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Abstract: Computational fluid dynamics (CFD) is a popular tool in theidg and optimization
process of vehicles. Reliable numerical models of the iesherodynamics should resolve basic
features of the flow around the vehicle under investigatithout any fitting procedure. On the
other hand, the simulations should be economical, i. e. lgyputing times and high mem-
ory requirements should be avoided. In our contributionmeudical simulations of the flows
around the Ahmed reference car body based on the unsteadgpl@syaveraged Navier-Stokes
(URANS) equations are presented. The Ahmed body is a sedpidr used in automotive in-
dustry to investigate the influence of the flow structure eorgthe drag. The flow around the
Ahmed body exhibits basic features, which are also charigtitefor other bluff body vehicles,
namely trucks, buses or trains: There exist large coherertex structures and elongated sep-
arated flow regions downstream of the Ahmed body. The vertibe detached flows, and the
boundary layers at the body contours interact stronglyséhteractions are of fundamental
importance for aerodynamical parameters of the car. In dudg, Ahmed bodies with different
rear geometries (slant angles of 25° and 35°) are investigated. The findings from the nu-
merical simulations are in agreement with correspondingegiments. Based on the numerical
data, we give an explanation of the basic mechanisms of tsieady flow behavior.
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Thomas Ceyrowsky, Christoph Briicker and Riidiger Schevarz

1 INTRODUCTION

Computational fluid dynamics (CFD) is a tool of rising popitiain the design and optimiza-
tion process of vehicles. Methods are available which abowautomatic shape optimization
in a virtual wind tunnel[l]. As a major requierement, the éogpd numerical models of the
vehicle aerodynamics should resolve basic features ofdheditound the vehicle under investi-
gation without any fitting procedure. On the other hand, thrikations should be economical,
i. e. long computing times and high memory requirements lshioel avoided.

In our contribution, numerical simulations of the flows anduhe Ahmed reference car body
[2] are presented. The Ahmed reference body is a simplifiedncalel which is employed in
the automotive industry in order to investigate the inflleentthe flow structure e. g. on the
drag of the vehicle. Good aerodynamic design of a vehiclaireg a good understanding of
the flow phenomena and the relationships between the aaaodgmparameters and the shape
of the vehicle.

The flow around the Ahmed body exhibits basic features, whrehalso characteristic for
other bluff body vehicles, namely trucks, buses or trainbBer€é exist large coherent vortex
structures and elongated separated flow regions downswédme Ahmed body, which give
the main contributions to the drag [2, 3]. The location atahhtihe flow separates determines
the size of the separation zone, and consequently the dreg fGlearly, a precise simulation
of the wake flow and of the separation process is essentigdhéoaccuracy of drag predic-
tions. The vortices, the detached flows, and the boundaerdagt the body contours interact
strongly. These interactions are of fundamental impogdnc the aerodynamical parameters
of the vehicle.

The Ahmed body has the dimensions length 1044 mm, heighth = 288 mm and width
w = 389 mm, Fig. 1. The length of the slant partis = 222 mm, whatever the angle.
The distance between the ground and the bottom surface @&hheed body ish = 50 mm.

In the experiments of Lienhart et al.1[3], the incoming flowowity is U = 40m/s. The
kinematic viscosity of air iy = 1.5 x 107> m?/s. The Reynolds number iBe = Ul/v =
2.784 x 10°. In the experiments, a critical rear body slant angle= 30° is found at which the
drag is maximum. Far below this value, the wake is nearlydst@ad quasi two-dimensional
(minor changes in streamwise direction). Then, the flomea®to a complex three-dimensional
very disipative structure, when the angle is increased.hAtdritical angle, the flow structure
changes drastically: for higher slant angles, the wake hescagain quasi two-dimensional.
Two different rear slant angles{ = 25° and ¢, = 35°) are considered in the numerical
simulations, which correspond to a high-drag configuratiatin strongly three-dimensional
wake (p;) and a low-drag configuration with quasi two-dimensionakev@-).

The flow around the Ahmed body has been already used as a sestocdurbulence mod-
eling under steady-state conditions$ [4, 5]. In our studg, ftow around the Ahmed body is
investigated in numerical simulations based on the ungtBagnolds-averaged Navier-Stokes
(URANS) equations. The boundary conditions of the simatsifit to the constant parameters
in the experiments of Lienhart et al.l[3]. Different turbode models and numerical schemes
have been tested in order to find out the best settings foritm@ations. Finally, benefits and
short-comings of the URANS approach in comparison to LESd@éseussed. Therefore, our
numerical data (drag coefficients, velocity profiles an@d&tal numbers) are compared to the
experimental(]3] and recent numerical results from largdyedlES) [6,[7] and lattice Boltz-
mann simulations (LBM)[[8] in order to judge the accuracy af snodel. We also compare
our numerical efforts (computing times and memory requéests) with the data of the other
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Figure 1: Ahmed reference body: geometry and dimensions.

investigations in order to judge the efficieny of the URAN®gach as well.

2 NUMERICAL MODEL
2.1 Model equations

A numerical solution of the fundamental flow equations dedsandirect numerical simula-
tion, in order to obtain all velocity and pressure scaleshefturbulent flow field. This would
be a very time and memory consuming task. Alternativelyftiielamental equations can be
phase-averaged in order to separate larger resolved fratesmnresolved velocity and pres-
sure scales. Therefore, the numerical model of the trangiean flow around the Ahmed body
is based on the unsteady Reynolds-averaged Navier-StoRSNS) equations

ek g
o g () = — G ey Tl o 2)

Here,u; is the velocity,p is the pressure and; are the Reynolds stresses. The material pa-
rameters of air are densigy= 1.2 kg/m? and kinematic viscosity = 1.5 x 107> m?/s. The
brackets. . .) indicate phase-averaged quantities.

2.2 Turbulence model

The unknown Reynolds stressgsare be provided by a turbulence model. Three different
models have been employed in the simulations, the Readizabimodel (RKE) [9], the SSE-
w model (SST)[[10] and the Reynolds stress model (RSM) of Lauatlal. [11]. Additionally,
wall functions are employed in order to describe the meamcigi and the turbulence quantities
in the near-wall regions.

2.3 Grid and boundary conditions

The computational domain of the virtual wind tunnel has tlabgl dimensions length =
8364 mm, height H = 1400 mm and widthW = 1870 mm. The inlet boundary is located

7
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Figure 2: Computational grid around the Ahmed body.

2100 mm =~ 21 upstream of the front, the outlet is locat&20 mm = 51 downstream of the
end of the Ahmed body. The center of the coordinate systetadceg in the middle of the inlet
bottom line. The lock-structured grid contaifhs x 10° cells and employs 67 blocks. The stilts
of the experiment by Lienhart et al.|[3] are neglected in thmarical simulations, see figure
[2. Local grid refinement has been applied in some core flovonsgistagnation region in front
of the Ahmed body, wake flow region past the Ahmed body) whemgelr gradients of the flow
guantities are expected.

At the inlet, constant values for the velocityy” = (40m/s, 0, 0) and the turbulence quanti-
tiesk™ = 0.24m?/s?, e = 2.4m?/s% are given. In the simulations with the RSM, the Reynolds
stresses;'j" are estimated frorh™. At the outlet, a constant pressure- 10° Pa is prescribed.
Finally, the no-slip condition is applied at the top, thetbot and the side walls of the channel.

2.4 Numerics

The model equations are solved with the open-source CFRagacOpenFOAM, which is
based on a finite-volume formulation. All flow variables atered at the geometric center of
the hexahedral shaped cells. Different numerical scheraes Ibeen tested in the simulations.
Convective fluxes are obtained with first order upwind intémgion, linear interpolation or
a total variation diminishing (TVD) interpolation schenrespectively. Diffusive fluxes are
obtained from the central differencing scheme. Momentudyaassure equations are solved in
a segregated fashion according to the SIMPLE coupling ghgor Finally temporal integration
is performed due to the implicit Euler scheme.

All simulations have been performed with a time-step width= 5 x 10~° s for a physical
flow 7,,,s = 1s. However, only the period,,,, = 0.4s...1s is considered in the evaluation
of the flow data.

3 RESULTS

3.1 Overall flow structure

The performance of the turbulence models and numericaladsthas been determined in a
preliminary investigation. The outcome of the tests is thatbest choice for the numerical sim-
ulations is the RKE turbulence model and the TVD scheme f@d#termination of convective
fluxes. All results which are discussed below have been mexiwith these settings.
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(@) p = 25° (b) ¢ = 35°
Figure 3: Flow velocity around the Ahmed reference body, sty plane at = 0 mm.

The numerical simulations resolve well known features efftow around the Ahmed body,
fig. 3. The incoming flow is decelerated and deflected by thet fobthe Ahmed body. Bound-
ary layers develop on top, at the bottom and at the side fddbe dwody. The main difference
between the two configurations is the structure of the séipangegion: In case op; = 25°, the
flow follows the slant and separates at the rearward slamtpnbereas in case of, = 35°, the
flow is already fully separated over the slant. Erroneously;losed separation bubble is found
on the slant in case of; = 25°, although this feature was clearly observed in the experime
These findings are in agreement with prior comparisons ketvegperimental and numerical
data [4]5].

In both configurations, our numerical results of the incagriilow at the front part of the
Ahmed body are in good agreement with the experimental ddteenhart et al. [3]. Therefore
this part of the flow around the Ahmed body is not discussed.

3.2 High-drag configuration

(a) side view (b) back view

Figure 4: High-drag configuration: visualization of the flGield.

For slant angleo; = 25°, the flow structure over the slant and in the wake is shown irffig
As mention above, the flow follows the slant and separatdseatdarward slant onset, figl. 4a.
Strong side vortices are found in the flow, which interactrdke slant and the near-body wake
region, fig.[&b.
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[

Figure 5: High-drag configuration: instantaneous wake flow.

The URANS simulation for the slant angle = 25° do not run in steady state. This obser-
vation is in contradiction with the URANS simulation of Guilneau[14], which have reached
steady-state conditions. In our simulation, the flow fielthibiks a long-term ocillating be-
havior, especially in the wake flow region of the Ahmed bodwtideable temporal velocities
changes are observed in the wake flow,[flg. 5. Here(thuegiterion is used in order to visualize
the side vortices in the wake. Isosurfage= 2500 s~2 are colored with the local lateral accel-

. 0 (u,) . . . . - .
erationA4, = () inm/s~2. Itis evident, that the lateral acceleration coincide$aistrong
deformation of the side vortices.

- EXP i

y [m]

y [m]

(S — SN

x[m] x[m]
(a) slant region (b) wake region

Figure 6: High-drag configuration: velocity profiles.

The unsteady behavior of the wake flow has been already disdus the literature, see e.
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g. |6,4]. Two different types of instability, the small-¢edelvin-Helmholz or the large-scale
Crow instability [12,[18] could be responsible for this beioa We assume, that the Crow
instability is induced when the side vortices interact anghant.

As expected, the long-term time-averaged velocity profila® the numerical simulation are
not in agreement with the experimental results, sedfig. & difierence is mainly due to the
fact, that the closed separation bubble on the slant is sotwed in the simulation. Therefore,
the prediction of the slant flow region is very poor, fi[g. 6a,endas in the wake region, the
agreement between simulation and experiment is satisfadtg. [@b. Here, LES[I6/17] and
LBM [8] give a much better prediction of the mean velocity fies on the slant and in the
wake.

3.3 Low-drag configuration

(a) side view (b) back view
Figure 7: Low-drag configuration: visualization of the flowléi.

For slant angleo, = 35°, the flow structure over the slant and in the wake is shown irfifig
As discussed above, the flow is fully separated over the,dignfda. Here, much weaker side
vortices are found in the flow, which do not interact over tlaas fig.[Ib.

The URANS simulation fop, = 35° converge to steady state conditions, temporal velocities
changes are not observed in the wake flow. The weak side e@srtichich are again visualized
by the Q-criterion. The isosurfac® = 2500 s~2 is not accelerated laterallyl, ~ 0m/s* on
the hole isosurface, fi@l 8.

Not surprisingly, the agreement between the velocity msfffom the experiment and the
simulation is satisfactory for the slant and good for the evedgion, fig.[P. For this configu-
ration, LBM [8] gives a similar prediction of the mean veltycprofiles on the slant and in the
wake, whereas LES data is not available for this case.

3.4 Flow parameters and numerical efforts

Table[1 compares drag coefficierits, and Strouhal numbeiSt = U™ f,,./h, which have
been found in experimental and recent numerical investigat The oscillation frequency is
determined by the inspection of the Fourier spectrum of the flariables in a specific point of
the front or wake region, respectively. Obviously, the edn of these characteristic parame-
ters is similar in the simulations with LES, LBM and URANS fpr = 25°. The unceartainty
of St seems to be due to the fact, that different signals have besdyzeed by means of Fourier
transformation. For case, = 35°, LBM gives a decrease farp, which is in agreement with

11
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Az
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[ |

Figure 8: Low-drag configuration: instantaneous wake flow.

the measurements. Here the URANS simulation overestinigtesoticeably. However, be-
cause the mean flow field does not exhibit any long-term fluicinga simulation based on the
steady Reynolds-averaged Navier-Stokes equations sedrastie better choice, see e. g. Craft
et al. [15].

Finally, the numerical efforts for the different approasheamely LES, LBM and URANS
are compared in tab[@ 2. The computation timgs,, (in CPUR), which are given in[[8] and
[7], are related to the calculated physical flow timg,, (in s). Thereforer's = 7.,/ Tohys 1S
the computing time for one second of real (physical) flow time

It is evident, that the URANS simulation has the lowest vdluer!s, although it is not
performed on a high performance computer. URANS simulatzan run on a workstation or

y [m]
y [m]

3.2 35 3.8

x[m] x[m]
(a) slant region (b) wake region
Figure 9: Low-drag configuration: velocity profiles.
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author study w1 = 25° Yo = 35°
Cp | St Cp

Lienhart et al.[[3] EXP | 0.285 - 0.26

Fares|([8] LBM 0.28 - 0.20

Minguez et al.[[¥] LES >0.3 0.15 (front) -

0.42 (wake)

Krajnovic, Davidson([5]] LES | 0.292| 0.15,0.26 (front + wake -

present URANS | 0.285 0.50 (wake) 0.287
Table 1: Drag coefficients and Strouhal numbers.

author study mesh T1s memory system

points | CPUh/s | GBuyte

Fares([8] LBM | 18 x 10° 220 - 322.8GHz CPU

Minguez etal.[[¥]] LES |21 x 10° 172 18 NEC SX8

present URANS | 5 x 10° 48 1 42.2GHzCPU

Table 2: Numerical efforts for LES, LBM and URANS.

a PC, because the numerical grids are typically much coarsktime step sizes much larger
than in corresponding LES or LBM simulations.

4 CONCLUSIONS

Numerical simulations based on the unsteady Renolds-gedrBavier Stokes (URANS)
equations have been performed for the generic Ahmed bodyskant angleg5° and35°. The
simulations resolve most of the basic flow features cowyedtilaracteristic vortex structures and
separated flow regions are found. In case of a slant angle’ pthe flow field in the simulations
exhibits a long-term oscillating behavior. Contrary, irseaf a slant angle df5°, the flow
field in the simulations remains nearly constant withougaigiciant unsteady behavior. These
numerical findings are again in agreement with correspaneiperimental observations.

For the slant angle5°, the mean velocity profiles in the critical region on the skare not
correctly resolved with the URANS approach. Here, otheraaghes like large eddy simula-
tions or lattice Boltzmann simulations give significianttee results. For the slant angié®,
the URANS simulation gives good results for the flow.

The URANS simulations give for both cases reasonable vdtuatrag coefficients and the
Strouhal number of the long-term flow oscillations in casehaf slant angle5°. Here, the
performance of large eddy simulations or lattice Boltzmamulations is not much better.
However, the decrease in the drag coefficient between tlee26asnd35° is not found in the
URANS simulations. Finally, the numerical efforts for th& AINS simulations are much lower
than the efforts for large eddy simulations or lattice Bol&nn simulations.

Therefore we suggest that URANS models should be appliedriy-stage optimization
simulations, whereas large-eddy or lattice Boltzmann &atrans should be employed in late-
stage final tuning simulations.
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Abstract. The sensitivity of road heavy vehicles aerodynamic coefficients to different testing
parameters (scenario, vehicle type, turbulence intensity) is experimentally investigated in this
paper through wind tunnel experiments. Tests have been carried out in the Politecnico di Mi-
lano wind tunnel using 1:10 scale vehicle models. Force and moment mean aerodynamic co-
efficients have been analyzed for different vehicle types (VAN, trailer, tanker), scenarios (flat
ground, embankment, viaduct), expositions (upwind, downwind), turbulence conditions (low
turbulence and atmospheric boundary layer simulation) and varying yaw angles. Force and
moment aerodynamic coefficient have been measured by means of a six-components dyna-
mometric balance, while the flow pattern around the vehicle has been assessed through pres-
sure taps on the vehicle surface.
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1 INTRODUCTION

Due to the serious consequences on road/rail transportation safety, the interest for the study
of wind induced rollover of road and rail vehicles has grown up. In fact trains, high sided lor-
ries, trucks, tankers etc. are particular at risk of rollover when running on exposed sites such
as embankments, viaducts or long span bridges ([1],[4]). Over the years, several studies
([2],[3]) and EU projects have been focused on the prediction of these accident. For what
railways is concerned, a task of the BRITE-EURAM TRANSAERO project (1994-1998) has
been devoted to the study of cross wind effects on rail vehicles ([6]). Moreover within the
DeuFrako and the Aerodynamic in Open Air (AOA) projects a risk analysis associated to
cross wind on trains has been performed. For what road vehicles is concerned, during the EU
project WEATHER involving among the others Birmingham University, Nottingham Univer-
sity and Politecnico di Milano, different techniques (full scale and wind tunnel experiments
and CFD) for evaluating mean aerodynamic coefficients of a VAN have been applied and
compared ([8]) in order to develop an alarm system for advising the driver of potentially criti-
cal situations due to cross wind. However all the proposed approaches for assessing the roll-
over risk associated with cross wind are based on the knowledge of the vehicle mean
aerodynamic coefficients.

In this paper, the sensitivity of different road heavy vehicles mean aerodynamic coeffi-
cients to some testing parameters (scenario, vehicle type, turbulence intensity) has been inves-
tigated in order to highlight which among these parameters are the most significant from the
rollover point of view. In particular, wind tunnel tests have been carried out on 1:10 scale
models of different heavy vehicles (truck, lorry with trailer and tanker) considering three in-
frastructure scenarios (flat ground, viaduct and embankment), both with and without boundary
layer simulation. Mean aerodynamic coefficients have been measured through a six compo-
nents industrial dynamometric balance, while the flow pattern around the vehicle has been
reconstructed by means of a series of pressure taps on the vehicle surface.

2 EXPERIMENTL SET-UP

In Figure 1 the three 1:10 scale vehicle models used during wind tunnel test are shown.
The first is a VAN (high-sided lorry, see Figure 1 on the left) 8m long, 2.5m wide and 3.5m
high in full scale. The tanker (Figure 1 centre) and the truck (composed by a tractor and a
semitrailer, Figure 1 on the right) are 14m long, 2.7m wide and 3.65m high in full scale.

Figure 1: Scale vehicle models: VAN (left), tanker (centre), truck (right).

In order to investigate the influence of the boundary conditions on the vehicle aerodynamic
coefficients, different infrastructure scenarios have been considered (flat ground, single and
double viaduct and embankment). The flat ground scenario consists in the vehicle running on
a flat terrain and represents the international reference wind tunnel testing condition.
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Viaduct and embankment scenarios have been built according to the geometrical data pro-
vided by Autostrade Italiane (Italian Highways) and relative to the most common typologies
present in Italy. Figure 2 shows the double viaduct scale model (1:10) and its corresponding
section. The viaduct is 10m high (full scale). This means that the streamwise velocity profile
is uniform at road level when low turbulence conditions are considered (Figure 10 — a). In
Figure 3 the embankment and its section are represented.

1900

Figure 3: Embankment: scale model and section (measures in millimeters).

2.1 Force, speed and pressure measurements

Aim of wind tunnel tests is to assess the aerodynamic loads acting on a vehicle and due to
cross wind. It is to point out that rigid models have been used during the tests, this meaning
that the geometrical characteristics of tested vehicles are reproduced, but not their 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 six components industrial dynamometric balance positioned under
the vehicle model and connected to its wheels. Figure 4 shows the measurement set up. As it
can be seen, the connection bars between the vehicle wheels and the balance are shielded
from the wind. During the tests carried out in flat ground configuration, the balance is placed
under the wind tunnel ground level, while it is hidden respectively into the viaduct and the
embankment during the other experiments. At the purposes of obtaining the aerodynamic co-
efficients, the wind speed was measured through Pitot tubes. In particular, during all the tests,
a Pitot tube at 0.6m in model scale has been used to measure the mean wind speed (Figure 5).
Moreover, in order to allow the comparison between aecrodynamic coefficients assessed in low
and high turbulence conditions, during the tests on flat ground, the mean wind speed has been
measured also by a Pitot tube set at VAN centre of gravity (cog) height hg (full-scale equiva-
lent of 2.7m).
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Figure 4: Linkage between the vehicle and the dynamometric balance.
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Figure 5: Wind speed measurements: Pitot tubes placement for flat ground scenario.

Together with the force measurements, in order to investigate the flow pattern around the
vehicle, the vehicle models have been instrumented with pressure taps. In Figure 6 the map of
the pressure taps on the VAN and the trailer is shown: 32 tap have been placed on the VAN
and 64 on the trailer.

2.2  Turbulence conditions simulated during wind tunnel tests

As known, the characteristics of the turbulent wind depend on the terrain type. In order to
evaluate the influence of the boundary layer on the aerodynamic loads acting on the vehicle,
tests have been carried out with (mean turbulence) and without boundary layer simulation
(low turbulence).

Low turbulence flow has been obtained in the standard wind tunnel operating conditions. It
is characterised by a uniform vertical profile of the mean wind velocity. Figure 10(a) shows
the streamwise normalised velocity profile at the height (z.~0.6 m). As it is possible to see,
the boundary layer develops for few centimetres over the floor and when the gradient is blown
over, the mean value of the wind velocity remains constant. In this flow conditions, fluctua-
tions of the wind velocity are very limited: they result superimposed to the mean velocity
value as uncorrelated noise. This leads to a small turbulence intensity and short integral length
scales (see Table 1).
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Figure 6: Pressure taps map.

During boundary layer simulations, turbulence conditions have been achieved by position-
ing in the wind tunnel, before the test section, an array of nine turbulence-producing spires
(Figure 7 and Figure 8) and roughness elements at ground level (Figure 9). The spires present

triangular profile and they allow to reproduce the velocity gradient effectively approximating
an atmospheric boundary layer.

Figure 7: Turbulence-producing spires.

Figure 8: Wind tunnel set up for boundary layer simulations. Figure 9: Roughness elements.
The vertical profile of the streamwise velocity U(z) normalised with respect of the wind

speed measured at the reference height z.=0.6m ( in model scale) is shown in Figure 10 for
the two simulated turbulence conditions.
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Figure 10: Normalised streamwise vertical velocity profile (z...=0.6m, model scale):
low turbulence (a) and mean turbulence (b).
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Table 1 summarizes the main statistical properties associated with the two turbulence con-
ditions reproduced into the wind tunnel, i. e. the turbulence intensity along the wind direction
I, and the integral length scales along x and y measured at the reference height z..=0.6m.

1,(%) L, (m) "L, (m)
Low turbulence 2 0.10 0.033
Mean turbulence 20 1.185 0.3292

Table 1: Wind characteristics in low and mean turbulence conditions measured at the reference height z,,~0.6m
(model scale).

Finally, Figure 11 shows the comparison between the normalized PSD measured in the
wind tunnel in mean turbulence conditions and the interpolation of the real wind PSD pro-
vided by Von Karman as a function of the reduced frequency. A good agreement can be no-
ticed, meaning that the frequency content of the wind simulated in the wind tunnel is
equivalent to the natural wind, also at low reduced frequencies f *L,/U .

3 MEAN AERODYNAMIC COEFFICIENTS

3.1 Mean pressure coefficients

In order to study the flow pattern around the vehicle surface, the pressure distribution
around the vehicle surface has been analyzed. For the purposes of the current work the mean
pressure coefficient (Cp) is defined as:

C, = oi;gz 1)

where P; is the pressure at tap i, P is the ambient (reference) pressure, p is the density of air
and U is the mean streamwise velocity at 0.6m above the ground (model scale).
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Figure 11: Normalised streamwise vertical velocity PSD at 0.6m above the ground (model scale).

As an example of the obtained results, Figure 12 and Figure 13 respectively show the pres-
sure coefficients data around the cabin (section 1, Figure 6) and the body (section 4, Figure 6)
of the VAN for a large variety of yaw angles. Flat ground and low turbulence conditions are
considered. Mean pressure coefficients Cp, are assumed positive when the arrows are directed
from outside to inside the vehicle.
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Wind

Figure 12: VAN, low turbulence, flat ground, section 1 ~ Figure 13: VAN, low turbulence, flat ground, section 4
(see Figure 6): pressure coefficient C, at different yaw  (see Figure 6): pressure coefficient C, at different yaw
angles. angles.

A uniform distribution can be seen on the leeward surface of the VAN cabin. On the wind-
ward surface, pressure is negative till the yaw angle is lower than 20°, then becomes positive.
In correspondence of the top corner, a negative pressure peak can be observed for yaw angles
higher than 60° (Figure 12). Similar considerations can be made for the pressure distribution
around VAN body (Figure 13). The main difference is that the negative pressure peak in cor-
respondence of the top corner is present for yaw angles comprised within 40° and 60°. This
difference is due to the shape of the top corners of the VAN, which is smooth, and of the
VAN body, which is sharp.

3.2 Mean force coefficients

The mean aerodynamic force coefficients are defined, as a function of the yaw angles
(Figure 14), as:

— Mi
1/2pU°Ah

|

(i=x,y,2) 4

Fi Mi

C12p0°A

where F are the mean values of the force components while M, are the mean values of the

corresponding moments, evaluated with respect to the origin of the reference system of Figure
14. The parameter A represents the vehicle lateral surface (XZ plane, Figure 14), h is the ve-
hicle height and U is the mean streamwise velocity at 0.6m above the ground (model scale).

\
A | :
©) [ U
gt
\‘/: X L
Figure 14: Reference system for the aerodynamic for- Figure 15: Yaw angle a.

ces measurement.
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Figure 16 and Figure 17 show two of the main aerodynamic coefficients for the cross wind
problem that are the vertical force and the rolling moment coefficients as a function of the
yaw angle. Such coefficients are measured on the VAN 1:10 scale model (see Figure 1) on
flat ground in conditions of low turbulence flow that represent the reference configuration.
The rolling moment coefficient shows two different behaviours as a function of the yaw angle:
increasing with a linear trend up to about 55° and then a value almost constant up to 90°
where it reaches the value of 1.1. As already observed for rail vehicles ([7]), these two behav-
iour correspond to different wind-vehicle interaction: from low to high yaw angles, the vehi-
cle modifies its behaviour from slender to bluff body. The rolling moment is mainly due to
the distribution of the pressure along the vertical axis: from the data analysis, it has been
found that the equivalent quote where the side force is applied is constant over the yaw angle.
As a consequence, the trend of the lateral force coefficient is equivalent to that of the rolling
moment.

Figure 16 shows that the vertical force coefficient is positive (up directed) at almost all
yaw angles and this means that the vertical force is a lift force.

Figure 18 and Figure 19 show respectively vertical force and rolling moment coefficients
measured on VAN vehicle with flat ground configuration in terms of comparison between
smooth flow and turbulent flow (Table 1). It is possible to note that, while the rolling moment
coefficient does not show significant differences between the two configurations, the vertical
force coefficient is very sensitive to the turbulence flow conditions. In particular, the greatest
differences on the lift force are highlighted at high yaw angles, where the vehicle behaves as
bluff body. In fact, the different turbulence levels influence the flow especially in correspon-
dence of the zone where the flow is detaching, that is in correspondence of the vehicle upwind
edge. Over the critical angle (a=55° for this vehicle), varying the turbulence level, the wake
behind the detach point is modified and, as a consequence, this leads to a modification of the
pressure field especially in the upper part of the vehicle with the corresponding variation of
the vertical coefficient.
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Figure 16: VAN, flat ground, low turbulence: Figure 17: VAN, flat ground, low turbulence:
vertical force coefficient Cg,. rolling moment coefficient Cyy,.
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All the tests have been performed with different wind speeds: 8 m/s and 12 m/s for the low
turbulence conditions and 5m/s and 8m/s for mean turbulent flow. These tests have allowed to
verify the Reynolds number independence of the coefficients in a range from about 1-10° to
2-10°. Table 2 shows the Reynolds number corresponding to the tested wind speeds where, as
typical dimension, the wide of each vehicle has been assumed that is D=0.25m for the VAN,
D=0.2m for the tanker and D=0.25m for the truck.

VEHICLE VAN TANKER TRUCK
Wind speed 8 (m/s) 12(m/s) 8(m/s) 12(m/s) 8 (m/s) 12 (m/s)
Reynolds number 134100 2100  1.06:10° 161100 1310 19810’

Table 2: Wind speed and corresponding Reynolds numbers tested in wind tunnel for VAN, tanker and truck.

Figure 20 and Figure 21, that represent the vertical force and the rolling moment aerody-
namic coefficients measured with the VAN in the reference conditions (flat ground, low tur-
bulence), show that both the coefficients do not highlight significant differences for the two

considered Reynolds number at all yaw angles.
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Figure 20: VAN, flat ground, vertical force coefficient
Cg,: different Reynolds numbers.
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The comparison between the three tested vehicles is shown in Figure 22 and in Figure 23
for the two main considered aerodynamic coefficients. We can note that the rolling moment
coefficients measured on the tanker is lower, since very low yaw angles, than that of VAN
and truck, characterized by similar lateral geometries (Figure 1). Differences between VAN
and truck arise only at high angles (>40°), where the vehicle behaves as bluff body. The three
different geometries in fact lead to a variation in the position of the flow detach point with a
consequent modification in the flow structure behind the vehicles. On the otherwise, signifi-
cant differences are observed in the vertical force coefficient, between VAN and truck, espe-
cially at low yaw angles (Figure 22).
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Figure 22: Flat ground, vertical force coefficient Cy,: Figure 23: Flat ground, vertical force coefficient Cyy:
comparison between VAN, tanker and truck. comparison between VAN, tanker and truck.

In the following, the effects on the aerodynamic coefficients associated to the scenario
where the vehicle is running will be shown. In particular, a comparison between the VAN
coefficients measured with flat ground, single viaduct, double viaduct and embankment is
shown in Figure 24 and Figure 25, respectively for the vertical component and for the rolling
moment.
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Figure 24: VAN, low turbulence, upwind, vertical Figure 25: VAN, low turbulence, upwind, rolling mo-

force coefficient Cp,: comparison between different ment coefficient Cy;: comparison between different
scenarios. scenarios.

From Figure 24 it is possible to observe that while the vertical forces measured with flat
ground and with embankment are upward directed for all yaw angles, the corresponding com-
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ponents measured with viaduct, both single and double, get from positive to negative in corre-
spondence of the yaw angle a=50° that means that the vertical force get from upward to
downward directed. Increasing the yaw angle, this scenario modify more and more the flow
direction in the YZ plane and so the detach point is shifted up to generate a negative lift force.
The rolling moment coefficient shows a similar trend for all the considered scenarios but dif-
ferences arise in the absolute values, especially for high yaw angles. The most critical scenar-
10s are the embankment, for angles up to 60°, and the single viaduct, for angles higher. With
the embankment configuration, in fact, the flow is accelerated in correspondence of the ramp
and this induces an overpressure on the upwind surface of the vehicle that increases the over-
all force in lateral direction and, as a consequence, the rolling moment.

Finally, Figure 26 and Figure 27 show the effect of the wind direction with respect to the
vehicle position (upwind and downwind configuration) as an example, for the embankment
scenario. Also in this case, the vertical force coefficient shows, in the two configurations, two
different trends as a function of the yaw angle.
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Figure 26: VAN, low turbulence, embankment, vertical Figure 27: VAN, low turbulence, embankment, rolling
force coefficient Cp,: comparison between upwind and moment coefficient Cy,: comparison between upwind
downwind. and downwind.

When the vehicle is upwind, this coefficient increases up to about 0.4 and then decreases
up to about 0; on the contrary, in downwind conditions, the coefficient reached its maximum
value (lower than one measured upwind) at a=45° and then it remains almost constant ex-
cepted for the angle a=90°, where a negative value has been registered. In terms of rolling
moment coefficient, from Figure 27, it is possible to observe that the main differences arise
over the critical angle, at high yaw angles. In this range of angles, in fact, the upwind vehicle
is directly subjected to the wind action while, when the vehicle is downwind, the wind is par-
tially slowed down.

4 CONCLUSIONS

Through a large experimental campaign carried out in wind tunnel on different scale vehi-
cle models, a sensitivity analysis of the aerodynamic coefficients to the test conditions and
configurations has been carried out.

At low yaw angles, it has been shown that variations in the Reynolds number (up to 2-10%)
and in the turbulence conditions (turbulence intensity 1,=2% and I,=20%) do not lead to sig-
nificant modifications in the two main aerodynamic coefficients, that are the vertical force
and the rolling moment coefficients. On the other hand, both these components have high-
lighted a strong sensitivity to both the scenario (flat ground, single and double viaduct and
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embankment) and the vehicle’s position on the scenario itself (upwind and downwind condi-

tion).

All the data obtained from this experimental campaign have been used also to set up a nu-
merical-experimental methodology, based on the aerodynamic admittance function, for the
evaluation of the safety of a road heavy vehicle subjected to cross wind ([5]).
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Abstract. The aerodynamic loads, due to transversal wind, can have significant effects on the
running safety of railway vehicles since they can modify the running stability of the vehicle
with an increasing risk of overturning. The cross wind effects become particularly critical in
combination with high running speed, with sudden variations of aerodynamic loads, for in-
stance at an exit from a tunnel, and with cant deficiency, in curve.
Moreover, nowadays cross wind effects on railway vehicles are a present problem due to the
necessity of defining interoperability standards on this specific topic (TSI). In particular, at
the design stage of a new railway vehicle, an aerodynamic study, able to verify the vehicle
stability to cross wind action, becomes necessary. This work presents an aerodynamic analy-
sis of cross wind effect on the new AnsaldoBreda EMUV250 train. Two approaches have been
used: wind tunnel tests and Computational Fluid Dynamic (CFD) analysis. While the experi-
mental study allows to have an higher confidence in the absolute values of the measured
forces, the numerical calculations allow to obtain a more detailed information (pressure field
and velocity map of the whole flow,...), very useful to understand the flow field around the
vehicle and, as a consequence, to identify the more effective aerodynamic parameters. The
aerodynamic coefficients of the first vehicle of the EMUV250 train original version have been
measured by wind tunnel tests performed at different angles of wind exposure. Then the CFD
analyses have been carried out in order to evaluate the parameters that mostly affect the
aerodynamic force. The numerical results have been validated by the experimentally meas-
ured aerodynamic coefficients. As a result of the numerical study carried out on the original
version of the EMUV250 model, two new vehicle geometries, with improved aerodynamic
characteristics in terms of overturning risk, have been designed and tested in the wind tunnel.
Starting from these results, through a numerical-experimental methodology, developed during
these last years at Mechanical Engineering Department of Politecnico di Milano, the cross
wind aerodynamic behaviour of the train can be analyzed in terms of Characteristic Wind
Curves, that represent the limit wind speeds leading the railway vehicle to overcome safety
limit conditions.
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1 INTRODUCTION

The aerodynamic loads, due to transversal wind, can have significant effects on the run-
ning safety of railway vehicles since they can modify the running stability of the vehicle with
an increasing risk of overturning. The cross wind effects become particularly critical in com-
bination with high running speed, with sudden variations of aerodynamic loads, for instance
at an exit from a tunnel, and with cant deficiency, in curve [1].

Moreover, nowadays cross wind effects on railway vehicles are a living matter due to the
necessity of defining interoperability standards on this specific topic (TSI, [2]). In particular,
in the design stage of a new railway vehicle, an aerodynamic study, able to verify the vehicle
stability to cross wind action becomes necessary.

This work presents an aerodynamic analysis of cross wind effect on the new EMUV250
train. Two approaches have been used: wind tunnel tests [3], [4], [5] and CFD Computational
Fluid Dynamic analysis [6]. While the experimental study allows to have an higher confi-
dence in the absolute values of the measured forces, the numerical calculations allow to obtain
a more detailed information (pressure field and velocity map of the whole flow,...), very use-
ful to understand the flow field around the vehicle and, as a consequence, to identify the more
effective aerodynamic parameters [6].

In the first step, the aerodynamic coefficients of the first vehicle of the EMUV250 train
original version have been measured by wind tunnel tests performed at different angles of
wind exposure. In the second step, CFD analyses have been carried out in order to evaluate
the parameters that mostly affect the aerodynamic force. The numerical results have been va-
lidated by the experimentally measured aerodynamic coefficients. As a result of the numerical
study carried out on the original version of the EMUV250 model, a new vehicle geometry,
with better aerodynamic characteristics in terms of overturning risk, has been designed and
tested in the wind tunnel.

In this work only the static aerodynamic coefficients have been analysed. In a next paper,
starting from these data, by the numerical-experimental methodology developed, during these
last years, at Mechanical Engineering Department of Politecnico di Milano, the cross wind
aerodynamic behaviour of the train will be analyzed in terms of Critical Wind Curves, that
represent the limit wind speeds that lead the railway vehicle to safety limit conditions [2], [3],

[71
2 EXPERIMENTAL WIND TUNNEL TESTS

In order to experimentally evaluate the effect of modifications applied to the train shape,
the mean aerodynamic coefficients have been measured through tests carried out on 1:10 scale
model of the first vehicle of the EMUV250 in the Politecnico di Milano wind tunnel.

In particular, in the first phase, the coefficients, with a very large range of Reynolds num-
bers, have been measured on the original version of the train in order to validate the CFD
analysis. In the second phase, the model of the last release of the train, designed on the basis
of the results obtained by the CFD analysis, has been tested in the wind tunnel and the new
coefficients have been measured.

Tests have been carried out on the flat ground scenario: this configuration corresponds to
the condition of train running on a flat terrain (without ballast and rail) and it represents the
reference configuration in the TSI Standard [2]. In particular, in the wind tunnel, the flat
ground has been realized through a rectangular plate set at an height of h=300mm in order to
have an incoming wind speed profile as uniform as possible. As represented in Figure 1, for
the tests carried out in the High Speed Section (HSS), at different Reynolds numbers, the
plate has been connected to an open parallelepiped steel structure (flat 1); for the tests at low
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Reynolds number, performed in the boundary layer test section, the table is positioned at the
same height by means of a series of columns but without the steel structure (flat 2). The main
difference between the two scenarios is the thickness of the flat: s=50mm for the flat 2 and
s=10mm for the flat 1.

Figure 2 represents the vertical wind speed profile measured over the table: it is possible to
observe that, over the flat ground, the boundary layer thickness is equal to about 50mm. In all
the performed wind tunnel tests on first vehicle, a down-stream body has been placed next to
model (Figure 1) to reproduce the correct boundary conditions.

All the aerodynamic coefficients have been measured in conditions of smooth flow consist-
ing in the standard wind tunnel operating conditions (the turbulent intensity 1,=0.2%).
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Figure 1: Experimental wind tunnel tests, High Speed Figure 2: Experimental wind tunnel tests: vertical profile of
Section: EMUV250 train on flat 1 scenario. the wind speed in the flat ground configuration normalized at
Zrei=400mm.

The experimental set up is composed by both an external 6-components industrial dyna-
mometric balance ([5]) for the measurement of the aerodynamic loads and a pitot tube, placed
at the reference height (z.=0.4 m), to measure the field wind speed.

As represented in Figure 3, the model is suspended to the dynamometric balance through
four beam elements connected in correspondence of the internal wheelsets. The bogies and
the wheelsets, geometrically similar to the corresponding real elements, are rigidly connected
to the carbody.

Figure 4 shows the reference frame adopted to the definition of the aerodynamic forces: the
reference system is connected to the carbody and its origin coincides with the carbody centre,
at the track level. The aerodynamic forces measured in the static tests allowed to define the
static aerodynamic coefficients as a function of the angle of attack o. The non-dimensional
coefficients are defined as follows:

C=p— Cu=g—— i=xy.2 @
= VA = pV2AH
2 2

where F; and M; are the aerodynamic loads components in the train local reference system
(Figure 4), evaluated in correspondence of the rail height, at the track midpoint; A is the later-
al carbody surface (in the XZ plane, Figure 3), p is the air density, H is the vehicle’s height,

V2 is the mean square value.

29



F. Cheli, F. Ripamonti, D. Rocchi, G. Tomasini

In the following, for privacy reasons, the experimental and numerical coefficients will be
presented as the ratio between the coefficient itself and the value of the reference coefficient
at 90°.

Suspension model

N 5

T ” 7. \ T
[ o] late
/ - p
Beam element %
7 ;\

192-61 dynamometric balance

Figure 3: Experimental wind tunnel tests: scheme of the  Figure 4: Experimental wind tunnel tests: reference
connection between dynamometric balance and vehicle system adopted for the aerodynamic forces and for
model. the angles of attack.

2.1  Experimental results on the original version

According to the quasi-steady theory [9], the aerodynamic force is evaluated by the follow-
ing expression:

F = PACVS @

where C, is the mean aerodynamic coefficient and V., is the relative wind-train speed. In

order to optimize the train aerodynamics with respect to the overturning risk, it is necessary to
reduce the aerodynamic force, especially the rolling moment (that is dependent from the later-
al force) and the vertical force: considered that the air density and the maximum train speed
are fixed, this means to reduce both the exposed surface A and the aerodynamic coefficient

C.

Wind tunnel tests have been performed on original version of the first vehicle of the
EMUV250 train on flat 1, in smooth flow conditions, both in High Speed Section (HSS) and
in Boundary Layer Speed Section (BLSS). The tests in the HSS (4mX4m wide) have been
carried out for Reynolds numbers from 9.33 10* to 1.1 10° over the range of angles of attack
0°-30°, due to the dimensions of this test section that does not allowed higher yaw angles. On
the contrary, the tests in the BLSS have been carried out for only one Reynolds number but
over the complete range of angles of attack 0°-90°.

Figure 5 shows the vertical and lateral force coefficients experimentally measured in the
two different test sections, for different Reynolds numbers. It is possible to observe that, over
the range of yaw angles 0°-30°, the lateral force coefficients show a trend independent from
the Reynolds number; on the other hand, the vertical force coefficients show that, for yaw an-
gles of 25°-30°, higher Reynolds number lead an increasing on the modulus of the coefficient.

The tests performed in the BLSS show that the measured coefficients are in agreement
with the corresponding values measured in the HSS, in the range 0°-30°. Both the coefficients
linearly increase up to a critical angle that, for the considered configuration, is equal to about
40° where they reach a pick value. Over the critical angle, they show an oscillation around an
almost constant value.
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In the following, these last series of experimental data have been adopted as reference for
the comparison with the CFD analysis.
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Figure 5: Reynolds number effect on the Cg, (a) and Cg, (b) coefficients: High Speed Section tests (points) and
Boundary Layer Section tests (broken line).

3 CFD NUMERICAL ANALYSIS

For high speed trains, the typical range of angles of attack, experienced in the operating
conditions, is bounded in 0-30°, due to the low value of the ratio between the absolute wind
speed and the train speed. In order to reduce the risk of overturning due to the cross wind, it
necessary to decrease the aerodynamic coefficients (especially the ones related to rolling mo-
ment and lateral and vertical force) in the range of angles of attack 0-30°.

CFD analyses have been performed to deeply investigate the flow field in order to optimize
the train aerodynamics in terms of response to the transversal wind. In fact, numerical studies
allow to collect more information with respect to the experimental tests on both the static
pressures on the vehicle surfaces and the velocity field around it.

The investigation of the flow field around the AnsaldoBreda EMUV250 High speed train
model at different wind exposures was performed by means of 3D CFD analyses. The consi-
dered geometry represents the 1:10 scale model in order to simulate the same Reynolds num-
ber conditions of the wind tunnel tests. The quality of the simulation results has been assessed
by a comparison between experimental and numerical results in terms of global forces and the
analysis of the flow structure was used to define the geometry modification during the aero-
dynamic optimization stage. All the CFD analyses have been performed using the commercial
code FLUENT® [8].

3.1 3D CFD model

CFD analyses have been performed at the same wind speed considered during the experi-
mental campaign equal to 10 m/s corresponding to a Reynolds number equal to 1.87-10°, (re-
ferred to the train model height). The low turbulence intensity (1,=2%) characterizing the
wind tunnel flow (in common wind tunnel practice, it is considered laminar), together with
the consideration of low levels of self-induced turbulence (at very low angles of exposure the
flow is expected to be mainly attached to the train walls) allow to perform preliminary analys-
es resolving the Navier-Stokes equation without any turbulence model. A full direct numerical
simulation is not feasible at the considered large Reynolds number because of the amount of
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computational effort required. Therefore it has been decided to perform an analysis of the
problem consisting in solving the Navier-Stokes equations on a coarser mesh (with respect to
the DNS requirements) tolerating that the results will be affected by the approximation of the
lack of the contribution of all the small turbulence scale filtered out by the grid spatial dimen-
sion. In particular, close to the wall, where the smallest turbulence scales are present, the
adoption of a grid with larger dimensions will result in overestimating the slope of the veloci-
ty profile and consequently the shear stresses [9].

Simulations were performed considering the flow as uncompressible and using a segre-
gated solver. A first and a second order upwind method were chosen for the Navier Stokes
equations while the velocity-pressure coupling has been performed with a SIMPLEC scheme.

The geometry of the solid model consists in the locomotive and 1/3 of the first trailer coach,
positioned on a “flat ground” scenario. In Figure 6-a the CAD 3D model is reported.

a8

€) (b)

Figure 6: CFD numerical analysis; the EMUV250 (original design) 3D CAD model (a) and
the computational domain (b).

In order to perform analysis at different yaw angles, the computational domain is divided
in two parts: a cylindrical “core” containing the model geometry and a prismatic “exterior”
representing the far field. A relative rotation between the two parts allows to reconstruct the
computational grid at different wind exposures without remeshing operation in order to per-
form the different simulations and to compare results on the same mesh (Figure 6-b).

In this work the hexahedral cell meshing technique is adopted [8], with a finer spatial reso-
lution near the train surface (the minimum cell dimension is set to 5 mm on the train surface)
in order to correctly reproduce the geometrical details and to better approximate the more se-
vere gradients of this zone. A coarser spatial resolution is kept in the exterior region where the
flow is less perturbed. The computational grid distribution is specifically designed to study
attached flows conditions where no large wake structures are expected and its adoption is cor-
rect only at low angles of exposure. The total cells number is about 4.2 million. The simula-
tions have been performed on a cluster Xeon — Exadron (32 bit, using 3 bi-processor nodes,
Intel Xeon 3.06 GHz) of CILEA (computer centre of the Milan universities).

The velocity inlet boundary condition is applied on the front plane at about 1.5 m from the

vehicle (Figure 6-b). A uniform velocity profile is adopted in order to compare the results
with the experimental ones where the floor boundary layer was cut off by the flat ground.
On the rear plane (8 m from the model in order to allow a correct evolution of the velocity
field) the pressure outlet condition is set to a gauge value equal to 0. For the other four planes,
confining the flow and reproducing the wind tunnel geometry, the rigid wall condition is con-
sidered.
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The air has been considered in standard conditions: P=101325 Pa, T=288.15 K, p=1.225
kag/m?, #=1.7894 10™° kg/(m/s).

3.2 3D CFD results

3D simulations were performed at the same yaw angles, that have been experimentally in-
vestigated, in the range from 0° to 30°. In fact, as it will be better explained later, the linear
trend followed by the aerodynamic coefficients in this range of yaw angles is due to a flow
pattern that is mainly attached or directed along the train walls. The departure from this linear
trend traces the demarking threshold between a fully separated flow, as happens around bluff
bodies, and an attached flow with possible separation bubble typical of aerodynamic profiles
at low angles of attack. The CFD numerical investigation is therefore limited at exposures less
than 30° where the adopted mesh and solution strategy are appropriate.

The results of the numerical simulations are compared to the experimental ones in terms of
aerodynamic coefficients (normalized with respect the same experimental coefficient at 90°)
in Figure 7 following the formulation and sign convention reported respectively in (1) and
Figure 4.
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Figure 7: EMUV250 first vehicle (original design); the experimental-numerical comparison on
the Cgx (a), Cry (0), Cr; (€) and Cy, (d) coefficient.

A good agreement is shown between numerical and experimental data in terms of both
slope and absolute value validating the adopted numerical approach. The agreement is very
satisfactory for the C, coefficient at all the different angles of exposure, while for the other
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coefficients a trend appears, moving towards the largest angles, increasing the discrepancy
between the experimental and numerical data, in terms of absolute values. Anyway it is im-
portant to remark that the experimental flat ground thickness affects the aerodynamic forces
and, as a consequence, the numerical-experimental comparison.

An interpretation of the coefficient trends is proposed by the analysis of the flow structure
by means of the CFD results visualization. The analysis of the pathlines shows that, while at
0° the flow is directed along the train lateral walls, approaching large angles of exposure, a
separation zone appears. The flow in the separation zone is characterized by three dimension-
al structures mainly produced by the wind interaction with the train nose.
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Figure 8: EMUV250 first vehicle (original design) CFD numerical analysis;
path lines at 25° crossing the train nose (a) and the train body (b).

Increasing the angle of exposure a larger and larger part of the flow cross the vehicle rais-
ing the upwind flank and passing over the train roof. The train roof curvature drive the flow in
the upper part, behaving as an airfoil, till to reach separation condition in the downwind flank.
The flow that is detached from the roof in the downwind part mixes together with the flow
that, blowing over the train nose, is deflected along the train axis giving rise to a complex
three dimensional vortex structure as well described by the Figure 8. The air that passes
through the under carbody region, with a larger and larger flow increasing the angle of expo-
sure, is upwards sucked by the over mentioned three dimensional vortex (Figure 8-b). The
downwind flank is therefore characterized by a large flow separation zone where the fluxes
coming axially from the train nose, downward from the roof and upward from the under car-
body region mixes together.

The main differences that can be noticed between experimental and numerical coefficients
at the largest angles of exposure, may therefore be explained by the consideration that the la-
minar model is not well suitable to reproduce complex separated flows. The not correct repro-
duction of the behavior and of the dimension of the separation zone introduces an
approximation in the numerical prediction that becomes larger, the larger is the importance of
such flow pattern with respect to the global flow field.

Hereafter a simple analysis of the aerodynamic force and moment acting on the train is re-
ported. In Table 1 is presented, for each exposure angle, the contribution of the shear stresses
and the contribution of the normal pressure in the definition of the global drag forces in order
to define the importance of the two terms. The contribution of the shear stresses on the other
force components is negligible and it is not here included. The numerical simulation outlined
that the 20% of the drag force is due to shear stresses for angles of exposure less than 20°.
The overestimation of the Cg, coefficient by the performed CFD simulations may be attri-
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buted to an overestimation of the shear stresses due to a wrong velocity gradient normal to the
wall in absence of a wall treatment model.

Yaw Angle Shear stresses contribution on Pressure contribution on the
the global force F, global force F,
0° 23.6% 76.4%
5° 20.4% 79.6%
10° 20.9% 79.1%
15° 24.1% 75.9%
20° 32.3% 67.7%
25° 73.3% 26.7%

Table 1: EMUV250 first vehicle (original design) CFD numerical analysis;
shear stresses and pressure contributions to the F, drag force.

The larger contribution of the shear stresses, for angles of exposure greater than 20°, con-
firms the modification in the flow structure and the larger discrepancy between numerical and
experimental results highlights the deficiency of the numerical model to reproduce similar
flow fields.
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Figure 9: EMUV250 first vehicle (original design) CFD numerical analysis;
static pressure distribution on the train walls at 0° (a), 15° (b) and 30° (c).

In Figure 9 the color map of the static pressure distribution on the train surface are reported
at 0°, 15° and 30° angle of exposure. It is clearly visible the position of the stagnation point
moving towards the upwind flank at high angles of exposure. The pressure distribution is
bounded to the velocity distribution around the train profile and in particular is evident the
large suction zone on the roof at high angles of exposure when large flows cross the train up-
per part.

An investigation on the contribution that the different train zones give on the global F, and
Fy forces is proposed by dividing the vehicle in 4 parts by means of a vertical and horizontal
planes. The vertical plane splits the geometry in two symmetric half called “upwind” and
“downwind” while the horizontal plane cuts the vehicle at a height equal to the connection
between the front window and the train hood in two parts called, in the following, “up” and
“down”. Figure 10 reports the contributions of the integral of the normal pressure and of the
shear stresses, performed on each surface, projected along the vertical and lateral direction at
each angle of exposure. This analysis allows to detect which are the surfaces governing the
aerodynamic phenomena.

As far as concerns the Cgx coefficient it is visible how the lifting behavior of the force is
mainly due to the contribution of the upper part of the train, while the lower part accounts on-
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ly for a small positive quantity. The contribution trends of the “upwind-up” part and of the
“downwind-up” one are similar outlining that the flow is attached along the whole roof. A
limited discrepancy between the two values appears only at high angles of exposure where
smaller values for the downwind surface suggest the existence of the separation point at a cer-
tain position on the rear part of the roof curvature. The contribution due to the suction, which
is induced by the roof curvature driving the flow in the upper part, increases its strength with
the increase of the transversal flow (high angles of exposure) as visible in the static pressure
distribution reported in Figure 9. In the lower part of the train the acceleration of the flow
produces a negative force contribution of small entity. The comparison between the sum of
the contribution of upper parts and the sum of the contributions of the lower parts is reported
in Figure 11-a together with the global experimental coefficient.
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Figure 10: EMUV250 first vehicle (original design) CFD numerical analysis;
contribution of each part of the train to Cg, (a) and Cgy (b).

Analyzing the Cg, coefficient, it is visible how the contribution of each part of the train
acts in the direction to increase the lateral force apart from the “upwind-up” one: the suction
present in that region acts, in fact, against the wind direction. This effect is counterbalanced
by the contribution of the “downwind-up” part where a suction similar to the previous one
acts along wind. The result is clearly shown in Figure 11-b where the sum of the up/down
parts are compared with the experimental global result.

From the analysis of Figure 11-b is evident how the global trend of the lateral force is
mainly produced by the train lower part behavior while the upper part one is negligible.

The three dimensional vortex generated by the interaction between the flow detached from
the vehicle nose and the flow arriving from the train roof originate a narrow wake sucking the
flow passing under the carbody (Figure 8-b) with a strong suction on the downwind flank.
This suction sums up to the pressure on the lower part of the upwind flank (Figure 9) to de-
termine the global lateral force coefficient Cy.

The coefficient trend is in good agreement with the experimental one denoting that the
global flow is well reproduced by the CFD results even with a very simple laminar approach.
A better reproduction in quantitative terms is expected adopting a finer mesh grid or a turbu-
lence model able to better simulate the flow behavior in the separation zone.

From all the considerations deduced from the CFD analysis, an attempt to improve the
aerodynamic performances of the train was carried on by modifying the train roof geometry
being the modification of the under carbody region more difficult due to the presence of many
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auxiliary systems and more restrictive geometry requirements. The new geometry was ob-
tained reducing the roof curvature with the aim:

» toreduce the wind speed in the upper part and, as a consequence, the lift force;

» to reduce the interaction between the flow coming from the train roof and the flow
coming from the train nose.

The new solution was experimentally tested in the wind tunnel defining the aerodynamic
coefficients that will be compared with those related to the original geometry.
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Figure 11: EMUV250 first vehicle (original design) experimental-numerical comparison;
upper part contribution versus lower part to Cg, (a) and Cg (D).

4 OPTIMISATION OF THE TRAIN AERODYNAMICS: EXPERIMENTAL
RESULTS

Relying on all the considerations deduced from the CFD analysis, an attempt to improve
the aerodynamic performances of the train was carried out. The carbody regions, that mainly
influence the train aerodynamic behaviour, are the under carbody, the roof and the nose. As
previously explained, each region influences a specific coefficient rather than another, even if
it has been pointed out that the resulting force depends on a complex flow, mix of the effects
of all the regions. Anyway, since the under carbody modifications are not achievable due to
the presence of many auxiliary systems and more restrictive geometry requirements, only a
change of the roof and the nose geometry has been taken into account.

A new roof geometry was obtained reducing the roof curvature. Two main modifications have
been carried out:

» the higher element on the roof at the end of coach has been reduced,

» the roof curvature in a transversal section is lowered and the maximum height of the
train with respect to rail has been slightly reduced.

The roof geometry modifications should be more visible at higher exposure angles, where a
larger flow crosses the transversal train profile.

A second modification of the train geometry concerned the nose. As previously stated, it plays
a very important role in the generation of the 3D complex flow around the train. In order to
investigate its effect, a new nose version part has been defined by modifying the hood and the
front window inclination (Figure 13).

Therefore a final version of the first vehicle model of the EMUV250 train (in the following
called “new model”) has been designed and produced with also few modifications on the roof
geometry to accomplish not only the technical requirements related to the overturning risk but
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also all the different requests related to safety standards (especially crash test) and space con-
straints. Figure 12 and Figure 13 show respectively the original and the new CAD model.

Figure 12: Solid model of the EMUV250 train first Figure 13: Solid model of the EMUV250 train first
vehicle in the original version. vehicle in the new version.

The aerodynamic coefficients respectively of vertical and lateral force measured on the
new model are reported in Figure 14, as a function of the angle of exposure, and compared to
the corresponding coefficients on the original model. In particular, from Figure 14-a it is poss-
ible to see that the vertical force coefficient Cex measured on the new model shows a signifi-
cant reduction with respect to the previous version at all the angles of exposure (about 25% in
the range 0-30°). Concerning the rolling moment, Figure 14-b shows that the Cry is lower that
the corresponding aerodynamic coefficients measured on the original version.
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Figure 14: EMUV250 first vehicle experimental wind tunnel tests; flat ground, smooth flow:
comparison between vertical force coefficient Cg (a) and lateral force coefficient Cr, (b) measured on the original
model and on the new model.

5 CONCLUSIONS

An aerodynamic analysis has been performed on the EMUV250 first vehicle with the goal
to define and to improve the train safety under cross wind condition. In the paper a combined
use of wind tunnel investigation and numerical CFD study has been adopted to find a more
efficient train geometry in terms of aerodynamic behavior. A simple laminar 3D solution suc-
ceeded in reproducing the main flow patterns allowing for an interpretation of the experimen-
tal results.
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An analysis of the influence of the different parts of the train geometry on the definition of
the aerodynamic forces has been presented starting from the CFD results. A new version of
the EMUV250 train first vehicle has been experimentally investigated in wind tunnel: the new
model, characterized by significant modifications especially on the nose and the roof geome-

try.
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Abstract. This paper presents unsteady aerodynamic results of crosswind stability obtained
numerically for the class 808 leading control unit of Deutsche Bahn AG’s high-speed train
Inter-City Express 2. The effects of two linearly increasing gusts are explored by means of
Detached Eddy Simulation (DES), where the yaw angle of the flow goes from a basic wind of
8.1943° to a maximum wind of 23.3644°. The rise times of the gusts correspond to 1.3073 and
2.6146 vehicle lengths (0.5 and 1 sec at the train speed of 250 km/h), which are chosen with
respect to the potential excitation of the natural car body frequencies regarding the vehicle
dynamics. In total, one DES and three Delayed-DES (D-DES) are carried out with the
commercial code STAR-CD, using three background turbulence models, k—¢, k—w SST and
Spalart-Allmaras, on two meshes adapted for high- and low-Reynolds number wall modeling
about the vehicle surfaces. The results show a satisfactory level of coherence, where results are
indirectly (using Ref. [1]) verified against wind tunnel data and Reynolds Averaged Navier
Stokes (RANS) results of the basic and maximum wind. Admittedly, the results of the D-DES
using the k—w SST turbulence model are questionable in that the turbulence prediction on the
lee-ward side seems deficit. However, the level of the principal loads agrees well with the other
DES and RANS.

It is demonstrated that the drag force, the pitch moment and in particular the yaw moment
overshoot significantly (depending on the gust properties) compared to the steady results,
which may have implications on the vehicle stability. Assessing the unsteady effects of
numerous gusts on various vehicles may seem prohibitively expensive from a computational
point of view. To overcome the bottle neck of the indeed compute intensive DES, a Quasi
Transient Gust Modelling technique is invented and tested somewhat satisfactorily using the
linear gusts. The aerodynamic effects of exiting a tunnel and the gust used in European TSI [2]
are subsequently explored with this technique. The results of particularly the TSI gust are very
instructive, as it shows significant unsteadiness of the kind that is not taken into account in the
current standard.

1 INTRODUCTION

The understanding of crosswind stability for rolling stock has matured considerably in the
railway community during the last two decades. This is partly owing to the work with the
European legislations on Technical Specifications for Interoperability (TSI) [2], which has
triggered several research projects, some referred to in, for example, Diedrichs 2008 [1].
Fl}lréher, the ecological aspects for a sustainable development will continue to put crosswind
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stability of vehicles into the focus, as reduction of energy consumption hinges on the ability to
reduce the stabilizing vehicle weight.

Unfortunately, the properties of real wind are rarely constant. However, steady modeling of
crosswind stability for rail vehicles has been standardized and subjected to some convenient
assumptions to avoid some of the cumbersome complexity. In this perspective, the motivation
for this work is to explore the unsteady effects of the principal aerodynamic loads using DES
for the class 808 leading control unit of Deutsche Bahn AG’s high-speed train ICE 2, when
immersed into simple gusts. The study is different from that by Krajnovi¢ 2008 [3] who used
three cars and a comparatively complex gust based on the work by Ryan and Dominy [4]. The
current numerical work uses the wind tunnel model geometry of the ICE 2 train, cf. Orellano
and Schober 2006 [5] and Diedrichs 2008 [1], running on a ballast and rail track bed according
the European standard prEN 14067-6 [9]. Here, linearly increasing gusts are used, where the
response should be easy to study.

Further, the paper discusses a swift modeling technique, referred to as Quasi Transient Gust
Modeling (QTGM), which is used to exemplify the effects of exiting a tunnel into various
levels of crosswind. QTGM is also applied to the wind model prescribed in the European TSI
[2], where the results reveal some significant unsteadiness that potentially may affect some of
the natural car body frequencies.

2 DEFINITIONS

U, U,, and Ug denote train, wind and resultant wind speed, where U,, is acting perpendicular
to the track, why Ug’= U/ +U, . The principal aerodynamic loads in terms of forces (Cbrag,
Csiqe and Crj) and moments (Croit, Cpiren and Cy,,,) With respect to the directions of (x, y, z) are
defined according to EN 14067—1 [6]. The origin of the coordinate system is located mid the
bogies, at the centerline of the vehicle and at top of rail. x, y and z point in the directions of the
train, perpendicular to the train side and vertically towards the ground respectively, see Fig. 1.
The geometrical scaling of the aerodynamic loads are based on /=3 m and A=10 m?, at full
scale dimensions (FSD). All lengths are given in FSD in what follows. Further, loads and static
pressure (C,,) are scaled with the dynamic head pressure based on Uk.

Cr-1r = Crou — Criss -boll 1s a key parameter that denotes the roll over moment about the lee-
rail. The distance 2-by = 1.5 m defines the nominal lateral distance between the contact points
of a wheel-set for standard gauge track of 1435 mm. In absence of all the other loads, it can be
used to predict vehicle overturning in two-dimensional sense.

3 VEHICLE MODEL AND COMPUTATIONAL DOMAIN

The train model consists of the leading test- and a simplified end-car, shown in Fig. 1a, which
reflects a typical wind tunnel set up to encourage subsequent experimental verifications. The
geometry is similar to a previous study by the same author (Ref. [1]) which purpose was to
compare steady results of relatively high yaw angles with wind tunnel data. To this end, the
previous model was mounted on pillars that were also used in the calculations. Here, the pillars
are removed and the train is running on ballast and rail track bed detailed in Ref. [7], see Fig. 1.
Two simplified rails are used, which are 150 mm high, 50 mm wide and separated 1435 mm.
This gives a ground clearance between the rails and underbelly of the vehicle of 271 mm.
Further, to avoid mechanical contact in the experiment, a gap is introduced between the cars of
5 cm. The height &, width w, and length /; of the test unit are 3.856, 3.020 and 26.56 m, where
the car body length is measured from the nose to centre of the inter-car gap of the test car. The
total length of the trackbed including the 30° slopings at the leading edge is 12.5xh;, where the
total length of the two cars is 9.2xh,, see Fig. 1b.
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Figure 1: Vehicle model of the ICE 2 train that features a plough, bogies partly covered with bogie skirts, inter-
car gap. a) ICE 2 model. b) Computational domain. c) Ballast and rail track bed geometry.

4 COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS

The computational domain, depicted in Fig. 1b, is a square box with height 7.8xh,, where the
boundary conditions are as follows:

(a) Low turbulence block profile inlet condition for Ug, which corresponds to Reynolds
numbers (Re) of 1.5x10° and 1.0x10° for the high- and low-Re wall modelling,
respectively. Re is based on the reference length /=3 m, and on a modified dynamic
molecular viscosity. Wind speed and turbulence are applied to the north and east
boundaries of Fig. 1b, which are functions of time (#) and longitudinal component (x);

(b) south and west boundaries, see Fig. 1b, are outlets based on fixed pressure;

(c) ceiling and outer ground use symmetry boundary and slip conditions, respectively;

(d) no-slip wall boundaries are used for the surfaces of the train.

5 NUMERICAL AND TURBULENCE MODELLING

The results of the present RANS, DES and Delayed-DES (D-DES) are obtained with the
commercial software package STAR-CD versions 4.04 and 4.06 from CD-Adapco. The domain
decomposition scheme offers a 2" order discretization accuracy of the advective fluxes of the
momentum equations, which are discretized using MARS (Monotone Advection
Reconstruction Scheme, 2™ order accurate TVD scheme. A compression factor of 1 is used in
the unsteady calculations, which minimizes dissipation and maximizes the sharpness resolution
of gradients).
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RANS

Hi-Re turbulence closure is treated with the quadratic nonlinear eddy-viscosity model
(NLEVM) of Shih et al. 1993 [8]. The NLEVM provides inequality of normal stresses, can
predict some effects of streamline curvature via a different response to rotational and
irrotational strains and henceforth also obey basic realizability constraints (to ensure positive
normal stresses). Low-Re turbulence closure is introduced via the k—w SST model (Shear
Stress Transport) of Menter 1993 [9], which blends automatically between the Wilcox k—w [10]
and the Jones and Launder 1972 [11] standard k—¢ turbulence models in the inner and outer part
of the boundary layer, respectively. In the low- and hi-Re meshes the first cells adjacent to the
walls of the train are adjusted to meet the requirements of y* < 2 and 30 < y* < 150.

DES and D-DES

Hi-Re turbulence closure is obtained with the k-¢ eddy-viscosity model, which was used by
Rolén et al. 2004 [12] in a similar application for the Aerodynamic Train Model. Low-Re
turbulence closure is achieved with the k—w SST model of Ref. [9] and the Spalart-Allmaras
model [13]. The analogue Smagorinsky constants of the DES are 0.65, 0.61 and 0.65,
respectively. The Hi-Re calculation used a three level implicit (quadratic backward implicit)
time scheme in conjunction with SIMPLE. However, the Low-Re calculations used the PISO
scheme and a time discretisation that offers a formal accuracy lying between first and second
order. Mean CFL numbers, where time step is adjusted when applying the gusts, are typically
0.27 and 0.24 for the HRM and LRM (short for High-Re and Low-Re Meshes, described next).

6 COMPUTATIONAL MESHES AND CALCULATED CASES

Two computational meshes referred to as HRM and LRM based on polyhedral cells (P) are
generated with the automatic mesh tool of CCM+ v3.02 — v3.06 from CD-Adapco, described in
Table 1. Mind, that the current polyhedral meshes require approximately half the number of
cells to obtain the same number of cells faces compared to a hexahedral mesh.

Mesh | Cells | Vertices Turbulence model Yaw angles [Deg] Gust L/l STAR-CD
x10° x10° version

HRM | 5.0 21.3 RANS: Quadratic k—¢ 8.1943, 23.3644 - 4.04

DES: k—¢ 8.1943 — 23.3644 1.3073, 2.6146

RANS: k-0 SST 0, 8.1943, 13, 18, -

23.3644, 30, 35, 40 4.06

LRM | 6.3 235 | RANS: S-4 8.1943 '

D-DES: k- T

S: k- SS 8.1943 — 23.3644 1.3073
D-DES: S-A* 1.3073, 2.6146

Table 1: Results database. ~ Includes rise and decay of gust (see Figs. 7e,f).

The HRM is generated with 7 prismatic cell layers of constant thickness adjacent to walls.
The LRM mesh is generated with 12 and 5 prismatic cell layers around the walls of the cars and
moving ground, respectively, where the corresponding growth rates are 1.3 and 1.1. The total
heights of the prismatic cells of the stationary and moving walls are 0.91% and 3.1% of A, for
both meshes. For practical reasons, Re is limited to 10° for the LRM to fulfil y* < 2 about wall
surfaces. Figure 2, provides snapshots of the HRM mesh and some of the refinements.

Gusts are here based on a basic and maximum wind of yaw angles 8.1943° and 23.3644°,
respectively. For a train speed of 250 km/h, which is the dividing line for Class 1 trains
according to the European TSI [2], the above yaw angles correspond to crosswind of 10 m/s
and 30 m/s. The latter is a plausible wind speed in the context of overturning (recall, for
example, TSI prescribes 29.5 m/s at 250 km/h with a lateral track plane acceleration czlf30.5
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m/s%). Further, the gusts of //I;, see Table 1 and Fig. 1b, of 1.3073 and 2.6146 give rise times of
0.5 and 1.0 sec at U, = 250 km/h. The rise times are chosen with respect to the response of the
natural frequencies of the vehicle, cf. Diedrichs et al. 2007 [14]. Lippert [15] demonstrated for
a high-speed rolling stock that gusts with rise times longer than 1.0 sec would typically give
less significant transient response of the vehicle dynamics.

b)

Figure 2: Polyhedral mesh: a) Front-end of test vehicle. b) Cross section mid the vehicle. ¢) Top view.

7 STEADY STATE RESULTS

The main objective here is the recordings of the aerodynamic loads of the ICE 2 leading car
as a function of time, when the vehicle becomes immersed into the linear gusts. Unfortunately,
testing of such simple gusts in a wind tunnel is quite challenging. Therefore, in the present
work, RANS serve the purpose of validating data prior to and after the gusts have passed the
vehicle. Recall that RANS for crosswind stability in conjunction with polyhedral meshes for
the present vehicle compared well with wind tunnel experiments (Ref. [1]). Moreover, a second
objective of the current paper is to demonstrate a technique to model arbitrary gusts using
steady results, preferably obtained via RANS.

Flow fields

Figure 3 shows the flow fields of the RANS and DES. The illustrations depict surface
streamlines colored with static pressure (C,), C, contours at 15 m from the nose and iso-
surfaces of the flow where C, = —0.9. The iso and contour plots of C, illustrates the intensity of
the suction pressure particularly about the lee-ward side of the nose and of the lee-vortex. The
HRM:DES:k—¢ gives the most intense suction pressure (Fig. 3c) and vigorous turbulence on
the lee-ward side (Fig. 3g). In this context, the deficiency of the peak suction pressure of the
lee-vortex predicted with RANS, compared to the experiment, was brought to the attention in
the study of Ref. [1]. The strength of the lee-vortex is usually an indicator of the suitability of
the numerical scheme. Here, the HRM:DES:k—¢ is subjected to less diffusion effects but it
should be debated whether the flow field representation is more accurate. It is further observed
that the LRM:RANS:k—® SST and LRM:D-DES:k—w SST yield the weakest suction pressure
of the lee-vortex (Figs. 3b,d) and the most dampened turbulence (Fig. 3h) respectively. The
implications of a stronger lee-vortex is larger overturning loads, where the latter is sensitive to
changes in the flow field adjacent to the upper lee-ward corner of the vehicle, discussed further
in connection to Fig. 8.

C, around the vehicle body is shown in Fig. 4 for both the basic (8 = 8.1943°) and maximum
(B = 23.3644°) wind cases, at 2.5, 7 and 15 m from the nose. High and low values of C, are
illustrated with deformations of the body contour normal to the surface being either inward or
outward, respectively. According to Fig. 8, differences around the UL part of the cross-section
should be emphasized. The LRM:RANS&D-DES:k—® SST calculations (5 = 23.3644°) predict
a minor vortex at the lee-ward side at z ~ =3 m, which agrees with the LRM:RANS:k—w SST
of Ref. [1]. At f = 8.1943° all results are close, why in Fig. 4, only the results of

LRM:RANS:S—A are displayed.
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Animations of C, (not shown here) of the current gusts reveal that the largest fluctuations
occur near the ground, and that the suction pressure around the top wind ward corner and lee-
vortex is remarkably stable. The transition from the basic to the maximum wind is a smooth
process without over shootings or history effects (confirmed by Krajnovi¢ [3]). Instantaneous
data of C,, during the event of the gust, agree remarkably well with C, data of the intermediate
yaw angles of the RANS results. All this taken together may motivate modeling of the principal
loads imposed by other gusts in accordance to what is described in section 9.
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Figure 3: Flow fields of =23.3644°. a) HRM:RANS: Q k—¢, b) LRM:RANS:k—w SST, c) HRM:DES:k—¢, d) LRM:
D-DES:k—w SST, e) LRM:D-DES:S—A. g-i) Instantaneous velocity magnitude; z/h=—0.7261 and U, = 69.4444 m/s.
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Figure 4: C, around the car body (normalized with Ug based on f = 23.3644°) at a) 2.5 m, b) 7 m and ¢) 15 m from
the nose.

Aerodynamic loads

Figure 5a,b compare the aerodynamic loads of the RANS and the time averaged DES
regarding the basic (f = 8.1943°) and maximum (f = 23.3644°) winds. By comparison to the
HRM:RANS:Q k—¢, the HRM:DES:k—¢, LRM:RANS:k—w SST, LRM:D-DES:k—w SST and
LRM:D-DES:S—-A give differences of the important lee-rail moment of the basic wind of 6.0,
0.2, 4.1 and 4.1%, respectively. For the maximum wind the corresponding differences are 6.4, 1,
3.1 and 3.6%. Thus, all our DES essentially predicts the similar results, which is confidence-
inspiring. In particular, the lift force is predicted somewhat consistently. Lift is typically
challenging to render accurately for the current application, cf. Ref. [1], as it is very sensitive to
the flow split underneath and above the vehicle. Notice that for the current vehicle and track
bed (as opposed to the flat ground), the lift force is comparable to the side force and is therefore
contributing much more to the overturning (Cg..g). The experimental wind tunnel results gg the
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flat ground scenario, cf. Ref. [1], are also included. It reveals that the flat ground situation
reduces the important overturning load with as much as 35% and 28% for the two yaw angle
cases. Notice the disproportionate reduction of the lift force. The augmentation of the loads
caused by the ballast and rail track bed agrees well with the observations for the ICE 3 train,
Ref. [16], and also by numerous studies at Bombardier Transportation of other rail vehicles.
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Figure 5: Aerodynamic loads. a) Basic wind of f = 8.1943°. b) Maximum wind of § = 23.3644°.c) All yaw angles.

8 UNSTEADY RESULTS
Aerodynamic loads

x’ = 0 defines the beginning of the augmentation of the aerodynamic loads, as the gust
impinges the vehicle. If the gust is infinitely steep the full strength of the impact, in terms of the
overturning moment, will occur after one vehicle length, i.e. x’/l; = 1 (apart from the time it
takes for the flow to build up laterally, discussed below). It is instructive to exemplify this
extreme situation. This is carried out with the LRM:RANS:k—w SST data of the basic (f =
8.1943°) and maximum (f = 23.3644°) wind. The principal loads of the basic wind are
continuously replaced by that of the maximum wind along the vehicle, illustrated in Fig. 6.
Results are shown in Fig. 7a. The results of the aerodynamic drag, pitch and yaw moments
show significant unsteady characteristics, which for leading cars in general are amplified due to
the disproportionate loads about the front-end. The results emphasize that the potential
overshoot of the yaw moment, for the current S range, is approximately 1.3. The peak occurs
when the vehicle is immersed half way into the gust, i.e. x"pea/l; = 0.5.

X/, .U, <=

Basic wind load Max wind load

el L e———————————

Figure 6: Situation of infinitely steep gust.

The DES of the gusts of l,/[,;= 1.3073 and 2.6146 have longer x’pea/l;, as shown in Figs. 7b-f.
As [ /l;increases x’pear/l; approaches unity and the overshooting will ebb away. At this point the
transition event can be based on the steady results of Fig. 5c, where the loads would pass
through the discrete yaw angles of our RANS database of 8.1943°, 13°, 18° and 23.3644°.
Albeit the unsteady characteristics of the principal loads that is demonstrated here, the latter
approach is practised in the TSI [2], further discussed in section 9.

The ratio of peak yaw moment of the two gusts obtained with HRM:DES:k—¢ and
HRM:RANS:Q k—& compared to the infinitely steep gust are 91% (1.17/1.28) and 86%
(1.10/1.28). The corresponding data for the steeper gust calculated with LRM:D-DES:k—w SST,
LRM:D-DES:S—A and LRM:RANS:k—w SST is 87%.
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Load distribution around the car body

In Fig. 8 the car body is split into four parts, where the loads are evaluated using the unsteady
recordings. It is shown that the largest side force is at the upper lee-ward (UL) and lower lee-
ward (LL) parts. On the upper wind-ward (UW) part the side force is pointing towards the
crosswind as a result of the accelerating flow that produces a strong suction pressure about the
top corner of the roof, cf. Fig. 3.

As far the lee-rail moment is concerned the UL part contributes with the largest fraction. Here
the lift and side forces contribute in the same sense, whereas on the UW and LL they counteract
each other. Consequently, the lee-rail moment may be more forgiving to erroneous predictions
in the flow field around the UW part as opposed to the UL part, despite the quite large loads.
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Figure 8: Loads of the car body split into four parts as a function of the distance x”. LRM:D-DES:S-A. [,/[,=
1.3073. Notation of loads is similar to Fig. 7.

9 QUASI TRANSIENT GUST MODELLING

A new and swift technique to model the effects of arbitrary gusts in a quasi unsteady fashion
is proposed, referred to as Quasi Transient Gust Modelling (QTGM). It is an extension of the
concept introduced in connection to Fig. 6. The justification of the approach is based around
the previous discussions, where history effects of the unsteady loads may be neglected, the
unsteady surface pressure throughout the gust and the loads of the basic and maximum winds
compare well with RANS (see section 7). A7
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The modelling divides the test vehicle into a sufficient number of longitudinal elements Ax,
shown in Fig. 9. Here, 110 equidistant elements are used tentatively for the test vehicle, where
each element represents less than 1% of the vehicle length. The modelling consists of a single
assumption, namely: for each element steady data (e.g. from RANS) may be applied, where the
choice of data at any given position along the vehicle and at any given time is based on the
local crosswind conditions of f. Since steady data are typically recorded for a few S (see Fig.
5c), intermediate data are readily obtained by interpolating results for each Ax in question at
each time step. Here, the procedure is demonstrated by using the LRM:RANS:k—w SST
database (see Table 1 and Fig. 5c). The unsteadiness of the results is introduced by advecting
the gust profile U,= U, (x —U,xf) in time with At ~ Ax / U, similar to that described in Fig. 6.
Further, the principal integral loads are based on the sum of all elements Ax, where results of
intermediate yaw angles are obtained by interpolating data of the RANS database for each At.
Results of the effects of the passing gust is then obtained almost instantly by comparison to the
DES that typically requires weeks of processing on a multi core main frame.

U,= U,(x =Uxt)

Figure 9: Quasi Transient Gust Modelling based on steady results.

Linear gusts

Results of QTGM are first explored for the linear gusts, where [/l = 1.3073 and 2.6146,
using data of LRM:RANS:k—w SST. Results are shown in Fig. 10 and should be compared to
those of Figs. 7b-f. QTGM gives a similar unsteadiness of the drag force, pitch and yaw
moments as the DES. In particular, the ratios of peak to mean yaw moments are 1.18 (1.17;
1.14; 1.14) and 1.07 (1.1) for the respective gusts. The numbers in the brackets correspond to
the DES of (HRM:k—¢; LRM:k—w SST, LRM:S—A) and (HRM:k—¢) for the two gusts.
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Figure 10: QTGM of the linear gusts of /,/I;= a) 1.3073 and b) 2.6146.
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The corresponding values of QTGM of x’p.u/l; are shorter than those of the DES. For the
steeper gust, x’peat/l; for the yaw moments are (1.52—1.55, 1.24) which corresponds to the
results of the (DES, QTGM). The longer gust exhibits the corresponding values (2.72-2.75,
2.44). Thus, the difference in peak location seem to have a systematic discrepancy of Ax’peq/l;
~ 0.3, which is 22 and 11% of the respective gusts (//l;). Part of that difference is attributed the
time it takes for the flow to establish across the vehicle in the lateral direction. This is not

accounted for in the steady results, but should motivate a correction factor. There is also a small
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uncertainty as to when the gust starts to affect the vehicle. Further, the onset of the advecting
flow of the DES at the relatively large discrete boundary faces as opposed to a smoothly
changing face, advection and diffusion tend to smooth the velocity profile before it impinges
the vehicle. QTGM are not prone to such distortions. Figure 11 plots the local yaw angle of the
flow, (8" = tan™'(v/u), where u and v are the lateral and longitudinal velocity components),
across the whole domain at y = 0, at three different heights and at three instants where: a) Front
of the gust reaches the nose of the vehicle (x’/l; = 0), b) front of the gust reaches the rear of the
vehicle and c) rear of the gust reaches the end of the vehicle. From Figure 11 it can be
discerned that the local yaw angle is larger than that of a linear profile, which is caused by the
accelerating flow (v-component) that rises over the top of the vehicle model. More importantly,
the onset and finish of the profile is well contained within the gust (I,/l;). This justifies the
comparison of QTGM with DES, prerequisite a proper correction in time is applied. The former
method may then provide good qualitative assessments of the principal loads also for other
gusts.

Local yaw angle:p*
Local yaw angle:p*
Local yaw angle:p*
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Figure 11: Local yaw angle of the flow at y = O for the results of HRM:DES:k—¢. Colors represent the velocity
magnitude of the flow field (at z/h, =—0.5187) where U, = 69.4444 m/s (250 km/h).

Tunnel exit
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Figure 12: QTGM of tunnel exit. The second number on the x” axis signifies where 50% of the lee-rail overturning
moment is achieved.

Exiting a tunnel into crosswind would conceivably give the fastest aerodynamic response,
shown in Fig. 12. The basic loads are obtained at f = 0, which is valid in open air or
approximately in a large enough tunnel. The disproportionate loads around the front-end of the
vehicle gives a rather steep increase of the crucial side force and roll moments. 50% of the lee-
rail overturning moment is obtained within x’/[; ~ [0.18, 0.22, 0.27, 0.28, 0.31, 0.31, 0.35] for
the yaw angles used in Fig. 12d. Thus, the smaller the yaw angle, the steeper the relative initial
growth of the overturning loads. Further, Fig. 12d shows that the ratio of peak to mean of the
yaw moment increases steadily with the yaw angle, where for the highest wind speed applied
here, the ratio is 65% larger than the steady result of the maximum wind.
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TSI Gust

Finally, the effects of the gust prescribed in the European TSI [2] are evaluated with QTGM
for the leading car of the ICE 2 train (without time correction). As mentioned earlier, the
intention of the TSI methodology is to apply the gust with uniform crosswind speed along the
vehicle at any given time. Albeit, here the gust is frozen and propagates relative to the vehicle
according to Fig. 9. This gives a non-uniform crosswind distribution that may be perceived as
the more correct situation. The train speed U, is again 250 km/h and the maximum gust wind
speed, perpendicular to the train side, is 30 m/s. These are the only dependent variables needed
to describe the exponential rise and decay of the TSI gust, where all other data are provided by
the standard. Fig. 13a shows the local yaw angle B~ of the gust profile, where its’ length is
comparable to the vehicle. Hence, the natural car body frequencies are likely excited, cf.
Lippert [15]. Fig. 13b shows the QTGM assessment of the impact. Again, the disproportionate
effect of the nose, discussed in connection to Fig. 12, gives a steeper rise of the important loads
compared to the decay. In the current example, the peak to mean of Cgr is 1.64, where the
ratio of maximum to mean crosswind speed is 1.6946 (prescribed in the TSI). The
corresponding ratio for the yaw moment is as high as 1.78. Notice also that the decay of the
propagating gust causes Cpyqg, Cyayw and Cpje, to momentarily fall below the steady values at the
end of the descend. Such an effect is not captured with a uniformly changing profile, which
may affect the vehicle stability further.
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Figure 13: a) TSI Gust. b) QTGM of TSI gust.

10 CONCLUSIONS

Transient aerodynamic loads have been calculated on a typical wind tunnel model of a high
speed train (leading car of ICE 2) running on a ballast and rail track bed. The unsteady flow
calculations (DES) are confined to linearly changing crosswind speed, which is a simple
starting point for such studies. Also the selected gusts have been chosen with respect to the
natural car body frequencies, where the rise time of the gusts corresponds to 0.5 s and 1.0 s at
the train speed of 250 km/h.

Two fine polyhedral meshes, (for hi- and low-Re wall modelling) were used for the RANS
and DES, where results showed a satisfactory level of coherence.

During the event of the gust, the surface pressure about the car body did not reveal any
noticeable history effects. Rather the transition from basic to maximum wind occurred
smoothly, where instantaneous data of surface pressure agreed remarkably well with the
intermediate RANS data. The unsteadiness in the loads is introduced by local flow changes
along the vehicle, which caused a significant overshooting of particularly the yaw moment.

The current findings have motivated a new technique to swiftly model the evolution of
aerodynamic loads of arbitrary gusts. The modelling is tentatively based on steady results
(suggestively RANS, but steady results via DES is also possible) which would give a fair
representation of the loads for the range of yaw angles caused by the gust. Admittedly, a length
wﬁ% correction (stretching in time) of the loads is needed to compensate for the lateral
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initiation of the flow, which needs further attention in future work. Future studies need to
demonstrate the applicability for other vehicles and also address the situation of higher yaw
angles.

The results are currently exploited in an ongoing study, at the VINNOVA Centre of
Excellence for ECO* Vehicle Design at the Royal Institute of Technology (KTH) in Stockholm,
to explore the rail vehicle implications of gusts strong enough to cause overturning.
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Abstract: In this paper, we present the results of a preliminary investigation of the flow features
encountered over a TGV. As a matter of fact, it is the first step in a more detailed analysis which
is necessary in the perspective of future flow control experiments. The experimental investiga-
tion has been carried out in a low-speed hydrodynamic channel with a small-scale model. The
consequence is that the Reynolds number based on the length L of the model is relatively low
(Reyr, = 1.26 10°) compared to the full-scale aerodynamic Reynolds number (Re;, = 10°) so
that the results can only be used as qualitative tools to illustrate the main features encountered
in the flow over a TGV. Particle Image Velocimetry (PIV) and Laser Induced Fluorescence (LIF)
visualizations were carried out in most of the critical regions over a TGV: the front nose, the
pantograph cavity, the spacings between the coaches and the rear part of the model.

Clearly some common features can be found with the flow over a road vehicle. For instance,
both LIF and PIV show the strong vortex shedding, the large recirculation bubble and the large
counter-rotating vortices created over the rear part of the model, very similar to a Ahmed body
with a 25° rear slant. The flow over the flat panels of the coaches constituting the TVG is also
more complex than expected because of the perturbations induced by the pantograph cavities
and the deep cavity between the coaches. Finally, a synthesis is proposed pointing out the most
critical areas in a perspective of flow control for drag reduction.
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FIGURE 1: Scheme of the hydrodynamic tunnel with the model placed in the test section.

1 INTRODUCTION

The flow around a high speed train is a challenge to the fluid mechanics community. While
the use of experimental techniques on an operating vehicle only gives partial information on the
flow, both reduced-model and numerical based investigations are confronted with the problems
of the high Reynolds and Mach numbers. A full length and fully detailed numerical simulation
of the unsteady flow at a Reynolds number around 10® stays out of reach or at a prohibitive
cost. The reduced model studies seams to have found a good compromise with a few coaches at
1 : 7 scale ratio in a wind tunnel at 40m.s~! [5]. Nevertheless the cost of the studies in a wind
tunnel large enough to allow this kind of model with the ability to simulate the moving ground
and the boundary layer is still heavy. In this study we present qualitative results obtained on a
1 : 127 small-scale model in a hydrodynamic channel. The Reynolds number reached based on
the model length L is Rey, = 1.26 10°.

2 EXPERIMENTAL SET-UP
2.1 THE HYDRODYNAMIC TUNNEL

The experiments have been carried in the PMMH low-speed hydrodynamic tunnel. The flow
inside the hydrodynamic tunnel used (Fig. (1)) is gravity driven thanks to a reservoir whose
water level is kept constant. The height between the reservoir and the point of return to ambient
pressure is three meters. The tunnel can be used either in open flow for ink visualisation or
closed flow for PIV measurements. A steady laminar incoming flow is obtained through the
combinaison of a slow diverging section followed by two honeycombs and a short converging
section. The test area is a rectangular section of 150 x 100mm? over a length of 800mm. Note
that the channel is fully plexyglas which allows optical access from all side, especially in the
axis of flow from downstream. Below the test zone is a submerged area used to install the dye

injection lines other equipment. The speed of the flow in the configuration used is 15¢m.s 1.
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FIGURE 2: Photographs of the model. Injection lines come from the technical zone through the separation and
boudary layer plates (a). Two injectors are placed in the intercoach spaces (b). Holes of 0.5mm diameter are
placed along the sides of the engine coach (c) and on the face (d)

2.2 THE SMALL-SCALE MODEL

The model is a toy in 1 : 127 scale made up of two nose or tail coaches and two middle
coaches of a TGV-PSE (see Fig. [2)). The model has a total length of L = 630mm for a height
of h = 31mm and a width of [ = 23mm. The intercoach space are 2mm long. The model is
positioned on rails which themselves are set on a plate for 900mm long plate. This boundary
layer plate is a flat plate at both ends bevelled and placed at a 20mm to cut the previous boundary
layer of the channel with a thickness around ten millimeters. Thus, a new boundary layer is at the
leading edge of the boundary layer plate which results in a boundary layer thickness as low as
possible. An engine coach was hollowed, equipped with a mouthpiece for the admission of dye
and holes of 0.5mm have been placed on the hull. Thus it is possible to fill the coach with dye
have the near wall area of the train seeded. In addition the intercoach spaces are equipped with
dye injectors. It is possible to reverse the model in order to have either the front or rear coach
equipped with wall injection of dye. The Reynolds number for a velocity of U* = 15¢m.s™*
and a total length of L = 630mm is 1.26 10°. The pantographs could only be kept in lowered
position.

2.3 LIF AND PIV EQUIPPEMENT

The visualisation have been obtained through Laser Induced Fluorescence. The fluorescent
dyes used are the rhodamine-B or fluorescein. The volume visualisations are obtained either
with ambient light or a UV punctual source. The plane visualisations are achieved with plane
laser sheets issued from argon or YaG continuous lasers. Image acquisition is achieved with a
numeric reflex camera or a numeric camcorder. Two PIV set-ups are available. The first one is
made of a 2 x 15m.J pulsed laser and a double framed camera with a 1600 x 1200 resolution
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FIGURE 3: Photographs of the flow around the front coach of the model. The swirl of the dye lines shows the
existence of pillar vortices on the nose coach edges (a). The cross section plane at the end of the first coach shows
the existence of longitudinal vortices on the roof (b).(c) (d)

and can achieve a 15H z acquisition rate. The second one is a homemade time resolved PIV
system made of a 20 YaG continuous laser and a high-speed Phantom Camera which allows
an acquisition rate up to 1/ Hz. Both these configurations allow the measurement of the two
velocities component in the plane defined by the laser sheet and the object focus plane of the
camera.

3 FLOW VISUALISATIONS AND PIV

This configuration is quite far away from the canons of the reduced model high-speed train
tests [3]]. In particular there is a 10? factor on the Reynolds number, the flow can be considered
as incompressible, the incoming boundary layer is hardly simulated and the wall is not moving.
Despite these facts we managed to identify some of the known salient features of the flow
around a high-speed train.

3.1 Front coach and longitudinal structures

On the visualisations is observed that the dye wraps around the side edges of the front engine
coach (Fig. [3p) and show vortical structures that raise to the roof. Downstream we find their
traces in the laser cross section (Fig. [3b). As the position of the laser cross section is moved
further downstream the flow has to deal with pantograph cavities and intercoach spaces and
more streamwise vortical strucures are present with a strong unsteady behaviour. The mean
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FIGURE 4: Photographs of the flow around the front pantograph cavity of the model. We can observe that the dye
enters the intercoach spacing and fills the cavity where a recirculation occurs.

velocity field in the symmetry plane of the front coach (Fig. [3c) shows a deceleration of the
flow at the nose and an acceleration at the beginning of the roof. Numerical simulations with
RANS modelisation of the turbulence[4] shows the same qualitative behavior (Fig. [3[d).

3.2 Pantograph cavity

As it was not possible to raise the pantograph on the model, the flow downstream the rear
coach is very different from the case of a high-speed TGV. However, the visualisations showed
in Fig. [ allow to see the reverse flow that occurs in these cavities. We can also observe the
separation experienced by the flow on the roof downstream the cavity.

3.3 Wake

At the exception of the recirculation bubble that is attached to the wall, all the structures
expected in the wake of a high speed train are shown in Fig. [5] We can clearly observe the
instable shear layer due to boundary layer separation at the roof end on Fig.[5h and c. Due to the
absence of reproduction of the moving ground the recirculation bubble observed on the Fig. 5k
is attached to the ground while it should be attached to the train. Fig[5p shows the existence of
quasi-longitudinal vortices detached from the rear coach as has been observed in operating tests
or numerical simulations[2]. We can notice that these kind of structures are the same that the
one obtained in the wake of an Ahmed body[[1]]. The time resolved PIV measurement shown
at Fig. [5d shows the alterne vortex shedding due to the separation of the boundary layers on
the side of the end coach as has already been reported on smoke visualisations [3]. The vortex
shedding exhibits a Strouhal number of 0.2 like in the case of the bidimensional cylinder.

4 CONCLUSIONS

While being far away from the ideal conditions to perform accurate measurements on high
speed trains we show that the flow around a small-scale model with a moderate Reynolds num-
ber has already experienced enough transitions to have the essential features of the flow around
a high-speed train. At the exception of the near wall flow we reproduce the qualitative behavior
of the flow. While it is impossible to obtain quantitative results in agreement with measures on
operating material it is predictable that a study driven on this kind of model should give the
correct sensibility of the real flow. The methodology possesses the advantages of being much
cheaper than a 1 : 7, full-scale experiment and numerical simulations depending on the accu-
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FIGURE 5: Lif visualisation in the symmetry plane of the rear coach (a). Volume visualisation of the wake (b). PIV
measurement of the mean velocity modulus in the symmetry plane of the wake (c). Time resolved PIV obtained
velocity amplitude cartography in a plane parallel to the ground at the alitude of the nose with the mean flow
subtracted (d).

racy. Moreover it is well adapted to parametric studies and full flow investigation in a reduced
time, actually the results presented have been obtained in two days. In the scope of flow control
these preliminary results bring the confirmation that the flow behavior and sensibility can be
qualitatively predicted from this kind of methodology. The parametric testing of different flow
control strategy can be greatly helped and fastened by reducing the number of strategies to test
before wind tunnel, numerical or full scale tests, leading to more solution efficiently tested at a
reduced cost.
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Abstract. The principle development tool employed by automotive aerodynamicists is the full-
scale wind tunnel. At the Volvo Car Corporation, the full-scale wind tunnel (PVT) is of the
slotted wall type, and has recently been upgraded with a new five belt moving ground simula-
tion system. However, the measured drag forces in the Volvo wind tunnel have always been,
and remain, significantly above the average of other European wind tunnels, and have not
been corrected. The objective of this project was to analyze how different correction methods
for drag and lift force measurements can be applied in PVT and how they can be optimized.
Therefore different aerodynamic effects due to the restricted boundaries in a wind tunnel had
to be observed.

Two effects were in the main focus. The solid and wake blockage, which causes a dynamic
pressure difference, and the horizontal buoyancy, which directly imposes a force onto the
model. While the model affected change in dynamic pressure already is quite well explored,
the horizontal buoyancy needed further investigation. To be able to separate between wind
tunnel induced and model induced buoyancy measurements a detailed analysis of the pressure
distribution in the empty test section had to be carried out in PVT. In this context the influ-
ence of how the boundary layer suction affects the pressure distribution was also studied.

As the basis for all calculations a combination of two data sets were used. One part was the
EADE correlation study from 1999, the other part was a comparison of different competitor
car tests carried out in PVT and other wind tunnels since the upgrade in 2006. These cars
represented a large variance of vehicle shapes and sizes. The resulting correction method
shows that a good correlation with other wind tunnels can be achieved using simple vehicle
parameters.
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1 INTRODUCTION

The Volvo full scale wind tunnel (known as PVT) was opened in 1986 and has a slotted
wall test section. In order to improve the airflow simulation around and underneath the car, as
well as to include the effect of rotating wheels a 5-belt ground simulation system was in-
stalled in 2007.

The presence of boundaries at the test section, whether in the form of solid walls, porous
walls, or a free jet shear layer, can cause different experimental results as if the boundaries of
the moving fluid would be infinitely far away, modeling real world conditions. Interferences
between collector and nozzle or airflow and walls can produce a pressure gradient with which
the model will interact during the measurement. A correction factor is therefore required for
the measured values to more closely mirror reality. It is still necessary to know, that even the
best correction only can produce good values when the tunnel already produces a good flow
simulation. At the Volvo wind tunnel despite the large test section and the slotted walls higher
drag values were measured than in competitor wind tunnels. With the upgrade of the ground
simulation system the circumstance of high drag values remained.

In this context the aerodynamic department of the Volvo Car Corporation decided to intro-
duce a correction to their full scale wind tunnel and it is the task of this project to show differ-
ent correction methods, apply a correction to measured values and compare and evaluate
different measured and corrected values. When the tunnel was originally built, the methods
for obtaining a correction method for slotted walls was not fully available or understood.

2 FUNDAMENTALS

Since the first usage of wind tunnels for engineering development the problem of a con-
strained air flow is known. Considerable research has been undertaken to better model the
wind tunnel effects and to obtain better techniques to improve the measurement and compara-
bility between tunnels.

2.1 The Volvo full scale automotive wind tunnel - PVT

The Volvo wind tunnel consists of a slotted wall design. In this construction the test sec-
tion boundaries are made by walls with slots in flow direction, behind those slots is a plenum,
which can be freely ventilated by the airflow through the slots. The plenum is closed against
the environment, so that the mass flow through the tunnel always remains the same. The
empty tunnel behaves like a closed wall tunnel, because no air will flow through the slots.
When there is a large model in the wind tunnel, the airflow has the possibility to escape from
the test section through the slots and re-enter behind the model again, so the test section is
prevented from large blockage. But now it is known that the flow in slotted wall test sections
is much more complicated than previously assumed. The interaction between plenum and test
section is highly dependent on the slot opening ratio and is still not fully understood. Even
when the flow can ventilate through the slots, the blockage in slotted wall wind tunnel is not
negligible.

The wind tunnel at the Volvo Car Corporation was designed to test full scale passenger
cars and half scale trucks in 1986 for aerodynamic and thermodynamic purposes; therefore in
addition to the turn table a dynamometer was also installed; located downstream in the test
section. The slotted test section walls have an open area ratio of 30%; each wall and the ceil-
ing have longitudinal slats. The test section has a height of 4.1m, a width of 6.6m and has in
total a length of 15m, with a cross sectional area of 27m? The test section turn table has a ra-
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dius of 3.3m. The main fan has a power of SMW and can generate wind speeds of up to
250km/h.

Figure 1: Volvo wind tunnel PVT.

In order to guarantee an adequate flow simulation for road vehicles the boundary layer
needs to be minimized. The Volvo wind tunnel achieves this through a combination of differ-
ent boundary layer treatment systems. The first step is a scoop directly after the nozzle, which
eliminates the boundary layer. In front of and partly around the turn table a distributed suction
system is installed into the test section floor. A second distributed suction system is installed
on the turn table in the front part of the model. In conjunction to the improved suction system,

a road simulation system was installed into the wind tunnel during recent upgrades. The road
simulation is a 5-Belt system and consists of a Im wide and 5.3m long centre belt and four
small belts for each wheel (Wheel drive units — WDU).

2.2  Constraint test section flow

In contrast to the streamline shapes, automotive bodies are characterized by a small slen-
derness ratio, a large separation region at the bluff rear end and a high drag value resulting in
a large wake. Bluff bodies can be followed by large separation bubbles and with returning
flow and a significant larger wake.

A car is not 100% a bluff body; for modern cars, the flow stays attached over major parts
of the model surface and usually only separates far behind at the trailing edge of the car. But
even if the size of the separation bubble is significantly smaller than the model volume, the
flow displacement and the resulting blockage by the near and the far wake of a car in a con-
straint flow is not negligible. Typical car models are described as quasi-streamlined bodies
with the flow separation behind the maximum cross sectional area.

The purpose of wind tunnels is to simulate an air flow. The air flow has to be very stable,
constant and repeatable. The wind tunnel flow should also imitate the flow conditions ob-
tained in reality. For closed wall test sections it has been known for some time that the flow
displacement causes blockage in the test section. The air flow goes around the model, but still
has to stay in between the test section walls. Flows in real world conditions have the capacity
to travel around the object with no limitation placed on its expansion; this is not the case for
the wind tunnel. This blockage effect becomes greater as the model to test section ratio be-
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comes larger. It needs to be noted that the solid body blockage is not the only influence on the
measured drag; numerous literatures (e.g. Ref. [1], Ref. [4]) highlight the effects of various
factors such as jet expansion, nozzle blockage, collector blockage, the wake blockage and
gradient effects. Some of them are investigated for open-jet wind tunnels Ref. [1], and others
are typical closed wall phenomena.

There is currently no widely accepted correction method for slotted wall wind tunnels and
it is still discussed as something between a closed and an open-jet wind tunnel. It is currently
not possible to fully describe the flow through the slots with the objective of a tunnel correc-
tion.

2.3 Correction theory

The classical correction based on potential flow theory using mirror images to represent
wind tunnel boundaries was first derived by LoCK. Further contributions were published for
example by GLAUERT Ref. [3] and many others. The need for boundary corrections arises be-
cause the flow over the model in a stream of finite extent is different from the flow over the
same model in a stream of infinite extent. The fundamental cause that blockage occurs is of-
ten said to be a simple change in the free stream velocity,

U =U_+Au (1)

corr

WhereU _is the velocity in the empty tunnel, U_ _ is the velocity corrected for blockage

corr

and Au is the change in axial velocity due to blockage. The total effect acting on the model is
a sum of different interferences, which can be expressed by different perturbation velocities € .

Au
2E= - 2

=)

U,,=U.(1+2 ¢ 3)

Eq. (3) given in form for the dynamic pressure:

Geor — (14 €)' &)
q
The correction of the dynamic pressure is only one part of the complete correction formula.
The other factors which influence the measured values are directly on the model acting forces,
such as pressure gradients. These so called horizontal buoyancy forces have to be treated dif-
ferently and are introduced into the correction procedure before any dynamic pressure correc-
tions are applied Ref. [1]. The entire correction formula can be written as

(CDmem + ACWDHB )

q{,‘()%
q

This, from MERCKER suggested, correction theory is be the starting point for the develop-
ment and application of a correction formula for the Volvo wind tunnel.
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3 TUNNEL INTERFERENCE EFFECTS

Mercker further suggests a theoretical concept of how to correct slotted wall test sections
without the need of an exact knowledge of the flow through the slots.

Conventional thinking: A slotted wall wind tunnel has a hybrid test section behaving
partly as a closed wall wind tunnel (confined flow) and partly as an open-jet (expanded flow ).
Slot opening tunes the results to those measured on the road (transition from confined to ex-
panded flow).

Different way of thinking: The slotted wall wind tunnel behaves like a closed wall wind
tunnel. But when the slots are opened a positive pressure gradient is generated in the test sec-

tion, which pushes the model forward and decreases drag (example: ETB tested in ETW).
Quotation by MERCKER.

According to this theory, the correction for the dynamic pressure is the same as the correc-
tion for closed wall test sections Ref. [4] and the horizontal buoyancy term is described by a
combination of empty tunnel gradient effect and model induced buoyancy force.

1§L:a+gs+qyf ©6)

=AC

DHB empty tunnel

AC + Ac1DHB model (7)

DHB

3.1 & -solid body displacement

The solid body blockage effect describes the change in flow velocity around the car due to
the blockage in the test section. While airflow in reality has the possibility to expand, the flow
is constrained by the tunnel walls and causes a higher dynamic pressure than in an uncon-
strained flow; this causes higher forces on the car.

D——©-

Figure 2: Airflow around a car in free stream and in closed wall test section

The correction for this effect is given in Ref. [2] and was derived with the help of the po-

tential flow theory.
V(aY?
E=T,[—|—= 8
’ L(Cj ®)

The tunnel shape factor 7 is explained by THOMPSON.

7 :mma(5+ﬂJ
H B

closed

7=0.8315
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3.2 gy — effect of wake blockage

The other interference effect in closed and slotted wall test sections is the wake blockage.
The presence of a model even when it is a streamlined body causes a wake in the far flow
field. The wake is a region of smaller velocity behind the model due to shear flow. In order to
keep the volume flux constant, the flow velocity around the wake is faster than without model.
This is similar to the blockage effect and causes higher drag forces.

The wake theory is quite complex so most correction formulas are based on empirical data.
The MERCKER developed wake correction term seems to be quite simple, and uses a person-
ally developed empirical wake blockage constantn7 =0.41.

A(C,
8 - . meas + 10
= (—4 77] (10)

With the use of these perturbation velocities it is possible to correct the wind tunnel for its
changed dynamic pressure. The so called Q-correction is only dependent on simple geometry
data of the tunnel and the model to test.

4 HORIZONTAL BUOYANCY

The horizontal buoyancy is an especially important factor in determining the correction for-
mula for the slotted wall wind tunnel. One part of the buoyancy effect is the model independ-
ent tunnel induced horizontal buoyancy, which is caused by the empty test section pressure
gradient. The other part is according to MERCKERs assumption Eq. (6) the so called model
induced horizontal buoyancy, which is caused by an interference between the model and the
tunnel slots.

4.1 Tunnel induced horizontal buoyancy

The tunnel induced horizontal buoyancy is caused by the pressure gradient in the empty
test section. In order to determine this, on the model acting force, the pressure distribution in
the test section has to be measured. It is needed to get Cp distribution in the centerline of the

test section in the height of the stagnation streamline on most cars of approximately z=600mm.
The values for the pressure distribution of the wind tunnel before the upgrade are known and
can't be repeated. The pressure distribution in the actual, post upgrade wind tunnel were also
measured; however, further analysis raised doubts regarding the reliability of these values.
The reason for this is, that the measurements were performed with the traverse, which causes
an own blockage in the wind tunnel and influences the measurements. So the tests were re-
peated with a new probe holder.

The measurements are performed under two different ground simulation settings and for three
different speeds. For the standard case the complete ground simulation was turned on; this
included the boundary layer suction, the moving ground, the wheel drive units, the tangential
blowing and the scoop. The second configuration was made with the same settings as before
but with only the boundary layer suction devices turned off. The probe was mounted manu-
ally into every measurement position which is in the centerline (y=0mm) of the empty test
section and went from the scoop at -5500mm to the collector at 9500mm (The tunnel coordi-
nate system was centered on the turn table.). In steps of 100mm to 5S00mm the probe was
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moved through the test section measurements were taken in every positions with wind speeds
of at 80km/h, 140km/h and 200km/h.

---o--- 140kph BLCS off
—— 140kph

X

A ¢ y y y y y y y .
H; t t t t t t t 1

-6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000 8000 S000

Figure 3: Cp distribution in the test section with and without boundary layer suction.

The tunnel induced buoyancy force is caused by a pressure difference between the front of
the car and the rear. Because the tunnel pressure gradient is superimposed onto the car, the car
is noticing a horizontal force which does not have any connection to the real drag on the car.
To determine this force it is needed to determine the pressure at the position of the front
bumper of the car and at the position of the wake closure point. The difference in Cp directly

describes the caused difference in C,, . To approximate the wake closure point, MERCKER sug-

gests a simple linear formula which describes the wake length dependent on the model slen-
derness.

—s—new YT
—=— old PYT

o.o1s0-—

—

~=zz
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001004

0.0075 4

-2400

Figure 4: Cp distribution on the turn table of the old and new PVT.
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Figure 3 shows the Cp distribution in the tunnel before and after its upgrade. Additionally,
a typical car is positioned in the chart and the Cp at the front bumper and the wake closure

point are marked. The tunnel buoyancy effect can be calculated by just taking the differences
by using a polynomial trendline.

AC‘DHB empty tunnel = Cp wake closure Cp front bumper (1 1)

4.2 Model induced horizontal buoyancy

The last part of the correction method to be explained is the model induced horizontal
buoyancy. Because there does not exist an analytical way to determine the model induced
buoyancy MERCKER suggested to use reverse engineering. The idea is that for a model where
the correct drag value is known, it is possible with Eq.(6) to calculate the horizontal buoyancy.

DHB model ~— ™ Dcorr -AC (12)

Dmeas DHB emptytunnel

AC — C . qcorr — C
q

If this would be done for a certain number of cars it should be possible to find the relation-
ship between the model geometry and the horizontal buoyancy. Mercker suggested to use the
EADE'99 data with his corrected values for the open-jet wind tunnels Ref.[8]. Because of
problems with this test data and because the wind tunnel was not yet upgraded 1999 it was
tried during this project to use another dataset. Test data from 15 cars of different manufactur-
ers tested in the Volvo wind tunnel as well as in other tunnels or even in coast down tests are
the background for further calculations.

0,045 B delta Cdmeas-Cdcorr

0,04 + [F B model induced CDhb
0,035 -

0,03 -

0,025 +

0,02
0,015 ~

0,01

-0,005 -

Figure 5: Calculated model induced horizontal buoyancy and delta value of 15 car dataset.

In Fig.6 the calculated delta between measured and correct value and the model induced
buoyancy for the 15 cars are given. The models are from a large variance in shape, size and
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drag, and are sorted by frontal area so that carl is the largest and car 15 the smallest car in the
dataset. The chart does not show any relationship between car size and difference between
correct and measured drag, while the model induced horizontal buoyancy shows the tendency
to become smaller, the smaller the model is. To describe this relationship sufficiently, an ade-
quate factor had to be found. MERCKER suggests that the model induced horizontal buoyancy
is dependent on many parameters and that a non dimensional factor has to be developed from
them.

V —model volume

A—model frontal area

L —model length

C —tunnel cross section

m—model shape

n—tunnel shape
Table 1: Parameter of model and tunnel geometry.

Starting from this, a factor has to be developed which describes the bulkiness of the model.
Because the tunnel remains the same for every test, these parameters can be ignored and be-
cause the tunnel cross section would be in the denominator while the tunnel shape factor (i.e.
the open area ratio) is non dimensional, the resulting factor has the dimension of an area.

Vv

ﬁ (CD,meas )3

0,045 1

C

DHBmodel
0,040 +

0,035 i %}C()ﬁnts
0,030 +
0,025 ’:
0,020 ’:
0,015 ’:
0,010 *:

L & 2 box
0,005 + x5 = 3 box

0,000 +———— Ty

0,025 0,035 0,045 0,055 0,065 0,075 0,085 0,095 0,105 0,115 SGB

Figure 6: General blockage area Sgp vs. model induced horizontal buoyancy.

The so called general blockage area S, plotted vs. the model induced horizontal buoy-

ancy shows a good linear relationship. With this equation it is possible to forecast the horizon-
tal buoyancy for every other model in the Volvo wind tunnel. This is the last step needed in
the application of a correction for the Volvo wind tunnel.
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S APPLICATION OF THE CORRECTION METHOD

To evaluate the correction method, reliable data are needed. Ideally the correction method
should be validated using new data with different vehicles measured in different tunnels. This
data is however not yet available. Therefore it is only possible to show how the correction
method affects the 1999 EADE data. This is shown in Fig. (7). Since the tunnel dimensions
after the upgrade are identical to those of the original tunnel the only value which makes the
difference is the tunnel induced buoyancy. To correct the drag values from the old PVT, the
same correction formula is used. To determine the tunnel induced buoyancy the pressure dis-
tribution before the upgrade Fig.(3) had to be utilized.

0,390 ~ measured in PVT
0,380 B corrected for PVT
0370 il mean Mercker OJ correction

[ B mean measured in EADE
0,360 -+

0,350 |
0,340 |
0,330 1
0,320 |
0310 |
0,300 |
0,290 |
0,280 |

0,270 +

e

e

0,260 +* .
F

[os}
T

Figure 7: Application of the PVT correction on EADE'99 data.

In Fig.(8) are the measures values from PVT and the values after the new correction plot-
ted. To evaluate the correction, the mean of all measured values from the EADE'99 tunnels
are plotted, as well as the average of the by MERCKER corrected open-jet (OJ) tunnel values
Ref. [8].

6 CONCLUSION

The application of the correction method to the EADE'99 data Fig.(8) showed that the cor-
rected drag values agree very well with the values the from MERCKER corrected open-jet data.
The corrected values from the Volvo wind tunnel are on average 2 counts lower than the cor-
rected open-jet values. The good accordance of the corrected drag values with average cor-
rected and the mean measured values shows that the correction method is working reliably
and will be the basis for the correction method used in the Volvo wind tunnel.
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TABEL OF ABBREVIATIONS

-full scale wind tunnel of the Volvo car corporation
-European Aerodynamic Data Exchange

-Wheel drive units (part of the road simulation system)
-Velocity in the empty tunnel

-Velocity corrected for blockage

-change in axial velocity due to blockage
-perturbation velocity due to different interference effects
-dynamic pressure in the test section

-dynamic pressure in the test section corrected for blockage
-drag coefficient

-drag difference due to horizontal buoyancy

-measured drag coefficient in the wind tunnel

-horizontal buoyancy due to the empty tunnel pressure gradient
-horizontal buoyancy due to model induced pressure gradient
-corrected drag coefficient

-perturbation velocity due to solid body blockage

-perturbation velocity due to wake blockage

-Tunnel shape factor

-model volume

-model frontal area

-model length

-test section cross section C =27m’

-test section width B = 6.6m

-double of the test section height H =8.2m
-empirical wake blockage constant 7 =0.41
-pressure coefficient

-arbitrary model shape factor
-arbitrary tunnel shape factor
-general blockage area

-Open-jet wind tunnel
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Abstract. CFD application is increasing in automotive industrial application and is more
and more integrated in the aerodynamic design process of new vehicles. This process is still
distinguished by parallel development with wind tunnel experiments and CFD simulation re-
sults, which demands comparable results to be generated by both development tools.

Wind tunnel interference effects are not simulated in most industrial CFD applications. The
comparison with experimental results normally shows differences due to wind tunnel effects
and ground simulation effects. Therefore a deeper understanding of these effects and methods
is necessary to fully reproduce experimental values with CFD.

This paper focuses on the correct simulation of interference effects and gives an overview on
the validation efforts with a scale model inside an open jet wind tunnel. These studies include
experimental data from the real wind tunnel as well as CFD simulation results with and with-
out wind tunnel effects.

Results of flow field data and integral values of different wind tunnel configurations are
shown. These wind tunnel configurations feature different pressure distributions resulting in
different forces and pressures. The effect of the static pressure distribution on drag and lift is
simulated correctly. Furthermore, a comparison with blockage free simulation results demon-
strates the influence of the open jet wind tunnel on the flow.

70



Oliver Fischer, Timo Kuthada, Nils Widdecke, Jochen Wiedemann

1 INTRODUCTION

The parallel aerodynamic development of vehicles using CFD and wind tunnel tests re-
quires a good comparability between results generated with both methods. As standard CFD
simulations neglect the influence of wind tunnel interference effects, the comparability of the
interference-free CFD results and experimental values cannot be perfect.

Furthermore, it is possible to investigate blockage effects with CFD by changing the wind
tunnel test section to get a deeper insight into individual interference effects and to validate
different aspects of correction methods. To be able to use CFD to investigate these effects, it
has to be ensured that all effects will be captured correctly in a simulation of the whole wind
tunnel test section with a vehicle model present.

The purpose of this validation study is to develop a detailed model of a wind tunnel to be
able to compare CFD and experimental results, in order to understand the significance of
various details of the test environment, and to gain a better understanding of wind tunnel in-
terference effects.

This paper describes an approach to investigate open jet interference effects using CFD. It
features a detailed simulation of the 1VK model scale wind tunnel (MWK) with a detailed
scale model present in the test section.

All simulations were performed with EXA PowerFLOW ™. The inherently transient nature
of the underlying Lattice-Boltzmann Algorithm makes it capable of capturing most turbulence
effects in the highly turbulent shear layer surrounding the open-jet wind tunnel test section.
The shear layer development directly affects the static pressure distribution along the test sec-
tion which has a strong influence on the measured forces. Therefore, this is important for a
correct simulation of interference effects.

2 OPEN-JET INTERFERENCE EFFECTS

Open-jet interference effects denote several effects which modify the flow around an ob-
ject inside a wind tunnel test section compared to ideal free flow conditions. Thereby they af-
fect the measured forces acting on the object. These effects are due to the different boundary
conditions inside a test section, such as the proximity of the nozzle and the highly turbulent
shear layer between jet and static air in the plenum chamber. They have been investigated for
decades, especially to develop and improve analytic correction methods which can be applied
in daily wind tunnel work. These correction methods are aimed to increase the comparability
of measurement results obtained in different wind tunnels. The influence of open-jet interfer-
ence effects on open-jet wind tunnel measurements has been described in detail in the litera-
ture [1-14]. Detailed information on these effects can be found in these cited publications.

3 NUMERICAL SCHEME

Aerodynamic CFD simulations at IVK/FKFS are carried out with EXA PowerFLOW™
based on the Lattice-Boltzmann method [15]. PowerFLOW™ is well known and widely ap-
plied in the automotive industry. One of its advantages is the automatic discretization of the
simulated fluid volume, which reduces the overall setup time. There is a wide variety of vali-
dation reports available [e.g. 16, 17].

For high Reynolds numbers, the boundary layer is simulated by a wall-model. Due to the
transient nature of PowerFLOW™, it uses a Very-Large-Eddy-Turbulence-Model to calculate
the effects of the generated turbulence. This means, that only the larger eddies are calculated
directly and the energy dissipation of turbulence scales smaller than lattice size is realized by
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solving the two transport equations for k and € and including a “swirl-viscosity” into the Lat-
tice-Boltzmann algorithm [18]. The lattice in PowerFLOW™ is composed of voxels, which
are three-dimensional cubic cells. The lattice also includes surfels, which are surface elements
that occur where the surface of a body intersects the fluid.

PowerFLOW ™ was chosen because it is a transient solver. Therefore it is capable to cap-
ture all turbulence effects in the highly turbulent shear layer. The shear layer development di-
rectly affects the static pressure distribution along the test section and therefore is important
for a correct simulation of interference effects.

4 EXPERIMENTAL SETUP

All measurements for this project were carried out in the IVK model scale wind tunnel
(MWK) of Stuttgart University which is an open-jet Goéttingen-type wind tunnel with single
return duct. The tunnel is equipped with a five belt rolling road system including several sys-
tems for boundary layer control like suction and tangential blowing [19]. However the simula-
tion of the effects of such installations is not part of the current study. Therefore all
experiments and simulations are done without any ground simulation.

The standard static pressure distribution of MWK is nearly constant over the whole test
section length which is not typical for an automotive wind tunnel. Therefore horizontal buoy-
ancy effects are very small in the MWK in its standard configuration, which will be referred
to as configuration 1. Several methods to change the static pressure distribution in the test sec-
tion of the MWK can be used to investigate horizontal buoyancy effects. One such method
was used for the so-called configuration 2 and configuration 3. Configuration 2 and 3 repre-
sent static pressure distributions which are more typical for an automotive wind tunnel. The
results from all three configurations are discussed in this paper.

The vehicle model used in this study is a detailed 1/4th scale notchback model with side
mirrors and a detailed underbody design but no underhood flow (closed grille).

The flow field itself was investigated with a fast response multi hole pressure probe to gain
understanding of flow velocities and angles. Several measuring planes were placed around the
model and in the near wake. The grid of all measuring planes was 10-by-10 mm. Due to the
fast response characteristics of the pressure probe the so called “Flying Probe” technique has
been used to determine the velocity components of the flow field [20]. Due to the limited ac-
ceptance cone of the probe, the recirculation flow inside the near field wake could not be cap-
tured. Therefore the near field wake area is blanked (checkered area) in the plots (Fig. 4-7).

5 COMPUTATIONAL PROCEDURE

Four different setups with the 1/4th scale vehicle model were studied. The first one is the
model in a typical CFD setup. That is, the boundaries are far enough to have little influence
on the model while the floor boundary condition is set to provide development of the bound-
ary layer to match the thickness measured in the experiment. This setup is referred to as the
PowerFLOW™ Digital Wind Tunnel (DWT).

The second case is the vehicle model inside the IVK model scale wind tunnel (MWK) in
its configuration 1. The third and forth cases are the vehicle model inside the VK model scale
wind tunnel (MWK) in its configuration 2 and 3. These will be referred to as DIVK config. 1,
DIVK config. 2 and DIVK config. 3 respectively. More details on the validation and descrip-
tion of the DIVK simulation can be found in [21].
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A detailed CAD model of the vehicle was used for both setups. The entire volume was dis-
cretized by using cubic volumetric cells (voxels) and different levels of variable resolution
(VR). The finest cells have a size of 0.75 mm. The VR schemes around the vehicle are the
same for both cases. Static floor and static wheels setups were used in all cases.

Table 1 summarizes the number of cells and the physical simulated time required to obtain
a stabilized flow field on a 80 CPUs Linux cluster. The physical time gets lower with each
case due to the used possibility of the so-called “seeding” process, where the simulated flow
field of a prior simulation can be used to initialize (or seed) a subsequent simulation.

Voxels | Physical time

DIVK (1) | 51 millions 1.45s
DIVK (2) | 55 millions 1.07 s

DIVK (3) | 55 millions 0.8s
DWT 41 millions 0.49s

Table 1: Number of cells, physical simulated time and the CPU time

6 VALIDATION

A detailed wind tunnel model was generated to match the IVK model scale wind tunnel
(MWK) in Stuttgart (Fig. 1). It was used for DIVK to ensure that all interference effects will
be simulated correctly. The wind tunnel model includes a plenum chamber with test section,
collector, diffuser and traversing system. The nozzle contraction, return duct and turning
vanes are not part of the model, which was used for the results shown in this paper.

Figure 1: Digital model of IVK model scale wind tunnel (DIVK)

All dimensions of the virtual wind tunnel correspond to the test section dimensions of the
real tunnel. The computational domain size of the simulation is limited by the virtual wind
tunnel model. Both nozzle and diffuser ducts were extended in flow direction to prevent any
influence on flow inlet and outlet.

MWK uses delta-wings as turbulence generators to prevent the tunnel from buffeting. They
are attached to the inner nozzle walls at the nozzle exit plane. Detailed digital reproductions
of these wings in DIVK enable the correct simulation of the shear layer development along
the test section which is important for the reproduction of the static pressure distribution.

The computational mesh of the simulation is refined for shear layer and boundary layer re-
gions to resolve the flow accurately. The wind velocity was set to 50 m/s. Turbulence inten-
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sity and turbulence length scale were set to 0.003 and 1.5 mm respectively corresponding to
the experimental setup.

6.1 TESTSECTION FLOOR BOUNDARY LAYER

The correct reproduction of the boundary layer in the simulation is very important for both
drag and lift. Comparative aerodynamic force measurements of production cars with and
without boundary layer control have shown that the influence of boundary layer variations is
even stronger on lift forces than on drag forces [19].

The MWK is equipped with a 5-belt system for road simulation which was not in operation.
But for the correct simulation of the boundary layer development along the test section, the
roughness of the inactive centerbelt had to be taken into account [22] by defining an area with
higher roughness compared to standard wall conditions on the steel test section floor sur-
rounding the centerbelt.

Several numerical investigations were carried out to match the boundary layer develop-
ment along the test section with the measured profiles. The simulated boundary layer profiles
in the empty test section match the measured profiles in the wvehicle’s vicinity
(625mm > x > -625mm) as can be seen in Fig. 2. Therefore the agreement between measured
and simulated boundary layer development can be considered excellent.

X =625 mm Xx=0mm X =-625 mm
0.10 Siulati t 0.10 pp—— t 0.10 Simulati t
0.09 | imulation § 0.09 | imulation | 0.09 | imulation §
* Measurement| | * Measurement| | * Measurement| |
0.08 i 0.08 i 0.08 i
0.07 j 0.07 § 0.07 j
. 0.06 . 0.06 . 0.06
E. 0.05 . £ 005 . E 005 .
N 4 N L4 N ]
0.04 4 : 0.04 pe 0.04 + &
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Figure 2: Comparison of boundary layer in test section simulation and measurement (configuration 1)

An influence on boundary layer development could not be observed when the modified
static pressure distribution of configuration 2 and 3 was used in experiment or simulation.
Therefore only the result of configuration 1 is shown here.

6.2 STATIC PRESSURE DISTRIBUTION

Furthermore, the comparison shows a good agreement of the basic flow structure of the
shear layer in experimental and numerical results. The simulated static pressure distributions
for configuration 1, 2 and 3 are in good agreement with the experimental data as can be seen
in Fig. 3.
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Figure 3: Static pressure distribution in the empty test section (configuration 1, 2 and 3)

7 COMPARISON

X [m]

-1.5

In this section, results from experiment and simulation in the digital model of MWK
(DIVK) and the Digital Wind Tunnel (DWT) are compared and discussed.

Table 2 shows a comparison of the drag and lift values for the seven cases. As shown in
the table, the difference in drag between the experiment and DIVK for configuration 1 is only
2 counts. For configurations 2 and 3, the experimental drag is reduced as a result of the wind
tunnel pressure distribution. The DIVK results for configurations 2 and 3 exactly reproduce
the drag reduction. The differences are 1 count for both configurations. DWT should be com-
parable to configuration 1 because of the nearly flat static pressure distribution but it produces
a difference of 11 counts, probably due to other blockage effects.

DELTA CD | DELTA CD
CD | CL [ CLF [ CLR | pvKk-EXP) | (DWT-EXP)
Exp (1) | 0.291 | 0.150 | 0.051 | 0.099
-0.002 0,011
DIVK (1) | 0.289 | 0.171 | 0.057 | 0.114
Exp (2) | 0.281 | 0.151 | 0.050 | 0.101
0.001 -0.001
DIVK (2) | 0.282 | 0.174 | 0.057 | 0.117
Exp (3) | 0.269 | 0.154 | 0.048 | 0.106
0.001 0.011
DIVK (3) | 0.271 | 0.176 | 0.055 | 0.122
DWT | 0.280 | 0.162 | 0.051 | 0.112

Table 2: Drag and Lift values for the Experiment, DIVK and DWT. Deltas denote the difference between simu-
lation and experimental values.

75



Oliver Fischer, Timo Kuthada, Nils Widdecke, Jochen Wiedemann

Although the lift is overestimated in all simulation cases (especially the rear lift), the effect
of the changed pressure distribution is perfectly reproduced, which can be concluded from
Table 3. Table 3 shows so-called Delta-Deltas between simulation and experiment. Delta-
Deltas denote the difference of the effect of a changed pressure distribution between simula-
tion and experiment. The effect of the static pressure distribution on drag and lift is simulated
correctly because all Delta-Deltas are very close to zero.

AACD | AACL | AACLF | AACLR
[DIVK (1) -DIVK (2)] - [Exp (1) - Exp (2)] | -0.002 | -0.002 | -0.001 | -0.001
[DIVK (1) -DIVK (3)] - [Exp (1) - Exp (3)] | -0.004 | -0.001 | -0.001 | -0.001

Table 3: Delta-Deltas of Drag and Lift between simulation and experimental results

Fig. 4 and 5 show a comparison of the static pressure for the three experiments (config. 1,
2 and 3) and the six PowerFLOW™ runs (DIVK and DWT, config. 1, 2 and 3) in the X=750
mm plane. The simulation data was extracted at exactly the same measurement points as the

experimental data.

0d = 04

1 1 1

02 0z

[]
Y [m]

Figure 4: Cp-static at X=750 mm plane (near field wake): Wind Tunnel Model DIVK (config. 1, 2, 3) (top row
from left to right); experiment (config. 1, 2, 3) (no measurements in checkered area) (2" row from left to right);
Digital Wind Tunnel DWT, legend, physical plane location (bottom row)
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Figure 5: Cp-total at X=750 mm plane (near field wake): Wind Tunnel Model DIVK (config. 1, 2, 3) (top row
from left to right); experiment (config. 1, 2, 3) (no measurements in checkered area) (2" row from left to right);
Digital Wind Tunnel DWT, legend, physical plane location (bottom row)
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Figure 6: Cp-static at Y=0 mm plane (near field wake): Wind Tunnel Model DIVK (config. 1, 2, 3) (top row
from left to right); experiment (config. 1, 2, 3) (no measurements in checkered area) (2™ row from left to right);
Digital Wind Tunnel DWT, legend, physical plane location (bottom row)
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The comparison shows a good agreement of the basic flow structure of experimental and
DIVK results with small discrepancies in detail, especially concerning small vortices in the
simulation resulting from the a-pillar vortex (visible in Fig. 4 and 5). The static pressure level
seems to be higher in configuration 2 and 3 (both simulation and experiment) which is due to
the rise of the static pressure distributions (see Fig. 3). The figures show that the static pres-
sure variation around the vehicle simulated with DIVK is more comparable to the experiment
than the DWT static pressure results.

Figure 7: Cp-total at Y=0 mm plane (near field wake): Wind Tunnel Model DIVK (config. 1, 2, 3) (top row from
left to right); experiment (config. 1, 2, 3) (no measurements in checkered area) (2™ row from left to right); Digi-
tal Wind Tunnel DWT, legend, physical plane location (bottom row)

Fig. 6 and 7 show the static and total pressure respectively in the Y=0 mm plane for the
different experimental and simulation setups. The low and high static pressure regions are
captured by both the DWT and DIVK. The influence of the static pressure distribution is visi-
ble in configuration cases 2 and 3 while the effect seems to be slightly stronger in simulation
compared to experiment. The increasing pressure close to the vehicle base is caused by the
changing wind tunnel pressure distribution and this directly influences vehicle drag (see Table
2). The good agreement between experiment and simulation of the total pressure in near field
wake can be observed in Fig.7. The separation angles at upper and lower edge are well repro-
duced. Slight differences in underbody flow velocity are visible which could be one reason for
the differences in lift.
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8 CONCLUSIONS

In this investigation the IVK model wind tunnel (MWK) together with and without a de-
tailed notchback model has been simulated with EXA PowerFLOW™.

The results of the simulations with a detailed notchback model show, that the simulation
including open-jet wind tunnel interference effects (DIVK) are closer to experimental data
obtained in MWK than simulation data obtained without consideration of wind tunnel inter-
ference effects. The influence of wind tunnel interference effects on the flow structure be-
comes evident by comparing simulated and measured drag and lift values. The effect of the
static pressure distribution on drag and lift is simulated correctly.

Although, this approach is not practical for a vehicle development process yet because of
the high computational effort necessary for the simulation of all open-jet interference effects,
it can be concluded that it is possible to simulate wind tunnel interference effects in CFD and
that such an approach delivers a valuable contribution to improve the agreement between ex-
periment and simulation.
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ABBREVIATIONS

CFD: Computational Fluid Dynamics

IVK: Institut fur Verbrennungsmotoren und Kraftfahrwesen, Universitat Stuttgart

FKFS: Forschungsinstitut fur Kraftfahrwesen und Fahrzeugmotoren Stuttgart

MWK: IVK model scale wind tunnel

DIVK (n): Digital model of MWK in configuration n (static pressure distribution)

EXP (n): Measurements in MWK in configuration n (static pressure distribution)

EXA: EXA Corporation

DWT: standard digital wind tunnel provided by EXA without wind tunnel interfer-
ence effects (box)

LBM: Lattice-Boltzmann Method
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Abstract. This work presents the comparison of results obtained numerically and experimen-
tally for a reference high speed train of CAF exposed to cross winds. Two different scenarios
are studied: first, a flat ground scenario and second, the configuration of ballast and rails
proposed by the current TSI HS RST and the prEN 14067-6:2007. The purpose is to study the
behavior of the train against cross winds and to investigate the accuracy that typical steady
state CFD-RANS methods produce by comparison with experimental results.

The experimental data are obtained in a wind tunnel with a 1:15 scaled model. Yaw angles
between 0° and 70°, in steps of 5° are considered. Besides, in the case of ballast and rail con-
figuration, both windward and leeward cases are included. The model consists of a first car
and a dummy end-car. The results for a Reynolds number equal to 7.6 x10° are presented.

A sensitivity analysis of the results to the RANS models and discretization scheme is presented.
1t is found that the best agreement with the experiments corresponds to the k-& realizable and
third order discretization scheme. Numerical simulations have been carried out with the Flu-
ent commercial code.

In general, the numerical results show a good agreement with the experiments, although some
discrepancies appear mainly for the higher yaw angles. Therefore, for the yaw angles of prac-
tical interest, the CFD analysis turns out to be a useful tool for predicting the aerodynamic
response of the train. These results can be used to obtain the stability range of the train.
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1 INTRODUCTION

This work presents the comparison of results obtained numerically and experimentally
for a reference high speed train of CAF exposed to cross winds. Two different scenarios are
studied: first, a flat ground scenario and second, the configuration of ballast and rails pro-
posed by the current TSI HS RST (Ref. [1]) and the prEN 14067-6:2007 (Ref. [2]). The pur-
pose is to study the behavior of the train against cross winds and to investigate the accuracy
that typical steady state CFD-RANS methods produce by comparison with experimental re-
sults.

The numerical simulations have been carried out with the FLUENT commercial code. Dif-
ferent two equations turbulent closure methods have been checked, and it is found that the
best agreement with the experimental results corresponds to the k-¢ realizable model. All the
results presented in this paper have been obtained with this model.

The geometrical configuration studied numerically, see Fig. (1), is the one corresponding
to the experiments performed in the S10 wind tunnel of the Institut Aérotechnique (IAT) in
Saint-Cyr I'Ecole (France). The objective is to compare the numerical and experimental re-
sults in order to validate the numerical procedure. The train model consists of the leading test
unit followed by a simplified dummy end-car to provide a more realistic flow around the test
unit. The model and the dimensions of the computational domain are shown in Fig. (1). The
model scale is 1:15. The experiments were carried out for three different velocities; however
the numerical simulations correspond to the intermediate velocity of 40 m/s.

h is the model height

68 h

42h

Figure 1. Computational domain dimensions and details of the geometry used in the numerical simulations.

The experiments were made both for flat ground, Fig. (2a), and for ballast and rail configu-
rations, Fig. (2b), as proposed by the current TSI HS RST and the prEN 14067-6:2007.

83



J. Garcia, J. Mufioz, A. Crespo and A. Berasarte

Figure 2. a) Model used for flat terrain, b) Model for ballast and rail configuration.

In the following section the numerical model, boundary conditions and meshes used in the
calculations are presented. In the next section, the numerical results obtained are discussed,
and a comparison with the experimental results is also included. Finally, some conclusions
derived from this work are commented.

2 NUMERICAL MODEL

The numerical simulations were performed with the FLUENT commercial code, assuming
that the compressibility effects are negligible, using steady RANS models and the SIMPLE
method for solving the coupling between pressure and velocity. Two different turbulence clo-
sure methods were checked: the k-¢ standard model and k-¢ realizable model. Also a sensitiv-
ity study of the influence of the dicretization order was performed. The studied convective
discretization schemes were first and second order upwind and a third order MUSCL (Mono-
tone Upstream-centered Schemes for Conservation Laws) scheme. By comparison with the
experiments for two yaw angles (15° and 30°) the best results were found to be those corre-
sponding to the k-¢ realizable model with a third orden scheme, Fig. (3).

Vphs : )

% " o
IAT Experiments 3 order IAT Experiments g 0 gor } — __.-’ %
realizable 1" order 3 order realizable 1" order 3Morder
k-Epsilon realizable  grandard k-Epsilon Le:llzgallﬂe standard
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k-Epsilon k-Epsilon P k-Epsilon

mCx

ECy
Cz

f=15° | p=30°

Figure 3. Comparison of the numerical and experimental results for yaw angles equal to 15° and 30°.

The coordinate system and the definitions of the moments and yaw angle are shown in Fig.
(4). The force and moment coefficients are non-dimensionalized with a reference length 1=3m
and a reference surface A=10m?, scaled conveniently.
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Figure 4. Coordinate system and definition of the moments and the yaw angle p.

The boundary conditions used in the calculations are as follows:

- In the inlet, a uniform velocity equal to 40m/s was assumed, which corresponds to
Re=7.6x10° based on the train height. Inlet values of k=0.24m?/s* and £=0.004m?%/s>
were imposed, corresponding to the turbulence of the inlet flow in the wind tunnel, 1%,
and the hydraulic diameter Dp=4.91m. However, the results do not seem to be very

sensitive to these values.

- No-slip standard logarithmic law-of-the-wall boundaries were used for the surfaces of

the train, ballast and rail, and ground.

- At the outlet, upper and side boundaries, corresponding boundary conditions were
supposed to be located far enough, so that zero gradients for all variables were fixed.

A multiblock mesh was used in order to be able to introduce minor geometrical or mesh
modifications without having to mesh the whole model again. A hexahedral mesh was used
except in local regions (bogies) where, due to the geometrical complexity, tetrahedral cells
were employed, Fig. (5). Near the walls, the grid was refined to obtain a unit wall distance for
the first grid point y"=yu*/v<100, where u* is the friction velocity and v the kinematic viscos-
ity, 1.4x10°m?%s. Taking into account the computational resources available, the number of
cells was limited to 5x10° for the cases corresponding to flat ground and slightly higher for

the ballast and rail scenarios.

Y s sl P Y

Figure 5. Details of the mesh used in the simulations.
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3 RESULTS

3.1 Flat ground scenario

In the following the results obtained for a flat terrain are presented. Pressure and velocity
distributions are included and besides a comparison between the numerical and experimental
force and moment coefficients is shown.

Fig. (6) gives the pressure distribution for the first car for both the windward and leeward
sides. As it was expected, the pressure increases with the yaw angle for the windward side and
decreases for the leeward side. This is partly due to the flow separation behind the train. The
same tendency can be seen in Fig. (7), corresponding to the pressure distribution in a cross
section between bogies.

mo =00
1 Gl
. p2e £
»  pR30° /
n o SO
e  — 5 SR
' vere (R, -0(°

(=00 (=100 [=20°
. N —
/=30° [=50° £=90°

Figura 7. Pressure distribution in a cross section between bogies.

The flow separation can be observed in Fig. (8), where the pathlines of the fluid particles
emitted from the nose are presented. For yaw angles lower than 30° the pathlines are close to
the leeward side for a significant distance. However, the windward side has visible pathlines
only for yaw angles lower than 15°.
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f=15° B=30°

Figure 8. Pathlines for different yaw angles.

The force and moment coefficients are defined as usual:

C=1 = ) (1)
Py pViA

C. zlL ©)
3 pViAL

being i=x, y and z in each case and F; and M, the force and moment components respectively,
p=1.226kg/m®, and, as it was mentioned before, ¥.,=40m/s. The surface and length values
used to normalize the forces and moments were: 4=10/15°m? and L=3/15m, where 15 is the
scale factor. The coordinate system is shown in Fig. (4).

In Fig. (9), the force and moment coefficients obtained numerically are presented as a
function of the yaw angle, and compared to the experimental values, represented by a single
and dotted line, respectively. The drag coefficient increases with the yaw angle up to an angle
equal to 25°, and then decreases and becomes negative for yaw angles slightly lower than 40°
(35° in the experiments). This indicates that the wind gives a positive propulsive force for yaw
angles higher than 40°. In general, the agreement between numerical and experimental results
Is quite good, except for the lift coefficient C,, and the pitching moment Cy,y. A possible ex-
planation for this discrepancy could be that the bars used to fix the model produce flow dis-
turbancies in the undercar region. This effect was not considered in the simulation and
therefore the vertical force and the pitching moment are different to the experimental values.
Similar results were obtained by Matschke, Ref. [3].

Cx Cy

Beta (°)

o SO - 1 .
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Figure 9. Comparison of the numerical and experimental force and moment coefficients.

3.2 Ballast and rail configuration

In the following, the results obtained for a ballast and rail scenario are presented. Pressure
and velocity distributions are included and besides, a comparison for the numerical and ex-
perimental force and moment coefficients is shown.

Fig. (10) and (11) give the pressure distribution for the first car, for both the windward and
leeward sides. Fig. (10) corresponds to the case where the train is on the windward track and
Fig. (11) to the case where the train is on the leeward track. As it was expected, the pressure
increases with the yaw angle for the windward side and decreases for the leeward side. This is
partly due to the flow separation behind the train. The same tendency can be seen in Fig. (7),
corresponding to the pressure distribution in a cross section between bogies.

Comparing the pressure distributions for the windward side corresponding to a flat ground
and a ballast and rail configuration, it can be seen that for this latter configuration, maximum
pressure values are shifted down when the train is located on the windward track. This is con-
sistent with the fact that the incident wind has a vertical component due to the ballast. This
tendency does not appear when the train is located on the leeward track. In this case, the dif-
ferences with the flat ground configuration are negligible.
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Figure 11. Pressure distribution for the windward (left) and leeward (right) sides. Train is located on the lee-

ward track.

Fig. (12) and (13) show the pressure distribution in a cross section between bogies. It
seems that the extreme values, for both positive and negative values, are greater when the
train is located on the windward rail. These figures suggest that the flow separation increases
with the yaw angle. This can be easily seen in Fig. (14), where the pathlines are represented.
The behaviour is similar to the flat ground case, although the ballast produces more flow re-

circulation.
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Figure 12. Pressure distribution in a cross section between bogies. Train is located on windward track.
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Figure 13. Pressure distribution in a cross section between bogies. Train located on leeward track.
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Figure 14. Pathlines for different yaw angles. Upper figures correspond to train located on leeward track and

lower figures to the windward case.

90



J. Garcia, J. Mufioz, A. Crespo and A. Berasarte

In Fig. (15), the force and moment coefficients obtained numerically are presented as a
function of the yaw angle. The experimental values are also included for comparison. The
negative values of the yaw angle correspond to the case where the train is located on the
windward track, and positive values to the case where the model is on the leeward track. For
the drag coefficient the behavior is similar to the flat ground case, although more discrepan-
cies are found with the experiments. This may be due to the presence of more recirculations
caused by the ballast. For the side force, the agreement is quite good between experiments and
numerical results. For the lift force, the values obtained in the range between -60° and 60° are
very close to the experimental ones; outside this range, where the flow separation is more im-
portant, discrepancies appear. The same tendency was found for the flat ground configuration.

Regarding the moment coefficients, in general, the agreement between experimental and
numerical values is quite good for the range between -60° and 90°; outside this range, the dif-
ferences are greater.
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Figure 15. Comparison of the numerical and experimental force and moment coefficients. Ballast and rail
configuration.
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4 CONCLUSIONS

The current work has addressed the numerical assessment of the aerodynamic characteri-
sation of a high-speed train in different crosswind scenarios: on a flat ground and on a ballast
and rail configuration (for yaw angles between 0° and 90°, and -90° and 90°, respectively).
The numerical results have been compared with experiments in order to validate the numeri-
cal procedure. A sensitivity study of the results to the turbulence closure method and order of
discretization of the convective scheme has been made. It is found that the best results are ob-
tained with the k-¢ realizable model. In general, the agreement between numerical and ex-
perimental results is quite good. More discrepancies are found for the higher yaw angles,
where the flow separation is more important. In summary, for the yaw angles of practical in-
terest, the CFD analysis turns out to be a useful tool for predicting the aerodynamic response
of the train. These results can be used to obtain the stability range of the train.
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Abstract. This paper summarizes first results of experiments with a detailed truck model per-
formed at the beginning of this year. Objective of these tests was to show the model behavior
in experimental conditions and to gain first impressions about the flow field characteristics of
a detailed tractor-trailer configuration.

The experiments were performed in the open test section wind tunnel of DLR Gottingen
and in the cryogenic wind tunnel of DNW Cologne. They included flow visualizations with
particle image velocimetry and force measurements.

In addition to these results, a new test set-up in a water towing tank will be described in
which the investigation of new drag reducing devices is planned for the near future.
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1 INTRODUCTION

The transport sector of heavy vehicles will continue to become larger in the next years
with the result of dramatically increasing total costs for fuel consumption. Therefore a re-
search program at DLR was started to contribute to the reduction of aerodynamic drag and
fuel costs in future.

The results presented in this paper give an overview of the current status of the investiga-
tions with a detailed tractor-trailer configuration. The measurements were performed in the
beginning of 2009 and are divided into two different parts: Flow visualization methods ap-
plied in an open test section wind tunnel in Goéttingen and force measurements performed in
the cryogenic wind tunnel in Cologne

At first the investigations in the conventional open test section wind tunnel of DLR Got-
tingen are described. The tests were mainly used to investigate the model behavior in the test
section. Furthermore the tunnel is suitable for optical measurement techniques due to the easy
access to the open test section. The measurements with PIV delivered first results about the
flow field around the truck model. The experiments were conducted at a maximum Reynolds
number of 630,000.

The second part of this study summarizes the results of measurements in the cryogenic
wind tunnel of DNW in Cologne. The tests included force measurements with an external bal-
ance. The advantage of this tunnel is a high maximum Reynolds number and the large test
section which avoid blockage effects. The tests described in the following were performed at
ambient conditions. A maximum Reynolds number of 1,000,000 was achieved.

The last chapter of this paper describes a new test set-up which will be used for future in-
vestigations of new drag reducing devices. These investigations will be performed in a water

towing tank with installed intermediate floor. Preliminary results of a first test will also be
described.
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2 TRUCK TEST MODEL

The test program described in this paper was performed with a 1/15™ scale truck model
which corresponds to a typical European tractor-trailer design with a two-axis tractor and a
three-axis trailer chassis (see Fig. (1)). The tractor
cab geometry (Scania R Topline) and the axis
parts were produced by WEDICO Truck &
Construction Models GmbH. The remaining truck
dimensioning was developed in accordance with
the rules of the European Community [3]. The
objective was to create a realistic model of a full
scale truck. Additional parts like mirrors, sun
shield and mud flaps were available in full detail.
It has to be considered that the model is not
equipped with an engine cooling system. Pressure
holes are installed on the side, roof and back of
the cab surface. The main dimensions of the
model are given in Fig. (1). Also shown is the orientation of the coordinate system. The origin
is located in the middle of the gap between tractor and trailer in x-direction and in the symme-
try plane of the model in y-direction with z = 0 defined on the ground.

Figure 1: 1/15" scale truck model.

3 FLOW VISUALIZATION IN THE 1M-TUNNEL (1MG)

3.1 Test Configuration (IMG)

The investigations started with tests in the conventional open test section wind tunnel of
the DLR Goéttingen which has a squared test section of 1.0m x 0.7m and 1.4m length. The
tunnel is driven by a 88kW
motor and reaches a RN 1
maximum flow velocity of fest section
65m/s. The model was fixed
on a ground board with the 615mm

|
! |
I |
| Z A I
|
|
. |
wheels attached to it. The I 60mm S0mm |
! I
|
i |
| |
| 1

board itself has a rounded ) trock model S
leading edge and was Yy
installed 85mm above the

tunnel ground floor plane. @ ——
The test set-up is described
in Fig. (2). The blockage of
the model in the test section
was 7.2%, [4]. The experiments in this facility were mainly used to investigate the model be-
havior under test conditions and to get a better understanding of the overall truck aerodynamic.
The maximum achievable tunnel velocity with the model build in was 55m/s (M = 0.16)
which corresponds to a Reynolds number of 630,000 based on the model width.

rr<r (X X)

( ground board

Figure 2: Test configuration in IMG.
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3.2 PIVset-up

For the measurement of the instantaneous flow field around the truck model, a two-
component PIV system was used. The light sheet with a thickness of approximately 2-4mm
was produced by a Q-switched dual oscillator Nd:YAG laser. A PCO Sensicam QE CCD
camera with a resolution of 1376 x 1040 pixels and a dynamic range of 12 bit was used. The
camera was equipped with a 50mm focal lens. Droplets of DEHS (Di-Ethyl-Hexyl-Sebacat)
with a mean diameter of 1pum were used as tracer particles.

Nd:YAG laser camera view from the side

Figure 3: PIV set-up in Im-tunnel. Figure 4: Camera and light sheet position.

The evaluation of the PIV images was done using the PIVview software. The multi-grid
interrogation algorithm was used for cross-correlation of the particle images in conjunction
with double-correlation. For the calculation of the average velocity field 320 instantaneous
velocity fields were taken into account. Further information about the PIV technique can be
found in [1, 2].

.................................

320 F
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Figure 5: Particle image. Figure 6: Calculated vector field.

For PIV, the test configuration as described in Section 3.1 was used. All PIV measure-
ments described in the following were made at a yaw angle of 0°. The investigations can be
divided into three different parts: The field of view covers 1) the whole truck length 2) the gap
area 3) the mirror region.
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All investigations were carried out with the light sheet installed vertical to the ground
board in driving direction. The camera was viewing from the side as shown in Fig. (3) and Fig.
(4). For the first two cases the light sheet was positioned at the symmetry line of the model
(green line 1 in Fig. (4)). To visualize the flow field along the full truck length the light sheet
optics and the camera system had to be shifted seven times.

The visualization of the flow field behind the mirror was realized with the light sheet posi-
tioned to the middle of the mirror width (green line 2 in Fig. (4)). Due to reflections coming
from the sharp edges of the surface the left cab side was taped. This will be explained more
detailed in the presentation of the test results.

An example of the evaluation of PIV is given in Fig. (5) and Fig. (6). Fig. (5) shows a par-
ticle image for the visualization of the gap region with roof and side extenders not installed.
The calculated velocity vector field is given in Fig. (6). It has to be considered that only half
of the vectors were shown for a more clear presentation of the vector field.

3.3  Test results (IMG)

The investigation started with the visualization of the flow field along the symmetry plane
of the truck model with camera view direction from the side. All results described in the fol-
lowing were made at zero yawing angle and at a Reynolds number of 630,000.

300 F
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100 |
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Figure 7: Mean velocity contour plot of the truck model with mounted roof and side extenders.
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Figure 8: Mean y-vorticity contour plot of the truck model with mounted roof and side extenders.
The flow field was subdivided into seven measuring planes of the same size. The results of

all planes were assembled to get the data of the whole flow field in one plot as shown in Fig.
(7) and Fig. (8). The slow velocity regions in the stagnation area of the tractor front, in the gap
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region between tractor and trailer and in the wake can be identified. The flow stagnated at the

tractor front and is accelerated strongly along the roof (see Fig. (9)). Reduced velocities can

be seen in the gap region due to the effect of the

extenders. The wake shows vortices separating from the =~ ** 1 l eomis

trailer roof and behind the trailer base. Both vortex some

fields are counterrotating. Due to the small distance ’

between the trailer end and the end of the test section

the access to the wake was limited. Therefore the results

can not be presented in detail. E 2m
The flow in the area of the gap shows a significant : 1

influence of the roof extender which shields the gap 1

region but results in a high deflection of the free stream |

flow. Fig. (8) shows turbulent structures separating : | I omis

from the trailing edge of the roof extender. The vortex Y- e

structures still exist up to the trailer end. This effect is

due to the imperfect' adj}lstment of thp ropf §xten4er Figure 9: Mean velocity field of the

and can also be seen in Fig. (10), the visualization with truck front.

smoke. A continuous laser was used to generate a light

sheet at the symmetry line of the truck. With a smoke lance installed at the center position in-

side the wind tunnel nozzle smoke was blown directly to the model front. The result of the

smoke visualization of the gap flow without extenders is completely different.

40m/s

30m/s

20mfs

Figure 10: Smoke visualization with and with no installed roof and side extenders.

The air flows parallel to the trailer roof whereas no deflection can be detected. The instal-
lation of tractor extenders is typical for modern trucks. The drag reducing potential of these
devices was also discussed in [6].

In the following the results of the gap flow visualization with PIV are shown for two con-
figurations: 1) The configuration with installed extenders and a gap width of 27mm 2) the
configuration without extenders and a gap width of 48mm. The results are given in Fig. (11)
and Fig. (12). Velocities of up to only half of the values of the free stream flow are achieved
in the upper gap region when the cab is equipped with extenders. The velocities in the bottom
gap area are close to zero. Without installed extenders the flow is stagnated from the trailer
front and diverted downwards into the gap. In some regions of the gap the flow achieves ve-
locities equal to the free stream velocity. The stream traces in the left images of Fig. (11) and
Fig. (12) can not be seen as streamlines but they indicate the different flow structures. So the
vortex behind the trailing edge of the cab is visible (Fig. (12)). The right images show a
zoomed view with a vector field describing the velocity components. For a better presentation
only half of the vectors are shown there.
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Figure 11: Mean velocity field in the gap region with mounted roof and side extenders.
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Figure 12: Mean velocity field in the gap region without roof and side extenders.

The following results show the flow field behind the driver side mirror and were made
with roof and side extenders installed. Tape was attached to the cab side to minimize laser
sheet reflection. The particle image in Fig. (13) shows the remaining reflections caused by the
sun shield and the mirror. In Fig. (14) these areas are left blank. The results show a deflection
of the flow up- and downwards the mirror face. The mirror acts as stagnation area with a
wake behind. Inside the wake two counterrotating vortices are generated (see also Fig. (15)).
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Figure 13: Particle image. Figure 14: Mean velocity of the instantaneous magnitude field (left)
and the average (right) of the flow field behind the mirror.

Both vortices are located in the upper half of the wake. The strength of the upper vortex is
much higher. A more detailed discussion of the aerodynamic effect of a side mirror can be
found in [5].
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Figure 15: Instantaneous y-vorticity field (left) and averaged y-vorticity field (right) of the mirror wake.

4 FORCE MEASURMENTS IN THE CRYOGENIC WIND TUNNEL

4.1 Test configuration (KKK)

In the cryogenic wind tunnel of DNW in Cologne force measurements were conducted at
Reynolds numbers up to 1,000,000. The 2.4m x 2.4m closed wall test section with a length of
5.4m allows a maximum mach number of 0.325 at 300K. The tunnel temperature can be re-
duced up to 100K. In the present case the measurements were performed at ambient tempera-
ture only. The maximum mach number at Re = 1,000,000 was M = 0.25 (at 293.15K) with a
low blockage of 0.84% at zero yawing angle, [4]. The description of the test set-up is given in
Fig. (18). The installed model in KKK can be seen in Fig. (17) and was only tested with in-
stalled extenders. For the measurement of the forces and moments a conventional external
balance was used.
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Figure 17: Truck model in KKK. Figure 18: Test configuration in KKK.

4.2 Test results (KKK)

A Reynolds number dependency was investigated at two different yawing angles (0°, -10°)
at ambient temperature between Re = 400,000 and Re = 1,000,000. An investigation starting
from lower Reynolds numbers could not be performed because the tunnel can not run constant
below a mach number of 0.1. A Reynolds number effect could be detected for the lift and
pitching moment coefficient (see Fig. (19) and (20)). The analysis of the results showed a low
fluctuation of these coefficients in the range of Re = 400,000 and Re = 500,000. The effect
disappear at Reynolds numbers higher than 500,000. For the remaining coefficients, no Rey-
nolds number effects were detected.
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Figure 19: Lift coefficient. Figure 20: Pitching moment coefficient.

The drag and side force coefficient show a symmetric flow behavior of the model at different
yawing angles (Fig. (21) and Fig. (22)). The reproducibility of the results was tested and can
be confirmed. No hysteresis effects were detected.
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Figure 21: Drag coefficient. Figure 22: Side force coefficient.

5 PRELIMINARY TEST IN THE WATER TOWING TANK

The goal of this study is the reduction of the aerodynamic drag of a tractor-trailer configu-
ration. Therefore a detailed truck model is used. To enable a realistic investigation of a ground
vehicle the simulation of the underbody flow is necessary. Therefore, a new test set-up was
planned in the water towing tank of DLR Goéttingen (WSG).

The test facility with a test section of 1.1m x 1.1m has a length of 18m. The 7kW direct
current motor allows an infinitely variable control of the test rig velocity up to Sm/s. At this
maximum velocity and a water temperature of 293K a Reynolds number of 736,000 (based on
the model width of the truck model) can be achieved.
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Figure 23: Installed truck model in WSG.

Figure 24: Sketch of the test set-up.

At first the flow field of the truck model, especially the wake field, shall be investigated.
It was assumed that no disturbing effects may be produce from the clamping of the model.
Therefore, the model was fixed in overhead position with the fixture attached to the under-
body as shown in Fig. 23. An intermediate floor was used to enable the simulation of the
ground flow. The floor is subdivided in two parts by a gap. All geometric parameters of the
ground (width of the gap, height of the active test section, etc.) can be adjusted individually.
The ground has a length of 6m and is spanned over the full tunnel width.
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Force measurements were performed with the model installed as depicted in Fig. (23) and
Fig. (24). At a rig velocity of 3m/s and a water temperature of 288K a Reynolds number of
450,000 has been achieved. A blockage of 6.14% can be stated for y = 0°, [4].

The forces and moments were measured with an external 6-component piezo balance from
Kistler. During each test run the data were sampled at a rate of 1kHz. The average of the
measured signals was calculated for a defined region of the intermediate floor where the aver-
age velocity signal was nearly constant. The average of 30 runs provided a drag coefficient of
Cp = 0.643. The results of the force measurement in KKK at zero yawing angle and at the
same Reynolds number provided a drag coefficient of Cp = 0.622. It was not expected that the
values are so close together. First of all, the experiments in the water towing tank are differ-
rent to the measurements in KKK because the ground floor effect is considered. Secondly the
installed floor moved slightly due to the pressure field of the model.

6 CONCLUSIONS AND OUTLOOK

The experiments gave a first impression about the flow behavior of the truck model. These
results allow the further development of the truck model and the test set-ups. Furthermore the
test sections which will be used for future investigations of drag reducing devices were pre-
sented. This describes the available options for the realization of this research program.

In this context it has to be noted that the 1M-Tunnel is not really suitable for investigations
with a 1/15™ scale truck model due to the high blockage of more than 5% and the short test
section length. But the facility will be used for preliminary testing of drag reducing devices
and their efficiency.

Detailed investigations will be performed in the water towing tank. For further testing the
intermediate floor will be improved to avoid motion due to the pressure field of the truck
model and the test section will be increased to reduce blockage. For this the distance between
tunnel ground and intermediate floor can be increased. Furthermore it is planned to enable
rolling wheels during the test runs.

In addition to the investigations of the main flow field of a truck the underbody flow shall
also be investigated in future. The potential of the underbody region for drag reduction should
be very high. For these investigations a second floor is available without gap. The model can
be fixed at the roof to avoid the disturbance of the underbody flow.
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Abstract. The importance to lower the aerodynamic resistance of rail vehicles to reduce the
energy consumption is increasing with rising energy prices and the vital necessity to reduce
the CO; production to slow down the climate change. This study shows the method which is
being utilised within Bombardier for the development of a new generation of regional and
high-speed trains to increase the aerodynamic performance related to head-pressure pulse,
drag and cross-wind stability.
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1 INTRODUCTION

The final design of a train is an optimization balancing various requirements. These can
originate from specific customer requests which in their turn are formulated to meet the re-
quirement of the transport market in a specific region. Further, legal specifications e.g. ensur-
ing the health of passengers and staff or ensuring the interoperability between different
countries must be obeyed.

Designing the outer shape of a train has major impact on the aerodynamic performance of
the vehicle. Traditionally, a way of exploring the set of design modifications with regard to
their aerodynamic performance has been to check them experimentally in the wind tunnel.
Here the iterative development of further designs is based on theory and engineering skills.
However, this approach is rather costly and time consuming. Further, in many cases due to the
large number of possible designs it is unlikely that the truly optimal design in the sense of
Pareto can be found without assistance of automatic tools. Implementing the approach of
automated optimization in train aerodynamics Bombardier Transportation pursues the target
of overcoming several disadvantages of the common design process. On the one hand side the
conventional iteration between designing and evaluating the model is speeded up and directed
by an optimization algorithm; on the other hand the aim is not to fulfil all given constraints
and requirements but to deliver the optimal solution. The increasing performance and price
drop of today’s computers facilitate the use of modern CAE based optimization tools for de-
termining the optimal parameters for the external shape of trains.

Automated shape optimization requires a parameterized model, which is manipulated by al-
tering the design variables until the optimal set of geometry defining parameters are found.
Therefore the model is evaluated in a CFD simulation and the generated data together with the
current parameter setting enable the optimization algorithm to calculate an improved parame-
ter set for the next iteration.

In order to fully exploit the possibilities of this approach

e a fully automatic loop including the generation of candidate shapes based on a pa-
rameterized geometry

e the preparation and generation of a computational mesh and
e the evaluation of the design
is required.

One challenge is to organize all tasks in a manner so that they can be integrated into one op-
timization loop without requiring manual input. Up to the present stage, the process of prepar-
ing a simulation included a lot of manual manipulation starting with the preparation of the
model for CFD applications in CATIAVS, the mesh generation process and the simulation
including pre- and post-processing.

Furthermore the whole complexity of designing a train is to be considered in the loop of op-
timization including ergonomic requirements for integrating the drivers cab, crash structure
concept and integration, ergonomic constraints on the visibility of signals at the track taking
into account sitting and/or standing drivers, bogie movements and Industrial Design aspects.

The parameterized model should be capable to reproduce all important features like differ-
ent fronts, spoilers, pantographs, bogie cut out and cross sections, while a-priori integrating
most of the requirements mentioned above. Additional constraints like the maximal exten-
sions of the shape are met during the optimization by restricting the parameters respectively.
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With this approach, a mathematical optimization algorithm such as the Simplex algorithm,
gradient-based methods or genetic algorithms can be utilized for the optimization of the shape
design. This requires the optimization problem to be defined with an objective function which
includes the costs of the design that one wants to minimize using design variables. The condi-
tions which have to be satisfied are introduced as constraints. The goal is to identify the best
design under given conditions. However, it has to be kept in mind that the term “best” is rela-
tive and depends on the parameterization and an even better solution may exist.

2  PROCESS INTEGRATION AND OPTIMIZATION ALGORITHM

2.1  Process integration

A typical setup for an optimization process focusing on an aerodynamic problem includes
the creation and configuration of the parameterized geometry, the generation of the mesh for
calculation, the calculation and computation of the relevant variables and the computation of
an optimized parameter setting using an optimization algorithm (see Figure 1). Note that all
components have to be set up so they can be integrated into one process flow automatically
without manual manipulation. It has to be kept in mind that the stability with which the dif-
ferent components perform has significant impact on the outcome of the optimization as the
major part of the designs have to be evaluated in the correct way in order for the optimization
algorithm to converge towards the true minimum. A distinct feature of any flow design proc-
ess is that it is computationally costly and particularly time consuming if the number of de-
grees of freedom is high. Therefore a reliable and efficient tool is needed in order to
determine which design under the current conditions is suited best.

CAD-Tool:
Creates and configures
parameterised
geometry

Mesh-Generator:
Generates mesh
for calculation

Solver:
Calculates the relevant
physical variables
(here: cross-wind & drag)

Optimizer:
Computes improved
Parameter setting

Figure 1: Optimization process flow

The heart of the optimization is the tool ModeFrontier by ESTECO. The optimizer used is
ModeFrontier 4.0.2 which provides a variety of different algorithms for direct optimization
and for design of environment (DOE) applications as well as means for evaluating and post
processing the generated data. In addition it manages the whole file system generated during
the optimization, which is very useful for handing over data from one tool to another as well
as for error tracing.
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The implementation was deduced from a general approach for shape optimization on the
base of a parameterized model. All design variables and their ranges are initially defined
within ModeFrontier and only the current setting is then applied to the CATIA V5 CAD-
model through a direct interface. The resulting CAD model is transferred via a SSH connec-
tion to a workstation or cluster, where batch scripts call the respective tools to prepare the
mesh for the evaluation in the software tools e.g. START by Principia and Prosurf, ProAM
and CCM+ by CD Adapco. After the evaluation the outputs are transferred back to Mode-
Frontier, which evaluates the final target function in Matlab and assigns the values to internal
output variables. This information together with the current parameter setting is fed back to
the optimizer, which generates, by means of the collected data, a new improved parameter
setting for the following iteration.

2.2 Optimization algorithms

The optimization algorithms provided in ModeFrontier have been implemented by the
company ESTECO which is distributing the software. The two optimizers chosen are the
Simplex algorithm, following the approach by Nelder & Mead [2] and the genetic algorithm
MOGA-II [3]. The version available for the simplex in ModeFrontier has been updated in or-
der to be applicable also for discrete variables and constraints. In the following the description
of the algorithm according to the documentation in ModeFrontier is given.

A simplex is a polyhedron containing n+1 point in an n-dimensional space. The SIMPLEX
is initialized by n+1 initial designs. The scheduler follows an algorithm for moving the initial
points along with their function values, closer to the optimal point of the objective until the
scheduler either exceeds its maximum number of iterations or converges. The movement of
the simplex is given by three operations: "Reflection", "Expansion” and "Contraction". In the
reflection movement, the vertex corresponding to the worst value of the objective function is
reflected to the opposite face to obtain a new value. When the reflection movement gives a
new minimum, it can generally be expected to decrease the function value further by moving
along in the same direction with the simplex. When the reflection movement gives a new
point that is worse than all the other vertices except the worst, the simplex is contracted by
exchanging the new point with the worst point. SIMPLEX is a sequential algorithm for single
objective optimization and cannot be parallelized.

Suited for multiobjective optimization is a genetic algorithm is based on principles derived
for the explanation of genetic processes in nature such as selection, mutation and cross-over
and applies them formulating an algorithm for optimization problems.The optimization algo-
rithm used was the generic algorithm MOGA-2, which computes new designs generation by
generation. Each member of a new generation is derived from its direct ancestors by randomly
mutating and crossing over their genomes, in terms of their defining design variables. In the
case that the successor is not worse regarding all objective functions replaces its parent, the
natural procedure of selection.

3 SINGLE-OBJECTIVE OPTIMIZATION WITH REGARD TO HEAD-PRESSURE
PULSE

3.1 Objective

As a pilot project for this approach, an optimization of the shape with respect to one single
objective function has been performed. The objective function is evaluated with respect to
head pressure pulse. A train’s front passing by generates an increase in pressure in front of it
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and a decrease in pressure at the sides of the nose. Therefore due to the changing pressure
levels, pressure loads e.g. on the surrounding infrastructure of the track will be generated. The
allowed pressure changes are restricted by the Technical Specification for Interoperability
(TSI) and can also be subject to further restrictions due to specific requirements of the opera-
tor.

The optimization with regard to head pressure pulse has been carried out in the project
“Front shape and slipstream for wide body trains at higher speeds” within the framework of
Grona taget. The goal is to generate a design which has a good performance both with respect
to slipstream and with respect to head pressure pulse since the front for most modern trains
may well operate as the rear as well. The objective is to give input to front design including
shape constraints. This includes the front design considerations such as space envelope, crash
structure, ergonomic constraints such as the visibility of signals at the track and the space
available for the passenger compartment. These geometrical constraints have been imple-
mented partly as simple bounds of the parameters and partly as constraints in the current ap-
proach.

The doubledecker train has been chosen as the first geometry to develop and test this ap-
proach. This geometry is particularly suited as reference data from traditional ways to im-
prove the design with regard to head pressure pulse is available. Further, it is a challenging
test case with regard to fulfil the requirements posed by TSI.

The objective function to be minimized during the optimization loop is the amplitude of the
head pressure pulse. Figure 2 illustrates schematically how the pressure distribution in front of
a train usually varies as a function x-axes. The measurement positions are specified in TSI
The pressure is measured at 2.5 m distance from centre track at seven heights: 1.5 m, 1.8 m,
2.1 m, 2.4 m, 2.7 m, 3.0 m and 3.3 m. The objective function is the maximum of head pres-
sure pulse amplitude max Ac, measured at the 7 measurement positions:

max AC,, = m;flx AC,,’yi € {1.5,1.8,2.1, 2.4,2.7,3.0,3.3}m o

[
p.max |-

27m

c .
p.nin [
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Figure 2: Head pressure pulse amplitude and average pressure gradient and position of measurement locations
parallel to the rail
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3.2 Parametric and computational model

The parameterization has high impact on the outcome of the optimization. An optimization
is only capable to identify the best design with respect to the parameterization. Therefore, it is
important that the parameterization captures all relevant features with regard to the optimiza-
tion problem. However, the number of parameters should be as small as possible to keep the
computational effort in affordable limits.

Modifications of the external shape pertain to the shape of the front up to the first bogie
keeping the cross sectional area at the connection to the first car constant. The parameteriza-
tion has been carried out in CATIA defining several design variables which control the shape
defining splines.

The challenge for shape optimization involving aerodynamic computations is to resolve the
structures which are significant in order to capture the trends. In order to develop an efficient
method, two optimization loops have been implemented. One evaluates the objective function
based on the solution for the inviscid flow at low computational cost using surface preparation
in PROSUREF, generation of surface mesh using PROAM. The inviscid flow calculation is
carried out using the panel solver START by the company Principia. For higher accuracy the
second loop evaluating the objective function based on a RANS calculation at the cost of
moderate computational effort has been created using the polyhedral mesher in STAR-CCM+
and the RANS computation in STAR-CCM+.

The parametric models were generated in CATIA, one for the use in the loop with the panel
method START and one for the loop with STARCCM+. Both models are controlled using
exactly the same parameters. The model for the use with the inviscid solver START contains
less details as flow separation cannot be predicted well with such a method. Therefore the bo-
gie cutouts have been closed, the bumpers have been excluded and the cutout for the coupler
has been closed. Apart from that, both models are the same (see Figure 3).

Figure 3: Parametric model for the use with (a) starccm+ and (b) START.

Initially, 10 parameters were subject to the optimization. To illustrate the effect of the dif-
ferent parameters, Figure 4 shows the change of two parameters at a time from their lower
bounds to their upper bounds. The bounds of the parameter ranges, that mainly should ensure
both wide design variety and the compliance with the constraints, were set in respect to
maximal feasibility and stability in CATIA. However, in order to enlarge the search space the
boundaries were relaxed during the optimization process.
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tg_down_tip
tg_down_vagon

lat_tg_center
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nose_v
front_v

flex_v
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Figure 4 Illustration of influence of the ten controlling parameters. Two parameters have been varied between
the picture in the left column and the corresponding picture in the right column.
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For the computation in both START and STAR-CCM+, a grid resolution study has been
carried out. Here the goal in terms of the optimization procedure is to identify a suitable reso-
lution which preserves the aerodynamic performance trends with the minimum number of
grid points necessary in order to reduce the computational power required. As a series of
computations is carried out, some attention has to be paid to this. For the prospective design
candidates computations with higher resolution have been carried out.

For the optimization loop using STAR-CCM+ version 3.02.003, polyhedral meshing meth-
odology with prism layers to increase the resolution close to the walls has been applied. In
order to model the turbulence, a k-epsilon turbulence model in a high-Reynolds number for-
mulation has been used. The model has been chosen due to the higher robustness compared to
e.g. a hybrid formulation for the wall model. The advective terms in the governing equations
as well as the corresponding parts in the equations for the turbulence modeling are approxi-
mated using second order upwind-differences. A half plane of a one car model with a sym-
metry boundary condition has been computed in order to reduce the computational effort.
Since the track bed has significant impact for the correct computation of the head pressure
pulse [1], the track bed according to TSI has been included.

For the optimization both the simplex algorithm and genetic algorithms have been used.

3.3 Results

In order to check the improvement gained through the optimization procedure, the best design
resulting from the optimization procedure is compared to the double decker train with head
shape AS (see Figure 5 for comparison of the shapes). This front design was the best result
from a previous optimization campaign, which was based on an iterative process involving
both numerical tools and measurement results from the wind tunnel. This optimization was
not based on a mathematical algorithm but on engineering skills and physical understanding.

Figure 5: Best new design from optimization procedure (right hand side) compared in shape to the best previous
design (left hand side, head shape from manual optimization). The improvement for the new design is 3,8%.

Both designs have been meshed and computed in ccm+ with the same computational do-
main, boundary conditions, resolution and setup. The resolution was a fine resolution with a
polyhedral mesh consisting of 900000 cells. Both designs basically fulfil the same constraints.
However some have been updated since the last campaign when AS was developed. The train
direction indicator is now wider due to customer request which puts on a further constraint.
The improvement of the new design resulting of the optimization process presented is 3,8 %,
with Acp=0,2922 at the critical height of 2,1 m for the head shape A5 and Acp=0,2811 at the
critical height of 1,8 m (TSI) for the new design.

112




Astrid H. Herbst, Johannes Mauss, Jan Heiland and Alexander Orellano

4 AEROEFFICIENT MULTIOBJECTIVE OPTIMIZATION FOR VERY HIGH
SPEED TRAINS

4.1 Objective function for energy consumption reduction and cross-wind stability

The overall goal of the aerodynamic optimization for very high speed trains is to design a
train which is as efficient as possible (AeroEfficient). In particular the objectives for the work
presented here are the reduction of aerodynamic drag and the increase of stability with respect
to cross-wind. Reduction of aerodynamic drag saves energy demand of trains and reduces
costs. Limiting drag and maximizing stability also increase acceleration, which reduces travel-
ing time.

The energy necessary to run a train at high speed is predominantly dependent on the aero-
dynamic resistance. The reduction of the aerodynamic drag running the train at 300km/h has
therefore been chosen as goal function for the optimizer.

The coefficient for the aerodynamic drag has been calculated in a RANS simulation in
STAR CCM+ based on the following formula:

F

€= 05 p-V?-A
(2)

Here F_ is the force in driving direction, pis the air density, V denotes the driving speed

and A represents the reference area which is standardized to be 10m” within the train aero-
dynamics community [1].

Maximising the load on the most critical bogie related to derailment has been chosen to be
the goal for increasing the cross-wind stability.

The behaviour of a train under cross-wind is a function of the angle of attack of the accu-
mulated cross wind and air stream. Since it is too expensive to compute the so called charac-
teristic wind curve in full, only one but characteristic point of the curve was taken.

The respective aerodynamic coefficients, computed in a RANS simulation in STAR CCM+,
are passed over to a quasi static multi body simulation tool called “P1” which models the train
with two bogies, two wheel sets and the car body. This system features in total twelve degrees
of freedom and is able to capture the displacements between the car body and the bogies (sec-
ondary suspension) and between the bogies and the wheel sets (primary suspension). Due to
the displacements in the suspension the restoring moment is reduced and cross-wind stability
decreases. The model incorporates the most relevant characteristics of cross-wind stability
and is used during concept phase within the Bombardier process. The common criteria for
judging the cross-wind stability is wheel unloading. The higher the wheel load under cross
wind condition the more cross-wind stable is the vehicle.
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Figure 6: Quasi-static multi body simulation method used for the determination of the cross-wind stability which
served as goal function

The approach is quasi static, i.e. transient phenomena are not accounted for. The results
nevertheless agree well with transient multi-body simulations (MBS). A MBS is time depend-
ant and also captures track irregularities and is used for ride comfort analyses.

4.2 Parametric model

Generating the parametric CAD model and defining the range of the parameters is one of
the most sensitive parts in the process of optimization. The goal is to generate a model that
gives most degree of freedom to the optimizer, keeps all the necessary constraints by mini-
mizing the amount of parameters at the same time.

The focus of this optimization was on the shape of the head/tail of the train but the bogie
cut outs and the curvature of the car body are parameterized as well.
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As mentioned at the beginning it is necessary to design the head and the tail equally. Since
the optimal shapes of head and tail investigated separately are different it is a very challenging
task to find a compromise that works well in both cases.

To enable the optimizer to find such a solution several geometrical features of the head/tail
(see picture above) were parameterized. Changing those features enables to generate a huge
variety of different shapes of completely different aerodynamic quality defining a powerful
basis for the optimization.

In the bogie region a parametric bogie cut out was implemented that could be varied in
length and by applying a variable chamfering at its boundary. The chamfering interacts with
the variable fairing that covers the not chamfered part of the cut outs.

4.3 Results

Before setting up the multi-objective optimization both objectives were investigated and op-
timized separately both to estimate the potential and to check possible correlations. Compar-
ing the best designs, coming from the drag and from the crosswind optimization confirmed
that both objectives are not correlated. Good performance in drag does not mean a good
crosswind behavior, and vice versa.

Therefore a multiobjective optimization was to be run. That means in first terms a doubling
of computational costs for every iteration and a significant rise of the amount of iterations,
mainly due to the facts, that the dimension of the response spaces is incremented and that
straight forward algorithms like all gradient based and the SIMPLEX aren’t applicable. Fur-
thermore a multiobjective optimization does not come up with a unique solution but with a set
of Pareto optimal solutions. Optimality for a design in the sense of the Pareto means that it is
not dominated by a design performing better in all objectives of the optimization.

The optimization was stopped after 173 iterations of the MOGA-II algorithm, which deliv-
ered 5 Pareto-optimal designs. In total the multiobjective optimization took about 8477 CPU
hours on a cluster of 1.4 GHz processors. The chose of the final best design had to be done in
the post processing, taking into account the relative importance of the two objectives drag and
cross wind stability. Furthermore for efficiency reasons the optimization was carried out on a
relative coarse mesh, so further investigations on the reliability of the achieved results are
necessary.

S CONCLUSIONS

The work presented shows that the process for aerodynamic optimization has been estab-
lished. All constraints on a realistic train have been taken into account. Pilot projects on a sin-
gle objective optimization of the outer shape with regard to head pressure pulse as well as an
aero-efficient optimization with regard to both drag and cross-wind have been carried out.
The process enables close cooperation within the departments of BT on the design of the outer
shape. This way, significant aerodynamic features are incorporated in the whole process of
planning and production.
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Abstract: The paper presents results of a wind tunnel test campaign of a high speed train
carried out at the GroWiKa wind tunnel of the TU-Berlin. The main goal of the study was to gain
certain details of a high speed train’s flow field imposed to strong cross winds. In order to assess
the influence of the infrastructure on the developing flow field, the investigations were performed
with a scaled ICE3 model (1:15), Re=3.34 - 10° and three different local infrastructure features.
Besides the true flat ground (FG according to TSI HS RST and DB Ril807) configuration, the
standard single track with ballast and rail one (STBR according to prEN 14067-6:2009) and a
typical DB standard bridge deck configuration were studied for two wind scenarios, i.e. a pure
cross wind (yaw=90°) and a yaw angle of 30° which is more relevant to fast running high speed
trains. However, the post processing of the measurement data obtained for oblique inflow is in
progress and the present paper has to be focused on the orthogonal case, thus. A comparison of
the results should provide a more detailed picture of local differences in the resulting flow field
induced by different track types.

Of major interest are improvements in the understanding of reasons for deviations of the
aerodynamic properties of vehicles placed on such structures. The studies will help to gain
further insight into the details of the flow development around the train and may be used for
validation purposes.

The measurements were performed mainly by means of a two component LDV probe allowing
the simultaneous determination of stream wise and wall normal velocity components with a
high spatial resolution. Moreover, the application of the hardware-coincident mode allowed an
accurate derivation of the second order moments. By measurement of velocity cuts at different
span wise and stream wise positions the determination of flow features upstream of the train
position, on top of the infrastructure as well as in their wake were possible. What is more, some
details of the underbelly flow field were measured.
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1 INTRODUCTION

For more than four decades high speed trains have been in operation, but since the nineties
of the last century the high speed railway traffic has seen a rapid growth in many parts of the
world. Due to economic reasons the today’s vehicle are light-weight built and the maximum
train speed has been increased exceeding 300 km/h. Thus, the sensitivity of the vehicle to cross
winds has become a safety issue for the operation of trains and is regulated by national standards
in UK [[1] and Germany [2]]. Moreover, it was introduced into European regulation by means of
the TSI [3] and prEN 14067-6:2009 [4].

The overall flow field acting on a train running at normal operation speed under cross wind
conditions results from an interference of the train-induced slipstream flow field with the wind
gust. Strictly spoken the motion of this longitudinal aligned slipstream is coupled with the
train movement and is superimposed by the perpendicular orientated wind gust. Usually the
aerodynamic properties of a train in terms of lift, side force and rolling moments are determined
in a static wind tunnel test [S] as a first step to assess the cross wind risk. The effective inflow
which acts on a train is modelled as a superposition of both components and the model is skewed
according to the inflow.

For the bridge and embankment configuration, such a static wind tunnel experiment suffers
the fundamental problem of an improper representation of the real flow situation. Under full-
scale track side conditions, the train-generated slipstream flow field of a high speed train (v, ~
100 m/s) bestrides the resulting flow field as the wind gust does usually not exceed a speed
vy ~ 35m/s. During static wind tunnel tests this situation is simulated by a uniform inflow
inclined to the model. Yet this simplification causes a number of shortcomings. For example, the
flow separation setting in on the leeward side of the train model is not a realistic representation
of the full-scale conditions [6] any more and the so called sweep-independence principle is
not valid for the critical low yaw angles any longer [7]. What is more, an adaptability of the
Baker hypothesis [8] is questionable for such a configuration. Recent studies performed in the
context of the AOA project [9] pointed out a lack of knowledge about the resulting flow field
around a high speed train passing a bridge. Wind tunnel measurements [[10} [11] showed a speed
up of the flow field in the absence of a train. However, it is still unclear how the bridge flow
modifies the aerodynamic coefficients of a vehicle on top of the bridge deck. This issue is
closely connected to the physically incorrect treatment of the relative movement of the train in
relation to the bridge in a static wind tunnel test. In the past, wind tunnel experiments were often
performed on embankment models with a limited lateral extension. Schober et al. [6] performed
visualisations of the leeward side of the embankment with tufts and confirmed the occurrence
of flow circulation around the leading edge of a 3d embankment model which has a significant
impact on the flow field. Thus, it is strongly recommended to extend the infrastructure element
to both wind tunnel walls or to apply end plates on both sides to ensure an accurate inflow
condition for lower yaw angles. Yet, this will increase the blockage ratio and may introduce
additional interferences of the wall boundary layer.

The fundamental problem can be tackled in a wind tunnel by applying a moving-model rig
[12]], but such tests are expensive and complex. A promising approach to overcome the above
mentioned shortcomings is a usage of CFD methods to study the flow field taking into con-
sideration a relative motion of the train and the infrastructure subjected to a wind gust. Such
elaborate numerical simulations are not state of the art yet and require a diligent validation of
experimental data, thus. Diedrichs etal. [13] studied a two-track embankment configuration ap-
plying an accurate CFD which was validated by wind tunnel measurements. Their conclusions
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highlight the fundamental importance of a suitable numerical simulation set-up and the usage
of comprehensive validation data to obtain accurate results of the CFD. So far, wind tunnel
experiments are often solely dedicated to derive integral aerodynamic vehicle properties. This
paper provides data of wind tunnel measurements for a validation of advanced CFD methods
based on flow quantities which would allow a simulation of the flow field under consideration
of more realistic ground conditions.

2 Experimental set-up

The wind tunnel measurements were carried out at the large wind tunnel (GroWiKa) facility
of the Department of Fluid Mechanics of Hermann-Féttinger-Institut of Technische Universitit
Berlin. The closed loop wind tunnel has a 10 m long test section with a constant cross section
Wty X hm ~ 2m X v/2m. The nozzle has a contraction ratio of 6.25 resulting in a free stream
turbulence level of less than 1%. The wind tunnel fan with an electric power of 500 kW allows
maximum wind speeds of more than 40 m/s. For the present investigations a wind tunnel model
at a scale of 1 : 15 was available so that at the typical flow speed of u,.; = 25m/s used in the
experiments Re ~ 3.4-10° was achieved (¢ = 20°C, v = 14.6 - 1079 m?/s, reference length
lier 1/15-3m). Due to the large model scale and the closed test section, blockage effects are
high and become more important particularly at larger yaw angles. The blockage ratio hy/h.,
of the end car on flat ground and of the bridge model alone are as high as 14% and 19.5%,
respectively. Since the most critical configuration results in an accumulated geometric blockage
of up to 1/3, the requirements of prEN 14067-6:2009 [4] could not be met.

The velocity distribution in the flow field is mainly studied by means of a two component
(Agreen = H14.5nm, Ay = 488 nm) Laser Doppler Velocimetry (LDV) system from Dantec
Dynamics (BSA F60). The backward scattering system with a power of 250 mW is equipped
with a bragg cell allowing to determine regions of backward flow. It is mounted on a precise
3D traversing unit and permits the simultaneous determination of two orthogonal velocity com-
ponents with a high spatial resolution. The usage of the coincident measurement mode allows
the accurate derivation of the second order moments as well. By changing the position and the
orientation of the LVD-probe, measurements of the upstream flow (initial condition), of the flow
on top of the infrastructure and of the train model and of the flow in the wake region could be
carried out. This allows not only to determine the surrounding flow field but also the underbelly
flow for selected cuts. In order to access various span wise positions with different distances
to the transparent wind tunnel walls different focal lengths were applied. An aerosol generator
was placed in the combustion chamber spraying DEHS particle to provide a sufficient seeding
for the laser measurements.

In addition, a Prandtl probe was used to determine the free stream velocity and the ambient
conditions were continuously monitored. Finally, a hot wire probe was used to validate the
inflow condition for a limited number of runs.

Fig. [I] shows the test section with the train and bridge models for both yaw angles. For the
vehicle investigations an ICE 3 model (scale 1:15, see Fig.[2) was used with some simplifica-
tions in the bogies and underbelly cavities region. A wake body and an upstream extension of
the infrastructure features ensured a sufficient upstream and wake flow representation for all
considered yaw angles. The train model was placed at a vertical ground distance 235 mm /15 of
the wheels.

Three different configurations were studied: besides the flat ground (FG) and single track
with ballast and rails (STBR) also a typical German railway bridge. In the ground configurations
the model was placed on an elevated splitter plate to ensure a nearly block-shape boundary layer
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Figure 1: Train and bridge models in the test sections

Figure 2: ICE 3 model on an elevated splitter plate in the test section of the GroWiKa

profile. The cross section of a typical German railway bridge consists of a trapezoid-shaped
cantilever with a constant geometry in span wise direction. Fig. [3|sketches the geometry of the
top panel and the used model dimension.
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- b S < <
< | = ! : . =
] T
b I wt |th wt1 wity wts wty wts witg
| = [
! Model | 930 740 333 453 300 16.7 36.5
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Figure 3: Cross section of the bridge model, widths wt and heights & (mm) of the bridge model

3 Results

In this section the results of measurements obtained for the different ground configurations
FG, STBR as well as the bridge deck are presented and discussed.
3.1 Configurations with flat ground and ballast & rail

As mentioned above for the two ground configurations the train was placed on a splitter plate
at a distance of Az/l,.; = 1.68 downstream from the leading edge. The coordinate system and
other details of the configuration for the pure cross wind case (yaw angle 90°) are shown in

Fig. @ and Fig.[5]
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Figure 4: ICE 3 model on FG configuration Figure 5: ICE 3 model on STBR configuration

In general, the velocity profiles are similar in the outer region for z/l,.; > 2.5 as can be seen
in Fig.[6] One obvious difference, however, is that in the FG case higher velocities are achieved
in the lower part of the train near the ground. There, the air passes through the gap between
the underbelly and the ground and forms a jet on the lee ward side. Another difference is that
the flow on the roof apparently separates later due to higher velocities. In combination with the
jet flow in the underbelly, in the centre this flow field most probably leads to the development
of a pair of two counter-rotating vortices parallel to the train in the wake region of the FG
configuration.
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Figure 6: Velocity vectors composed form @ und w, centre region y/lgc = 0.52 of the endcar

The flow is deflected upwards further upstream of the vehicle side wall for the STBR. There-
fore, the separation is shifted to the wind ward side but the maximum horizontal velocities on
the roof centreline are somewhat smaller than in the FG case. Moreover, the upwards directed
lee ward flow suggests a large separation vortex in the wake region.

For the nose region both mean velocity vector plots (Fig. [7ja-b) support the presence of a
complex 3d circulation flow around the train. At this position the separation occurs further
downstream effecting the free flow in the outer region only marginally. An interesting flow
feature of the STBR-case is the following: The vectors exhibit a downward orientation on the
lee ward side of the nose (at z/wtgc = 0.7) in Fig. [7]b, while at the centre region it has an
upward flow direction in Fig. [f]b. These observations lead to the assumption that a stationary
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vortex with an axis normal to the lee ward wall of the train exists. This was also confirmed by
visualizations with china clay which indicated the existence of this vortex.
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Figure 7: Velocity vectors composed form % and w, nose region of the endcar (y/lgc = 0.9)

Vertical profiles of the mean axial velocity component and of the RMS-values on the cen-
treline of the vehicle (¥/wtee = 0.52) are shown in Fig. [|a-b for the FG and in Fig. [§|c-d for
the STBR configuration, respectively. Both configurations exhibit nearly the same free stream
velocity of about 1.2u.s. However, the maximum of the mean profiles at the roof centreline
(#/wtge = 0) ranges up to 1.6u, for the FG, thus exceeding the STBR case in Fig. c by 15%.
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Figure 8: Profiles of axial velocity component, at mid span of the train (¥/wtsc = 0.52)

At this position the flow separation apparently sets in further upstream for the STBR config-
uration due to the stronger upward deflection of the flow on the wind ward edge of the ballast
bed leading to a reduced flow speed up in the roof area. In the vicinity of the separation zone
a shear layer develops characterised by a local peak of the RMS-values. The maximum values
of the fluctuations correspond to the large velocity gradients due to the inflection point of the
mean velocity profile. The highest RMS-values at the centreline position are attained in the
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STBR case. However, due to limitations in the optical access for the LDV, points with even

higher values might have been missed in the vicinity of the vehicle roof in the FG case. Thus it

is not entirely clear whether higher RMS values occur for z/hgc = 1 as the ones shown.
Another distinct jet of high momentum fluid develops in the underbelly region further up-

stream of the car (%/wtec = —0.7) for the FG only. Yet the maximum fluctuations (\/u:/Q/ uer < 0.3)
remain lower than these in the upper shear layer (?/nzc = 1.1) even in the wake region. As indi-
cated by Fig. b, increased RMS-values are obtained on the lee ward side around z/hgc = 0.1
which corresponds to the zero crossing of the mean velocity profile. In contrast the shielding
effect of the rails and the early flow deflection upstream of the wind ward side of the vehicle
obviate the evolution of such a jet for the STBR case.

3.2 Configuration with bridge

For the investigation of the bridge flow, a Cartesian coordinate system according to Fig. 9]
is used. The x- and z-coordinates were non-dimensionalized with the width and height of the
bridge, wtg and hg respectively. The origin is placed in the downstream x-direction at the

TOR x

M
Uoo

Test section ground

Figure 9: Coordinate system of bridge measurements

centreline of the bridge, the span wise y-coordinate starts at the test section side wall while
the z-axis begins at the TOR. In order to minimize the circulation around the bridge deck, the
bridge model was placed in the wind tunnel test section such that the distance between the deck
and the test section ceiling was the same as between the lower surface of the bridge and the test
section floor. All profiles are obtained at the lateral position ¥/i;c = 0.12 in the region of the
rearmost boogie of the end car.

In Fig. [I0] the resulting mean flow vectors are plotted for different locations of the bridge
composed from the 4 and w velocity. The first profile upstream of the bridge at #/wtze = 0.62
shows an asymmetric shape relative to the bridge deck thus indicating an unequal flow rate
passing above and below the bridge. Obviously the flow separation at the lower leading edge
of the bridge deck leads to an additional flow deflection and blockage resulting in an unwanted
circulation. Moreover, local separations occur on the steps caused by the wind ward and lee
ward cable troughs and a massive separation evolves in the wake region down stream of the
bridge.

The vertical profiles shown in Fig. [ T|highlight the asymmetry of the velocity profiles further
upstream of the bridge at /wtzc = 0.62. The strong velocity gradient occurring underneath the
bridge leads to a local maximum of RMS in the centre of the bridge at z/wts = 0. Further down
stream, a large separation zone is clearly visible at #/wtzc = 0.62. Both regions of high shear
are characterized by elevated levels of the fluctuations, but the interaction of both separations
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Figure 10: Flow vectors composed of # and w, bridge without train

on the lower side causes higher RMS in the lower part of the strong wake region down stream
of the bridge deck.

#/hg
z/hg

22/“xef \/ﬁ Uref
(a) Mean flow u (b) RMS values V u'?

Figure 11: Profiles of axial velocity component, full bridge cut, without train

A detailed view of the flow on the upper side of the bridge is given in Fig.[I2] This region
is of major importance as far as the flow field developing on a high speed train traveling over a
bridge is concerned. The distortion of the velocity profile is evident down stream of the local
separation at z/wtz = —0.36. At this position the LDV measurements did not reach as close
to the bridge as at other positions. A pronounced maximum in the mean value forms there
at z/hg ~ 0.22 and would most probably lead to highly increased side forces for a train in
this region. Further down stream, the flow relaxes leading to a decrease of maximum of the
mean flow as well as of the RMS values. While the magnitude of the fluctuations decreases
significantly, the shear layer grows in vertical direction only slightly.

Furthermore, in Fig. [I3] a comparison with results obtained by the DLR Géttingen in the
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Figure 12: Profiles of axial velocity component, on top of the bridge without train

DNW-NWB large wind tunnel in Brunswick [[10]] on a similar bridge model at a scale 1:25 is
shown. The DLR-measurements were done with a lower scale model and in an open test section,
thus the blockage is much lower (about 5%). The Reynolds number based on the reference
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Figure 13: Profiles of the axial velocity component, comparison of present measurements and results of [10]

length /,.; = 3m for the DLR investigation (Re = 4.5 -10°) was almost 33% higher than for
the present study (Re ~ 3.4-10°). The DLR results were carried with a 10-hole probe. This
lower blockage ratio leads to a significantly lower flow over speed in comparison to the present
study. In order to allow for a more realistic comparison, an ad-hoc correction of the inflow
velocity was applied for both series by means of a corrected uy,, considering the individual
ratio of the geometric blockage for both configurations.

The wind ward profiles for Fig. left (z/wts < 0) agree well with this correction and indicate
an effective flow over speeding factor for the wind ward track as high as “/u: , ~ 1.3. Please
notice, that the DLR measurements for the centreline position is for some reason truncated
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and does not determine the backward flow present for #/n; < 1.3. Significant differences in the
blockage ratio and even more the clear differences in the behaviour of the open test section
used for DLR tests cause fundamental deviations of the massively separated flow field in the
wake region which surely cannot be accounted for by simple velocity corrections. Moreover,
the slightly higher relative model height of both campaigns "#/wt; adds an additional bias to the
results. Therefore, the results do not agree on the lee ward side of the bridge any more.

In the following, results obtained for the configuration with an ICE 3 train model resting on
the wind ward side of the bridge are presented. Most profiles are gained at the lateral position of
the rearmost boogie (¥/iec = 0.12) to allow comparisons. Whereas the profiles at ¢/wtz = 0.36

and 0.62 are measured at ¥/i;c = 0.5 instead.
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Figure 14: Flow vectors composed of @ und w, bridge with train

The vector plot presented in Fig. [14{shows an overview of the flow field. The inflow vectors
(#/wty = —0.62) demonstrate the strong deflection and acceleration of the flow on the wind
ward half of the bridge. At the bridge centreline the outer flow is almost parallel to the axial
wind tunnel direction, while the vectors at the lee ward side of the train indicate a downwards
oriented flow as part of a large wake region. This behaviour is somewhat similar to the results
observed in the nose region of the STBR configuration as discussed when considering Fig. [6]b
and Fig.[7]b. The good symmetry of the wind ward profile shown in Fig.[I5|supports clearly the
reduced circulation in comparison to Fig. Again, the flow at the bottom side of the bridge
velocities is more accelerated reaching up to 1.8us.

A comparison of the axial velocity profiles on top of the bridge is given in Fig. [I6] First
of all, the two most up stream profiles (?/wt; = —0.62 and —0.49) employ an almost constant
gradient. However, the bluff bridge body causes a local separation at z/wt; = —0.49. In this high
shear region the high local velocity gradients lead to increased fluctuations in Fig. [I6]b. At the
lee ward edge of the forward facing step (#/wty = —0.36) a rather large region of local back flow
develops, while the general shape of the profile is comparable to the wind ward side of the train
for both ground configurations (see Fig. |8 #/wtzc = —0.7). The wide spreading shear layer leads
to increased fluctuations for #/ns < 0.29. Overall the highest flow velocities exceeding twice
Uuger are reached at the roof centreline of the vehicle, further down stream not more than (1.7,f)
are registered at the top side of the bridge. In addition, the profile at the bridge centreline
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Figure 15: Profiles of axial velocity component, full bridge height, with a train present

depicts a local jet between the model underfloor and the bridge surface, probably enhanced by

the strong flow blockage in the model plane.
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Figure 16: Profiles of axial velocity component, on top of bridge, with a train present

3.3 Configuration with bridge at yaw angle 30°
Fig.[T7]a shows the bridge and its relative coordinate system and Fig.[T7]b shows the effective
flow angle resulting from the local @- and v-velocity components. At low #/nz-values the flow
angle is strongly deflected towards the leading edge of the bridge (positive flow angles). This is

because the flow near the surface is guided parallel to the bridge, which is yawed at 30°.
With growing distance from the bridge the flow is deflected towards negative y-angles. The
change in flow direction takes place at #/ny =~ 0.15. Apparently the flow is accelerated in x*-
direction under the influence of increasing bridge contour thickness, while it remains almost
127
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Figure 17: (a) Sketch of the bridge in the test section yawed at 30°with relative coordinate system, (b) Flow angle
~ = arctan ?/a at the centreline of the bridge (¢/wtz = 0) and the tracks (|#/wtg| = 0.16, ¥a/wty = 0.5)

4 Conclusions

A comprehensive wind tunnel measurement campaign was performed for different ground
and bridge configurations dealing with the cross wind issue of high speed trains. The study was
focused on non-intrusive LDV measurements with the application of coincidence mode which
has allowed a determination of mean values as well as second order moments of the velocity
components with high accuracy. The results are intended as validation data for a CFD study
which could tackle the vehicle motion in a more proper physical manner than a static wind
tunnel test ever could. Additional wind tunnel measurements might provide time-resolved flow
quantities as well.

So, main differences of the resulting flow field for the different set-ups were highlighted. The
chosen model scale of 1:15 caused a massive blockage in the test section which does not allow
a straight forward comparison to other instigations with lower blockage. Nevertheless, a simple
ad-hoc correction has demonstrated a good agreement to previous studies within the range of
validity and has confirmed the flow over speeding assumptions about the axial velocity com-
ponent. Further, the circulation around the model gains more importance for higher blockage
ratios.

Moreover, some first results of not yet finished measurements for the yawed bridge flow
indicate a three-dimensional flow field as the velocity profile above the bridge deck is twisted.
The flow angle changes from a direction almost parallel to the bridge leading edge close to its
surface to negative values in the outer boundary layer. This is probably due to two competing
effects: near the bridge deck the flow is guided along the trails and further away the influence
of the three-dimensional wake becomes dominant.
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Abstract. Despite all the efforts to reduce the aerodynamic drag of cars, hardly any progress
has been made for nearly two decades. One might even be tempted to assume that cp = 0.25 is
a physical limit that cannot be bettered. However, this is not true. The “limit strategy”
proposed by the present author shows how this technological stagnation can be overcome.
While developing this strategy, gaps in the knowledge of vehicle aerodynamics became
evident. The most important of these gaps are identified, and suggestions made for filling
them.

1 INTRODUCTION

Aerodynamics began to contribute to vehicle technology only when vehicle engineers
stopped copying elements from flight aerodynamics and ship hydrodynamics — both slender
bodies - and instead were guided by the science of fluid mechanics, especially of bluff
bodies. This lead to two strategies which proved effective during the aerodynamic
development of vehicles: “detail optimization” and “shape optimization™'. By allowing a
rational dialogue with stylists, they enabled major reductions of vehicle drag. The evolution of
vehicle drag is shown in Fig. (1), and the strategies and their achievements in Tab. (1). Both
detail- and shape-optimization were able to reduce drag by 100 drag counts®>. However, as
shown in Fig. (1), these strategies have been exhausted, with no significant reduction of
production car drag values for nearly two decades. Yet much lower drag values have been
realized with models of various shapes, as shown at the bottom of Fig (1).

' Hucho (2005)
2100 drag counts correspond to Acp = 0.100
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Figure 1: Development of drag coefficient cp versus time

Strategy achieved Acp Limit cp Example
Detail optimisation (1970) 0,100 0,40 VW Golf I:
cw from 0,51 to 0,41
Shape optimisation (1980) 0,100 0,30 Audi 100 111
Cw = 0,30
‘Limit value” (2007?) 0,150 0,15 ?

Table 1: Three strategies for the development of car shapes

In order to overcome this stagnation, the “limit value” strategy has been proposed by the
present author’. While developing this strategy, it became evident that considerable gaps in
the science of vehicle aerodynamics still exist and require filling. The regions of a car that
require more attention are shown in Fig. (2). They include the following:

* The underbody: Devices must be developed to improve the flow passing the wheels.
Further measures must be adopted to smooth the underbody flow;

* The rear: Control of the near (and far) wake, and perhaps a rear diffuser;

e Windshield, A-pillar, and mirrors;

* Interference between the different regions, notably the front and rear parts of the car.

3 Hucho (2009)
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underside

Figure 2: Regions for further improvement

2 DEFINITE STARTING POINTS

2.1 Chassis

The flow beneath the underside of a car is sketched in Fig. (3). Because of the
displacement effect of the vehicle body, the flow between the underside and the road is
divergent, and this effect is amplified by the cooling air flow directed to the underside.
Moreover, the underbody flow is affected by the presence of the wheels.

B
cooling air 0,025 reference frontal area A = 2 m?
cD 1 i /‘b
ground clearance wheel rotating -
0,020 t
b~
- 0,015 \\ ///I/wheel at rest
g 0,010 IS \f,/‘
N
0,005
O
5 0 5 10 15 20 25 30
wheel yawing angle 3°
Figure 3: Flow field underneath a car Figure 4: Drag increase of a wheel under

yaw; according to Wiedemann 1996

The flow approaching the wheels is usually at a yaw angle. At the front wheels the
outward yaw angle [ seems to be larger with a smaller frontal overhang. At the rear wheels
the flow may even be inward, see Aronson et al. (2000), and interfere with the flow of the
underbody diffuser. Either way, the drag of a wheel is increased by the yawed flow, as can be
seen in Fig.(4), and, according to Wiedemann (1996), this effect is greater when the wheel is
rotating.

A device to reduce the yaw angle in front of the wheels is sketched in Fig. (5). The short
frontal overhang currently favored in car design makes the design of such a device difficult.
However, deformable parts are used at other points on a car, and could be applied here also.
An original solution has been proposed by Wolf & Preiss (2004), see Fig. (6). The cooling air
exhausts ahead of the front wheels, which should slightly reduce the local yaw angle.
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Figure 5: Author’s proposition how to reduce the Figure 6: Directing the cooling air
yaw angle in front of the wheels flow in front of a wheel,
Patent drawing Porsche AG

For the underside the ideal is a smooth flat plate. Fig. (7) shows how this ideal has been
approached step by step. The box in the upper right corner shows how the coefficient of
friction, ¢y, is converted into a drag penalty, Acp. The ratio between the “wetted” surface of
the underside, b I, and the frontal area, A, is approximately 3.5. Hence according to Carr
(1983), the drag penalty for the very rough undersides of the period was Acp = 0.07. The
following assumes Acp = 0.08. By applying a front spoiler, the penalty was reduced to Acp =
0.06. With the present smooth underside, called “aero underside”, Acp = 0.04 may be
achieved, making a front spoiler unnecessary. How much of the remaining difference of Acp
= 0.03 (above the ideal Acp = 0.01) could be recovered by closing all the remaining gaps is
not known. Also it is open to question whether the design effort for the necessarily removable
parts would pay off.

g 0‘10_1 c 0,040
B a1 o0
by ' Carr 1983
0,06 0,020
0,05+ | .
front spoiler
0,04 |
0,03 0,010 T T
e ael"o unserside _L'-L
0,02 0,006 S <
107 =
0,004 S

\\i‘
ey
\ —
smooth 10°
0,01 0,003 o e — —
0,002 v/ S 10—
\\
b
\ -
Y —

. -~
0,001 L 1111111 LW | 1yl 1 [N 1 L1111l 1 T

10° 10° 107 10° 10°

Figure 7: Under-side drag
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2.2 The rear end

Fig. (8) shows the scope for improvement at the rear end. It refers to experiments carried out
by Mair (1969). Starting with a blunt end, the drag coefficient was reduced by as much as Acp
= 0.105 by the various measures sketched in the figure. Of course, a long tail would not be
acceptable for a present-day car. It would mean a return to early vehicle aerodynamics, to the
profile developed by Klemperer (1922). The question is rather, how much could be achieved
with measures that are technically feasible.

Bl B B

Figure 8: Base drag of a bluff body, after Mair 1969

Some well known technically feasible features are shown in Fig. (9). Their objective is to
move the ring vortex, that would otherwise induce low pressure on the base, downstream,
thus raising the base pressure and reducing the drag. Only variant d, the “Parapet” with
inward taper, has been developed to the point where it is ready for volume application with
trucks. However, despite a proven reduction in fuel consumption, it has not been adopted.
Truckers don’t like it because it would be hard to use with frequent changes of trailers.

Figure 9: Various attempts to reduce base drag of a blunt-ended vehicle

Such features are perhaps more practical for buses, and more particularly coaches. These
often cruise at comparatively high speed, 100 kph, over long distances. Yet they are
frequently horter than the permitted length of 15 m, so there is room for such features, and
they could be removable to make parking easier.
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Variant e, the “Fluid Tail” has been developed for and adapted to a square back car, a FIAT
Punto, by Morelli & Di Giusto (1999). Together with a rear diffuser and using the rear wheels
to pump air into the wake, the air drag was reduced by 20%.

2.3 Windshield, A-pillar, and mirror

In the widely-held belief that the best way to reduce air drag is to incline the windshield,
this has been progressively increased. More probably, the real reason for this trend is to make
the car look like a coupé. Either way, this trend is accompanied with severe drawbacks:

» the optical requirements are hard to meet;
* large windows allow easy penetration of solar heat into the interior;
* large windows are heavy - and expensive.

The obvious question is whether there are other ways to reduce the drag and so avoid the
drawbacks mentioned above. Surprisingly, this has never been investigated in detail.

CD= f(r/b, 3, Re, Tu)

(r/b)opt 1'b

Figure 10: Generic model of windshield and A-Pillar (cw = cp)
The sketch in the center of Fig. (10) shows the geometry of the detail in question. In
principle, only two parameters are required to describe it, and need to be investigated, the

windshield angle o and the A-pillar radius .

The flow pattern is sketched in Fig. (10), left side, and in Fig. (11). Current A-Pillars give

Figure 11: Horse-shoe vortex originating from the
windshield (A = lift; W = D)
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rise to oblique (yawed) flows which roll up into two vortices that flow downstream over the
outer parts of the roof. Together with the bound vortex on the windshield, these form a 'horse
shoe' vortex, which induces a negative lift (down force) on the windshield Aws. This is
accompanied by a horizontal force - an induced drag, Wiws. Its magnitude is unknown,

and consequently the graph shown on the right side of Fig. (10) is only hypothetical.

Investigating this detail would be timely. It could well turn out that a steeper but well
rounded windshield is rewarded with lower drag, which would cause a problem for

designers. Such shapes could be explored as numerical experiments with CFD codes.

2.4 Interference

Too little is known about interferences, especially those between fore- and after-bodies. Fig.
(12) shows simple bodies of revolution. From the aerodynamics of bluff bodies, it is well
known that the drag of such bodies can be reduced by two measures*:

e rounding the front (bow);

* tapering the rear (stern).

4 Hucho (2002).
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QDcptA L

PoptA < PoptB < Poptc

Cw optA > Cw optB > Cwoptc

Figure 12: Interference effect between fore- and after-bodies (cw = cp)

Once the fore-body corners have been rounded to a given radius, case A, further increase of
the radius will not reduce the drag. Hence this radius is the “optimum” for case A. However,
it allows only a slight taper of the rear without separation and drag increase. If the fore-body
is rounded more than this “optimum”, as in case B, and even more so in case C, the taper of
the rear can be stronger, enabling a further reduction in the drag. These trends are shown in
the hypothetical diagram at the right of the figure, for which no quantitative results are
known. Again such shapes could be explored as numerical experiments with CFD codes.

Car body shapes with strong tapers are not currently fashionable. Instead both the front and
rear tracks are often as large as possible, with the wheels positioned in the corners of a
rectangular ground plan. However, older cars like the VW Type 3, Citroen DS, and NSU Ro
80 had strong tapers and drag coefficients that were low for their day. (See Fig. 1).

3 CONCLUSION

Vehicle aerodynamicists are today well equipped to explore even the most far-out ideas
from designers. Yet no major reductions of air drag have been made for almost two decades.
The “Limit value” strategy would overcome this stagnation, but requires that the gaps in the
science of vehicle aerodynamics be filled. The most important of these gaps have been
identified, together with suggestions for filling them.
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Abstract. In this paper a 2C PIV measurement of the flow field underneath a 1:50 generic
high-speed train configuration (front car, 2 coaches and tail car) and a smooth generic high-
speed train configuration (the same model but without bogies and the bogie cut outs and inter
car gaps filled) hauled through a water towing tank at a speed of 4 m/s is presented. The 2C
PIV set-up was installed so that the vertical plane (XZ) between the ground and the train, in
the centre line of the train, could be measured. The PIV system that was used could measure
with an acquisition rate of 10 Hz, at this frequency 6 PIV images of the instantaneous flow
field with a distance of 0.4 m from each other were made per run. The total field of view was
0.065 m x 0.025 m (WxH), to cover the entire flow field underneath the train model the posi-
tion had to be shifted 8 times this was realized with the help of a trigger system. At every posi-
tion 10 runs were made from which the ensemble average was calculated and reconstructed
with the known shift, leading to the average flow field underneath the generic high-speed
train configuration. All the presented results in this paper are from the calculated ensemble
average.

The PIV measurement technique was applicable to measure the flow field underneath a down
scaled train model in a water towing tank. The generic high-speed train configuration was
compared to a full scale measurement. The same structure of the flow field was found for the
flow around the head and the tail of the train. The flow field was fully developed at the begin-
ning of the 2™ coach for both configurations. This also agrees with the full scale measure-
ment. To achieve more realistic results in the future the simplified bogies that were used
should be replaced with bogies with a higher degree of details. For the comparison between
the two measured configurations a clear difference was found, the generic high-speed train
configuration had a higher induced velocity underneath the train due to the protruding bogies.
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1 INTRODUCTION

The interest in underfloor aerodynamics of high-speed trains has increased in the last years
due to the occurrence of several ballast projection incidents (flying ballast stones). Ballast
projection correlated with ice/snow packing on the underbelly of the train, which later during
travel falls down on the track and dislodges ballast stones, has been known since the begin-
ning of the 1980’s [1]. The measure to the snow/ice packing problem was to lower the ballast
by around 4 cm beneath the sleepers [2]. In 2003 during a homologation test a ballast projec-
tion incident occurred though no winter conditions or foreign objects on the track bed were
reported [3]. This was the first ballast projection incident initiated by the induced flow under-
neath the train. The aerodynamically loads grows quadratic with the train velocity which
makes this a problem for high-speed trains. This motivated some of the operators and manu-
factures in the European railway industry to establish a project named AOA (Aerodynamics in
Open Air) were one of the aims were to understand the mechanism of ballast projection.
Within this project a full scale measurement was conducted with different types of measure-
ment techniques installed to investigate the aerodynamically loads on the track bed [4]. Meas-
urement techniques installed into the track bed have to be below the Top Of the Rail (TOR)
due to safety reasons, hence from TOR and below the aerodynamically loads and the flow
field can be measured.

To investigate the entire flow field underneath a train a PIV (Particle Image Velocimetry)
measurement [S] on a 1:50 generic high-speed train configuration and a 1:50 smooth generic
high-speed train (the same model but without bogies and the bogie cut outs and inter car gaps
filled) in a water towing tank was carried out and described in this paper.

2 MEASUREMENT SETUP

2.1 Water Towing Tank Gottingen (WSG)

The 2C PIV measurement presented in this paper was performed in the water towing tank
at DLR Gottingen. The water towing tank is an 18x1.1x1.1 m (LxWxH) big steel tank with
thick glass window for optical measurements and visualizations see Fig. 1.

Figure 1: The water towing tank (left) and the generic smooth high-speed train configuration (right).

On the two upper edges of the tank rails for the moving model rig are installed. With the
help of a steel cable and an electrical motor (installed outside the channel) the moving model
rig can reach speeds up to 5 m/s. For this measurement a speed of 4 m/s was chosen, this cor-
responds to a Reynolds number of 0.24 Mio with the reference length scale of 3 m divided by
the model scale (0.06 m) [6].

The 1:50 train model set (front car, 2 coaches and tail car) was attached to the moving
model rig with the help of a long X-profile. Clamped onto the X-profile were 8 NACA 0030
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profiles which emerged the train model into the water. The NACA profiles were chosen to
minimize the influence of the flow field around the train model and were mounted on top of
the roof to keep the flow field underneath the train model as undisturbed as possible. The fact
that the NACA profiles might change the properties of the flow field underneath the train are
not neglected but are considered as small.

For the correct ground simulation a ground plate was installed in the towing tank with a
ground clearance of 0.235 m divided by the model scale (0.0047 m) that is the distance be-
tween ground and train wheel [6]. The ground plate was made out of Plexiglas plates mounted
onto aluminum profiles, the ground had to be transparent for the light sheet in the 2C PIV set-

N

~

. B S
| (’/\:ﬁy/

Figure 2: Shows the CAD model of the generic high-speed train configuration, head/tail (left), underbelly (mid-
dle) and the simplified bogie (right).

2.2  Particle Image Velocimetry Set-up and Measurement

The 2C PIV set-up that was used is shown in Fig. 3, the laser, light sheet optics and the 2
cameras are all installed outside the channel. The light sheet was so installed that the vertical
plane between the ground and the train at the centre line of the train could be measured. The
two cameras were installed perpendicular to the light sheet at both sides of the channel, two
cameras were used to increase the measurement field or so called field of view, total field of
view became 0.065x0.025 m (WxH). The 2 cameras were PCO 1600 cooled digital 14 bit
CCD cameras with a resolution of 1600x1200 pixels (WxH), about 450 pixels resolved the
gap between the ground and the train.

[
»

Z

0.28 m X

Ground plate

Cam2 I:I

ol == ] e = 251
49m
Y

Cam1 I:I

Figure 3: Sketch of the PIV set-up in the water towing tank.

The maximum acquisition rate of the PIV system was 10 Hz, with this frequency it was
only possible to sample 6 PIV images with a 0.4 m distance from each other per run. To cover
the entire train length (~2.1 m) the position of the train was shifted 8 times, this was done
with the help of a trigger system. At every position 10 runs were made to be able to calculate
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the ensemble average of the flow field, more over the post-processing of the PIV data will be
explained in the next chapter.

3 DATA TREATMENT

3.1 Evaluation of the PIV Data

The major steps in the post processing of the PIV data are listed below.

1) Calculate the flow field with the help of cross-correlation between the PIV images [7].

2) Find the shift between the runs to allocate the exact train positions.

3) Average the overlap between camera 1 and 2 and then shift the data into its right posi-
tion for every run, thereafter the ensemble average was calculated, see Eq. 1. This was
done for the flow field at every position.

4) Use the ensemble average flow field at every position to recreate the entire flow field
underneath the train.

1 n
C(xj’zk):;;q‘('xj’zk) (D

U(x,z W(x,z)
Cutx.2) Utrain Cwix2) Utrain 2).3)

For the cross-correlation of the PIV images a multigrid interrogation (grid refinement) was
used with a final interrogation window size of 24x24 pixels (0.522x0.522 mm) with an over-
lap of 75%. This configuration gave about 75 data points over the gap between the train and
the ground.

Reference lines were painted on the side of the train to simplify the allocation of the train
positions, the shift between the runs were about £0.0024 m. The lines enhance the accuracy of
the ensemble average that was calculated for every position. When the shifts were found the
PIV data from camera 1 and camera 2 were interpolated onto a slightly bigger equidistant grid
(Ax=0.00013 m, Az=0.00013 m), the bigger grid made it possible to interpolate all PIV data at
one position onto the same grid independent of the magnitude of the shift, and then the over-
lapping data between camera 1 and camera 2 was averaged. For every position an ensemble
average was calculated from the 10 runs, due to the shift between the runs, the ensemble aver-
age at the outer edges had a low sample rate and therefore a criteria was used that at least 8
samples out of 10 possible were needed to be defined as valid data. The ensemble average for
every position was shifted to its right position and every overlapping region was averaged.

4 RESULTS

The presented results are the ensemble average of the flow field measured at the different
positions and then put together to represent the entire flow field underneath the generic high-
speed train configuration and the smooth generic high-speed train configuration.

4.1 Flow Field

In Fig. 4 the velocity field for the generic high-speed train configuration is shown in four
plots, one for each part of the train set. For the upper plot where the front car is shown the ef-
fect of the head can be seen. In front of the head the water (in this case) is pushed in the same
direction as the train travels, in 3D the water is pushed away from the head in all direction,
this creates a reversal flow area around the head of the front car which can be seen in the plot.
The reversal flow area ends shortly after the first bogie on the front car. Thereafter the flow
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underneath the train is dragged in the direction of travel. The flow field underneath the train
model develops with the train length until the beginning of the 2" coach where it is fully de-
veloped. The flow field for the 2™ coach and the tail car is very similar at the beginning and
until the middle of the tail car. The flow field for the second half of the tail car is influenced
of the aerodynamics around the tail and that the train ends. The strong influence of the bogie-
inter car gap-bogie area can also be seen, which is obviously since the underbelly is com-
pletely smooth except for these areas.

Cul] I
0.1 -0.0

X [m]

Figure 4: The Cu flow field underneath the generic high-speed train configuration.

In Fig. 5 the flow field for smooth generic high-speed train configuration is shown. At the
train head the same phenomena as for the generic high-speed train configuration appears, but
for this configuration the reversal flow area is more stretched out along the train length than
for the generic high-speed train configuration. Also for this configuration the flow field is
fully developed at the beginning of the 2™ coach. The Cu-value underneath the smooth ge-
neric high-speed configuration is smaller than for the generic high-speed train configuration,
this was expected since the roughness on the underbelly was smaller. The difference between
the two configurations shows the influence of the bogie-inter car gap-bogie areas. Thus it is
shown that the bogie-inter car gap-bogie areas are the areas to improve to reduce the risk of
ballast projection but also a topic for drag reduction of high-speed trains.
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Figure 5: The Cu flow field underneath the smooth generic high-speed train configuration.

Small discrepancies between the coaches and between the two configurations might be
hidden in the color scale and therefore data were extracted from the flow fields along the train
length at different heights (Z-pos.) for a better comparison.
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Figure 6: The Cu-value plotted against the train length for the generic high-speed train configuration (left) and
the smooth generic high-speed train configuration (right) at different heights (z-pos.). The vertical black lines
indicate the positions of the train axles for the generic high-speed train configuration.

The extracted data along the train length for 5 different heights are plotted in Fig. 6. For
the smooth generic high-speed train configuration the trend of the curves are very similar,
what separates them from each other are the magnitude of the Cu-value. The same trend was
also found for the generic high-speed train configuration, except for the height 1.5xTOR (pur-
ple curve). For this height the effect of the bogies can easily be seen at every train axle where
a peak in the Cu-value is found. The growth of the Cu along the train model length is pretty
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constant until the beginning of the 2™ coach where the flow field is fully developed, this ap-
plies for both configurations. However the gradient for the front car and the 1* coach is higher
for the generic high-speed train configuration than for the smooth generic high-speed train
configuration due to the presence of the bogies.
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Figure 7: The Cw-value plotted against the train length for the generic high-speed train configuration (left) and
the smooth generic high-speed train configuration (right) for different heights (z-pos.). The vertical black lines
indicate the positions of the train axles for the generic high-speed train configuration.

In Fig. 7 the normalized vertical velocity (Cw) for the same height as for Cu are plotted.
The vertical velocity is dominant at the head and at the tail of the train for both configurations
(strongest for the head). There are no protruding objects underneath the smooth generic high-
speed train configuration so no vertical velocities are expected, accept for the head and the tail
of the train, so the vertical velocity that swings around zero along the train length is consid-
ered as noise. However for the generic high-speed train configuration were protruding objects

exist (bogies) vertical velocities along the train was found, especially for the height 1.5xTOR
(purple curve) which is closest to the train. The Cw peaks with a direction towards the ground
found for the height 1.5xTOR is the effect of the protruding bogie frame which is not aligned
with the underbelly of the train. Also here the vertical velocity that fluctuates around zero at
the middle of the coaches is considered as noise.

For the comparison between the two measured configurations the velocity data at TOR
were chosen and plotted in Fig. 8.
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Figure 8: Comparison between the generic high-speed train configuration (Cu: blue and Cw: black) and the
smooth generic high-speed configuration (Cu: red and Cw: green). The vertical black lines indicate the positions
of 