
Jonathan Tschepe, Christian Navid Nayeri, Christian Oliver
Paschereit

On the influence of Reynolds number and ground
conditions on the scaling of the aerodynamic drag
of trains

Open Access via institutional repository of Technische Universität Berlin

Document type
Journal article | Accepted version
(i. e. final author-created version that incorporates referee comments and is the version accepted for
publication; also known as: Author’s Accepted Manuscript (AAM), Final Draft, Postprint)

This version is available at
https://doi.org/10.14279/depositonce-15351

Citation details
Tschepe, J., Nayeri, C. N., & Paschereit, C. O. (2021). On the influence of Reynolds number and ground
conditions on the scaling of the aerodynamic drag of trains. In Journal of Wind Engineering and Industrial
Aerodynamics (Vol. 213, p. 104594). Elsevier BV. https://doi.org/10.1016/j.jweia.2021.104594.

Terms of use
This work is protected by copyright and/or related rights. You are free to use this work in any way permitted by
the copyright and related rights legislation that applies to your usage. For other uses, you must obtain
permission from the rights-holder(s).

https://doi.org/10.14279/depositonce-15351
https://doi.org/10.1016/j.jweia.2021.104594


Accepted Version 

 

Corresponding author: 

Jonathan Tschepe, Berliner Institut für Technologietransfer, Pascalstr. 10, 10578 Berlin, Ger-

many, tschepe@bit-berlin.de 

 

 

On the Influence of Reynolds Number and Ground Conditions 

on the Scaling of the Aerodynamic Drag of Trains 

Jonathan Tschepe1, Christian Navid Nayeri2 and Christian Oliver Paschereit2 

1Berliner Institut für Technologietransfer, Berlin, Germany 

2 Chair of Fluid Dynamics, Hermann‑Föttinger‑Institut, Technische Universität Berlin, Germany 

Abstract   The present study examines the possibilities of transferring drag measurement results 

on reduced-scale train models to the respective full-scale vehicle. A comprehensive experimental 

and numerical study of the boundary layer and skin friction along trains is performed, focusing on 

REYNOLDS number effects. The data are supplemented by an extensive literature study and com-

pared with different approaches from flat plate theory. Good agreement can be found when using 

the appropriate empiric coefficients and boundary conditions. Simultaneously, the difficulties in 

determining the skin friction drag of trains due to three-dimensional effects and surface roughness 

become apparent. The ground simulation analysis, including the effects of ground roughness due 

to ballast and sleepers, reveals a significant effect of the ground conditions on the vehicle’s aero-

dynamic drag. Additionally, the effects of elements mounted on the train roof are investigated for 

different upstream flow conditions. Finally, a scaling method is proposed to transfer drag results 

from model-scale to full-scale trains based on the findings. 

Keywords: Drag, friction, boundary layer, Reynolds number, trains, aerodynamics 

1 Introduction 

Aiming to become a sustainable and economical transport mode, the energy consumption of rail 

vehicles has become increasingly important in recent years (Garcia, 2010) (Meyer, et al., 2008) 

(Yamamoto, 2015), which is also reflected in the increased consideration of life cycle costs (LCC) 

in tenders and bids (Möbius, et al., 2017) (Steuger, 2009). Depending on the shape and velocity of 

trains, their aerodynamic resistance contributes a significant part to their energy consumption 

(Nolte & Würtenberger, 2003) (Lukaszewicz, 2009) (Lukaszewicz, 2007) (Orellano & Kirchhof, 

2011) (Lai & Barkan, 2005) (Orellano & Sperling, 2009). Therefore, a precise prediction/determi-

nation of the aerodynamic drag of rail vehicles is necessary for both LCC analysis and energy 

saving. Different methods to determine the aerodynamic drag are described, for example, by Baker 

(2014) and Tschepe et al. (2019a). These methods can be divided into full-scale experiments, 

model-scale experiments, and numerical simulations. While full-scale experiments have their short-

comings in adaption in early project phases, numerical simulations, as well as scaled experiments, 

mailto:tschepe@bit-berlin.de


2  

can only reproduce the complex physics of the flow around trains to a certain extent (Baker, 2010). 

To predict the aerodynamic characteristics of trains using simulations or scaled experiments, the 

impact of the various boundary conditions needs to be analysed, and test setups need to be adapted 

accordingly. Even though studies regarding train aerodynamic drag have been performed for about 

a hundred years now (Davis, 1926) (Peters, 2008), the uncertainties from numerical simulations 

and reduced-scale experiments appear to be not sufficient to replace full-scale testing in case of 

drag verification (CEN, 2003). The present study compares the results of different model-scale 

experiments to full-scale results given by the literature, aiming at an improved understanding of the 

relevant boundary conditions for an accurate drag prediction of rail vehicles at model-scale. 

This paper is structured as follows. Firstly, the introduction provides a review of the literature. 

Subsequently, an overview of the studies referred intensively within this work is given. The differ-

ent experimental and numerical methods, as well as the investigated train model are presented in 

the third section. Afterwards, the results are presented, structured in the four categories boundary 

layer effects, frictional drag, pressure drag, and roof element analysis, followed by a concluding 

discussion. 

 

1.1 Reynolds number impact 

 

In order to transfer results from model-scale to full-scale, similarity must be granted. This in-

cludes geometric similarity as well as kinematic and dynamic similarity (Zohuri, 2015). The first 

requires an accurate replica of the object at a respective scale, while the others require similarity of 

streamlines and constant ratios of forces. While the requirement of precise scaled geometric details 

appears to be a minor problem in times of computer-aided design, 3D printing, and computerised 

numerical control milling (CNC), some questions arise from the representation of the correct train 

length. Since most trains feature train lengths more than 180 m (usually much more in case of 

freight trains), even at small scales of about 1:25 this results in a model length of at least 7 m, 

challenging the dimensions and quality of the test facility. The fulfilment of kinematic and dynamic 

similarity (taken together as mechanical similarity) for train aerodynamics, when assuming incom-

pressible flow (i.e. train speeds below 350 km/h driving in the open), can be expressed by the 

REYNOLDS number Re (≡U Lref/ν, U being the free-stream or driving velocity, Lref a reference length 

of 3 m at full-scale and ν the fluid viscosity). Mechanical similarity is given in case of Remodel = Rfull-

scale. Since the velocity of trains usually is in the range of 100-380 km/h, the corresponding 

REYNOLDS number is in the range of Re=5-20∙106. As discussed by Tschepe et al. (2019a), using 

model scales of or below 1:20, the maximum REYNOLDS number is about Remodel=1∙106, one order 

of magnitude below Refull-scale (not considering approaches of changing the fluid viscosity by cool-

ing or pressure variation, as can be performed in wind tunnels, because this appears rather tricky 

for the moving model applications recommended in the following). Therefore, a detailed analysis 

of the impact of varying REYNOLDS number on the drag coefficient CD  is required (CD ≡FD/qAref, 

with FD being the drag force normalised by the dynamic pressure q (≡ρ/2 U2, ρ being the fluid’s 

density) and the reference area Aref, with Aref=10 m² at full-scale). This drag coefficient can be split 

into a pressure drag part CD,p and a frictional drag part CD,f. Depending on the type and length of 

the train, the frictional drag varies from about 20% (relatively short and/or aerodynamically unfa-

vourable trains, i.e. regional or freight trains) to 60% (long and smooth trains, i.e. high-speed trains) 

of the total aerodynamic drag (Nolte & Würtenberger, 2003) (Orellano & Kirchhof, 2011) (Peters, 

1983). Besides the pressure loss at nose and tail, the pressure drag reflects repeated flow separations 

along the train, induced by inter-car gaps, bogies, or roof equipment (Peters, 1983). While the pres-

sure drag coefficient is supposed to remain approximately constant above a certain critical 
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REYNOLDS number (Willemsen, 1997) (Schetz, 2001) (Niu, et al., 2016), as can be observed typi-

cally for blunt bodies (Hucho, 2012) (Hoerner, 1965), the frictional drag coefficient changes with 

the REYNOLDS number over a much wider range, probably even covering full-scale REYNOLDS 

numbers (Hoerner, 1965) (Brockie & Baker, 1990) (Baker & Brockie, 1991). 

 

1.2 Skin friction drag 

 

One of the major uncertainties for the up-scaling of model-scale investigations to full-scale trains 

is the contribution of the skin friction drag. As shown by Fey et al. (2013), the flow around trains 

is mostly turbulent, with the laminar-turbulent transition being next to the trains head (Figure 1). 

Therefore, the skin friction drag will contribute significantly to the overall aerodynamic drag and 

is expected to be sensitive to changes in the REYNOLDS number, as found for the flat plate 

(Schlichting & Gersten, 2016). Even though skin friction effects on trains have been subject of 

several studies and discussions in the past (Boden, 1970) (Peters, 1983) (Baker & Brockie, 1991) 

(Hucho, 2012), experimental investigations focussing on direct skin friction evaluation are rare. 

Hara (1965) (Hara, et al., 1968) conducted some interesting work, applying pressure measurements 

in tunnels for skin friction drag assessment. Hara states that the skin friction drag CD,f based on his 

results can be considered as constant, i.e. not depending on the REYNOLDS number. However, as 

will be discussed in Section 3.2, other conclusions from his work are possible as well. Furthermore, 

it must be noted that the skin friction drag determined by the Hara-method not only contains surface 

stress forces but as well all pressure forces acting on roof and underbelly components, including 

pantographs and bogies. Therefore, it is not surprising that the results differ from the ones found 

for a flat plate. Maeda et al. (1989) performed measurements using the Hara-method for the 

Shinkansen Series 0,100, and 200, which can be considered as comparably smooth high-speed 

trains. Their measured friction drag coefficient evolving along the train is shown in Figure 2. De-

spite the described pressure component included in this coefficient, a dependence on the distance 

to the nose x and thus on the local REYNOLDS number Rex(≡U x/ ν) can be observed. 

 

 

 
Figure 1: Laminar-turbulent transition on 1:25 high-speed train leading cars (with length L), identified by 

temperature-sensitive paint for different REYNOLDS numbers Re; redrawn from Fey et al. (2013); 

ICE=InterCityExpress; NGT=Next Generation Train 
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Figure 2: Skin friction drag coefficient CD,f (≡Ff/(qA), with Ff being the frictional force and A the wetted 

surface)1 measured for the Shinkansen Series0 (Maeda, et al., 1989) and resulting mean fit (red line) 

 
Figure 3: Drag coefficient plotted against train length according to Bernard (1995), Peters (1990), Gaylard 

et al. (1994), and *=Lukaszewicz (2009) based on Aref=10 m² 

Another observation, which sometimes is considered an indicator for a REYNOLDS number in-

dependent frictional drag (Hucho, 2012), is the linear correlation of the drag coefficient with the 

train length (Figure 3). However, when looking for drag coefficients of trains measured at more 

than two different length scales with realistic boundary conditions, i.e. full-scale test model-scale 

tests using a moving ground, the database becomes relatively small. Taking environmental effects 

(such as cross-wind in case of full-scale measurements) and measurement uncertainties into ac-

count, these observations do not appear to be a suitable reference for the evaluation of REYNOLDS 

number effects over a wide range. 

From the above summary, it becomes evident that the frictional drag of trains needs to be inves-

tigated in more detail to gain an improved understanding of scaling properties. Therefore, the skin 

friction drag will be analysed in the present study, and different methods to evaluate its impact will 

be discussed. 

 

 

 

                                                      
1 In (Maeda, Kinoshita, Kajiyama, & Tanemoto, 1989), the hydraulic skin friction coefficient λ 

is considered, which corresponds to CD,f = λ/4. 
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1.3 Ground simulation 

 

In the case of vehicles running in the open with no cross-winds, the flow speed equals the relative 

velocity between ground and vehicle. For the flow underneath the vehicle, this results in a Couette 

like flow situation. Instead, in a wind tunnel or water tunnel with no ground motion relative to the 

investigated object, the flow condition underneath the vehicle resembles a duct flow. The resulting 

energy losses due to frictional and blockage effects lower the flow speed in this region (Zhang, et 

al., 2016). Additionally, the boundary layer forming on the wind tunnel floor might cover large 

parts of the train and lower the bodyside underbelly friction drag. Consequently, the train under-

body drag is reduced. Conversely, the low-energy flow underneath the vehicle is not able to fill the 

base region behind the vehicle in the same way as in a moving ground case, resulting in a down-

stream shift of the rear stagnation point and a lowered tail drag (Zhang, et al., 2016) (Lajos & 

Preszler, 1986) (Xia, et al., 2017). Considering the large amount of underbody drag found for trains 

(Nolte & Würtenberger, 2003) (Orellano & Kirchhof, 2011), it is not surprising that the first effect 

described appears to be the most significant one and measurements using a fixed ground plane 

exhibit much lower drag coefficients than measured on a moving ground (Gaylard, et al., 1994) 

(Kwon, et al., 2001) (Zhang, et al., 2016) (Fago, et al., 1991). However, all of these studies used a 

flat and smooth moving ground, which does not represent the real ground situation found under a 

train, i.e. the trackbed. The effect of this simplification has been investigated by Paz et al. (2017). 

They obtained about 15% higher drag coefficient when including sleepers into their simulation of 

the trackbed. Baker et al. (2019) present a collation of friction coefficients, measured on various 

trackbeds, showing a strong dependence on the track roughness. The 15% change in the drag coef-

ficient found by Paz et al. (2017) may well reflect this ground effect. Another indicator for the 

importance of the ground roughness are the results presented by Rochard and Schmid (2000), stat-

ing a 7% lower drag coefficient for a Shinkansen on a slab track than on a conventional trackbed. 

 The present work investigates the impact of ground effects and discusses possible approaches 

to transfer data measured on smooth grounds to rough grounds. In contrast to the moving ground, 

rotating wheels seem to have no significant impact on the flow around the train (Peters, 1983) 

(Zhang, et al., 2016) (Wang, et al., 2018) and will not be further considered in this study. 

 

1.4 Roof equipment 

 

When studying the flow around (high-speed) trains, the roof equipment is often neglected in 

model-scale experiments and simulations, due to the difficulties associated with REYNOLDS num-

ber effects regarding protruding elements, such as pantographs and insulators (CEN, 2010). How-

ever, the roof equipment, especially for short trains, can make a significant proportion (~8%) of the 

overall drag coefficient (Peters, 1983) (Orellano & Kirchhof, 2011) (Gawthorpe, 1982) (Tschepe, 

et al., 2019b). Therefore, the current study further investigates the effect of the roof equipment on 

the train aerodynamics. 

2 Reference cases 

For deeper analyses of the respective quantities and scaling effects, the data of several studies 

were used in addition to the current measurements. The respective work and the trains studied are 

briefly presented in Table 1. In the following, all drag coefficients are scaled to a reference area of 

Aref = 10 m². 
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Table 1: Reference cases 

Train [Pic 

Ref] 

Picture Scale, 

method 

Topic Reference 

APT-E [P1] 

 

1:1 Boundary 

layer  

(Richards & Cooper, 

1977) 

(Gawthorpe, 1978) 

BB9291+UIC 

cars 

[P2] 

 

1:1, exp. Boundary 

layer 

(Bernard, 1971) 

CRH380A 

[P3] 

 

1:8, CFD Boundary 

layer, skin 

friction 

drag, total 

drag 

(Jia, et al., 2017) 

DB103+IC 

cars 

[P4] 

 

1:1, exp. Boundary 

layer 

(King & Pfitzenmaier, 

1985) 

Generic train 

model 

[P5] 

 

1:25, exp. Boundary 

layer 

(Buhr & Ehrenfried, 

2017) 

IC125+Mark 

III coach 

[P6] 

 

1:1, 1:40, 

1:76, exp. 

Boundary 

layer, skin 

friction 

drag, total 

drag 

 (Baker & Brockie, 

1991) (Brockie & 

Baker, 1990) 

ICE 2 

[P7] 

 

1:1, exp. Boundary 

layer 

(Baker, et al., 2019) 

(RAPIDE, 2001) 

ICE/V 

[P8] 

 

1:1, exp. Drag (Peters, 1990) 
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KISS 

[P9] 

 

1:1, exp. Skin fric-

tion 

(Haff, et al., 2016) 

Mark I (MkI) 

coach 

[P10] 

 

1:1, exp. Skin fric-

tion 

(Gawthorpe, 1978) 

Railjet 

[P11] 

 

1:1, exp. Boundary 

layer 

 (Kapfenberger, et al., 

2015) (Behrends, et al., 

2017) 

Shinkansen A 

(Series 700) 

[P12] 

 

1:1, exp. Boundary 

layer 

(Takaishi & Ikeda, 

2012) 

Shinkansen B unknown Series 1:1, exp. Boundary 

layer 

(Takaishi & Ikeda, 

2012) 

Shinkansen C unknown Series 1:1, exp. Boundary 

layer 

(Sakuma, et al., 2010) 

Shinkansen D 

(Series 0) 

[P13] 

 

1:1, exp. Skin fric-

tion drag 

(Hara, et al., 1968) 

(Maeda, et al., 1989) 

Shonan E-

Train 

[P14] 

 

1:1, exp. Boundary 

layer 

(Miki, et al., 1959) 

TGV-A 

[P15] 

 

1:1, 1:15, 

exp. 

Boundary 

layer, skin 

friction 

(Paradot, 2001) 

TGV 001 

[P16] 

 

1:1, 1:20, 

exp. 

Drag (Baker & Brockie, 

1991)(Bernard, 1995) 
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3 Experimental and numerical Setup 

Different experiments and numerical simulations on a scaled high-speed train model were per-

formed within this study. This section describes the experimental facilities and measurements tech-

niques, the numerical setup, and the investigated train model. 

 

3.1 Investigated train model 

 

The investigated train model represents the three-car version of the ICE/V high-speed train 

(Peters, 1990) at 1:22 scale, with a height of H = 0.174 m and a length of L = 3 m. Different variants 

were investigated: a simple variant with a smooth roof and simplified bogies, and a complex variant 

with detailed bogies and different types of roof elements (Figure 4). Further description of the 

model is given in (Tschepe, et al., 2019a) and (Tschepe, et al., 2019c). In order to study the influ-

ence of a fixed laminar-turbulent transition (cf. Figure 1 and (Erm, et al., 2012)), all measurements 

were performed with and without a tripping tape (0.4 mm thick zig-zag tape) added to the train’s 

front, as shown in Figure 5f. The size and position of the tape were derived from the literature (Fey, 

et al., 2013) (Erm, et al., 2012) (Tyll, et al., 1996). 

 
Figure 4: Investigated train model; a) complex variant with roof elements (for the simple variant, the roof 

elements were removed), b) simple endcar bogie, c) complex endcar bogie, d) simple midcar bogie, e) com-

plex midcar bogie 

 

3.2 Towing tank setup 

 

Experiments on the effect of ground conditions were conducted in the shallow water towing tank 

of the Technische Universität Berlin (TUB), focusing on drag and skin friction measurements. A 

moving model rig was installed in the 120 m long, 8 m wide, and up to 1.1 m deep water tank, 

towing the train along the rail by using a thin rope inside the trackbed (Figure 5a, b). Two of the 

six bogies of the single-body train model were equipped with rolling wheels (Figure 4). All other 

wheels were cut 2 mm above the rail to avoid contact (Figure 5e). An internal force sensor of type 

d) e)b) c)

a)

rolling bogie

rolling bogie

roof elements
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HBM S9M with ±2 kN range and 0.01% resolution connected to the rope measured the running 

resistance. The aerodynamic drag was calculated by subtracting all forces beside fluid forces (i.e. 

rolling and wave resistance) from the measured towing force. In order to determine the running 

resistance and REYNOLDS number impact, the tests were performed at velocities ranging from 

U = 0.15 m/s to U = 7 m/s. However, due to the influence of surface waves (Tschepe, et al., 2019a), 

only velocities U > 3 m/s will be considered in the current study. A LabVIEW-based computer 
routine generated the required velocity profiles. A shaft encoder mounted to the winch and 
light barriers along the track detected the towing velocity. The wave resistance was calculated 

based on measurements of the water surface’s elevation, as described in (Tschepe, et al., 2019a) 

and subtracted from the drag coefficient. Honeywell differential pressure sensors with a range of 

±7 kPa and ±35 kPa and 0.5% resolution were used for surface pressure and PRESTON tube meas-

urements. A further description of the setup, measurement techniques and drag determination meth-

odology is given in (Tschepe, et al., 2019a). 

The ballast and rails were designed based on (CEN, 2010), with deviations in the side slopes due 

to the use of standard elements, Figure 5b and 6b. In order to investigate the effect of ground rough-

ness, the drag measurements were performed on a smooth ground (Figure 5b) and with additional 

roughness elements applied to the measurement section of the track, as shown in Figure 5c and d. 

Since the smooth ground setup corresponds to a slab track, the rail height was set to 220 mm at 

full-scale to represent the approximate ground clearance found for this track type (Kleeberg, 2009). 

The rough ground setup represented a track with ballast and sleepers. As the roughness elements 

had a height of 3 mm, the ground clearance, in this case, was about the same as given in (CEN, 

2010), corresponding to a UIC60 rail. The characteristics of the boundary layer created by the ele-

ments were investigated in a small wind tunnel with a closed test section of 2 m length, a cross-

section area of 0.55 x 0.55 m², and maximum wind speed of 25 m/s. A fishmouth probe (shown in 

Figure 16) was utilised to measure the boundary layer profiles 0.45 m downstream of the elements’ 

position on a splitter-plate, assuring a fully developed boundary layer. The same tripping tape as 

applied on the train model (Figure 5f) was mounted at the tip of the splitter plate installed in the 

wind tunnel for fixed inflow conditions. According to full-scale investigations on the sand rough-

ness ks of trackbeds (Deeg, et al., 2008) (Soper, et al., 2017), ks = 0.1-0.2 m can be assumed, which 

results in ks = 5-10 mm at 1:22  scale. In order to create a respective roughness, different roughness 

elements were investigated, as will be discussed in section 4.2.2. 
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Figure 5: a) towing tank setup; b) towing rope inside the trackbed with smooth surface; c,d) roughness 

elements applied to the track; e) rolling bogie as implemented on the train’s leading and tail car; f) tripping 

tape applied to the train’s head; g) Preston tube position at the underbody of the train model 

 

3.3 Wind tunnel setup 

 

The wind tunnel measurements on the train model were performed in the large wind tunnel 

(GroWiKa) of the TUB. In addition to the drag and skin friction investigations, measurements re-

garding the train model’s boundary layer profiles and wake flow were carried out. The GroWiKa 

is a closed-circuit wind tunnel, with a 5 m long test section,  featuring a cross-sectional area of 

1.4 m x 2 m (height x width). A splitter plate was used to generate a reproducible and small bound-

ary layer (Figure 6a). An external six-component ballast was used for the measurement of aerody-

namic forces and moments, with an accuracy of about 0.1 N and 0.15 Nm, respectively. All wheels 

a)

e) f)

tripping tapeflying bogie rolling bogie

position of underbelly Preston tubeg)

internal sensors and data logger

64 m

acceleration 10 m measurement section 40 m braking 14 m

1
 m

drive shaft

tension weight

towing rope

e
x
te

rn
a
l

s
e
n
s
o
rs

b)

d)

towing rope

ballast and rails

roughness elementsc)



11 

of the train were cut 2 mm above the rail to avoid rail contact. The struts, connecting balance and 

model, were shielded against the wind not to influence the force measurements. The flow velocity 

and pressure gradient along the test section were measured by three pitot-static probes (Figure 6a) 

connected to Baratrons of type MKS 220CD-00100D2BS, with a range of ±10kPa, a resolution of 

1Pa, and an accuracy of 0.15%. Boundary layer and skin friction measurements using pressure 

rakes and PRESTON tubes, connected to 10 mbar pressure sensors of type Sensortechnics HDO Se-

ries with an accuracy of about 1%, were performed at half length of each car, i.e. at x/L = 0.16, 0.5, 

and 0.83. A traversable 12-hole probe of type Aeroprobe Omniprobe, allowing for angles of attack 

of ±80° with an accuracy of approximately 1%, was used to perform wake flow measurements. The 

ballast and rails (BR, Figure 6b) were the same as used in the towing tank, with the upstream end 

modified according to the ballast and rail requirements given by (CEN, 2010). Additionally, tests 

were performed using a flat ground setup (FG, Figure 6c), as described in (CEN, 2010). 

In the following, differing from the definition of y and z-direction in Figure 6, boundary layer 

profiles are always plotted against the relative distance to the wall y, regardless of the spatial ori-

entation to avoid confusion. 

 

 
Figure 6: Wind tunnel drag measurements: a) wind tunnel setup; b) ballast and rails (BR) setup dimensions 

[mm], red dotted line indicates the single track ballast and rail (STBR) setup, according to (CEN, 2010); c) 

flat ground setup dimensions [mm] 
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3.4 Numerical setup 

 

Comparative CFD simulations for the same train geometries (simple and complex) were con-

ducted using a Partially-Averaged-Navier-Stokes (PANS) approach for turbulence simulation im-

plemented in OpenFOAM (Tschepe, et al., 2019c) (Fischer, et al., 2018a) (Fischer, et al., 2018b). 

The experimental setup was simulated including ballast, rails, moving ground, and the respective 

train models without further simplifications. A turbulence intensity of 1% was assumed at the inlet 

to match the experiments. The CFD domain and mesh is presented in Figure 7. For the simple and 

complex train variant, 13 Mio and 19 Mio cells were used, respectively. The near-wall flow was 

resolved by ten 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. Simula-

tions were conducted for Re = 8.2∙105, using the incompressible, transient solver pimpleFoam. 

As described in (Tschepe, et al., 2019c), the CFD calculations using the PANS method represent 

a first attempt of this application to high-speed trains. The PANS results showed good agreement 

with the experimental data, thus justifying the comparison to data using the PANS approach. Since 

the numerical simulations are not the focus of this study but are merely used as an additional data 

source for comparison, and in order to save space, further details of the numerical approach (e.g., 

mesh sensitivity study) are not provided here. The obtained PANS results are very helpful to ex-

plain the relationships between boundary layer profiles and frictional drag. 

 

 
Figure 7: CFD domain and mesh around the trailing car 

4 Results 

This section provides the experimental and numerical results combined with supplementary data 

from the studies presented in Section 2. The results are structured into the topics of boundary layer 

investigations, an analysis of the frictional drag, including ground roughness effects, pressure drag 

investigations, and an evaluation of the impact of roof elements. 

 

 

4.1 Boundary layer growth along flat plate and train 

 

The frictional drag results from molecular and turbulent shear stress τW in the proximity of a 

body’s surface and is closely connected to the flow profiles along the surface (Schlichting & 

Gersten, 2016). For a flat plate, the relevant turbulent boundary layer quantities, such as boundary 

layer profile and skin friction coefficients, can be calculated assuming a power-law function for the 

near-wall velocity profile with empirical quantities n and k (Schade, et al., 2013) (Prandtl, 2009). 
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From conservation laws, the boundary layer thickness δ99 (defined as the distance from the wall 

where u(y = δ99) = 0.99∙U), as well as the local friction coefficient cf, and the frictional drag coef-

ficient CD,f for the smooth flat plate can be derived (see Appendix): 

𝑢(𝑥, 𝑦)

𝑈
= (

𝑦

𝛿99(𝑥)
)

1
𝑛

   ,                                                                           (1) 

 

𝛿99(𝑥) = [𝐶 (
1

𝑘
)

2𝑛
𝑛+1

]

𝑛+1
𝑛+3

𝑥 𝑅𝑒𝑥

−
2

𝑛+3    ,                                                       (2) 

with 

𝐶 =
(𝑛 + 3)

𝑛 (1 −
𝑛 + 1
𝑛 + 2

)
 ;                                                                        (3) 

and 

𝑐𝑓 = 2𝐶−
2

𝑛+3 (
1

𝑘
)

2𝑛
𝑛+3

𝑅𝑒𝑥

−
2

𝑛+3  ,                                                                 (4) 

𝐶𝐷,𝑓(𝐿) = 2 𝐶−
2

𝑛+3 (
1

𝑘
)

2𝑛
𝑛+3

𝑅𝑒𝐿

−
2

𝑛+3 (
𝑛 + 3

𝑛 + 1
) ,                                          (5) 

where Rex ≡ U x/ν and ReL ≡ U L/ν. Here, x represents the streamwise location and L the length of 

the plate, i.e. CD,f represents the local friction coefficient cf integrated over the length L. 

 

For the flat plate, the above parameters often are calculated based on n = 7 (with k = 8.74 

(Hucho, 2012) (Schade, et al., 2013)), which is therefore known as the 1/7 power law. For large 

REYNOLDS numbers Rex ≥ 3∙105, however, it is expected that the flow profiles are more in line with 

a theoretical approach using higher values of n and k (Schlichting & Gersten, 2016) (Prandtl, 2009) 

(Schultz-Grunow, 1941), as shown in Table 2.  

 
Table 2: Empirical coefficients n and k for theoretical boundary layer profiles at REYNOLDS numbers up to 

Re=2∙106 according to (Schade, et al., 2013) and for higher Rex as estimated by the author 

Rex 4∙103 1.1∙105 3∙105 8.5∙105 2∙106 >2∙106 >>2∙106 

n 6 7 8 9 10 11 12 

k 7.75 8.74 9.71 10.6 11.5 12.4 13.3 

The above power-law approach for a theoretical calculation of the boundary layer parameters 

has some shortcomings with regard to the fulfilment of physical boundary conditions at the wall 

(infinite slope) and the transition to the outer potential flow (not continuously differentiable), 

(Truckenbrodt, 2008). Therefore, another approach is the law of the wake approach, in which the 

boundary layer parameters are calculated based on empirical wake functions, as presented by Coles  

(1956) (Truckenbrodt, 2008) (White, 1991). The exponent of the REYNOLDS number term in these 

results indicates a similar dependence on the velocity as found for the power-law approach based 

on n = 11. When using the respective n and k (Table 2) to calculate the boundary layer quantities, 

it becomes apparent that, except the boundary layer thickness δ99, all results agree quite well when 

comparing the power-law results with those from the law of the wake (Table 3). This accordance 

underlines the assumption that the power-law approach should consider values n > 7 in case of 

Rex ≥ 3∙105. Similar observations were made for the boundary layer on trains, where velocity pro-

files with n = 8 to n = 12 were found (Brockie & Baker, 1990) (Firchau, et al., 1980) (Neppert, 
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1984) (Bernard, 1971) (Miki, et al., 1959) (Sakuma, et al., 2010) (Crespi, et al., 1994) (Takaishi & 

Ikeda, 2012). 

 
Table 3: Boundary layer quantities calculated using different semi-empiric approaches 

Approach δ99 δ1 δ2 cf CD,f 

Law of the wake 0.14∙x∙Rex
-1/7 0.0181∙x∙Rex

-1/7 0.0142∙x∙Rex
-1/7 0.0250∙Rex

-1/7 0.0303∙ReL
-1/7 

Power law (n=11) 0.21∙x∙Rex
-1/7 0.0177∙x∙Rex

-1/7 0.0149∙x∙Rex
-1/7 0.0256∙Rex

-1/7 0.0299∙ReL
-1/7 

L/P 0.67 1.02 0.95 0.98 1.01 

 

 
Figure 8: Boundary layer profiles measured on Railjet train in the open air using a pressure rake and theo-

retical approximation for highest (solid red line) and lowest (dashed red line) driving velocity 

After the discussion on the generic flat plate boundary layer, the available database on full-scale 

train boundary layers is considered. Supplementary data from the studies by Kapfenberger et al. 

(2015) and Behrends et al. (2017) regarding the boundary layer in the open air are presented in 

Figure 8 for the Railjet train, by courtesy of HBI Haerter AG. The boundary layer was measured 

using a pressure rake installed on the loco, while the distance to the train’s nose was varied by 

adding additional cars in front of the measurement position (Kapfenberger, et al., 2015). It can be 

observed that the boundary layer profile, when measured on the leading car, strongly depends on 

the driving velocity and thus the REYNOLDS number, similar as observed by King and Pfitzenmaier 

(1985). When adding cars upstream the measurement position, this dependency more or less dis-

appears. However, in contrast to the findings presented above, n is found to be surprisingly low, 

with about n = 5. This discrepancy is probably due to the roof equipment, including the lowered 

pantograph, and the pronounced inter-car gap directly upstream the measurement position (cf. Fig-

ure 8 and (Kapfenberger, et al., 2015)), which reduces the flow momentum in the proximity of the 

wall. As can be inferred from Figure 9, a low near-wall momentum is better expressed by lower 

values of n. 

x1=9.6 m x2=63 m x3=115 m x4=195.5 m

n=8 n=4.5 n=5 n=5

driving direction

x1 x2 x3 x4

u(y) / U u(y) / U u(y) / U u(y) / U

U= 163 km/h

U= 202 km/h

U= 232 km/h

U= 251 km/h
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Figure 9: Theoretical boundary layer profiles for different 

values of n 

 

The resulting theoretical boundary layer thickness 

δ99 along the Railjet, estimated by Eq. (1), as well as 

further data from other studies of train roof and side 

boundary layers, are presented in Figure 10. It can be 

seen that the boundary layer thickness in most cases in-

deed follows a progression of n ≥ 10 for the power-law. 

This observation also applies to the Railjet and empha-

sises the differences between the flow development 

over the flat plate and a rugged surface such as a train 

roof with roof equipment, since n for the boundary layer thickness (Figure 10a) does not correspond 

to n for the boundary layer shape (Figure 8). (Again, it must be noted that the profiles presented in 

Figure 8 were measured directly downstream the pantograph area and downstream the considerable 

inter-car gap between loco and coach, which will definitely have some impact on the boundary 

layer profiles.) Similar behaviour was observed for measurements downstream the pantograph on 

a Shinkansen by Takaishi (Takaishi & Ikeda, 2012) (Shinkansen B in Figure 10a). However, in case 

of no upstream roof equipment (Shinkansen A), the data agrees quite well with the theory for the 

respective n. Analogous behaviour can be observed for the boundary layer data measured on the 

train side in about 2 m height above the top of rail, Figure 10a.  

 
Figure 10: a) Boundary layer thickness from full-scale measurements on train roof (square marks) as given 

by 1)(Takaishi & Ikeda, 2012) and 2)(King & Pfitzenmaier, 1985), as well as on the train side (round marks) 

as given by 3)(Paradot, 2001),4)(Richards & Cooper, 1977) 5)(Miki, et al., 1959), 6) (Bernard, 1971), 

7)(Sakuma, et al., 2010), and 8)(RAPIDE, 2001), and theoretical boundary layer thickness’ for different n 

(with k according to Table 2) for a velocity ofU= 250 km/h; b) Boundary layer on train side (about 2 m above 

top of rail) from reduced-scale measurements at different REYNOLDS numbers and best fit compared to the 

theoretical boundary layer thickness using respective n and k for Re1:1=14∙106 (according to a)), 

Re1:22=0.5∙106 (representing red coloured model scale data), Re1:50=0.06∙106 (representing grey coloured 

model scale data), and ReCFD=1∙106 (representing blue coloured CFD data); experimental data as given by 
9)(Paradot, et al., 2002), 10)(Buhr & Ehrenfried, 2017), 11)(Brockie & Baker, 1990), and the current work, 

CFD results taken from 12)(Jia, et al., 2017) 
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Figure 10b shows experimental and numerical results for the boundary layer thickness at reduced 

scale. The best fit of the respective data is compared to the predicted theoretical boundary layer 

thickness with n = 9-11 for all REYNOLDS numbers, including the best fit resulting from the full-

scale results presented in Figure 10a. It can be seen that the theory gives a reasonable estimate for 

all REYNOLDS numbers when using n = 9-11, while n = 7 results in an underestimated boundary 

layer thickness as exemplarily shown for the full-scale data. Figure 10b as well shows some bound-

ary layer data from CFD investigations of high-speed trains, both using wall-functions (Tschepe, 

et al., 2019c) (Jia, et al., 2017). When comparing the CFD results to the experimental data, it can 

be seen that the simulation method of the near-wall flow chosen in these studies tends to underes-

timate the boundary layer thickness significantly. This effect will be discussed further in the fol-

lowing sections. 

Baker (2010) points out that the boundary layer flow around a train is not two-dimensional and 

that self-similarity of the velocity profiles along a train is doubtful. While the latter is not even 

entirely the case on a flat plate, as can be concluded from the variation of n given in Table 2, the 

first point certainly causes some differences between the flow around a flat plate and a train. How-

ever, especially on smooth high-speed trains, the flow around the train should be dominated by the 

main flow direction at some distance to the ground. Therefore, as can be seen for the Shinkansen C 

data (Figure 10a), the agreement with flat plate theory is expected to increase for aerodynamically 

optimised trains, even though some differences will remain due the flow deflected to the train’s 

roof (Baker, 2010). For less streamlined trains, Figure 10 shows that at the train’s front, the bound-

ary layer thickness increases much faster than on a flat plate, which is caused by flow separation at 

the head. The somewhat scattered data indicates the strong impact of the train’s shape. It must be 

noted that all full-scale results contain some serious uncertainties since the measurement equip-

ment, such as lasers or pressure-rakes, can only collect data in the near-wall region with a maximum 

wall distance of mostly below 0.5 m (Brockie & Baker, 1990) (Sakuma, et al., 2010) (Crespi, et al., 

1994) (Takaishi & Ikeda, 2012). The smooth transition from the boundary layer velocity profile to 

the free stream or potential flow increases the uncertainties for defining δ99, leading to an error band 

of about ±40% (Crespi, et al., 1994). Therefore, a more profound discussion probably would be 

possible using other boundary layer parameters, such as the displacement thickness δ1 or the mo-

mentum thickness δ2 (Baker, 2010). However, these quantities also are strongly affected by the 

small wall distance studied on full-scale trains and are often not presented by the authors. 

Concluding, it can be said that the boundary layer along a train (at least at some distance to the 

ground) can be predicted to some degree by flat plate theory when using the correct empiric coef-

ficients n and k for high REYNOLDS numbers. Furthermore, the REYNOLDS number seems to have 

a similar impact on the boundary layer thickness as known for the flat plate. 

 

4.2 Frictional drag 

 

4.2.1 Frictional drag at train side and roof 

 

The frictional drag of the flat plate has been studied extensively (Hoerner, 1965) (Hucho, 2012) 

(Schlichting & Gersten, 2016) (Schultz-Grunow, 1941) (Truckenbrodt, 2008). Different formulae 

were derived from the above theories combined with empirical data to describe the frictional drag 

coefficient. Widely used are the formulae presented by Prandtl and Schlichting (2016), which take 

into account both the smooth and the rough flat plate: 

 

𝑐𝑓,𝑠𝑚𝑜𝑜𝑡ℎ = (2 ⋅ log10 𝑅𝑒𝑥 − 0.65)−2.3                                                     (6) 

𝐶𝐷,𝑓,𝑠𝑚𝑜𝑜𝑡ℎ = 0.455 ⋅ (log10 𝑅𝑒𝐿)−2.58                                                          (7) 
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𝑐𝑓,𝑟𝑜𝑢𝑔ℎ = (2.87 + 1.58 ⋅ log10

𝑥

𝑘𝑠
)

−2.5

                                                (8) 

𝐶𝐷,𝑓,𝑟𝑜𝑢𝑔ℎ = (1.89 + 1.62 ⋅ log10

𝐿

𝑘𝑠
)

−2.5

                                                (9) 

with ks representing the equivalent sand roughness of the surface (Schlichting & Gersten, 2016). 

As defined for Eq. (4) and (5), CD,f represents the local friction coefficient cf integrated over the 

length L. Similar formulae were presented by Schultz-Grunow (1941) and Schoenherr (1932). The 

friction coefficient cf based on these formulae is plotted against the REYNOLDS number in Figure 

11. Since Eq. (8) and (9) do not depend on the REYNOLDS number, but only on the ratio x/ks (or 

L/ks, respectively), in case of x/ks = const., the skin friction coefficients are also constant. In this 

case, three different roughness regimes can be identified: One where the rough friction coefficient 

equals that of the smooth plate because the roughness is smaller than the viscous sublayer; One 

where the friction coefficient is constant (fully rough flow regime); and one in between. In the case 

of U∙ks = const., the roughness applies an offset to the smooth flat plate curve over the entire 

REYNOLDS number range. This correlation is particularly  important when scaling the frictional 

drag of trains because it can be assumed that for model-scale and full-scale vehicle, the relation is 

more likely to be U∙ks = const. than x/ks =const. It implies that no such thing as a critical REYNOLDS 

number, above which the friction coefficient is constant, can be assumed for the skin friction drag.  

Figure 11 further compares the friction coefficient for the smooth plate calculated according to 

Eq. (6) with the friction coefficients calculated based on the power-law (Eq. (4)) with different n 

and k. It can be seen that the Prandtl-Schlichting curve matches the different friction lines very well 

in the respective REYNOLDS number range given in Table 2, underlining the validity of the power-

law approach when using correct empiric coefficients. 

 

 
Figure 11: Friction lines for the smooth flat plate according to the power-law using different n (grey lines) 

and friction coefficient for the smooth and rough flat plate according to (Schlichting & Gersten, 2016); 

dashed lines indicate constant U∙ks (with x=1-400 m), dashed-dotted lines indicate constant x/ks (with U=1-

70 m/s); the fat blue line represents the Prandtl-Schlichting formula for the smooth flat plate 
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Friction coefficients measured on the train side are plotted in Figure 12a. A similar trend as for 

the flat plate can be observed. However, different than might be expected, some of the skin friction 

data measured on full-scale trains are below the one of the smooth flat plate. Baker (Brockie & 

Baker, 1990) (Baker, 2010) attributes this deviation to the three-dimensional flow effects around 

the vehicle. Besides, the difficulty of accurately determining the skin friction coefficient on non-

smooth surfaces could also be an issue. The methods commonly used to determine skin friction, 

such as the PRESTON tube method or the CLAUSER diagram method (Tropea, et al., 2007), were 

developed or calibrated for smooth walls. Surface roughness poses a challenge since it generates 

an “error in the origin” of the mean profile, due to the well-known downward shift of the inner 

normalised flow profile (Schlichting & Gersten, 2016). An iterative attempt to consider this effect 

is shown in Figure 13: The measured data are first compared only with the slope of the friction 

lines given by the CLAUSER chart, and after identifying the best match, the roughness factor ks is 

used to shift the data to the correct origin. That way, both skin friction coefficient and surface 

roughness can be determined to a certain degree of accuracy. With about ks = 0.2 mm for the high-

speed train and ks = 0.7 mm for the regional train (Figure 13), the results agree well with  the values 

given by Gawthorpe2 (1978) and Molland et al.3 (2011). This method was used to calculate skin 

friction both from data given in the literature and the current experiments (Figure 12). For the full-

scale train data, this leads to significant differences when comparing the results to a single point 

approach as the PRESTON tube method. In the latter case, the results would coincide with the values 

given for the IC125 and KISS (Figure 12a). Therefore, it is likely that the low values determined 

for these trains are biased in the same way, i.e. the roughness impact is neglected. If the IC125 and 

the KISS data are excluded, good agreement to the flat plate skin friction can be found. The model-

scale train data compares well with the smooth flat plate data, while the full-scale results implicate 

some roughness. Considering that the model trains usually exhibit a very smooth surface and do 

not include details like rivets, window frames, or similar, which are featured by full-scale trains, 

this consistency appears to be reasonable. Peters (1983) stated similar, postulating that the friction 

increase caused by the increased roughness on full-scale trains might compensate for the decrease 

due to REYNOLDS number effects compared with model scale measurements. However, even if the 

two effects might cancel out each other to a certain extent, the full-scale coefficients still appear to 

be lower than those for the model train. Another interesting observation in Figure 12a is the low 

friction coefficient of the ICE/V calculated by the CFD. The discrepancy to the experimental data 

can be explained by an analysis of the boundary layer profiles. While for the experiments the 

boundary layer profiles on the train side follow a shape of about n = 9, the CFD calculates an n = 6 

profile. The skin friction coefficient of the CFD also matches the n = 6 results for the flat plate 

theory, whereas the experimental results again match n = 9 (Figure 12a). 

A good agreement of experimental train data and flat plate theory can be observed for smooth 

train roofs as well (Shinkansen A, Figure 12b). However, already small steps on the roof, as found 

on the ICE/V (Figure 14b), create some flow disturbances which result in a lowered measured skin 

friction coefficient, Figure 12b. If roof elements are added upstream of the measurement position, 

the velocity profile is dominated by wake flow structures (Figure 14 and Figure 15), making an 

interpretation regarding the skin friction coefficient with the above methods impossible. Therefore, 

Figure 12b only presents the data for the simple ICE/V configuration. Similar behaviour can be 

 

 

                                                      
2 for the Mark I coach ks = 0.5-0.9 mm, for the APT-E ks = 0.1 mm 
3 for smooth marine paint on ships ks = 0.05-0.1 mm 
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Figure 12: a) Skin friction coefficient measured on train side, according to 1)(Brockie & Baker, 1990), 
2)(Miki, et al., 1959), 3)(Haff, et al., 2016), 4)(Sakuma, et al., 2010), 5)(Gawthorpe, 1978), 6)(Baker, et al., 

2019), and current measurements, evaluated using the PRESTON  tube method (P) and CLAUSER chart method 

(C); b) skin friction coefficient measured on train roof according to 1) (Brockie & Baker, 1990) 7)(King & 

Pfitzenmaier, 1985), 8)(Takaishi & Ikeda, 2012), and current measurements; c) skin friction drag coefficient 

according to 9) (Hara, et al., 1968), 10) (Maeda, et al., 1989), and 11)(Jia, et al., 2017) 

observed for the data downstream the pantograph area of the Railjet, where the use of the CLAUSER 

chart method would lead to extremely high values of cf and ks, while the low near-wall momentum 

(n = 5, Figure 8) would result in a minimal skin friction coefficient. This discrepancy underlines 

the difficulties in determining a proper skin friction coefficient on complex bodies such as trains. 

The model-scale roof data provided by Brockie and Baker (1990) shows another interesting flow 

feature: At the front end of the train, the drag coefficient drops significantly, indicating that the 

flow is not fully turbulent here. This observation agrees with the statement by Fey et al. (2013) that, 
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especially for aerodynamically optimised trains, some part of the first car is in a laminar flow con-

dition (Figure 1). The current investigations were performed with and without tripping tape applied 

on the first car for a fixed laminar-turbulent transition. As can be seen in Figure 15a, the flow profile 

at the first measurement position is turbulent with and without tripping tape, and only some changes 

in the outer boundary layer region can be observed. Consequently, no differences in drag or skin 

friction coefficients were determined (less than 1% change) when adding the tripping tape. How-

ever, in the case of lower REYNOLDS numbers or better-streamlined heads, the flow around some 

part of the leading car can be laminar in model-scale testing (cf. Figure 1 and (Tyll, et al., 1996)), 

reducing its frictional drag in that region about 60-70%. Therefore, the use of a tripping tape is 

generally recommended. The laminar-turbulent transition further needs to be considered carefully 

when performing numerical simulations. When analysing the results presented in Figure 1, the po-

sition of the laminar-turbulent transition x appears to be in good agreement with flat plate theory 

xplate = 5∙105ν/U (Schlichting & Gersten, 2016) when adding a train-specific offset xnose to account 

for pressure gradients at the train nose, leading to xtrain = xplate+xnose. 

Figure 12c shows a collation of the skin friction drag coefficient given for different trains. As 

mentioned before, the data provided by Hara (1965) are often used for justifying a REYNOLDS 

independent skin friction drag of trains. However, this interpretation shall be left to the reader. A 

clear trend showing REYNOLDS number dependency can be observed in the data given by Maeda 

et al. (1989) and Jia et al. (2017)4 and for the ICE/V. As observed when comparing the numerical 

and experimental data given in Figure 12a and b, the skin friction drag coefficients from the CFD 

in Figure 12c are below the ones for the flat plate. Again, this most likely results from the deviating 

boundary layer profiles compared to the experimental data (Figure 10) with smaller values of n in 

case of the CFD (the ICE/V coefficients again match with n = 6), probably due to the use of wall-

functions at suboptimal boundary conditions. For the data given by Hara et al. (1968) and Maeda 

et al. (1989), it must be kept in mind, that this “frictional” drag as well contains some pressure drag 

components due to the applied methodology, i.e. all pressure drag except for head- and tail drag. 

Therefore, it is reasonable to assume that the train’s pure frictional drag will be about half of the 

frictional drag presented here, ending up in the flat plate range with ks ~ 0.2-0.5 mm (Figure 12c). 

These results would be consistent with the observations from Figure 12a and b. 

                                                      
4 The data originally given by Jia et al. (2017) is referring to the cross-section area A. In order to normalize 

it with the wetted surface Awet, the surface was estimated by 𝐴𝑤𝑒𝑡 = √𝐴 ⋅ 𝐿 ⋅ 4 ⋅ 0.95, as similarly proposed 

by Hucho (2012). 
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Figure 13: Boundary layer profiles measured on the train side a) displayed in the CLAUSER chart and b) 

compared to the smooth plate logarithmic law, calculated using 𝑢(𝑦)/𝑢𝜏 = (
1

𝜅
𝑙𝑜𝑔 [

𝑦𝑢𝜏

𝜈
] + 5) for the smooth 

plate and 𝑢(𝑦)/𝑢𝜏 = (
1

𝜅
𝑙𝑜𝑔 [

𝑦

𝑘𝑠
] + 8) in case of roughness 

 
Figure 14: a) Boundary layer profiles measured on train roof displayed in the CLAUSER chart; b) ICE/V 

roof variant with roof elements (complex variant) 

 
Figure 15: Boundary layer profiles on the 1:22 ICE/V roof on a) first car x/L=0.16 with and without tripping 

tape, b) middle car x/L=0.5, and c) last car x/L=0.83, measured in the wind tunnel (WT) and by CFD 
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4.2.2 Frictional drag at the train underbody 

 

Concluding from Figure 12 it can be assumed, that, even though this is not covering the flow situ-

ation at all parts along the entire train correctly, the skin friction drag coefficient of trains behaves 

similar to the one of a flat plate. Therefore, model scale data should be scalable to full-scale 

REYNOLDS numbers when considering this aspect, as it is usually practised for ships and aeroplanes 

(Molland, et al., 2011) (Sforza, 2014). However, one region in the flow around trains needs a special 

consideration: the flow underneath the train. On the one hand, the boundary layer profiles in this 

region appear to be more or less constant (Deeg, et al., 2008) (Jönsson, et al., 2012b) (Soper, et al., 

2018), indicating low REYNOLDS number effects. On the other hand, the trackbed is supposed to 

exhibit a high roughness and skin friction, at least in case of ballast and sleepers (Deeg, et al., 2008) 

(Soper, et al., 2017), which, due to equilibrium conditions, needs to be reflected in the skin friction 

of the train’s underbody as well. In order to assess the underbody friction of a train accurately, the 

roughness of the trackbed must be taken into account. Most wind tunnel experiments, numerical 

simulations, and moving model tests use a smooth ground. On the one hand, because of the com-

plexity of using a detailed trackbed with sleepers and ballast particles, on the other hand, because 

there is no standard for this detailed representation of the track. In the current experiments, the track 

roughness was not represented by an exact replication of sleepers and ballast particles at model 

scale but by using generic roughness elements as shown in Figure 16a-c, aiming at improved com-

parability with future measurements and numerical simulations. As described in section 3.2, a sand 

roughness of ks = 5-10 mm was aspired. Figure 16d shows the boundary layer profiles for the dif-

ferent roughness elements as obtained in the wind tunnel. The resulting coefficients of friction and 

sand roughness, identified as described in the previous section, are presented in Figure 16e and f.  

 
Figure 16: Roughness elements investigated in the wind tunnel: a) roughness elements arranged randomly, 

height 3 mm; b) roughness elements arranged according to (Schlichting & Gersten, 2016), Fig. 17.10, 

height 2 mm; c) sandpaper roughness grain size ~1 mm; d) resulting  boundary layer profiles (with y = 0 

set at the upper end of the investigated elements), and e),f) resulting friction coefficients and sand rough-

ness 

 

d) e) f)

1

3
2

4

1: cf=0.01 ks=4.5 mm

2: cf=0.009 ks=5 mm

3: cf=0.015 ks=8 mm

4: cf=0.014 ks=10.5mm
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Figure 17: Normalised near-wall velocity measured for different REYNOLDS numbers and ground conditions 

above the ground in the wind tunnel (WT) and underneath the middle car (MC) of the 1:22 ICE/V in the 

towing tank 

Since this method leaves a certain scope for interpretation, the solution for the roughness elements 

a) and b) is ambiguous, because two reasonable combinations of cf and ks match the experimental 

data in the logarithmic-law regime (Figure 16f). Eventually, the roughness elements presented in 

Figure 16a were used in the towing tank, assuming that their arrangement best represents the rough-

ness produced by a real trackbed. 

Figure 17 presents the normalised near-wall velocity measured in the towing tank by the 

PRESTON tube installed underneath the train’s middle car, as shown in Figure 5g. Even though the 

data are not exactly matching the roughness lines identified by the wind tunnel measurements (note 

that the measurements may be influenced to some extent by the towing mechanism, as shown in 

Figure 5), the equilibrium effect can be well observed when comparing the downshift of the nor-

malised velocity ∆U+ in the presence of the roughness elements. 

As discussed by Baker et al. (2019), the underbody roughness probably affects around 10-20% 

of the train’s surface. A collation of different trains’ drag coefficients obtained experimentally at 

model-scale and full-scale for the same train configuration, is shown in Figure 18a, combined with 

different attempts to scale the data. For the latter, the measured drag coefficient is split into a pres-

sure part CD,p and a skin friction part CD,f: 

𝐶𝐷,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐶𝐷,𝑝 + 𝐶𝐷,𝑓 ⋅
𝐴𝑤𝑒𝑡

𝐴𝑟𝑒𝑓
.                                       (10) 

For the calculation, the average of the measured drag coefficient and REYNOLDS number from the 

model scale experiments are used. Again, the wetted surface is estimated by 𝐴𝑤𝑒𝑡 = √𝐴 ⋅ 𝐿 ⋅ 4 ⋅
0.95. The pressure and friction part now is calculated as follows: 

1. the frictional drag is split into a smooth surface part CD,f (smooth) as expected for train sides 

and roof (Eq. (7)) and an underbody part with a constant5, i.e. REYNOLDS number inde-

pendent, frictional drag CD,f (underbody) : 

𝐶𝐷,𝑓 (𝑡𝑜𝑡𝑎𝑙)(𝑅𝑒) = 𝐶𝐷,𝑓 (𝑠𝑚𝑜𝑜𝑡ℎ)(𝑅𝑒) ⋅ 𝑟 + 𝐶𝐷,𝑓 (𝑢𝑛𝑑𝑒𝑟𝑏𝑜𝑑𝑦) ⋅ (1 − 𝑟),     (11) 

with r being the ratio of side and roof surface to the total train surface. From Eq. (10), 

the pressure drag then becomes 

𝐶𝐷,𝑝 = 𝐶𝐷,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐶𝐷,𝑓 (𝑡𝑜𝑡𝑎𝑙)(𝑅𝑒𝑚𝑜𝑑𝑒𝑙 𝑠𝑐𝑎𝑙𝑒) ⋅
𝐴𝑤𝑒𝑡

𝐴𝑟𝑒𝑓
                                (12) 

2. The respective drag coefficient for different REYNOLDS numbers now results from 

                                                      
5 note that in case of a constant friction coefficient CD,f=cf 
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𝐶𝐷(𝑅𝑒) = 𝐶𝐷,𝑝 + 𝐶𝐷,𝑓(𝑡𝑜𝑡𝑎𝑙)(𝑅𝑒)
  𝐴𝑤𝑒𝑡

𝐴𝑟𝑒𝑓
                                              (13) 

In the following, different parameter settings will be considered and discussed. First, we consider 

the case of r = 1, where the flow at the train side/top and underneath the train is treated equally. As 

discussed above, this does not reflect well the flow conditions around the train, which is also indi-

cated by the poor agreement of full-scale and up-scaled data shown in Figure 18 (red lines). A 

physically better approach is to assume a different friction coefficient in the underbody region, as 

expressed by Eq. (11). Since all measurements were performed using a smooth ground, CD,f (under-

body) = 0.0035 can be assumed, as observed for the smooth ground in Figure 17. Except for the IC125 

(which may be due to measurement uncertainties), this gives a very good agreement of the experi-

mental model-scale data and the theoretical approach over a wide range of REYNOLDS numbers. 

However, the full-scale results still are significantly underestimated. When considering the theo-

retical friction curves and the experimental model-scale data for increased underbody friction 

CD,f (underbody), it seems obvious that the discrepancies are due to the full-scale measurements been 

carried out on a rough trackbed instead of a smooth floor. The difference caused by the underbody 

skin friction drag for ballast and sleepers compared to the smooth ground seems to close the gap 

between full-scale and model-scale data and explains why scaling approaches omitting this effect 

often lead to an underestimation of up-scaled coefficients.  

 

 
Figure 18: Measured drag coefficients and measurement uncertainties normalised by full-scale values - for 

the ICE/V according to the current results and full-scale results (Peters, 1990), for the IC125 according to 

(Brockie & Baker, 1990), and for the TGV according to (Baker & Brockie, 1991) and (Bernard, 1995). The 

blue lines represent the scaling approach according to Eq. (11)-(13) using different ratios r and different 

underbody friction coefficients CD,f(underbody), while the red lines represent the simple flat plate approach with 

r = 1. The grey dots represent the smooth ground experimental results increased by 15%, as found by (Paz, 

et al., 2017) 

In the current experiments, the presence of the roughness elements increased the drag of the train 

model by about 4-5%. Investigations on the effect of sleepers on the drag of a three-car train per-

formed by Paz et al. (2017) resulted in about 15% higher drag compared to the smooth BR ground 

setup. Besides the different types of ground roughness used, the lower drag increase observed in 

this study might as well be a result of the rugged underbody of the leading car and tail car (cf. 

Figure 5e and g). The smoother the train underbody, the stronger drag increase due to trackbed 

ICE/V, 3 cars IC125, 9 cars TGV, 5 cars
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roughness is to be expected. Hence, the drag increase depends on the percentage of underbody 

surface r, on the geometry/quality of the underbody (smooth or rugged surface), and on the rough-

ness of the track CD,f (track). In the current experiments, the latter was found to be in the range of 

CD,f(track) = 0.009-0.014 (Figure 16), so the maximum underbody friction in Figure 18 was set to 

CD,f(underbody) = 0.007-0.015, assuming that CD,f(underbody)~ CD,f(track).  It can be seen that higher under-

body coefficients would result in an overestimated drag coefficient at full-scale (Figure 18). How-

ever, most track data presented by Baker et al. (2019) are in the range of CD,f(track) = 0.02-0.04. Con-

sidering the implied skin friction drag of the train, it appears questionable that 

CD,f(underbody) = CD,f(track). This discrepancy probably results from the fact that the effective friction on 

the train is the sum of actual friction and repeating pressure loss along the train (bogies, inter-car 

gaps, and elements mounted on the underbody), which must in some way be balanced by the track 

forces. Therefore, it can be assumed that the skin friction coefficient measured on the track is af-

fected by the train underbody geometry in a similar way as the train underbody coefficient is af-

fected by the ground roughness. Unfortunately, the ground roughness of the track under the influ-

ence of the train above was not measured in the current experiments. Hence, further investigations 

on the effect of ground roughness are required for a thorough understanding of the implications on 

the aerodynamic drag. 

Figure 19 shows the percentage of the skin friction drag in the overall drag for the various pa-

rameter cases examined. According to the literature (Orellano & Kirchhof, 2011) (Nolte & 

Würtenberger, 2003) (Peters, 1983) ratios of 30-50% are to be expected, which agrees well with 

the presented results. For the TGV the skin friction drag appears to be comparably high, with 60-

75%. However, considering that the TGV in this configuration is 50% longer than the ICE/V but 

only has about 10% higher total drag, it is very likely that the TGV exhibits a very low pressure-

drag6, increasing the proportion of frictional drag.  

The analysis of the underbody friction leads to another interesting point. According to Figure 

12, the skin friction drag coefficient on the train side and roof is about CD,f = 0.003. The underbody 

friction coefficient presented in Figure 17 to Figure 19 is up to 5 times higher. Assuming that the 

underbody friction affects about 1/5 of the train’s surface, the resulting drag is of similar magnitude 

to that created by the remaining surface. Therefore, for a high-speed train with about 50% of the 

total aerodynamic drag resulting from friction and half of this drag resulting from underbody fric-

tion, a reduction of the underbody friction by 50% would lower the overall aerodynamic drag by 

12.5%. The dataset collected by Baker et al. (2019) and the results presented by Rochard and 

Schmid (2000) indicate that such reductions could result from the use of slab tracks instead of 

ballast and sleepers. These significant energy savings should be considered in future cost-benefit 

analysis for slab tracks from a systems perspective. 

 

                                                      
6 From the above made calculations, the pressure drag of the TGV is about CD,p = 0.16, for the 

ICE/V CD,p = 0.30, and for the IC125 CD,p = 0.91, only changing very little (<3%) with varying r. 
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Figure 19: Percentage of total frictional drag in overall aerodynamic drag for various combinations of af-

fected underbody surface r and underbody drag friction coefficient CD,f, underbody for model scale (blue) und 

full-scale (red), according to Eq. (11) and (13) 

 

4.3 Pressure drag 

 

4.3.1 Pressure gradients along the vehicle 

 

The drag coefficient measured in a wind tunnel is generally affected by blockage effects 

(Willemsen, 1997) and a pressure gradient along the test section (Barlow, et al., 1999). While the 

former in case of small train models and angles of attack is rather low (for the current setup the 

blockage is <2%) and can be easily corrected for by measuring the flow speed above the model 

(Figure 6a), the latter needs to be examined more closely. The static pressure in a closed wind 

tunnel (when no countermeasures are applied7) drops when moving in downstream direction along 

the test section due to the increased flow speed caused by the boundary layer growth along the wall. 

According to Barlow et al. (1999), for a closed square jet with width B the pressure loss can be 

estimated by 

Δ𝐶𝑝(Δ𝑥) = −𝑘
Δ𝑥

𝐵
.                                                           (14) 

While Barlow et al. (1999) found k to be about k = 0.016-0.04, for the current setup k was identified 

to be k = 0.054 (with 𝐵 = √𝐴𝑡𝑒𝑠𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛). Similar to the correction method applied to the towing 

tank data to compensate for surface wave effects at lower velocities (for a detailed description see 

(Tschepe, et al., 2019a)), the drag coefficient can be corrected for the pressure change by 

𝐶𝐷,𝑐𝑜𝑟𝑟 = 𝐶𝐷,𝑚𝑒𝑎𝑠 + Δ𝐶𝑝(𝐿).                                                   (15) 

For the three-car ICE/V train this gives Δ𝐶𝑝~ − 0.1, making more than 20% of the total drag coef-

ficient (Figure 20). Even in a large wind tunnel with B = 3 m and small pressure loss, let’s say 

k = 0.02, Δ𝐶𝑝 still would make 4-5% of the measured drag coefficient, increasing with increased 

train length. Thus, the pressure gradient in a wind tunnel appears extremely important to observe 

when performing drag measurements with long vehicles like trains. All wind tunnel data presented 

in the following were corrected in the described manner. 

 

 

 

                                                      
7 A common method to avoid pressure gradients is to alter the cross-sectional area along the test 

section, as performed for the measurements of the TGV presented in Figure 18. 
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4.3.2 Ground condition 

 

Figure 20 shows the drag coefficient from the current study for the 1:22 ICE/V measured in the 

towing tank on the ballast and rail setup (with and without roughness elements) and in the wind 

tunnel on the ballast and rail and flat ground setup (Figure 5). It becomes apparent that the drag 

measured on the static ground in the wind tunnel is much lower (about 16% for the FG and 25% 

for the BR setup) than obtained with the moving model/ground in the towing tank and the CFD. 

The drag decrease when using a static ground setup agrees well with the observations by (Kwon, 

et al., 2001), (Gaylard, et al., 1994), and (Zhang, et al., 2016). Regarding the difference between 

static FG and BR setup, similar observations were made by (Schober, et al., 2010) and (Tomasini, 

et al., 2014). Comparing the towing tank results with the FG wind tunnel measurements, it can be 

seen that the absolute difference for the complex variant is higher than for the simple variant. This 

discrepancy is related to the reduced flow speed underneath the train in case of the static ground in 

the wind tunnel, which lowers the drag of the complex bogies and in general leads to a strongly 

distorted flow situation close to the ground (Zhang, et al., 2016).  

Further changes related to the ground simulation occur in the train’s boundary layer, Figure 21. 

While on the train roof, no alterations due to the ground simulation can be observed, significant 

changes occur on the train side, even though the measurement position is at about half the train’s 

height, i.e. at some distance to the ground. The reduced flow speed underneath the train and at the 

lower train side also affects the tail car’s pressure distribution, as shown in Figure 22. The static 

BR setup seems to have the strongest effect on the flow in ground proximity and creates significant 

differences in the pressure distribution compared to the moving model (Figure 22c). When increas-

ing the ground clearance, the flow rate underneath the train and the according pressure distribution 

change (Figure 22a). This change also is reflected in the drag and lift coefficient, Figure 22d. Es-

pecially the lift coefficient shows a strong dependency on the ground clearance and for higher dis-

tances to the ground seems to approach the coefficients obtained by the CFD with a moving ground. 

Similar behaviour was observed by Fago et al. (1991) and Xia et al. (2017). The general discrepancy 

between FG and BR flow effects is supposed to result from a significantly increased boundary layer 

thickness on the BR setup (δ99≈0.35H at x/L=0.5) compared to the FG setup (δ99≈0.15H at x/L=0.5) 

due to flow separation at the upstream end of the ground setup. A similar effect on the tail car 

pressure can be assumed for variating roughness of the ground.  

The above results show that both friction drag and pressure drag are affected by the ground 

simulation, i.e. the ground setup (FG or BR) and ground roughness. The impact of the ground 

clearance should as well be considered when analysing the effect of the investigated ground rough-

ness as discussed above. In the current experiments, due to the height of the roughness elements, 

the ground clearance with applied roughness elements was slightly reduced, probably affecting the 

resulting drag coefficient. 
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Figure 20: Drag coefficient and uncertainty range (transparent shading) for the 1:22 scale ICE/V plotted 

against the REYNOLDS number based on Lref = 3m at full-scale, measured on ballast and rail (BR) and flat 

ground (FG) setup 

 

The wind tunnel results underline the sensitivity of the flow around a long vehicle in ground 

proximity towards ground boundary conditions. It can be clearly stated that drag investigations of 

trains on a static ground setup cannot in any way reproduce the flow physics around a moving train. 

Both static BR and FG setup do not appear to be useful for an overall drag prediction, with the BR 

setup being even worse, and should only be used to investigate flow effects on the roof. When using 

a moving ground setup, ballast (or at least an equivalent roughness simulation) and rails need to be 

modelled as well, as outlined in the previous section. 

 

 

 
Figure 21: Boundary layer profiles of the 1:22 ICE/V at different positions along a) the train side and b) 

roof, as measured in the wind tunnel using a static flat ground (FG) and CFD using a moving ground with 

BR setup 

 

complex

s
m

o
o

th
 g

ro
u

n
d

rough ground

simple

∆
C

p
=

0
.1

a) b)

u(y) / U

BR

BR

BR



29 

 
Figure 22: Pressure coefficient for the 1:22 ICE/V measured on a) the train’s tail in the wind tunnel with 

different ground setups and ground clearances, b) the train’s front in the towing tank, and c) the train’s tail 

in the towing tank and wind tunnel on BR ground setup. d): Drag and lift coefficient obtained for the simple 

ICE/V model in the wind tunnel for different ground clearances 

 

4.3.3 Reynolds number impact 

 

Regarding the impact of the REYNOLDS number on the results, some further conclusions can be 

drawn from Figure 22b and c, where the pressure coefficient measured at the train’s front and tail 

is plotted against the REYNOLDS number. While on the train’s head the pressure distribution is not 

affected by the REYNOLDS number, some changes can be observed at the tail, indicating that con-

stant pressure coefficients can only be expected for Re > 0.4∙106, which agrees with the observa-

tions made by (Niu, et al., 2016) and (Willemsen, 1997). Combined with the observations made for 

the drag coefficient in Figure 20, this leads to the conclusion that the pressure drag of streamlined 

trains can be considered as constant above REYNOLDS numbers of Re = 0.4-0.5∙106 and the drag 

coefficient then only is influenced by skin friction effects. However, for trains with more than three 
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or four cars, the boundary layer effects at reduced scale outlined in Section 4.1 and their influence 

on the tail pressure drag might shift this limit towards higher REYNOLDS numbers. 

 

4.4 Roof elements 

 

Figure 23 shows the drag increase due to elements added on the roof of the three-car ICE/V 

model. The additional drag caused by the elements strongly depends on their position on the train, 

i.e. the upstream boundary layer thickness. This effect is more pronounced for the cylinders (B1, 

B2) than for the pantograph (C1, C2) because the cylinders exhibit a lower height and are therefore 

more immersed into the boundary layer. As shown in Figure 10, the boundary layer thickness in 

scaled experiments exceeds the one found on full-scale trains due to REYNOLDS number effects. 

The velocity profiles expected on a full-scale and model-scale roof are shown in Figure 24. At both 

locations, the velocity integral up to the respective roof element’s height is about 6% lower at 

model-scale, resulting in 12% lower drag forces. 

In contrast to the aforementioned effect, it is well known from flow investigations of cylinders that 

the drag coefficient significantly reduces when exceeding a critical REYNOLDS number (Roshko, 

1961). This also applies for inclined cylinders (Zurrel, 2004), which are more representative of a 

pantograph. A similar dependency of the drag coefficient on the REYNOLDS number was observed 

by Tschepe et al. (2019b) for insulators mounted on train roofs, reducing the drag coefficient in the 

(super-)critical REYNOLDS number range about 40% compared to the sub-critical one. In all cases, 

the critical REYNOLDS number, referring to the respective diameter, is ReD = 1-2∙105. For a panto-

graph, where the largest parts, i.e. the upper and lower arm, exhibit a diameter of D ≈ 0.07 m, the 

critical REYNOLDS number is attained at a driving speed of about U = 160 km/h. For insulators with 

diameters of D = 0.1-0.2 m, the critical REYNOLDS number is attained already at lower speeds. 

Thus, especially for high-speed trains, at full-scale, all elements on the roof can be expected to be 

in critical or super-critical flow condition, while at model-scale the flow condition will be sub-

critical. Consequently, at model-scale, the coefficients will be overestimated compared to the full-

scale. Although in some cases this effect might compensate the underestimation of the drag coeffi-

cient due to the upstream boundary layer thickness described above, such relation cannot be con-

sidered to be of general validity. When looking at the model-scale and full-scale pantograph drag 

from wind tunnel measurements presented in Figure 25, it appears that the REYNOLDS number 

effect only has minor effects on the pantograph drag, at least for the velocities plotted, i.e. below 

U = 200 km/h. A significantly higher influence results from the boundary layer thickness, as can 

be concluded from the investigations by Carnevale et al. (2016), which underlines the importance 

of an accurate boundary layer simulation when investigating elements on the train roof. For an 

accurate determination of the drag of roof elements, this might require a separate investigation with 

the boundary layer thickness adjusted accordingly, as performed by (Neppert, 1984), (Ido, 2015), 

or (Tschepe, et al., 2019b). 

However, a separated investigation of train and roof elements has some shortcomings, because 

besides an impact on the drag coefficient, roof elements can completely alter the downstream flow 

field. When comparing the simple and complex roof configuration of the ICE/V, significant differ-

ences regarding the pressure distribution on the tail car were found (Tschepe, et al., 2019c). Similar 

deviations could also be observed in the wake of ICE/V in the wind tunnel, Figure 26. Here, due to 

the arrangement of the roof elements, the wake became less symmetric with the roof elements ap-

plied. When omitting elements on the roof, these downstream effects need to be kept in mind, for 

example, in the case of slipstream measurements. 

The largest effect of insulators and pantographs can be expected on the otherwise smooth roofs 

of high-speed trains. Since there is a clear tendency on high-speed trains to cover everything except 
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the pantograph, soon the pantograph might be the only remaining component that requires special 

attention. 

 
Figure 23: Drag increase due to elements mounted on the train roof of the 1:22 ICE/V 

 
Figure 24: Boundary layer thickness and profiles according to the power-law using n = 9 at model-scale 

and full-scale REYNOLDS number 

 
Figure 25: Drag coefficient of pantographs investigated in the wind tunnel and from  (Lee, et al., 2015) and  

(Carnevale, et al., 2016) with and without upstream boundary layer simulation (BLS) 
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Figure 26: Streamwise velocity component u measured by the Omniprobe in the wake of the 1:22 ICE/V 

model in the wind tunnel on FG setup, with and without elements mounted on the roof 

5 Conclusion 

The present work examines various aspects of the scaling of drag coefficients measured on re-

duced scale train models. For this purpose, wind tunnel and towing tank experiments, as well as 

numerical simulations, were carried out. For appropriate comparability, all tests were performed at 

similar REYNOLDS numbers and setup specific influences such as surface waves (water channel) 

and blocking effects (wind tunnel) were subtracted. Nevertheless, some effects may be due to the 

peculiarities of the respective investigation method, which is why a large number of studies were 

consulted to compare and classify the values found. 

The main challenges found are the REYNOLDS number and ground effects. The first one mainly 

affects the frictional drag. From the data presented, it can be concluded that the frictional drag of 

trains depends on the REYNOLDS number in a similar way as found for the flat plate. Due to the 

relatively small set of available full-scale measurement data, some uncertainties remain, especially 

since the skin friction determination on trains is anything but trivial. Based on a collation of differ-

ent model-scale and full-scale measurements, it is shown that the classical power-law approach 

with n = 7 is not useful for the prediction of skin friction and boundary layer parameters along the 

train. However, a fairly good agreement is found for higher values of n, which also counts for the 

flat plate skin friction formulae given by PRANDTL. Therefore, a scaling approach based on these 

formulae is introduced and shows reasonable results. The simulation of the boundary layer and 

correct prediction of the skin friction drag also appear to be challenging for numerical simulations. 

For simulations without a fully resolved boundary layer, the skin friction drag is likely to be sig-

nificantly underestimated. 

The skin friction drag contribution is also part of the considerations regarding the correct mod-

elling of the flow underneath the train. Experiments using a generic trackbed roughness revealed a 

high impact of the ground roughness on the train’s underbody skin friction and drag coefficient. 
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Further experiments were conducted investigating the effect of static versus a moving ground. It is 

concluded that a realistic simulation of the flow underneath a train requires a moving ground in 

combination with an appropriate simulation of ballast and rails. The missing ground roughness in 

past studies and its effect on the flow under the train could be the reason for underestimated drag 

coefficients when scaling approaches based on friction effects were used. The current study pre-

sents an approach on how to transfer smooth ground drag coefficients to rough ground condition. 

However, further studies are required for validation. The most promising tool for such investiga-

tions appears to be the moving model facility, and further work to validate drag measurements 

using such facilities is highly encouraged. The interaction effects of train underbody and track con-

ditions need a closer consideration in the future and might change the cost-benefit ratio of slab-

tracks. 

The pressure drag appears to be less sensitive towards the REYNOLDS number and for Re ≥ 4∙105 

probably can be considered constant for trainsets up to three or four cars. A more significant effect 

on the pressure distribution results from the ground setup (moving or static ground) and, in the case 

of wind tunnel measurements, pressure gradients along the test-section. 

Finally, scaling issues resulting from the modelling of roof elements, such as pantographs and 

insulators, are investigated. It is shown that the REYNOLDS number has a doubled effect on the drag 

of these elements because it affects both the sub/super-critical flow condition and the upstream 

boundary layer thickness, and thus the flow momentum acting on the elements. The presence or 

absence of these elements is found to result in significant changes in the downstream flow pattern. 

Therefore, it seems questionable to simply omit such elements when studying train aerodynamics. 

Concluding, for the scaling of drag measurements, the following aspects shall be highlighted: 

• The tests need to be performed using a proper ground simulation, i.e. a moving ground or 

model with appropriate ground roughness. 

• When using wind tunnels with closed test sections, the pressure gradient along the test sec-

tion needs to be measured and the drag coefficient possibly needs to be corrected for the 

pressure gradient. 

• A tripping tape at the train’s head should be used for a fixed laminar-turbulent transition. 

• The REYNOLDS number for reduced scale investigations (based on Lref = 3 m at full-scale) 

should be Re ≥ 4∙105 to achieve a constant pressure drag coefficient. 

• The frictional drag at the train side and roof can be assumed to scale with the REYNOLDS 

number, similar as known for the flat plate. The underbody friction is more or less inde-

pendent of the REYNOLDS number and strongly depends on the roughness of the trackbed. 
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Appendix 

For a flat plate, the relevant turbulent boundary layer parameters can be calculated assuming a 

power law function for the near wall velocity profile: 

𝑈

𝑢𝜏(𝑥)
= 𝑘 (

𝑢𝜏(𝑥)𝛿(𝑥)

𝜈
)

1
𝑛

                                                                       (𝐴1) 

𝑢(𝑥, 𝑦)

𝑈
= (

𝑦

𝛿(𝑥)
)

1
𝑛

                                                                              (𝐴2) 

with empirical quantities k and n (Table 2), boundary layer thickness δ, and wall shear stress ve-

locity uτ (≡√𝜏𝑊𝜌). From conservation laws, the displacement thickness δ1 and momentum thick-

ness δ2 can be derived: 

𝛿1(𝑥) = ∫ [1 −
𝑢(𝑥, 𝑦)

𝑈
] 𝑑𝑦

∞

0

                                                                        (𝐴3) 

𝛿1(𝑥) =
𝛿(𝑥)

𝑛 + 1
                                                                                     (𝐴4) 

𝛿2(𝑥) = ∫
𝑢(𝑥, 𝑦)

𝑈
[1 −

𝑢(𝑥, 𝑦)

𝑈
] 𝑑𝑦

∞

0

                                                                (𝐴5) 

𝛿2(𝑥) =
𝑛 𝛿(𝑥)

(𝑛 + 1)(𝑛 + 2)
                                                                                   (𝐴6) 

From the definition of the wall shear stress velocity follows 

 

𝜏𝑊(𝑥) = 𝜌𝑢𝜏(𝑥)2                                                                                    (𝐴7) 

and from momentum conservation 

𝜏𝑊(𝑥) = 𝜌𝑈2
𝑑𝛿2(𝑥)

𝑑𝑥
.                                                                                (𝐴8) 

By equating these relationships, the boundary layer thickness δ can be calculated: 

𝛿(𝑥) = [𝐶 (
1

𝑘
)

2𝑛
𝑛+1
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with 

𝐶 =
(𝑛 + 3)

𝑛 (1 −
𝑛 + 1
𝑛 + 2

)
 .                                                                        (𝐴10) 

Using Eq. (A9), (A8), and (A6) this leads to 

𝜏𝑊(𝑥) = 𝜌𝑈2𝐶−
2

𝑛+3 (
1

𝑘
)
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2
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The local friction coefficient then is calculated by 

𝑐𝑓(𝑥) =
𝜏𝑊

𝜌
2

𝑈2
.                                                                                 (𝐴12) 

The frictional drag coefficient results from the frictional drag force, normalised by the dynamic 

pressure and the wetted surface (≡ width b x Length L): 

𝐶𝐷,𝑓 =
𝐹𝐷,𝑓

𝜌
2

𝑈2𝑏𝐿
                                                                          (𝐴13) 
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Using 

𝐹𝐷,𝑓 = 𝑏 ∫ 𝜏𝑊(𝑥)
𝐿

0

𝑑𝑥                                                                       (𝐴14) 

the frictional drag coefficient becomes 
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