient, which effectively approximates the atmo-
spheric boundary layer.

For high turbulence conditions, only the array of 9 spires
(bigger than those used for the mean turbulence conditions) was
adopted. Both in mean (Fig. 5(b)) and in high (Fig. 5(c)) turbulence
conditions, the profiles do not reach a constant speed value at the
reference height (0.25 m); moreover, due to the roughness ele-
ments placed on the floor, the wind speed reduction for lower
heights is maximum in medium turbulence conditions.

Mean aerodynamic coefficients and flow pattern around the
vehicle surface were measured for low and mean turbulence
conditions, while high turbulence was used only for evaluating
the vehicle admittance function.
Fig. 6. Wind tunnel experimental set-up: boundary layer simulation.

Fig. 7. Wind tunnel experimental set-up: normalised PSD of the streamwise

longitudinal speed Suu at 0.25 m above the ground (model scale).
Fig. 7 shows the comparison between the normalised stream-
wise longitudinal velocity Power Spectral Density (Suu, ESDU
86010), measured in mean turbulence conditions, and the inter-
polation of the real wind normalised Power Spectral Density
provided by Von Karman, as a function of the reduced frequency.
The reduced frequency fr is defined as

fr ¼ f xLu=U ð1Þ

f being the dimensional frequency and U being the mean wind
velocity.

The two curves in Fig. 7 are in good agreement. Therefore the
frequency content of the wind simulated in the wind tunnel can
be assumed equivalent to the natural wind, at low reduced
frequency also.
3. Experimental results: mean aerodynamic coefficients

In this section, the effects of the yaw angle a (Fig. 8) and of the
boundary layer simulation (Fig. 6) on the mean aerodynamic
coefficients of the VAN vehicle will be presented. Moreover, in
order to get a better comprehension of the mean aerodynamic
forces and moments variation with respect to the yaw angle and
turbulence condition, the pressure distribution around the vehicle
will be analysed.

In reference to Fig. 8, at each yaw angle, the mean aerody-
namic force and moment coefficients are defined as

CFx ¼
Fx

1=2rU
2
Af

CFi ¼
Fi

1=2rU
2
Al

ði¼ y,zÞ

CMi ¼
Mi

1=2rU
2
Alh

ði¼ x,y,zÞ ð2Þ

where Fi is the mean value of the ith force component while Mi is
the mean value of the moment about the ith axis, evaluated with
respect to the origin O of the reference system, set at road level,
in correspondence to the vehicle c.o.g. (Fig. 8). Al represents the
vehicle lateral surface (XZ plane, Fig. 8), Af the front vehicle
surface (YZ plane, Fig. 8), h is the reference height, r is the air
density and U is the mean streamwise velocity at 0.25 m above
the ground (model scale). Table 2 summarises the VAN model
dimensions adopted for the definition of the aerodynamic
coefficients.

The results of the measured flow pattern around the vehicle,
are reported in terms of mean pressure coefficients Cp-I, which are
Fig. 8. Reference system for the aerodynamic forces and moments measurement.

Table 2
VAN dimensions (model scale).

Reference height h 0.262 m

Frontal surface Af 0.066 m2

Lateral surface Al 0.189 m2
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defined as

Cp,i ¼
Pi�P

0:5rU
2

ð3Þ

where Pi is the pressure at ith tap and P is the reference pressure.
3.1. Effect of yaw angle

The longitudinal, lateral and vertical force coefficients, as well
as the roll, pitch and yaw moment coefficients for the 1:10 VAN
scale model shown in Fig. 1, are reported in Fig. 9 as a function of
the yaw angle. Both mean values and corresponding standard
deviation error bars are indicated. Flat ground scenario and low
turbulence condition are considered (reference configuration).

Fig. 9(a) shows that the longitudinal force is negative up to 701
and becomes positive for higher yaw angles: the sum of the
projection of the aerodynamic force along the wind speed direction
and of the component perpendicular to it generate a force pushing
Fig. 9. VAN, flat ground, low turbulence: longitudinal CFx (a), lateral CFy (b), vertical

coefficients.
the vehicle. The same result was found by Coleman and
Baker(1994) for an articulated lorry. Comparing Fig. 9(b) and (d),
it is possible to observe that the trend of the lateral force coefficient
is similar to the one of the roll moment coefficient. Thus the point
of application of the lateral force remains almost constant for
variable yaw angle. Fig. 9(c) shows that the vertical force coeffi-
cient is positive (directed upwards) at almost all yaw angles thus
representing a lift force. Looking at Fig. 9(b)–(d), two significantly
different behaviours can be observed at low and high yaw angles:
up to 551, they all grow up with an almost linear trend; when the
yaw angle is increased further, the vertical force coefficient tends
to drop rapidly to zero, while the lateral force and the roll moment
coefficients remain almost constant. This behaviour is consistent
with the one observed for rail vehicles (Bocciolone et al., 2008) and
it is associated with a transition in the wind–vehicle interaction: at
low yaw angles the vehicle behaves like a slender body, while at
high yaw angles it acts like a bluff body.

Fig. 9(e) shows the pitch moment coefficient. At low yaw angles
(ao101) the vehicle pitch is dominated by the aerodynamic
CFz (c) force coefficients and roll CMx (d), pitch CMy (e) and yaw CMz (f) moment
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longitudinal force, which is negative and consequently results in a
negative pitch moment coefficient. Then, in the range a¼10–451,
the pitch moment coefficient is also influenced by the vertical force
and tends almost linearly to zero as the yaw angle increases.

As the yaw angle increases, the point of application of the
lateral force moves from the vehicle cog to the vehicle back,
consequently producing a negative yaw moment (Fig. 9(f)). A
similar trend was found by Coleman and Baker(1994) for an
articulated lorry.

The values of standard deviation are almost the same for all
coefficients. While for the lateral force and the roll moment the
standard deviation is small with respect to the mean value (lower
than 3.5% at a¼901 for the lateral force coefficient), for the
vertical force and the pitch moment coefficients, the uncertainty
is higher due to the fact that the mean value of these coefficients
is small. Similar values of the standard deviations associated with
the measurement uncertainty were also found in the other tested
configurations.

In order to reach a deeper insight into the obtained results, the
pressure distribution around the vehicle surface was also investi-
gated. Figs. 10 and 11 respectively show the pressure coefficients
around the vehicle cross section 1 (on the VAN cabin, Fig. 4) and 4
(on the VAN trailer, Fig. 4) and the longitudinal sections A and B
(Fig. 4), for variable yaw angles. Positive mean pressure coefficients
Cp correspond to arrows directed towards the inside of the vehicle.

Looking at Fig. 10, an almost uniform distribution for all the
yaw angles is observed for the leeward surface of both the VAN
cabin and trailer. On the contrary, on the windward surface,
pressure is negative for yaw angles lower than 201 and becomes
positive for higher angles. Moreover, in correspondence with the
upper windward edge, for some yaw angles, it is possible to
observe a negative pressure peak. On the cabin, this peak appears
for yaw angles higher than 601 (Fig. 10(a)), while on the VAN
trailer it is present in the range 30–501. This difference is due to
the shape of the edges of the cabin and of the VAN trailer:
smoother edges allow the flow to remain attached to the cabin
Fig. 10. VAN, low turbulence, flat ground: pressure coefficient Cp at different yaw

Fig. 11. VAN, low turbulence, flat ground: pressure coefficient Cp at different yaw ang
until high yaw angles are reached. On the contrary, the sharp
edges of the VAN trailer produce on the contrary a separation
zone (with negative pressure peak) even at low yaw angles.

The pressure distributions along the longitudinal sections A
and B of the VAN trailer (Fig. 11) reveal a negative pressure peak
in correspondence to the front upper edge, especially in section A.
Moreover, for yaw angles higher than 50–601, the pressure over
the front vertical surface of the VAN trailer becomes negative: this
behaviour justifies the transition of the longitudinal force coeffi-
cient from negative to positive, which is located around 701.

3.2. Effect of boundary layer simulation

A comparison between the VAN aerodynamic coefficients
measured in low and mean turbulence conditions is shown in
Fig. 12. Flat ground scenario is considered. The coefficients
measured in mean turbulence conditions have been calculated
by adopting, as the reference wind speed, the one measured by
the pitot tube positioned at a height of 0.25 m (Fig. 3).

It is possible to observe that, in mean turbulence conditions,
the longitudinal force (Fig. 12(a)) remains negative for the entire
yaw angle range.

When considering the lateral force and the vertical force
coefficients (Fig. 12(b) and (c)), the main differences arise at high
yaw angles, exceeding 501, where the vehicle behaves like a bluff
body. In particular, in this range of yaw angles (a4501), the
lateral force coefficient Cfy measured in mean turbulence is lower
than that of the corresponding coefficient measured in smooth
flow: this is probably due to the differences in the wind speed
vertical profiles for the two simulated turbulence conditions
(Fig. 13). Since the wind speed is the same at the reference
measuring point (0.25 m), the wind velocity below this height is
lower in mean turbulence conditions (Fig. 13). As a consequence,
the aerodynamic forces acting on the vehicle (which is the
integral of pressure on the vehicle surface) are smaller in mean
turbulence conditions. Moreover, with respect to low turbulence
angles a for the vehicle cross section 1 (a, cabin) and 4 (b, trailer), see Fig. 4.

les a for the longitudinal sections A (a) and B (b) on the VAN trailer (see Fig. 4).



Fig. 12. VAN, flat ground, low turbulence vs. mean turbulence (see Table 1): longitudinal CFx (a), lateral CFy (b), vertical CFz (c) force coefficients and roll CMx (d), pitch CMy

(e) and yaw CMz (f) moment coefficients.

Fig. 13. Comparison between vertical profiles and corresponding lateral force

generated in low (solid line) and mean (dashed line) turbulence conditions (see

Fig. 5).
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condition (Fig. 13, hlt), the point of application of the lateral force
becomes higher (Fig. 13, hmt) due to the increasing wind speed
along the vehicle height.
As far as the vertical force is concerned, it is possible to
observe that, at low yaw angles, the coefficient CFz measured in
mean turbulence is lower in modulus and negative while, at high
yaw angles, it becomes positive, with linearly increasing trend
(Fig. 12(c)). At high yaw angles, the vertical force coefficient is
higher in mean turbulence conditions. As it will be pointed out
when looking at the pressure distributions (Fig. 14), wind turbu-
lence affects the flow especially in correspondence to vehicle
windward edge, where the flow is detaching. Higher turbulence
intensity moves the detachment point, in the upper part of the
vehicle, become closer to the windward edge. This results in
increased negative pressure peak and the lift force.

The roll moment coefficient CMx (Fig. 12(d)) is mainly asso-
ciated with the lateral force acting on the vehicle. As discussed
above, for high yaw angles, the lateral force is smaller in mean
turbulence conditions, but its point of application is higher
(Fig. 13). These two effects balance each other and, as a con-
sequence, the roll moment coefficient is only slightly affected by
turbulence condition.



Fig. 14. VAN, yaw angle a¼901, flat ground, low turbulence vs. mean turbulence: pressure coefficient Cp for section 1 (a) and section 4 (b) (see Fig. 4).

Fig. 15. VAN, yaw angle a¼901, flat ground, low turbulence vs. mean turbulence: pressure coefficient Cp for section A (a) and section B (b) (see Fig. 4).

Fig. 16. VAN, yaw angle a¼301, flat ground, low turbulence vs. mean turbulence: pressure coefficient Cp for section 1 (a) and section 4 (b), see Fig. 4.
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Finally, changes in the pitch (Fig. 12(e)) and in the yaw
moment (Fig. 12(f)) coefficients due to a different turbulence
are, respectively, associated to those in the vertical force and the
lateral force to which they are related.

In order to support the analysis performed on boundary layer
influence, the flow pattern around the vehicle was investigated.
Figs. 14 and 15 show the pressure coefficients measured in
sections 1 and 4 (see Fig. 4), and the ones measured along the
longitudinal sections A and B (see Fig. 4). An yaw angle of 901 is
considered. Diamond line refers to low turbulence while triangle
line refers to mean turbulence.

Making reference to the distribution along cross sections 1 and
4 (Fig. 14), a higher pressure can be noticed on the VAN windward
surface (both cabin and trailer) in low turbulence conditions, due
to the wind vertical profile. On contrary, on the leeward surface,
pressure is almost the same. The lateral force is higher in low
turbulence than in mean turbulence conditions. In Coleman and
Baker(1994), it is shown that the effect of turbulence level on
the pressure distribution is higher on the leeward side than on
the windward side and that the lateral force at 901 is higher
in turbulent wind conditions: when comparing the results of
the two experimental campaigns, it must be pointed out that the
variations in the lateral force are mainly associated with the
vertical profiles of wind speed, that might be different in the two
campaigns.

Although the number of pressure taps is limited, from
Fig. 14(b) it can be inferred that the detachment point of the flow
from the windward surface is closer to the upper edge in case of
the mean turbulence conditions. Moreover, both on the cabin and
on the VAN trailer roof, suction is higher in mean turbulence
conditions. Considering that the pressure underneath the vehicle
is instead almost the same for low and mean turbulence (Figs. 14



Fig. 17. VAN, yaw angle a¼301, flat ground, low turbulence vs. mean turbulence: pressure coefficient Cp for section A (a) and section B (b) (see Fig. 4).
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and 15), the lift force is higher in mean turbulence conditions.
This confirms the result obtained in terms of mean aerodynamic
coefficients (Fig. 12(c)). Coleman and Baker(1994), found similar
data both for the vertical force and for the pressure on the roof
and justified this result to be due to turbulence effects on the
separated shear layer.

An opposite behaviour can be noticed for an yaw angle of 301,
when the vehicle behaves as a slender body. Pressure distribu-
tions around cross Sections 1 and 4 (Fig. 16) and longitudinal
sections A and B (Fig. 17) allows in understanding the reason for
this behaviour. At this yaw angle, pressure distribution on the
windward surface (Fig. 16) is only slightly affected by the
turbulence level, while a higher suction can be observed on
the leeward surface in mean turbulence conditions. As a conse-
quence, the lateral force is higher in mean turbulence conditions,
confirming the result of Fig. 12(b).

The pressure distribution over the roof and underneath the
VAN presents the main differences around the cabin (Fig. 16(a)).
While in low turbulence conditions the vertical force is clearly
directed upwards, in mean turbulence conditions the suction on
the roof and underneath the cabin almost balance each other. On
the VAN trailer, limited differences induced by the turbulence
conditions can be noticed only in correspondence with the
windward edge. It can thus be inferred that at 301 the variation
in vertical force, as a consequence of wind turbulence intensity,
is mainly associated with the pressure distribution around
the cabin.
4. Experimental results: aerodynamic admittance function

In the ideal case of a vehicle enveloped by turbulent wind with
full spatial correlation, the ith aerodynamic force/moment com-
ponent can be defined according to the steady formulation, in
which the mean wind speed is replaced by the instantaneous
wind speed:

Fi ¼
1
2 rACFi

ðaÞu2ðtÞ, Mi ¼
1
2rAhCMi

ðaÞu2ðtÞ, i¼ x,y,z ð4Þ

where r is the air density, A is the reference area, CFi
and CMi

are
the steady aerodynamic coefficients, as a function of the yaw
angle a and u(t) is the wind speed. In the more general case of
turbulent wind, with a wind speed distribution which depends on
space and time, the unsteady aerodynamic force can be evaluated
in the frequency domain, through the corrected quasi-steady
theory (Cheli et al., 2006). This approach consists of applying
the steady theory and by correcting it with the admittance
function (Baker, 1991b;2010; Cooper, 1984;Sterling et al., 2009;
Cheli et al., 2011), this allowing to account for the spatial
correlation of wind pressures at any two points on the vehicle
surface. In other words, it represents a modifying adjustment of
the ideal case of a vehicle enveloped by turbulent wind with full
spatial correlation (Simiu and Scanlan, 1986).

The aerodynamic admittance function is defined, in the fre-
quency domain, as the ratio between the PSD of the generic
aerodynamic force/moment acting on a vehicle in conditions of
turbulent wind SFF ðf Þ and the corresponding PSD of the aero-
dynamic force evaluated through the steady theory SFF steadyðf Þ

(Cheli et al., 2006):

H2ðf Þ ¼
SFF ðf Þ

SFF_steadyðf Þ
¼

4SFF ðf Þ

r2A2C2Su2u2 ðf Þ
ð5Þ

where Su2u2 ðf Þ is the PSD of the square of the absolute wind speed u.
The admittance function is then adopted to calculate the

unsteady components of the aerodynamic force through the
following relation (Cheli et al., 2006):

Fi ¼
1
2 rACFiðaÞu2

c ðtÞ, Mi ¼
1
2rAhCMiðaÞu2

c ðtÞ ði¼ x,y,zÞ ð6Þ

The corrected wind speed uc is defined in the frequency
domain by the following equation (Cheli et al., 2006):

9U2
c ðf Þ9

2
¼H2ðf Þ9U2ðf Þ92

ð7Þ

where U(f) and Uc(f) are the Fourier transforms of u(t) and uc(t).
According to this equation, the admittance function can be
experimentally evaluated through wind tunnel tests, by measur-
ing both the wind speed u(t) and the aerodynamic force/moment.

Tests were performed in high turbulence conditions (see
Table 1), considering the flat ground scenario. Wind speed was
measured through a multi-holes pressure probe, set at a height of
h¼0.25 m. 10 min time-histories were stored to allow the eva-
luation of the PSD.

Fig. 18 shows the admittance function evaluated experimen-
tally for the lateral force and for the roll moment, as a function of
the non-dimensional frequency fr, in case of 901 of yaw angle. The
values of the rations ~L ¼ L=xLu and ~H ¼H=xLu are, respectively,
0.47 and 0.2 (see Tables 1 and 2).

The admittance function tends to 1 for low non-dimensional
frequencies, i.e. for long wavelengths. In case of high non-
dimensional frequencies (short wavelengths) the correlation
between the wind speed measured in two generic points of the
vehicle surface decreases, as well as the admittance function
amplitude.

When comparing the roll moment and the lateral force
admittance functions, a very similar trend can be found
(Fig. 18(a)). As already noticed for steady conditions (fr¼0 Hz),
the roll moment is in fact proportional to the lateral force. The
same dependency can be observed also for unsteady conditions.
As a consequence, the unsteady values of both Fy and Mx can be
obtained (Cheli et al., 2006) through the same admittance
function.

The admittance function referred to the vertical force instead
presents a very different behaviour (Fig. 18(b)). At fr¼0, it is equal
to 1 and then it increases reaching the maximum value at about
fr¼1. A similar behaviour on the vertical component has been
observed also by other authors (Coleman and Baker, 1994;
Sterling et al., 2009) on different road and rail vehicles.



Fig. 18. Flat ground, VAN, high turbulence conditions, ~L ¼ L=xLu ¼ 0:47, ~H ¼H=xLu ¼ 0:2, a¼901: (a) admittance function of the lateral force (solid line) and the roll moment

(dashed line) and (b) admittance function of the vertical force.
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5. Conclusions

The sensitivity of steady and unsteady aerodynamic forces
acting on heavy road vehicles to different test conditions is
investigated in this paper and in its companion (Part II), by means
of wind tunnel experiments on 1:10 scale models.

In this first part, the effects of both yaw angle and boundary
layer simulation are analysed in terms of force and pressure
coefficients for a high-sided lorry (VAN) set in a flat ground
scenario. When increasing the yaw angle, the pressure distribution
around the vehicle varies especially at the windward side (with the
consequent modification of the lateral force coefficient) and in
correspondence with the windward upper edge, showing the
presence of a negative pressure peak for yaw angles higher than
601 on the VAN cabin and in the range 30–501 on the VAN trailer.

The effect of different turbulence conditions (low and mean) is
particularly evident at high yaw angles. The lateral force and the
roll moment are mainly governed by the simulated vertical wind
speed profile. On the contrary, the vertical component is mainly
affected by the detachment point of the flow in correspondence
with the windward roof edge: this point, in mean turbulence
condition, is moved upstream with a consequent increase of
suction over the vehicle roof, finally leading to a higher upward
directed vertical force.

The vehicle aerodynamic admittance function, useful to evaluate
the unsteady components of the aerodynamic force, was measured
for the main components: the lateral force and the roll moment
admittance functions show a very similar trend, decreasing from
1 to 0, when the non-dimensional frequency is increased from 0 to
infinity. On the contrary, the admittance function relevant to the
vertical force starts from 1 at 0 non-dimensional frequency and
then presents a maximum in correspondence with unit non-
dimensional frequency. The vertical force does not depend on the
pressure acting on the lateral surface, but is mainly influenced by
the pressure distribution underneath and on top of the vehicle.

In the second part of this work (Part II), the effect of the
infrastructure scenario (flat ground, embankment, single and double
viaduct) and of the position (vehicle placed upwind or downwind)
will be investigated, considering the same high-sided lorry described
in this paper. Moreover, steady and unsteady aerodynamic forces
acting on different heavy vehicles (tank truck, tractor–trailer combi-
nation and tractor–semitrailer combination) will be compared with
the ones of the considered VAN to assess the effect of geometry.
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