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Abstract: The advent of high-speed trains led to new issues and constraints for railway network
manufacturers and operators. This is the case of crosswind effect, that occurs when train is running
in strong wind conditions. The combination of train speed and wind speed generates a relative flow
that affects the train stability. Wind tunnel tests on still railway vehicles (relative wind-train velocity
in coincidence with absolute wind velocity) are mandatory according to Technical Specification
for Interoperability (TSI) to ensure high-speed train safety. However, issues related to the correct
evaluation of the full-scale aerodynamic behaviour of the trains can arise. In the present work,
aerodynamic force and pressure coefficients measured in wind tunnel tests on a scaled model of
ETR1000 high-speed train on single track ballast and rails are presented. The tests were performed in
the GVPM wind tunnel of Politecnico di Milano. Results show that different flow behaviours can
occur at high yaw angles when the train behaves like a bluff body depending on wind speed used
during the test.

Keywords: high-speed trains; wind tunnel tests; train aerodynamics; crosswind; force aerodynamic
coefficients; pressure aerodynamic coefficients

1. Introduction

Vehicles aerodynamics is one of the major industrial concerns, especially because great
interest is addressed to side wind effects that affect the safety of both road and rail vehicles.

Because trains are susceptible to run on routes exposed to winds, the operation of
railway vehicles under crosswinds is a widely studied item. Crosswind stability creates a
huge interest as the speed of trains increases, and weight of rolling stock is reduced. Over
the past decades, different methodologies to study the phenomenon of crosswind on rail
vehicles and infrastructure have been developed and proposed [1–6], and standards are
defined and updated with regularity. In Europe, within the framework of the Technical
Specification for Interoperability (TSI) [7] and in the European Standard for crosswind
assessment of railway vehicles [8], the evaluation of the safety level in presence of cross-
wind is mandatory for high-speed trains. All the proposed methodologies, included the
European regulations, prescribe wind tunnel tests or CFD calculations as starting point of
the methodology to obtain the static force aerodynamic coefficients of the vehicle in the
presence of crosswind.

On the other hand, to correctly measure aerodynamic loads by wind tunnel tests/CFD
calculations is not an easy task. Baker et al., in Refs. [9,10], compare full-scale experimental
coefficients with the corresponding ones measured by wind tunnel tests for different train
models: a lower agreement between full scale and wind tunnel tests is found, especially for
the lift force.

To ensure that wind tunnel tests are representative of the real full-scale conditions,
European regulations define specific requirements on the wind tunnel tests, such as the
minimum Reynolds number, maximum allowable blockage ratio, maximum height of the
boundary layer profile and of level of turbulence [8]. Anyway, in some specific cases,
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even if tests are carried out in agreement with these requirements, results in terms of force
coefficients could be significantly different.

The first car of the train is the most affected by crosswind, and it has been observed
that the geometry of the nose highly influences the behaviour of the flow over the rest of
the wagon [11]. At high yaw angles, high-speed train behaves as a bluff-body: the pressure
distribution around the section is mainly governed by the separation point on the upper
part of the car body [12,13]. In particular, vehicles having a geometry with a cross section
characterised by rounded forms, without sharp edges, show aerodynamic coefficients very
sensitive to the flow conditions and, specifically, to the turbulence intensity [14,15]. The
marshalling length of the train has been also reported to have an impact on the aerodynamic
loads, especially for tail and intermediate cars, but negligible for the head car [16]. In
general, even if tests are compliant with European Standard in terms of Re number and
turbulence intensity, flow behaviours detected by wind tunnel tests/CFD analysis could be
significantly different with respect to that occurs at full-scale conditions and consequently,
the evaluated aerodynamic coefficients could not completely be representative of the real
situation and may lead to wrong conclusions about the safety of the train.

The target of this paper is to show how, for a specific train, different values for the
same coefficient can be measured, due to different positions of the separation point. It
will be shown that, depending on the wind speed of the test, two different behaviours for
the fluid flow around the body of the train arise and, consequently, aerodynamic loads
measured at some specific angles in the two flow conditions are significantly different.

In the following section, the train model and the experimental setup adopted for the
wind tunnel tests are described. The first vehicle of the ETR1000 train has been modelled
at 1:15 scale and the scenario reproducing the single-track ballast and rail according to
EN14067-6 standard has been considered; force and pressure aerodynamic coefficients have
been measured by a dynamometric balance and 160 pressure taps. In Section 3, the results
are presented. The presence of a dual behaviour is observed depending on the wind speed
simulated during the test. The effects observed in terms of force are correlated to those
obtained in terms of pressure, and the pressure distribution around the vehicle sections is
analysed to determine the location of the flow separation point.

2. Methodology: Wind Tunnel Experimental Tests

In this section, the methodology applied to study the flow around the train under
crosswind by means of wind tunnel tests is described.

To study the phenomenon, wind tunnel tests were performed in compliance with the
European Standard for crosswind assessment EN14067-6:2018 for high-speed trains and
TSI. In this case, the relative wind yaw angle given by a particular combination of train and
wind speed, is reproduced in the wind tunnel test by the equivalent case in which the wind
velocity acts on the static model of the train with an absolute yaw angle βw.

The studied vehicle is the Italian ETR1000, the high-speed train of the Italian railway
system, operating at the speed of 300 km/h. The train convoy is composed of eight coaches
in fixed composition for a length of 202 m. In line with other modern high-speed trains, the
cross section of the ETR1000 is characterised by the presence of a closed smooth rounded
roof. The train nose, on the contrary, is characterised by the presence of sharp edges. For
this study, the first car of the ETR1000 was reproduced in 1:15 scale, and then, to correctly
reproduce the boundary conditions, one-half of the second vehicle has been added to the
tested model.

Forces and moments are measured by means of a dynamometric balance, rigidly
connected to the first vehicle model, while 160 pressure taps are placed on the surface of
the scaled model to measure pressure distribution.

Experimental Setup

Wind tunnel tests were performed in the GVPM (Galleria del Vento Politecnico di
Milano) wind tunnel of Politecnico di Milano. This facility corresponds to a closed-circuit
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wind tunnel with two test sections placed in a vertical arrangement. For this test campaign,
the high-speed (characterised by a very low turbulence intensity) test section of the wind
tunnel facility was used. The main characteristics of the high-speed test section of wind
tunnel are summarised in Table 1.

Table 1. Wind tunnel test section characteristics.

Test Section Dimensions
[m]

Max Wind Speed
[m/s]

Turbulence Intensity
[%]

GVPM High-speed 4 × 3.84 × 6 55 <0.1

The scaled model was mounted over a splitter plate specifically developed to control
the boundary layer thickness. In Figure 1a a picture of the splitter plate mounted in the
test section is displayed; while in Figure 1b, the vertical profile of the mean wind speed
measured over the splitter plate and the target value required by the EN14067-6 are plotted.
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Figure 1. Splitter plate of GVPM wind tunnel: (a) Splitter plate mounted on the test section; (b) vertical
profile of the mean wind speed measured over the splitter plate.

The instrumentation used during the test to measure forces and moments is a six-
components dynamometric balance, a strain-gauge based balance (RUAG Aerospace
model 19).

The scaled model was instrumented also with pressure sensors. Pressure measure-
ments were performed using the Initium high-speed scanning pressure equipment and
the ESP miniature pressure scanners. The small size of the scanners allows them to be
positioned inside the model near the measurement points, thus reducing the length of
the tubes.

The scaled model of the train consists of:

1. First car: instrumented with an internal six-component dynamometric balance for
measuring forces and moments, and 160 pressure taps placed around the surface of
the vehicle;

2. Dummy car: placed downstream to reproduce the correct boundary conditions;
it corresponds to half of the second vehicle, in compliance with the requirement
prescribed by the EN 14067-6 standard.

All the dimensions of the original vehicle were reduced following the 1:15 scale ratio,
in order to obtain geometric similarity with the real train. The 1:15 scale ensures the
minimum Reynolds number required by the European Standard (2.5 × 105) at both wind
speeds is reached.

Mechanical contact between instrumented model (first vehicle) and dummy car is
always avoided. The distance between the two vehicles was reproduced with the correct
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separation that is present on the real train. The geometry of bogies was simplified in
agreement with the EN 14067-6 standard. Infrastructure scenario corresponds to the
standard Single Track Ballast and Rails, STBR (EN-14067-6). The wind tunnel scaled model
of the ETR1000 train is displayed in Figure 2, on the left: the CAD model of the scaled train
and infrastructure scenario is illustrated; on the right: the actual scaled model mounted on
the high-speed test section of the wind tunnel is displayed.
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Figure 2. Wind tunnel model of ETR1000: (a) CAD model; (b) scaled model on GVPM wind tunnel.

The dynamometric balance is mounted inside the scaled model, fixed to the car body
and to the balance support. This support is rigidly connected to the rotating table of the
wind tunnel using two vertical bars placed in correspondence of the bogies as shown in
Figure 3.
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Figure 3. Internal setup for the connection of the dynamometric balance to the train scaled model.

Moreover, to also measure the pressure around the surface of the first car, 160 pressure
taps were disposed on the train surface. Eleven rings of pressure taps were set along the
train in the positions indicated in Figure 4.

Tests were carried out at two different wind speeds, 30 m/s and 55 m/s. The corre-
sponding Reynolds numbers, calculated with a characteristic dimension of 3 m full-scale as
required by EN14067-6, are respectively equal to 4 × 105 and 6.8 × 105, both higher than
the limit value of 2.5 × 105 required by the European Standard.

Reference system for evaluating aerodynamic coefficients is defined according to
EN14067-6. The reference system is fixed to the vehicle and its origin coincides with the
centre of the vehicle at the level of the top of the rail: the longitudinal axis x is oriented
in the direction of travel, the z axis is vertical and direct downwards, and the y-axis is
perpendicularly oriented to form a right-handed coordinate system. The reference system
for computing aerodynamic coefficients is depicted in the Figure 5, where also the yaw
angle βw of the train with respect to the wind direction is represented. βw = 0◦ when the
train is aligned with the wind; βw is positive if the rotation is clockwise and negative for
counter-clockwise rotations.
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From the EN14067-6, aerodynamic coefficients are defined as follow:

CFi =
Fi

1
2 ρAU2 i = {x, y, z} (1)

CMi =
Mi

1
2 ρAhU2 i = {x, y, z} (2)

CMx,lee =
Mx − Fzs
1/2ρAhU2 = CMx − CFz

s
h

(3)

where Fi with i = {x, y, z} is the force component in the European Standard reference
system and Mi is the correspondent moment. In Equations (1)–(3), ρ is the air density, U2

is the square of the mean value of wind speed, h is 3 m (at full-scale), A is the reference
surface area, defined in the standard as 10 m2 (full-scale) and s is half of the track gauge
(0.75 m for standard gauge according to EN14067-6).

The lee-rail rolling moment corresponds to moment with respect to a longitudinal
axis set in accordance with the leeward rail. CMx,lee is computed from the roll moment
coefficient and vertical force coefficient.

3. Results

In this section, the results obtained in the experimental campaign carried out in
the wind tunnel of Politecnico di Milano are presented in terms of both force/moment
coefficients, computed according to Equations (1)–(3), and pressure coefficient distributions
for all the eleven considered sections.

3.1. Aerodynamic Coefficients

Figure 6 shows the four main force coefficients CFy, CFz, CMx and CMx,lee measured for
the ETR1000 train on STBR, for two different wind speeds, 30 m/s and 50 m/s. From the
analysis of all the coefficients, it is possible to identify two different trends: over 60◦, the
curves suddenly separate and then collapse again to similar values at wind yaw angles
near 90◦.



Appl. Sci. 2023, 13, 232 7 of 10

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 11 
 

In this section, the results obtained in the experimental campaign carried out in the 
wind tunnel of Politecnico di Milano are presented in terms of both force/moment coeffi-
cients, computed according to Equations (1)–(3), and pressure coefficient distributions for 
all the eleven considered sections. 

3.1. Aerodynamic Coefficients 
Figure 6 shows the four main force coefficients CFy, CFz, CMx and CMx,lee measured for 

the ETR1000 train on STBR, for two different wind speeds, 30 m/s and 50 m/s. From the 
analysis of all the coefficients, it is possible to identify two different trends: over 60°, the 
curves suddenly separate and then collapse again to similar values at wind yaw angles 
near 90°. 

 
Figure 6. Aerodynamic force coefficients as a function of yaw angle. Wind tunnel test: wind speed 
30 m/s and 50 m/s; train: ETR1000; scenario: STBR. 

Aerodynamic coefficients measured at 30 m/s show a sudden change between 60° 
and 65°. This variation leads to an increment of lateral force and rolling moment coeffi-
cients, while lift force coefficient decreases. Consequently, the effect on the lee-rail rolling 
moment coefficient, that is a combination of rolling moment and lift force, is lower in 
magnitude, although it is still clearly observable. 

On the contrary, all the aerodynamic coefficients measured in the wind tunnel at 50 
m/s of wind speed do not show this abrupt change: they reach a maximum between 45° 
and 55° and then decrease, with an almost monotonous trend, up to 90°. 

3.2. Pressure Distribution 
Mean pressure distributions on the surface of the train for all the eleven tapping loops 

are presented in Figure 6. The results correspond to the wind tunnel test with wind yaw 
angle of 65°, being the angle at which the biggest difference in force aerodynamic coeffi-
cients is observed. 

At 65°, for tapping loops 1–5, no significant differences are observed between the 
results at 30 m/s and 50 m/s. The pressure distribution shows a positive pressure on the 
windward side and a uniform suction around the upper part and leeward side of the train 

C
Fy

C
M

x

C
Fz

C
M

x,
le

e
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m/s and 50 m/s; train: ETR1000; scenario: STBR.

Aerodynamic coefficients measured at 30 m/s show a sudden change between 60◦ and
65◦. This variation leads to an increment of lateral force and rolling moment coefficients,
while lift force coefficient decreases. Consequently, the effect on the lee-rail rolling moment
coefficient, that is a combination of rolling moment and lift force, is lower in magnitude,
although it is still clearly observable.

On the contrary, all the aerodynamic coefficients measured in the wind tunnel at
50 m/s of wind speed do not show this abrupt change: they reach a maximum between
45◦ and 55◦ and then decrease, with an almost monotonous trend, up to 90◦.

3.2. Pressure Distribution

Mean pressure distributions on the surface of the train for all the eleven tapping
loops are presented in Figure 6. The results correspond to the wind tunnel test with wind
yaw angle of 65◦, being the angle at which the biggest difference in force aerodynamic
coefficients is observed.

At 65◦, for tapping loops 1–5, no significant differences are observed between the
results at 30 m/s and 50 m/s. The pressure distribution shows a positive pressure on the
windward side and a uniform suction around the upper part and leeward side of the train
nose. The presence of a sharp edge on the upper windward corner of the nose locks up the
flow separation point, whose position is independent of the wind speed.

On the contrary, for tapping loops 6 to 8, two different flow distributions depending
on the wind speed may be observed. For the wind speed equal to 30 m/s, the behaviour
of the flow is in line with the behaviour found for sections 1 to 5: the flow over the roof
separates early, and thus a uniform pressure distribution is observed on the roof and on
the leeward side of the train body. On the contrary, when the wind speed is 50 m/s, the
flow remains attached to the roof and a large suction peak over the windward roof corner
is observed.
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Pressure coefficient in tapping loops 9, 10 and 11 have a similar behaviour for both
wind speeds, but the suction zone in the windward corner of the roof is smaller and less
pronounced for the test at 30 m/s.

The uniform pressure distribution observed around the whole roof zone when wind
speed is set to 30 m/s, typical of a completely separated flow over the roof, is consistent
with the important reduction in lift force observed from the corresponding coefficient. On
the contrary, the typical suction peak, observed at the windward corner of the roof zone
in the central portion of the car body leads to an increase in the lift, as shown in Figure 6.
Moreover, the suction zone over windward corner of the roof, not only increases lift, but
also reduces side force.

As outlined by pressure distributions displayed in Figure 7, the gaps observed over
65◦ in force aerodynamic coefficients at two wind speeds, are mainly due to the different
behaviour of the flow at the windward roof corner, in correspondence of the region just
behind the train nose (sections 6, 7 and 8), where the roof profile is completely rounded.
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To verify the behaviour at 90◦, Figure 8 shows the pressure coefficient around sections
6, 7, and 8 obtained for a wind tunnel test with wind yaw angle set to 90◦: it is possible to see
that at this angle, the pressure distributions obtained at the two velocities are equivalent. A
small difference on the magnitude of the suction zone over the roof is observed for tapping
loop 6, that can be responsible for the very small difference in vertical force observed in
Figure 6.
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Figure 8. Pressure coefficient around the surface of the train. Wind tunnel test: wind speed 30 m/s 
and 50 m/s; wind yaw angle = 90°; train: ETR1000; scenario: STBR. 

In conclusion, it is interesting to note that the double trend found in the force aero-
dynamic coefficients over 65° is to be attributed to a different behaviour of the flow and, 
correspondingly, of the position of the separation point, which, however, occurs only in a 
well-defined portion of the carriage, i.e., just after the nose, where the roof profile is com-
pletely rounded. 

In the opinion of the authors, the double trend found in the force aerodynamic coef-
ficients is not only due to the Reynolds number, because the gap between the two trends 
is not constant in the range 65°–90° (although in this range the car behaves as a bluff body) 
and because differences in the pressure distribution take place only in some portions of 
the train. The reason for the appearance of the double trend is a combination of Reynolds 
number effect, which characterises the fluid-dynamic behaviour of the object, and the ge-
ometry of the vehicle, especially due to the particular combination of smooth rounded 
roof with a train nose characterised of sharp edges, that influences the flow separation 
location. 

Finally, it is interesting to note that, even if, for high-speed trains, a relative wind 
yaw angle of 65° is difficult to reach because of the big longitudinal component derived 
from the velocity of the train, the same consideration is not true for conventional trains. 
Recent studies demonstrated that critical wind speeds that lead high-speed trains to over-
turning are almost the same as those found for conventional trains [17]. In fact, modern 
conventional trains are, nowadays, adopting solutions as weight reduction, more aerody-
namic nose shapes and smooth rounded roofs, in order to reduce drag and improve effi-
ciency. For these trains, having maximum vehicle speed lower than 200 km/h, the corre-
sponding critical yaw angles are ranged between 40° and 70° [14]. It is then clear how an 
error in the estimation of the coefficients at these angles can lead to a wrong evaluation 
when assessing crosswind stability. 
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Wind tunnel tests on a 1:15 scaled ETR1000 model was carried out at different wind 
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Over 65° of yaw angles, it was observed that the particular combination of train shape 

and wind speed causes the occurrence of two different trends in the force aerodynamic 
coefficients, associated to a different position of the separation line. 

Figure 8. Pressure coefficient around the surface of the train. Wind tunnel test: wind speed 30 m/s
and 50 m/s; wind yaw angle = 90◦; train: ETR1000; scenario: STBR.

In conclusion, it is interesting to note that the double trend found in the force aero-
dynamic coefficients over 65◦ is to be attributed to a different behaviour of the flow and,
correspondingly, of the position of the separation point, which, however, occurs only in
a well-defined portion of the carriage, i.e., just after the nose, where the roof profile is
completely rounded.

In the opinion of the authors, the double trend found in the force aerodynamic coeffi-
cients is not only due to the Reynolds number, because the gap between the two trends is
not constant in the range 65◦–90◦ (although in this range the car behaves as a bluff body)
and because differences in the pressure distribution take place only in some portions of the
train. The reason for the appearance of the double trend is a combination of Reynolds num-
ber effect, which characterises the fluid-dynamic behaviour of the object, and the geometry
of the vehicle, especially due to the particular combination of smooth rounded roof with a
train nose characterised of sharp edges, that influences the flow separation location.

Finally, it is interesting to note that, even if, for high-speed trains, a relative wind yaw
angle of 65◦ is difficult to reach because of the big longitudinal component derived from
the velocity of the train, the same consideration is not true for conventional trains. Recent
studies demonstrated that critical wind speeds that lead high-speed trains to overturning
are almost the same as those found for conventional trains [17]. In fact, modern conven-
tional trains are, nowadays, adopting solutions as weight reduction, more aerodynamic
nose shapes and smooth rounded roofs, in order to reduce drag and improve efficiency.
For these trains, having maximum vehicle speed lower than 200 km/h, the corresponding
critical yaw angles are ranged between 40◦ and 70◦ [14]. It is then clear how an error in the
estimation of the coefficients at these angles can lead to a wrong evaluation when assessing
crosswind stability.

4. Conclusions

Wind tunnel tests on a 1:15 scaled ETR1000 model was carried out at different
wind speeds.

Over 65◦ of yaw angles, it was observed that the particular combination of train shape
and wind speed causes the occurrence of two different trends in the force aerodynamic
coefficients, associated to a different position of the separation line.

These findings highlight that differences can be found on the aerodynamic coeffi-
cients, especially at high yaw angles, for some train geometries, i.e., smooth rounded
roof, even if tests are made in agreement with the requirements imposed by regulations
(European Standard).

The double trend found in the coefficients can have even more important effects for
conventional trains with smooth rounded roof because they are more susceptible to work
at high relative wind yaw angles due to lower train speed.
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It will be interesting to get deep in the analysis by means of CFD computations, in
order to better understand the phenomenon and to compare the flow simulated in the wind
tunnel with what found at full scale.
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