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Abstract. The DLR New Generation Train Cargo concept (NGT-
Cargo) aims to increase the rail share of the European freight traffic mar-
ket. Computational Fluid Dynamics (CFD) is a useful tool in analyzing
high-speed operations which are an important part of this concept. The
development of aerodynamic forces under unsteady on-flows should be
analyzed within the context of industrial standards, for example guide-
lines are provided for CFD assessments at cross-wind conditions using the
RANS (Reynolds-averaged Navier-Stokes) equations. A major challenge
arises because the multi-scale nature of these flows are characterized by a
large range of energetically significant flow scales. Wind-tunnel measure-
ments, focused on the development of the aerodynamic forces acting on a
train, are being currently performed on a 1:25 scaled NGT model in the
cross-wind facility Seitenwindversuchsanlage Göttingen (SWG) located
at the DLR Göttingen. This paper presents preliminary work assessing
the ability of CFD to reproduce both the observed on-flow conditions as
well as the aerodynamic drag of the vehicle.

1 Introduction

Stringent safety requirements over a wide range of operational conditions are
applied to modern high-speed trains. Achieving this requires an understanding
of the aerodynamic forces under cross-wind conditions. Measurement of force
coefficients for full-scale vehicles is optimal but it is expensive. Normal practice
is geared towards the use of small-scale models that can be tested inexpensively
in wind-tunnel experiments or by using full-scale in-service vehicles [1]. Vehicle
stability is of paramount importance, but accurate assessments of vehicle aerody-
namic forces under realistic atmospheric conditions are now becoming relevant.
The use of computational methods to assess the aerodynamic loading on trains
has been recognized by the transport industry. The German standard EN 14067-
6 [3] permits evaluation of aerodynamic forces for cross-wind conditions using
CFD simulations for full-scale or reduced model geometries. Guidelines in EN
14067-6 for Reynolds Averaged Navier-Stokes (RANS) methods are stringent:
computed integral forces cannot be accepted for certification work if variations
against an accepted reference value differs by more than three percent. Compu-
tational assessments of the flow about a train, traditionally undertaken on the
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basis of RANS methods, have not been satisfactory. For example [10] and [11]
compared computational estimates of integral forces and moments using well-
resolved meshes against the NGT2 experiment of [12]. Computations were per-
formed for Reynolds numbers in the range R ∈ [250000, 750000] with cross-wind
conditions of up to 30◦. Computed aerodynamic force and moment coefficients,
particularly drag, demonstrated differences against experimental measurements
of up to 15%. Improvements in vehicle force moment estimations have been
demonstrated with improvements in physical modeling [8,11,13], however drag
estimates remain unsatisfactory. A significant challenge is provided by the multi-
scale nature of flows characterized by a large range of energetically significant
length scales. Geometrical features of a train, such as the underflow region, the
train base [4,5], the inter-car gaps (ICG’s) and bogie cavities, generate small-
scale unsteady flow structures which interact with larger flow scales and can
thereby influence the development of the aerodynamic forces. [4] observed that
traditional RANS methods will retain their importance for the foreseeable future.
This observation provided the motivation for a study on meshing requirements
for RANS methods [9]. This study identifies the front nose of the vehicle as
a critical refinement area with other regions being of secondary importance.
Minor modifications of these recommendations, with the aim of extending them
to unsteady flows, are made in the present paper.

Vehicle aerodynamic loading under unsteady conditions were studied experi-
mentally in [14] and [15]. Measurements were collected in-field under real condi-
tions. Wind-tunnel experiments using a flapped system to control model on-flow
length and time scales were also undertaken. Two CFD methods were devel-
oped and validated against both of these experimental approaches [16]. The first
method uses mesh free reconstruction methods to construct on-flow boundary
conditions that are representative of measured flow length and time scales. A
second method, upon which the work in this paper is based, used sliding mesh
techniques to model a set of oscillating flaps. The paper is organized as follows:
A brief overview of the train model is presented in Sect. 2. The numerical method
is discussed in Sect. 3. A short overview of the mesh is then introduced in Sect. 4.
This is following by a discussion on the comparison of the computational and
experimental results. Conclusions are presented in Sect. 6 respectively.

2 Details on the Train Model and Experiment

For this paper a model consisting only of the main train aerodynamic surfaces
and the wind tunnel is considered. Features, such as the inter-car gaps and bogey
cavities, are also included. Figure 1(a) illustrates the computational model. The
main components include the model, the wind tunnel (with nozzle, test section,
and diffuser), as well as the room within which the wind tunnel is located. The
origin of the coordinate system used both for the experiment and the CFD is
illustrated at the start of the test section at x = (0,0,0)). Figure 1(b) illustrates
the flapped system used to control on-flow conditions. The leading edge of the
wing is located at x = (0.97,0,0)). The flapped system introduces an onflow
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Fig. 1. (a) The computational domain in the x-z symmetry plane of the wind tunnel.
The wind tunnel co-ordinate system, shown at the start of the test section, is used for
both experiment and CFD. (b) The flap system is aligned with the tunnel symmetry
axis. (c) Components of the experimental setup are illustrated.

condition represented by controlled oscillations about the mean train velocity.
For the present work, the term “stationary flap” indicates a non-oscillating flap
fixed in at the minimum drag (or neutral) position. The flap is described using the
parameters of frequency (30 Hz.) and amplitude (3◦) of oscillation. Figure 1(c)
illustrates the model positioned in the wind tunnel test section over the moving
belt. The train nose is positioned at x = (0.97,0,0). The moving belt velocity
matches the bulk on-flow velocity which simulates an inertial reference system
moving at this velocity. The model is an 1:25 scale NGT-Cargo train with a center
wagon and two end wagons. The length of the model is 2.58 m. The model train
height (Lh) is 200 mm. The train base has a width (Lb) of 125 mm. The reference
area of the model (given by the projected area of the train head in the mean
flow direction) is 0.02 m2. Passive/active suction removes the boundary layer
approaching the flaps and model and allows the experiment to better match
a moving reference system with no mean oncoming wind. A passive ventilation
system, driven by the local pressure differential between the wind tunnel interior
and exterior, is located upstream of the flap system. An additional active system,
driven by a compressor, is located in front of the moving belt. Suction removes
the oncoming boundary layer which is consistent with an inertial reference frame
moving at the train velocity. The head of the static probe shown in the figure are
400 mm above the tunnel floor or the belt. The definition of the characteristic
length for the Reynolds number typically uses a reference width of 3 m at full
scale in Europe. The scaled reference width provides the reference length used
to compute the Reynolds number for the wind-tunnel experiment. The Reynolds
number is defined as

R = ρLbU/μ, (1)
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where U , ρ, μ, and Lb are the free stream velocity, the fluid density, the fluid
dynamic viscosity and the Reynolds length scale respectively. For this work the
Reynolds number, which is based on Lb, is 200,000 for the selected test section
bulk velocity of 30 m/s (Uref ). Both the reference pressure and temperature
varies slightly about 101325 Pa. and 298.5 ◦K respectively. Table 1 shows the
set of experimental configurations selected from the experimental program for
comparison against the CFD. A complete description of the measurement system
used in the experiments is not within the scope of this paper but can be found
in [15] and references therein. The wind tunnel turbulence level is approximately
0.15%. Spatial and temporal variations of the test section velocity profile are less
than 0.5% with errors in both steady and unsteady force measurements being
comparable. The pressure gradient across the head and tail of the model is of the
order of three Pascals per meter. A description of the measured test conditions
against which the CFD has been compared can be seen in Table 1.

Table 1. Test conditions against which CFD results are compared. Measured drag
counts for the model (dcnts) are provided. At present only the RMS drag count for
experiment 0047 is available. All experiments (except 0018) use the moving belt.

Experiment Passive Suction Active Suction Flaps/Freq. (Hz.) dcnts rms(dcnts)

0018 Off Off No/NA 43 -

0020 Off On No/NA 47 -

0021 On Off No/NA 45 -

0022 On On No/NA 48 -

0023 On Off Yes/0 44 -

0024 On On Yes/0 49 -

0047 On On Yes/30 50 3

3 The Numerical Method

The current work uses the Engys OpenFOAM releases 3.5.0/3.5.1. Justification
for use of the incompressible form of the Navier-Stokes equations is provided
by the Mach number of the wind-tunnel flow (M = 0.09). Turbulence effects are
conventionally modeled using an effective viscosity model [18]. For RANS solu-
tions the Semi Implicit Method for Pressure Linked Equations (SIMPLE) [17]
algorithm is used. Unsteady calculations use the Pressure Implicit Method with
Splitting of Operators (PISO) [22]. The Courant-Friedrichs-Lewy (CFL) number
is limited to O(1), leading to time steps of the order 10−6 s for unsteady calcu-
lations. The discrete operators are second order in both space and time. Steady
solutions are terminated when the residuals of the pressure correction equation,
momentum equations, and turbulent viscosity equations are of O(1e-10, 1e-8,
1e-7) respectively. This convergence criterion is also used for the unsteady cal-
culations however an additional check is used to assess when the averaged drag
vector variation lies within a 99% confidence interval (CI) about an error of
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1.0e-6 drag units. Based on the comparative performance of other turbulence
models for similar problems [9–11] the baseline turbulence model chosen is the
Menter k-ω SST turbulence model [19]. The hybrid RANS-LES calculations use
the Delayed Detached Eddy Simulation (DDES) version of this turbulence model
[20]. The DDES filter width chosen as 2Δ [23], where Δ is the cube root of the cell
volume. Approximately 60–70% of the total turbulent kinetic energy is resolved.
The intention is to reduce dissipation effects inside vortex cores and free-shear
layers without impacting on computational costs. A blended form of the inviscid
flux operator is used to assist in reducing numerical dissipation effects for hybrid
RANS-LES. Boundary conditions are specified in [9]. In this paper a drag count
(dcnt) is defined as 1000Cd where Cd is the drag force normalized by the prod-
uct of the reference dynamic pressure and the reference area. Wall clock time
for these calculations scale at about 5.0e-4 s per grid point per iteration on the
DLR CARO cluster.

4 The Computational Mesh

It is considered that the presence of significant vortical and separated flow regions
about the train (under-body, inter-car gaps) require additional refinement and
the train model was embedded inside a high resolution refinement block. The
refinement block extends from 6Lb upstream of the train head to 30Lb down-
stream of the train tail respectively. The height of the refinement block is set at
2Lh. Surface length scales are of O(2) mm, while control volume length scales
vary from 2 mm near the vehicle to 15 mm inside the wind tunnel space. Wake
regions for the flaps are resolved to a length scale of 3 mm up and including the
refinement block. Specification of the mesh near-wall resolution (in terms of y+)
follows [9] however y+ was reduced by a factor of two and the mean value of
y+ about the model was set to y+ 16. The concept of an optimum y+ implies
that near wall numerical solutions are representative of near wall physics. The
wall function models used in this work replicate zero and mild pressure gradient
boundary layer behavior sufficiently well but are expected to deviate from exper-
iment for unsteady flows with stronger unsteady adverse pressure gradient and
streamline curvature effects. Investigation of a universal wall function approach
is not within the scope of this investigation however these calculations fall within
the envelope of published industrial applications.

5 Assessment of the Computed Flow Fields

Current CFD assessments of the integral forces are given in Table 2. This table is
divided into 6 groups with first 5 groups representing the CFD cases computed,
while the last presents data derived from the experiments. Data sets (m1, m2,
...) are denoted here as M(m1, m2, ...). By comparing M(0018,0020) it can be
seen that active suction with a moving belt increases the measured model drag
by 4 dcnts. This observation is consistent with M[0023,0024], which includes the
additional influence of a stationary flap system. The active suction increases the
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Table 2. Comparison of the drag force estimates returned by the CFD.

Case CFD Method Matching Experiment dcnts rms(dcnts)

A RANS 0018 52 -

B RANS 0020 56 -

C URANS 0024 69 1

D DDES 0024 57 1

E DDES 0047 59 4

model drag by 5 dcnts. The mean drag count differences between M[0018,0021]
and M[0020, 0022] suggest that passive suction increases the model drag count
by 1.5 dcnts on average. Application of passive and active suction could intro-
duce changes of up to 6.5 dcnts. Comparison of M(0018,0020) and M(0023,0024)
suggests that the moving belt increases the drag by 4 to 5 dcnts. M[0021,0023]
and M[0022,0024] indicate that the stationary flap system reduces drag by 1
dcnt. This is expected since the flap generated wake fields which partially block
the model’s onflow (see Figs. 2 and 3). Differences in drag for M[0021,0023] shows
an reduction of 1 drag count due to the presence of the stationary flaps, how-
ever activation of the moving belt for M[22,24] increases the drag count by one
for this configuration. The moving belt and passive/active suction mechanisms
remove the oncoming boundary layer so that the modeled drag coefficient will
increase - this is seen in the experimental data. Neglecting the passive/active
suction mechanisms can introduce an error of about 6 dcnts with an additional
error of up to 5 if no moving belt is present.

The CFD results are compared against the EN 14067-6 standard (despite the
fact that the standard is accepted for RANS only). The experimental values are
considered as reference values for the remainder of this paper since they are the
only independent source for comparison against the CFD. The percentage dif-
ference of the CFD against a reference value is presented together with the drag
count as a data pair (represented by E[dcnts, percentage difference]). Calculation
A is a RANS calculation based on the Menter-SST turbulence model. No bound-
ary layer removal mechanisms are modeled. Differences for the pair M[A,0018]
are given by E[9,20]. Calculation B uses a RANS method however the moving
belt system is now modeled. Differences between [B,0020] are given by E[9,19].
This is comparable to the difference between M[A,0018]. However drag differ-
ences between M[A,B] and M[0018,0020] are 4 dcnts respectively. Groups (C)
and (D) evaluate the effect of an improved physical models with the moving
belt included together with the flaps fixed in the neutral position. Compari-
son of M[C,0024] returns E(22,47) for the URANS result while the comparison
M[D,0024] returns E[8,16] for the DDES method. This result is consistent with
other studies which suggest that flow resolving methods should be obligatory for
these calculations. In further discussions non-resolved calculations (A,B,C) are
discarded. M[E,0047] returns E(9,18) while the differences between M[D,E] and
M[0024, 0047] are two dcnts and one dcnt respectively. This illustrates a typical
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observation in industry: CFD results are usually more accurate in estimating
drag deltas across design changes then when comparing a drag assessment at a
single design condition. Industrial flows are highly complex. The simplifications
required to make cost effective numerical methods for these flows can introduce
systematic errors. These errors appear to cancel when differences between solu-
tions (based on identical numerical schemes) are computed. The observed error
in neglecting both passive and active suction (6.5 dcnts) suggests that, if these
are included in the CFD model, the drag count differences between CFD and
experiment could be reduced to less than 4 dcnts with the certification standard
used in this paper being achieved.

Fig. 2. In the figure the wake develop-
ment behind both the stationary flap
system is shown. Upper figure: z/Lh =
0.2; Middle figure: z/Lh = 0.94; Upper
figure: z/Lh = 2.4.

Fig. 3. In the figure the wake develop-
ment behind both the oscillating flap
system is shown. Upper figure: z/Lh =
0.2; Middle figure: z/Lh = 0.94; Upper
figure: z/Lh = 2.4.

Figure 2 illustrates the wake development downstream of the stationary flap
at three different values of height above the wind-tunnel floor. Close to the wind
tunnel floor the twin wakes, seen to the left and right of the symmetry axis,
merge. The model is then bounded by two merged wakes to the left and right
of the model’s symmetry axis. As distance from the floor is increased the wake
interactions with the model reduce until the wake travels undisturbed through
the test section. The situation changes when the flaps oscillate as can be seen in
Fig. 3 where significant interaction between the wakes and the model are seen.
This figure shows that the left and right wake pairs have not merged into two
pairs. Investigations of the flow field at other time instances suggest that wake
merging is time dependent which adds additional disturbances to the onflow
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condition. Both figures show evidence of interaction between the flow and ICG’s
and under-body.

Figure 4(a) shows the computed power spectral densities for the computed
drag force components (case D). The spectra are averaged over 30 convective
time units with a low pass Hanning filter being applied. Similar post-processing is
also applied to the experimental data. At the time of writing the measured force
time series for cases with the steady flaps requires additional post-processing
and direct comparison of measured and computed spectra will be provided in
later work. All force components exhibit a peak 3 Hz (St = 0.007) with indi-
cations of higher harmonics of up 9 Hz (St = 0.07). Fz shows a peak at 25 Hz
(St = 0.12) while Fy contains two modes at about 12 (St = 0.06) 45 Hz (St = 0.23).
T25 Hz peak is believed to relate to the moving belt. A timescale derived from
the model length and Uref matches 12 Hz (St = 0.06) mode implying that this
mode is flow related. however this mode matches the rotational Eigenfrequency
of the model-spear combination suggesting coupled flow-structure interaction.
T45 Hz (St = 0.22) mode is close to the Strouhal number observed for vortex
shedding about bodies of aspect ratio greater than 2, however the CFD overesti-
mates this mode by about 14% which is characteristic for non-resolving methods.
Figure 4(b) illustrates the development of the fluctuating aerodynamic force coef-
ficients over 25 convective time units. Since Lb = 1/8 m and both the forcing
frequency and the bulk velocity share the same magnitude (30 Hz/30 m/s), a
total angular rotation of 2π radians corresponds to eight convective time units
and it is easy to see that the period of FY is slightly shorter than the flap
oscillation frequency. As noted earlier the CFD results show that wakes dynami-
cally interact downstream of the flaps, thus adding additional dynamic processes
which influence the model’s aerodynamic force response. However the aerody-
namic forces respond directly to on-flow changes, supporting the observations of
[14,15] and [16].

Fig. 4. (a) Power spectral density of the model’s aerodynamic force components. (b) A
time interval sample of the model aerodynamic force development under an unsteady
onflow condition created by the flapped system. Note that t∗ = tU/Lh is the time
normalized by the flow convective time unit based on model height.
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6 Conclusions

Investigations are undertaken to validate CFD methods against experiments by
studying the influence of a time-dependent inflow on the aerodynamic drag of a
1:25 scaled model train. Both steady and unsteady on-flow conditions are consid-
ered. An oscillating flap system is used to control the amplitude and frequency
of the on-flow oscillations. Non-resolving DDES methods shows superior perfor-
mance to URANS at an equivalent computational cost. Drag changes predicted
by the CFD due to changes of the computational model (inclusion of flaps and
moving belt) closely match measured drag changes. An analysis of the exper-
imental data suggests that the inclusion of the active/passive suction into the
CFD model will reduce the difference between CFD and measurements. The
fluctuations in computed drag match measured the fluctuation under unsteady
onflow conditions. The CFD indicates that wake interactions upstream of the
model can occur. These interactions should have the potential to generate addi-
tional flow dynamics (which are not yet understood) and will influence the aero-
dynamic forces frequency response to the upstream flow. The flow examined
is highly complex and the CFD appears to contain systematic errors which
make it difficult to return accurate drag assessments at arbitrary onflow con-
ditions. Future research will need to identify and remove these systematic errors
while retaining an efficient numerical method. The next step is in this work is
to include both passive and active suction into the computational model. An
important observation arising from this work is that CFD and experiment are
complementary in achieving a deeper understanding of these flows.
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