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Abstract. The contribution deals with numerical solution af complex problem of
aerodynamic loads evoked by a train motion whileeeng and passing through a double
track tunnel. The train set consists of an eleafrioco and three coaches. The loco model
shape closely corresponds with a real three-sysaébeatrical locomotive developed and
produced by SKODA. The train performs a straightvement of 200 km/h speed rate. The
main goal of the contribution is to monitor bothetkrain motion aerodynamic effects on
environment (tunnel wall surface) and backwardaffef surrounding objects especially on
loco body. Most of the results represent time vtate of pressure, aerodynamic drag and
velocities monitored both on tunnel and loco swek@nd in specified locations in the
domain. Some of the values computed are compartd adimissible limits published in
adjacent standards’

1 INTRODUCTION

SKODA TRANSPORTATION develops and produces a thegstem electrical loco
SKODA 109E, intended for train traction of EC/ICtegory and fast trains, as well as of fast
goods-train on trackages of Czech Republic, Slaaiermany, Austria, Poland, Hungary
and European Union corridors, electrified with syss 3 kVss, 25 kV/50 Hz and 15 kV/16,7
Hz (see Figure 1). As the loco surface design blosdluences its external aerodynamic
behavior when operating, there arise several pnablsuitable for numerical verification of
correspondence with prescribed limits specifiedtandards®* The problem of a single train
passing through a tunnel is specified in stantlarddetail and a numerical solution of this
problem presents this paper.

Aerodynamic loads represent an integral part oegarioads that effect on operating rail
vehicles. Highest values of rail vehicle aerodyratoads can be reached along the entrance
and passage through a tunnel. When a train pabsaggh a tunnel, pressure waves are
generated which propagate along the tunnel appeiriyn at sonic speed. These pressure
variations may pass into the interior of the traimsless they are pressure sealed, and may
cause discomfort to train passengers. The differexiqoressure between outside and inside
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the vehicle will produce transient loads on theigture and on other vehicle components.
Vehicle design shall be undertaken consideringetiedfects.

Figure 1: The three-system electrical loco what'sledidas been used for simulations

2 AERODYNAMICS IN TUNNELS — THEORY SHORTCUT

2.1 Aerodynamic resistance

As the drag may highly increase in a tunnel, ialso important to deal here with this
additional source of resistance. In a tunnel, #mesresistance to motion formula as in the
open air can be used under otherwise identicalitond (straight and level track, constant
speed), the only modification is the introductidradunnel factois in the third term:

R=C,+CV, +T,Cpvy (1)

where C; represents the rolling resistandg,v, the momentum resistance a@jv? the

aerodynamic drag. The tunnel factyris the ratio £ 1) of the tunnel drag by the open-air
drag. It varies during the train passage througttthnel.

The increase of drag in a tunnel expressedibyepends on many factors; the blockage
ratio B of the train in the tunnel is by far the most intpat of them:

S
Sy
whereS; is the cross sectional area of the train &n the cross sectional area of the tunnel.

But the type of the train and its length also hewvbe considered, as well as, at least for short
tunnels (< 2000 m), the tunnel length and the tspeed.

()
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2.2 Pressure transients

When a train enters a tunnel, a compression wawvealiged propagating along the tunnel
with sonic speed (see Figure 2). This wave is cedld at the opposite portal as a rarefaction
wave. When the rear of the train enters the tunmelarefaction wave is produced again
propagating along the tunnel relative to the movaig with sonic speed. This wave is
reflected at the opposite tunnel end as a commmessave. These two waves are the main
waves and they are always reflected at portals apihosite sense. Minor waves are caused
by the passage of these waves over the train heédha train tail and so a very complex
wave pattern is generated.

Depending on the location in the tunnel, the pressustories can be very different.
Further localized pressure changes are caused thberain head passes (pressure drop) and
when the rear of the train passes (pressure ingxdatypical pressure history at a point in the
tunnel for a train passage is shown in c in Figur&€he pressure distribution at a point on the
train looks different (see b in Figure 2).

The intensity of the head entrance wave is a typie@asure for the pressure history of a
train passage. For aerodynamically well-shapedhdraand small values of B the loss
coefficient &, (depending on the shape of the train head) camelgiected. For this case the
pressure increase is function of the train spg@ahd the blockage ratid only:
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Figure 2: Wave diagram and pressure transientsadadrain passage through a tunnel
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2.3 Flow velocities

The propagating pressure waves induce a flow innmel. The headwave of the train
causes a flow in the direction of train motion bedw the front of the wave and the train head.
In the gap between the tunnel wall and the traill thare is a flow to the entrance portal
during the entrance phase of the train. Due tordflections of the pressure waves a very
complex flow field in space, especially if the tas not in the center of the tunnel cross-
section.

The induced flow velocity depends on the train spge the blockage ratio B, the length
of the trainLy, and of the tunnely, respectively, the roughness of the train and tmael
wall respectively and on the initial air speedhe tunnel. The highest value of the flow speed
is normally caused by the wake of the train attermain end has passed.

3 NUMERICAL SIMULATION

All the numerical simulations mentioned have beerfggmed with professional software
package Fluent, version 6.2, including the premsoes Gambit and Tgrid.

3.1 Computational domain

General proportions of the 3D computational dontakes into account both volumetric
needs of the problem (resulting from the tunnel &adh proportions prescribed as well as
from the sliding mesh method applied for the tr@ovement simulation) and computational
power available on the other hand, see Figure 3.

In Table 1 there are the main domain features’ @rtigns compared with recommended
values achieved from relations published in dréfstandard for testing and measurements.
The clear difference should be noticed.

Model (eq.) Standard®:(eq.)

Train set length [m] 84 -
Blockage ratio [-]
(for double track tunnel) 015 (2 0.18
Distance between the entrance porta
and the monitoring point in tunnel [m] 50 202 (4
Tunnel length [m] 100 832 (b)

Table 1 : Proportional characteristics of the donsaicompare with recommendations from literature

In the Table 1, next relations have been used.efuation for the distancg between the
entrance portal and the monitoring position is:

cL,
= +
Xp c—v, X (4)
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wherely is length of the train and the additional distarcensures a good separation of the
individual waves and ideally should be about 100 m.
The equation for the minimum double track tunnaegté is:

X
I‘tu,min = _p[l-i- ij + AI‘l ! (5)

Vtr

where the additional lengthl_; ideally should be about 150 m.

Pressure outlets

B

Interfaces \

Figure 3: Computational domain at the starting tasiof the train {= 0)

The domain features (rail, tunnel, train) corregpovith proportions and shapes to real
objects, see Figure 3. The tunnel portal is modedle a vertical flat wall orthogonal to the
train motion direction. This case represents thestvcase that can occur.

To economize the problem, the whole domain has heémrer divided into several parts to
enable meshing of particular volumes separatelfth8alosest neighborhood of the loco was
meshed with relatively fine tetrahedral mesh, wtlole the rest of the domain coarser
hexahedral mesh could be applied. Non-connectettici@nt interfaces of neighbouring parts
of the domain with different face meshes were neétee to another into non-conformal grid
interfaces prior to starting the calculation. Gaheumber of grid cells exceeded 2 million.
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3.2 Sliding mesh model

When a time-accurate solution for two (and morétineely moving object is desired, the
only one possibility in Fluent to compute the uaste flow field is usage of sliding mesh
model. The sliding mesh model is the most accurathod for simulating flows in multiple
moving reference frames, but it is also the mostpatationally demanding.

In sliding mesh technique two or more cell zones @wed. Each sell zone is bounded at
least one “interface zone” where it meets the ojmgosell zone. The interface zones of
adjacent cell zones are associated with one antaHerm a “grid interface”. The two zones
move relative to each other along the grid intexfésee Figure 3). Further information about
the sliding mesh model can be found in literature

3.3 Numerical solution and settings

Regarding to higher velocities expected (M > 0.2%, air flow was solved as an unsteady
turbulent flow of compressible viscous Newtonianidl with characteristics described in
Table 2. The realizablk-¢ turbulent model with the default values of modehstants was
used to compute turbulent kinetic energy and teniuénergy dissipation rate.

At the computational domain boundary following ciimhs have been set. On boundaries
limiting the open spaces ahead and behind the kutheepressure outlet boundary condition
( Py = Pam =101325 Pa) has been applied, while the ground, rail, ¢lrand train set

surfaces were defined as a solid wall. The speddcawf motion, defined by the whole “tube”
zone speed of motion, was set to 200 km per hosirdéscribed in paragraph 3.2 above, the
tube cell zone is separated from the rest by iaterizone, defined on both the tube and the
rest of the domain contacting surfaces. See Figure

Characteristic Value
Density [kg/n] |deal-gas law
¢, [I/kg-K] 1006.43
Thermal conductivity [W/m-K] 0.0242
Viscosity [kg/m-s] 1.789410°
Molecular weight [kg/kmol] 28.966

Table 2 : Material characteristics of the air

For numerical computations, the segregated solvédD based on the unsteady implicit
formulation of the second order upwind scheme hesnbused. Regarding to calculation
stability, for pressure computing the default fostier upwind scheme was conserved.

Fluent adaptive time stepping method was used lier ttme dependent solution. 20
iterations per time step appeared to be enougprégrer convergence. See Table 3 for further
details. Within the whole physical time, the resilduof all variables solved dropped below
the 10 ratio in each time step, below the I@tio for energy equation respectively.
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Parameter Value
Truncation error tolerance 0.05
Ending time [s] 5.22
Minimum time step size [s] 0.008
Maximum time step size [s] 0.1
Minimum step change factor 0.5
Maximum step change factor 5
Number of fixed time steps 1

Table 3 : Adaptive time stepping method parameters

4 NUMERICAL RESULTS OUTLINE

According to the events mentioned in the theorsgctions above, the main part of
computed results deals with time-variations of ibeo aerodynamic drag, static pressure
values on specified surface locations armbmponent of velocity vectors in points positioned
in the gap between the train wall and the tunnél. idher results introduce surface layout of
pressure contours and velocity vectors. Some ofrékalts obtained are compared to time
progressions and marginal acceptable values peblishadjacent standdrd

4.1 Aerodynamic forces

Along the computation, there was monitored a tinepethdence of aerodynamic drag
effecting on the loco in the opposite directiortrimn motion, see Figure 4. In fact, Figure 4
represents the time progression of the third terraquation (1), as indicated in section 2.1.
The Figure also documents the refining influencearhpressibility on numerical results.
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Figure 4: A time-progression of the loco aerodyradrag within the tunnel passage
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4.2 Pressure transient

In this section, time progressions of static pressue monitored on wall surfaces as they
are specified on the next figures. On Figure 5rehman be seen average values of static
pressure on facets signed T1 — T3 over the whale fpassage duration. The three facets
positions are the clear from the upper picture.

1000 7 | * T1-Compressible Air ] I

800 *  T2- Compressible Air B * T1 - Incompressible Air
j | T3 - Compressible Air ] * T2 - Incompressible Air
] * T3 - Incompressible Air

= ViU
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Pressure
[Fa]

1 1.5 2 2.5 3 35 4 4.5 1 1.5 2 25 3 35 4 4.5
Time [s] Time [s]

Figure 5: Facet average values of static pressumonitoring facets on the tunnel wall surface
over the whole train passage duration for compbéssieft) and incompressible (right) air modeling

Similar to the tunnel surface, the progressionstafic pressure can be monitored on the
moving vehicle surface. On Figure 6 (upper), theréhe locomotive model displayed with
several loco surface sections highlighted (windademyrs, air-conditioning system inlets and
outlets, or simply other segments of the loco si&faOnly for some of them (with the titles
L1 — L5) there are presented time variations ofedéntial static pressure values, averaged
over the surface area.
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Figure 6: Facet average values of differentiaistatessure on selected monitoring facets of thertwtive
surface over the whole train passage durationdomessible (left) and incompressible (right) aod@ling

Figure 7: Surface differential static pressureramlbcomotive head just entering the tunnel portal
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Beside the graphical visualization, the relativie&t between the train and the tunnel can
be illustrated by surface isolines. On Figure &re¢his shown a layout of static pressure
isolines on the locomotive surface at the positdérihe loco head just entering the tunnel

portal ¢ = 1,44 s).

4.3 Air flow velocities

A layout of velocity vectors in a vertical interséen of the domain, at the moment when a
loco head passes the entrance tunnel portal, wrslom Figure 8. In the gap between the
tunnel wall and the train wall there is a flow imetopposite direction to the train motion

clearly shown up.
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On Figure 9 there are displayed time behaviorsiof@omponent of velocity vector in points
P1, P2 and P3 located on Figure 5. A rapid dedirtbe velocity, which propagates with the
train movement, is caused by the headwave of #ue. tr
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Figure 9: Time-progressions givelocity component monitored in three points PR3-
(see Figure 5 for positions)

5 CONCLUSIONS

Presented results of numerically solved aerodyngmiblem of a single train passing
through a tunnel approximately agrees with the yprgdions given upon the relevant
standard$®,

In a draft of standafdthere is determined a medical health limit, the¢spribes the
maximum pressure change (peak-to peak) to whiah pa@ssengers and crew are subjected. It
shall not exceed 10 kPa within any part of the tiadeen by the train to pass through any
particular tunnel and operational situation. Wheoking back, any of the pressure changes
presented within this contribution do not reacls tralue by far. There can be several reasons,
why this is:

= The maximum (modeled) train speed of motion is swhigh to induce such pressure

deviations.

= The tunnel length modeled is not sufficient, insiag length of the tunnel will cause

higher pressure changes.

= The value of aerodynamic pressure variations censedoccur only in extremely rare

emergency conditions — normal rail operations widlt involve conditions of this
severity.

= The surface design of the three — system locom@&K@DA is well shaped.

As to the problem solved, further effort will beread to eliminate “secondary pulsations”
(especially of pressure), which occurred when tbkit®n for compressible air flow is
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realized. The possibilities to improve the soluts@@m to be in the computational grid quality
eventually in numerical solution controls.

In connection with numeric solutions realized, ¢hisran exertion spent on preparation and
realization of operation tests on proving track viaidate the obtained numeric results
expertly. Participation in the project of the ResbaCentre of Rail Vehicles supported by the
Czech Ministry of Education, Youth and Sports gisagal outline, how to reach it.
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