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Abstract In order to assess the accuracy of drag prediction methods for high-speed trains,
experimental and numerical investigations were performed. Besides the drag coefficient,
skin friction and pressure distributions on and near the model have been measured for a 1:22
model of the ICE/V. For the experiments, a moving model rig called DIWA (Drag measure-
ment in water) was realised in a 120 m long towing tank to allow for a realistic simulation
of the flow around the train, even in the underbelly region. Numerical investigations were
performed using Partially-averaged Navier-Stokes (PANS) simulations based on the k-ω-
SST turbulence model. Both experimental and numerical methods can be considered as a
novelty in the field of train aerodynamics. The results are compared with data from full-
scale tests. It is shown, that the moving model rig DIWA allows for the measurement of drag
coefficients of trains with high accuracy. Furthermore, the data acquired using the PANS
approach compares well with the experimental data.

Keywords Towing tank · Moving model · Drag measurement · Train aerodynamics · PANS

1 Introduction

The aerodynamic drag of rail vehicles contributes to about 40–70% of the driving resis-
tance, depending on the train shape and velocity [1–3]. Therefore, an accurate prediction
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of the aerodynamic drag is of high importance for energy demand and optimization [4,
5]. Conventional methods for the determination of aerodynamic drag are either expensive,
complicated [6, 7] and not feasible in an early design stage (e.g. full-scale tests) or too over-
simplified to represent the complex flow situation around a real train running on track. The
latter applies both to conventional wind tunnel tests with short or very small-scale mod-
els (typical scales: 1:15 - 1:30) and insufficient ground simulation as well as for numerical
simulations with mostly insufficient resolution of turbulence around the vehicle [8–11]. A
moving model towing tank facility has been developed in order to provide an experimen-
tal method for model scale investigations with realistic boundary conditions, e.g. ground
simulation, train length, and Reynolds number, which are the main issues of conventional
wind tunnel testing. A static ground is influencing the whole flow field underneath and
behind the vehicle and hence, leads to incorrect (in case of train models usually underes-
timated) drag measurements [8, 9, 12–15]. The boundary layer development and thickness
along a train and therefore the flow structures at the rear end of the train, depend highly on
the train’s length [16–18]. Hence, extrapolations of shortened train configurations to longer
variants can only be performed by increasing the boundary layer thickness of downstream
cars artificially [19, 20]. This of course requires detailed knowledge of the boundary layer
development and can only simulate the real conditions to a certain extent. The influence of
Reynolds number effects has already been subject of some studies before [21–24]. From
these results it can be assumed, that for Reynolds numbers1 above about 0.75 Mio. only
minor changes in drag measurement will occur. However, the effects seem to be strongly
influenced by the respective geometry, therefore the Reynolds number should be as close to
the full-scale value as possible [22, 23].

Ground simulation and Reynolds number, as well as the correct development of the flow
characteristics along the train are important issues for numerical simulations as well. In
order to study the accuracy of a turbulence resolving CFD model, computational inves-
tigations using a Partially-averaged Navier-Stokes (PANS) model have been performed.
Investigations of Krajnovic et al. using a k-ε-ζ -f PANS model [25, 26] already showed
great potential of the PANS approach for train aerodynamics. Data was compared between
both approaches, CFD and towing tank experiments, as well as to full-scale measurement
results. Besides drag coefficients, surface pressures, skin friction, and head pressure pulse
have been investigated as well to allow for a more detailed comparison.

2 Investigated Train Model

The investigated train model is a 1:22 scale model (L = 2.99 m, H = 0.17 m) of the 3-
car so called InterCity Experimental (also known as ICE/V), a prototype of the ICE1 by
the Deutsche Bahn. Intensive investigations by Peters [2, 27–29] provide model and full-
scale reference data for a 3-, 4- and 5-car train. Two different variants of the train model
geometry were considered in the current investigations, in order to quantify the ability of
the CFD approach to deal with different levels of geometrical complexity: One variant with
simplified bogies and no equipment on the roof and one with detailed bogies and generic
roof elements (see Figs. 1 and 2). The pantographs have not been modelled in order to
reduce complexity and probable Reynolds number effects. The inter-car gaps are closed,
like on the original ICE/V.

1Re = U ·Lref

ν
, Lref = 3 m at full-scale
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Fig. 1 Investigated train model - a train in complex configuration, b simple bogies on end cars, c complex
bogies on end cars, d simple bogies on mid car, e complex bogies on mid car

For the experiments, only the 2nd and 5th bogie (Fig. 1) were designed as rolling bogies
in order to keep the mechanical system simple and reduce rolling resistance. All other bogies
had their wheels cut 2 mm above the rails to avoid contact. In the CFD simulations, all

Fig. 2 Model (simple configuration) in empty towing tank
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wheels were cut at the same height. In order to generate similar conditions in experiments
and simulations, investigations using a tripping tape (Fig. 3) for turbulent transition were
conducted.

3 Experimental Setup

Moving model facilities have become a useful tool for aerodynamic investigation of trains
as they allow for realistic boundary conditions at model scale [30–34]. However, the use of
scaled models requires high velocities to reach Reynolds numbers comparable to the real
train. Since the models usually are driven by catapults to reach the required velocity on a
suitable track length, strong acceleration forces on the model are inevitable. Devices to pre-
vent the model from derailing are the consequence, leading to mechanical friction that is
hard to differentiate from other forces in the acquired data. As the aerodynamic drag of a
moving model cannot be determined individually but has to be extracted from the total driv-
ing resistance, all forces beside the aerodynamic drag have to be either known or negligibly
small. A moving model towing tank setup presents itself as an ideal test configuration for
a number of reasons. Due to the physical properties of water, equivalent Reynolds numbers
as obtained in air can be achieved at 12–15 times lower speeds in water (Fig. 4). Thus, high
accelerations and mechanically complex systems can be avoided. Additionally, at equiva-
lent Reynolds numbers the fluid dynamic forces are four times higher than in air. This leads
to a significant change in the power ratio of fluidic to mechanical forces, making the tow-
ing tank the most attractive option for drag determination (Fig. 4). In order to transfer the
results from water to air and model-scale to full-scale, physical similarity must be complied.
For transferability from water to air this especially requires that neither surface waves nor
cavitation should affect the results.

The onset of cavitation can be estimated by the incipient cavitation number [35], which
is defined as

σi = pamb − pvap

q
, (1)

with ambient pressure pamb, vapour pressure pvap and dynamic pressure q. If the absolute
value of the minimum pressure coefficient exceeds the cavitation number (|cp,min| ≥ σi)
cavitation might occur. Figure 5 shows the cavitation number for the towing tank tests
depending on submergence and towing speed. The incipient cavitation number increases

Fig. 3 First car with (right) and without (left) tripping tape (12 mm × 0.4 mm)
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Fig. 4 Velocity U — and drag-force Fd - - - as a function of Reynolds number in air and water (for arbitrary
1:22 model with drag-coefficient cd = 0.5 )

with submergence due to a rising hydrostatic pressure level. Assuming that the minimal
pressure coefficient for a train is in the range of cp = −3 to −4, the maximum possi-
ble velocity for non-cavitating flow is about U = 7 − 8 m/s, which is the equivalent of a
Reynolds number of about Re = 8 − 9 · 105 (reference-length Lref = 3 m in full-scale).
From the CFD simulations a minimum of cp = −1 was shown to be expectable for the
ICE/V, therefore no cavitation should occur at the velocities investigated.

The generation of waves is more difficult to predict, as it depends on the model’s shape,
submergence depth and velocity. The resulting resistance depends on wave height and inter-
ference patterns. As for ships and submarines, the most unfavourable conditions and hence
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Fig. 5 Cavitation-number as a function of velocity for different depths of water
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Fig. 6 Experimental setup - position of external sensors (1-3: wave sensors, 4: static pressure probe),
h/H = 2.5

wave resistance appear at a Froude number2 of about Fr = 0.54, shifting towards smaller
Froude numbers with decreasing depth of water [36]. Below Fr = 0.3 and above Fr = 1.0
in most cases the wave resistance should become sufficiently small to be neglected, if the
submergence depth h/H is at least 2.5 times model height [37–39]. In order to reach high
Reynolds numbers, only Fr ≥ 1.0 is of interest for train model investigations. For the
model investigated in this paper Fr = 1 is reached at around U = 5.5 m/s. Hence, it can be
concluded that towing tank tests with train models should be performed at a submergence
of at least 2.5 times model height and within a velocity range of 5 − 8 m/s to avoid both
influences of cavitation and wave resistance.

The current investigations were performed at three different submergence depths
(h/H = 1, 2.5, 4.5) and a velocity range of U = 3− 7 m/s (3.5 · 105 ≤ Re ≤ 8.5 · 105) in
order to investigate the influence of waves on the drag measurement (due to an insufficient
range of the pressure sensor for the highest velocity, the skin friction has been investigated
at U = 1 − 6 m/s). The wave height was measured by wave sensors at different positions.
A stationary Pitot tube was used to measure the head pressure pulse at zHPP = 2.5 m (full-
scale values) beside the centre of track and yHPP = 1.8 m above top of rail (Fig. 6). The
model itself was equipped with pressure sensors3 for measurement of static pressure on the
train head and tail, Preston tubes for skin friction measurements, acceleration sensors and
a force sensor4 for drag determination. The towing mechanism was placed inside the track
and directly attached to the force sensor inside the model (Fig. 7). All data was stored by a

2Fr = U√
gL

, L: length of train model

3Honeywell differential pressure sensor 26PC series (range: 7 & 35 kPa, resolution: 0.5%)
4HBM S9M (range: ± 2 kN, resolution: 0.01%)
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Fig. 7 Experimental setup - towing tank

data logger inside the model. Frequency measurement of the towing motor, light gates along
the track and acceleration sensors inside the model allowed for a precise determination of
the time resolved model velocity.5

4 Numerical Setup

The CFD simulations were conducted using the open-source framework OpenFOAM. The
experimental setup was simulated including ballast, rails, moving ground and the respective
train models without further simplifications. To the knowledge of the authors, the simula-
tions constitute a first attempt to use OpenFOAM in conjunction with PANS methods for
the aerodynamic simulation of trains.

The extend of the CFD domain and train position are presented in Fig. 8. Unstruc-
tured, hexahedral meshes consisting of about 13M (simple) and 19M cells (complex) were
used, generated by the OpenFOAM meshing tool snappyHexMesh. The mesh features pre-
dominantly cubic cells and multiple refinement regions, with special regard to the flow
underneath the train, at the train roof and the wake, with a resolution of 0.5 · 10−3L close to
the surface and 1·10−3L in the wake and underbelly region. The near-wall flow was resolved
by 10 prism layers with a growth rate of 1.15, which allowed a wall-normal distance for
the majority of cells of y+ = [25, 50]. Hence, wall-functions based on the k − ω − SST

wall-functions implemented in OpenFOAM were used to model the near-wall behaviour of
turbulence. Note that the use of the high-Reynolds approach here is just a first attempt to
apply the implemented PANS model to such a complex geometry. The simulations will be
followed by low-Reynolds simulations on an adequate mesh with fully resolved boundary
layer.

Simulations were conducted for Re = 8.2 · 105. Sides and top of the domain were mod-
elled as free-stream surfaces while the ground, ballast and rails were modelled as no-slip
moving walls. The pressure was fixed at the outlet, while a constant velocity was prescribed
on the inlet. A turbulence intensity of 1% was assumed at the inlet to match the experiment.

The incompressible, transient solver pimpleFoam was used. Convective fluxes were
approximated using second-order, upwind-biased bounded central differences, while a

5resolution: 0.7%
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Fig. 8 CFD Domain, z/L = [− 0.25, 0.25] and slice through mesh

second-order accurate implicit scheme was used for time discretisation. A time step of
�t = 0.00017 H

uin
was chosen to ensure CFL < 1 for nearly all cells. The simulations were

initialised with a stationary RANS simulation, followed by 90 CTU6 initial transient PANS
simulation. The flow field was averaged over another 175 CTU.

Turbulence is modelled using the Partially-averaged Navier-Stokes approach [40]. A k-
ω-SST PANSmodel based on the works of Lakshmipathy et al. [41, 42] was implemented in
OpenFOAM. The approach utilises the unresolved-to-total ratios of turbulent kinetic energy
fk and dissipation fε to control the amount of averaging and blend between the underlying
RANS model (fk = 1) and DNS (fk = 0). For high Reynolds numbers fε = 1 can be
assumed.

fk = ku

k
= ku

ku + kr

(2)

fω = fε

fk

(3)

A detailed derivation and description of the PANS concepts can be found in [40]. In the
implemented k-ω-SST PANS model, transport equations are solved for the unresolved tur-
bulent kinetic energy ku and unresolved specific dissipation rate ωu. All model parameters
were kept at their standard values for the k-ω-SST model.

∂ku

∂t
+ ∂uiku

∂xi

= Pu − β∗kuωu + ∂

∂xi

[
(ν + σkuνt )

∂ku

∂xi

]
(4)

∂ωu

∂t
+ ∂uiωu

∂xi

= Puγ

(
ωu

ku

)
−β ′ω2

u + ∂

∂xi

[
(ν + σωuνt )

∂ωu

∂xi

]
+ 2(1−F1)

σω2u

ωu

∂ku

∂xi

∂ωu

∂xi

(5)

Pu = νt

∂ui
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, σωu = σω

fω
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(7)

6CT U = t · Uin

H
, Uin : free-stream velocity
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β ′ = γβ∗ − γβ∗

fω

+ β

fω

(8)

Furthermore, fk was used as time-dependant parameter, depending on local grid size �

and turbulence length scale �, which is predicted at the end of every time step and used as
constant in the next one. Foroutan [43] derived an improved formula for fk , which was used
here:

fk = 1 −
⎡
⎣

(
�
�

) 2
3

0
.23 +

(
�

�

) 2
3

⎤
⎦
4.5

(9)

� = k
2
3

ε
=

√
k

β∗ω
, � = (�x�y�z)

1
3 (10)

To avoid the problems associated with averaging to acquire the turbulent length scale �

at each time step, an additional transport equation for the scale-supplying variable kSSV is
solved as suggested by Basara et al. [44]:

fk = ku

k
= ku

ku + kSSV

(11)

∂kSSV

∂t
+ ∂uikSSV

∂xi

= kSSV

ku

(Pu − β∗kuωu) + ∂

∂xi

[
(ν + σkuνt )

∂kSSV

∂xi

]
(12)

Initial validations on generic bluff bodies showed good agreement to DDES data and
improved performance compared to RANS simulations, especially for drag prediction of
more complex geometries [45].
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5 Results

The drag coefficient7 from the towing tests was determined by subtracting the rolling
resistance and wave resistance from the measured running resistance. The average of
three measurement runs was taken for each Reynolds number at a constant velocity over
an averaging period of about 4 seconds. While the wave resistance was calculated from
the measured water level along the model, i.e. the hydrodynamic pressure difference at
head and tail [46], the rolling resistance was determined with a measurement at very
low speed (U ≈ 0.15 m/s). As shown in Fig. 9, for the highest velocities at deepest
submergence rolling and wave resistance each contribute less than 1% to the running
resistance. Hence, uncertainties regarding their precise determination are of less impor-
tance than for moving model facilities operating in air, where the mechanical resistance
contributes about 30% of the total resistance [33]. However, for lower velocities a con-
sideration of all resistance parts becomes necessary to determine the correct amount of
drag.

The drag coefficients extracted from the experiments, both with and without the tripping
tape on the first car, are shown for different Reynolds numbers in Fig. 10. Only a slight
decrease of the drag coefficient can be observed for both configurations for Re > 5 · 105,
showing marginally higher values with the tripping tape applied. However, these deviations
are well within measurement precision (± 1%). At lower Reynolds numbers, the drag seems
to change more drastically. The high drag coefficient at the lowest Reynolds number pre-
sented in Fig. 10 is most likely a result of uncertainties in the calculated wave resistance
(Fig. 9). Furthermore, without tripping tape and at lower Reynolds numbers the flow around
the model may not be considered fully turbulent [23], which especially affects the skin fric-
tion at the model’s surface. Hence, the high amount of frictional drag (see Table 1) and its

7cd = Fd
ρ
2 U2Aref

, Aref = 10 m2 (full-scale)
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Table 1 Skin friction coefficient
cf integrated over train surface
Atrain (excluding bogies) at
Re = 8.2 · 105 and estimate by
Peters for the full-scale train [27,
28]; frictional drag coefficient
cd,f = (cf · Atrain)/Aref

∫
cf dAtrain cd,f cd,f / cd

Peters 0.002 0.1677 0.335

CFD (simple) 0.0022 0.1670 0.377

CFD (complex) 0.0024 0.2012 0.379

distinct Reynolds number dependency (Fig. 11) require high Reynolds numbers for accu-
rate drag determination of high-speed trains. From the skin friction coefficient given for the
full-scale data (see Table 1) it can be assumed that the skin friction coefficient at the high-
est Reynolds number investigated nearly reached turbulent saturation and is not supposed to
further drop significantly. Hence, similar behaviour can be assumed for the drag coefficient.

From here on, all results presented are from experiments and CFD simulations withRe =
8.2 · 105. Table 2 and Fig. 12 show the drag coefficient determined by the experiments and
CFD calculations compared to the full-scale value given by Peters [2]. It can be seen that
experimental and numerical data are very close to each other, with about 3% smaller values
for CFD. Furthermore, results for the complex variant compare well with the full-scale data.
Here it must be taken into account, that the generic elements on the roof slightly exaggerate
the drag generated by the real roof elements and pantograph. This is due to the fact that
they were designed to represent the drag of roof equipment and lifted pantograph but were
placed on first and last car [47]. However, the real three-car train has been investigated
with only one pantograph lifted, generating slightly less aerodynamic drag. This assumption
is supported by the drag contribution of the single cars, as shown in Fig. 13. The drag
coefficient of the complex middle car, which has no roof elements, is very close to the one
given by Peters [2, 27]. The drag observed for the complex first and last car shows a higher
drag coefficient than determined by Peters. This is most probably due to the simplified
generic roof elements [47]. A comparison between the simple and complex variant shows
that the drag of the complex variant appears to be more equally distributed. This can be
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Table 2 Drag coefficient cd for
different model configurations at
Re = 8.2 · 105, full-scale
measurements at
Re = 5− 16 · 106 (coasting tests)

cd �cd

Full-scale 0.500 −
Experiment (simple) 0.458 −8%

CFD (simple) 0.443 −11%

Experiment (complex) 0.539 +8%

CFD (complex) 0.531 +6%
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Fig. 14 Pressure distribution on trailing car - CFD (left: simple, right: complex)

explained with the increased drag generated by the bogies of each car and the additional
roof elements, which lead to a stronger drag increase on the front than on the rear car, due
to the thinner boundary layer on the leading car.

The high drag contribution of the last car results from the distinct low-pressure regions
at the tail (Fig. 14), induced by the vortices typically appearing on hatchbacks [48]. When
integrating the pressure over the surface of just the train tail (x/L > 0.95), the pressure drag
generated here is about 10% lower for the complex variant, indicating a possible positive
influence of the altered structure of the stream-wise vortices forming on the train roof (due
to the roof elements) in this particular area. The apparent impact of the roof elements on
the pressure loss of the trailing car might be another reason for the differences to the results

Fig. 15 Pressure distribution on train head - CFD
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Fig. 18 Position of wall pressure taps on train head/ tail

given by Peters, as an actual Pantograph is supposed to have a different effect on the flow
structures downstream.

The pressure distribution on the train head and tail is shown in Figs. 14, 15, 16 and 17.
The measurement positions for the experiments can be found in Fig. 18. It can be seen
that on both head and tail the agreement between experimental data and simulations is
quite good. For the complex variant, the pressure distribution on the rear end appears to be
affected by the presence of the asymmetrically distributed roof elements (see Fig. 1) and the
flow development downstream of them.

Finally, the head pressure pulse at yHPP = 1.8 m and zHPP = 2.5 m (full-scale val-
ues according to EN14067-4 [49]) is compared for the different geometry variants and
methods (Fig. 19). It can be seen, that the results from experiment and CFD compare
well qualitatively. However, due to the high forces in the towing tank the static pressure
probe was vibrating slightly, affecting the measurement results. An analysis of the probe’s

Fig. 19 Head-pressure-pulse at y/H = 0.48, z/W = 0.81
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eigenfrequency allowed to filter8 the effect to a certain degree, but some oscillations remain
noticeable behind the suction peak at the model’s head, continuing along the whole train
passage. This makes a deeper comparison somewhat difficult. Nevertheless, the general
development of the pressure coefficient along the train agrees well. The head pressure pulse
and the pressure variation at the cross-section change along the middle car is quite simi-
lar. The differences at the tail’s pressure peak are in the same order of magnitude as the
differences obtained by the surface pressure measurements on the trailing car, indicating
some uncertainties in the numerical simulations. However, due to the aforementioned mea-
surement difficulties, further investigations and counter measures for improved pressure
measurement in the towing tank are necessary for a more detailed comparison.

6 Conclusion and Future Work

Submerged moving model experiments as well as Partially-averaged Navier-Stokes simula-
tions were conducted to investigate their prediction accuracy concerning the aerodynamic
drag of high-speed trains. In order to get a better insight into the flow characteristics of the
model, skin friction and pressure measurements have been performed as well. The com-
parison of the data acquired by experiments, simulations and full-scale tests showed very
convincing results. Both methods seem to be suitable for drag investigations of high-speed
trains and evaluation of the flow patterns around them. In order to expand the use of both
methods to different vehicle geometries, e.g. freight trains, further investigations are nec-
essary. For the experimental setup, the impact of waves generated by less streamlined and
much longer vehicles needs to be investigated. Nevertheless, it can already be stated that
the shortcomings of moving model facilities operating in air concerning drag measurement
can be overcome by the use of a towing tank setup. For the numerical setup, simulations
with improved boundary layer resolution will be subject to further investigations. The k-ω-
SST PANS model in OpenFOAM is still subject to validation, hence a detailed comparison
with other turbulence models will be conducted. Eventually, simulations at Reynolds num-
bers closer to those of the full-scale train will be of special interest. Both methods provide
different advantages. While the towing tank allows for investigation of a larger amount of
configurations and Reynolds numbers within a short time, the CFD provides insight in the
whole flow field around the model. Hence, a further development and combined use of
both methods appears to be very promising for the assessment and optimization of train
aerodynamic drag, as well as the investigation of transient flow effects around trains.
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