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Abstract. Stability and ride comfort of high-speed rolling stock are, for reasons of external 
aerodynamics, dependent on the external design in conjunction with properties of the vehicle 
dynamics and the design of the infrastructure, herein referring to the confining tunnel walls. It 
is a fact that some Japanese high-speed trains are quite prone to tail vehicle vibrations only 
inside tunnels, while (to the authors’ knowledge) other nation’s comparable train systems are 
not. In this context the current work describes our results of external aerodynamics, calculated 
with large eddy simulations, about two simplified train models inside two double track 
tunnels with comparable blockage ratio. These models are based on the German Inter-City 
Express 2 and the Japanese Series 300 Shinkansen trains. The focal points of this study are 
the origin of unsteady aerodynamic tail forces, their spectral characteristics and the impact of 
spontaneously emerging coherent flow structures adjacent to the train’s surfaces. Full scale 
tests of the above trains have shown that only the Shinkansen train is subjected to a reduced 
ride comfort inside tunnels, with a quite obvious lateral vibration at about 2 Hz at top speed 
(300 km/h). Our unsteady flow calculations have successfully predicted the more detrimental 
lateral aerodynamic forces. In addition, a spectral analysis of the unsteady side force resulted 
in a quite prominent frequency at the Strouhal number of 0.09 (based on the speed and height 
of the train), which correlates well with the Japanese full scale tests.  
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1 INTRODUCTION 
Future designs of high-speed trains are faced with a challenging trend of a steadily 

increasing ratio of unsteady aerodynamic loads over opposing inertia forces. This trend is 
primarily attributed to the quadratic scaling of aerodynamic loads with train speed in 
combination with reduced mass of the vehicle body. The reduction of mass, which gives rise 
to larger accelerations when external dynamic forces applies, is a consequence of distributed 
propulsion and introduction of new modern light weight materials.  

Investments that promote high-speed rail transportation are at risk if vehicle systems and 
infrastructure are made incompatible in that unstable and/or poor ride comfort is produced at 
high speeds. One such well documented example is the relatively poor ride comfort of some 
Shinkansen trains inside tunnels summarized by Miyamoto and Suda [1]. The deteriorated 
ride comfort inside tunnels is in sharp contrast to the excellent running characteristics in open 
air. It is most unfortunate since tunnel cruising on some of the Japanese lines, c.f. the Sanyo-
line, are quite frequent. A full understanding of the underlying mechanisms of the problem is 
missing, and the question why not other comparable high-speed trains under analogous 
conditions are subjected to the similar problem is the scope of this work. In fact, some 
European high-speed trains show the opposite behavior, depicted in the subsequent section of 
this paper. The vehicle motions affected by the aerodynamics are to some extent governed by 
the properties of the vehicle dynamics, characterized by the suspension systems, and by the 
inertia of the vehicle bodies. In that respect the problem is a compound of vehicle 
aerodynamics, vehicle dynamics and the design of the infrastructure, referring to the design of 
tunnels. 

To attempt to understand the above cited diversity, the ambition of this work has been to 
calculate and compare unsteady results of aerodynamics about simplified vehicle models that 
resemble the German Inter-City Express 2 (ICE 2) and the Japanese Series 300 Shinkansen 
trains. These trains are operated in revenue service by Deutsche Bahn AG and Japanese 
Railways, respectively. Suzuki [2] gives a good overview of the full scale tests, scale tests, 
numerical modelling and countermeasures tested in regards to the Japanese Shinkansen trains. 

It is emphasized that the current problem is difficult to treat with numerical methods due to 
the following aspects: (i) At least for the Shinkansen trains, quite long bodies appear to be 
required to get the full effect of the pressure disturbances that builds up in the space between 
train and tunnel. Suzuki [2] reports that some 150 m train length is required. (ii) 
Protuberances and discontinuities about the vehicle bodies’ profiles may generate and sustain 
turbulence that affects the vehicle dynamics. The amplification of pressure disturbances 
downstream discontinuities is confirmed by Ishihara et al. [3]. Accurate fluid flow modelling 
about long vehicles with gaps and protruding equipment is indeed a computational challenge. 
(iii) If the motions of the bodies induce pressure disturbances with adequate amplitude and 
frequency that promote and sustain vehicle motions towards the rear of the train, the situation 
would be far more complex. However, scale tests with vehicle body yaw oscillations were 
said to have little effect on the aerodynamics according to [2].  

Studies of the flow with numerical methods by Suzuki [4] have suggested that pressure 
fluctuations are generated in the space between the train and the nearest tunnel wall, which 
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therefore qualitatively correlate with the full scale tests. The amplitude of the pressure 
fluctuations was in fair agreement with the measurements but the calculated spatial frequency 
of the dominant flow structures seem nearly an order of magnitude larger. These results were 
calculated with what appears to be a too coarse computational grid. On basis of the above 
cited unresolved issue Diedrichs et al. [5] undertook a series of numerical calculations using 
simplified models of the ICE 2 train inside a double- and two single-track tunnels. It was 
found that the separation of air about the tail’s wall side gave rise to quite large transient 
aerodynamic forces. In addition, the generation of continuous pressure disturbances 
propagating alongside the body was confirmed. In particular, the non-symmetric flow 
condition inside the double-track tunnel triggered substantially more of those pressure 
fluctuations. However, their spatial length was found very sensitive to the computational grid 
size. Thus, it was concluded that their true length scale is far too small to affect the vehicle 
dynamic motions and therewith disrupt the ride comfort. Rather their frequencies at top-speed 
would be in the audible range. 

The focal point of this work is the comparison of unsteady aerodynamics about two train 
models obtained with large eddy simulations. Section 3 describes the methodology and 
section 4 elaborates the computational grid properties. Attention is drawn to the generation 
and propagation of coherent flow structures in section 5, unsteady aerodynamic loads applied 
to the vehicle tails in section 6 and their spectral characteristics in section 7. In essence, we 
are looking for tangible aerodynamic differences concerning the two vehicle shapes that 
would contribute to the understanding of the ambiguous running characteristics of high-speed 
trains inside tunnels, briefly depicted in section 2. Section 8 illustrates some flow properties 
of the two models and finally, section 9 concludes the work. 

 

2 FULL SCALE MEASUREMENTS 
To depict the disparity of the problem of tail vehicle oscillations acceleration data of the 

following two trains are shown: (i) German ICE 2 running into a double-track tunnel with 
cross-section of 82 m2. These measurements were conducted in the RAPIDE project [6]. (ii) 
Japanese Shinkansen running into a double-track tunnel with cross-section of some 63 m2 
(courtesy of Dr. Suzuki. M. at RTRI [2]). 

The measurements on the ICE 2 train were conducted on the Neubaustrecke between 
Würzburg and Fulda in Germany passing through the double track Muehlberg (5.5 km) and 
Einmalberg (1.1 km) tunnels. The cruising speed was 280 km/h and the train consisted of 
totally 16 coaches, which corresponds to a train length of 400 m. The non-motorized control 
unit at the train’s end, subjected to the measurements, was equipped with pressure probes for 
external measurements plus three component accelerometers placed inside the vehicle body 
above the end bogie.  

In general, the aerodynamics when passing through a tunnel is partly characterized by the 
air’s compressibility, which upon entry and exit of the train’s front and rear generates 
compression and expansion waves that propagate inside the tunnel with about the speed of 
sound.  Figure 1 plots the non-dimensional external pressure in terms of Cp and lateral and 
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vertical accelerations of the control unit as a function of its position for the two ICE 2 
runnings.  

 

 

 
Figure 1. Non-dimensional external pressure Cp, lateral and vertical accelerations above the end bogie of the 

control-unit when passing through the tunnels of a) Muehlberg (5.5 km) and b) Einmalberg (1.1 km).   
 

a) 

b) 
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The reflected pressure pulses that pass the control unit after 1.9 km and 0.27 km inside the 
tunnels have a pulse width of 2.6 sec, which corresponds to the above mentioned train length 
of 400 m (2.6·2·77,78 m ~ 400 m). The measured data of the ICE 2 train are low-pass filtered 
with the cut off frequency of 10 Hz. 

By inspecting the run charts of Figure 1, it is found that the lateral body accelerations 
inside the tunnel are comparable, if not smaller, with that of the open air case. These results 
therefore differ with the running characteristics of the Shinkansen train, shown below. As far 
as the vertical accelerations are concerned the aerodynamics inside the tunnel is apparently 
reducing its amplitude whilst augmenting the frequency. 

Aboard the Shinkansen train a different event develops as the train moves into the tunnel. 
Figure 2 shows acceleration data of the body yaw motion of the tail vehicle running at the 
speed of 300 km/h. Inside the tunnel the accelerations are significantly larger, with values 
rising up to 0.1 rad/sec2. 10 m from the mid point of the vehicle this would correspond to 1 
m/s2, which is almost 10 times that observed in Figure 1 for the control unit of ICE 2. The 
frequency of these oscillations is about 2 Hz, which would correspond to the non-dimensional 
frequency of St ~ 0.1, based on the speed and height of the train. In regards to human 
perception, it is the unfortunate combination of acceleration and frequency in this case that 
give rise to the fairly poor ride comfort primarily experienced aboard the tail vehicle. 

 

 
Figure 2. Time history of body yaw acceleration of the tail vehicle of a Shinkansen train entering into a tunnel at 

300 km/h (courtesy of Dr. Suzuki. M. at RTRI). 

 

3 NUMERICAL PROCEDURE 
Besides the difficulties mentioned in the introduction, accurate unsteady numerical flow 

modelling about simplified train bodies are indeed challenging, considering the various 
characteristics of the aerodynamics, such as; flow deceleration and acceleration about the nose 
and tail, flow over curved boundaries, turbulence transition, generation and growth of 
boundary layers, separation and formation of free shear layers, and last but not least the 
complex and chaotic wake flow. Perhaps, the most suitable flow methodology for the problem 
at hand, if one can afford the computational expense, is that of large eddy simulations. For 
example, Perzon and Davidson [7] and Murakami [8] review some conceivable numerical 
flow methodologies for vehicle aerodynamics and computational wind engineering, which 
includes the aforementioned method. The computational expense is partly attributed to the 
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scaling of Re1.8 (Re = Reynolds number based on the free stream velocity and body height) in 
regards to the total number of grid points adjacent to wall boundaries for a proper flow 
resolution, see Piomelli and Chasnov [9] and Krajnovic [10]. Moreover, quite long time 
histories are needed to resolve the fairly low frequencies that are of interest for tail vehicle 
oscillations, which in combination with the CFL < 1 (Courant-Freidrichs-Levy) condition 
give fairly time consuming calculations. That number is the ratio of time step per iteration 
over the sum of the convection and diffusion time scales for the cell in question. For example, 
to resolve frequencies of about St ~ 0.1, it is desirable to have more than 10 periods depending 
on the regularity of the signal. This corresponds to some 100 time units. With regard to the 
CFL condition this typically amounts to more than 20�103 time steps.  

The commercially available flow simulation software for parallel computing STAR-CD 
V3.15 from CD-Adapco Group is employed for this work. It uses a finite-volume 
methodology to discretize and solve the governing incompressible filtered Navier-Stokes 
equations, 
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Overbar denotes low pass filtering on grid level. Hence, iu  is the resolved velocity field in 
three-dimensional space and time. The stress tensor at sub-grid scale, 
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is treated with the Smagorinsky model [11] in the following manner, 
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The sub-grid scale turbulent viscosity is calculated as follows, 

( ) .22
ijijSSGS SSC ⋅∆=ν  (5) 

The Smagorinsky constant used in the calculations is given the following value, 

.1189.0=SC  (6) 

Note that CS, which is dependent on the properties of the flow (such as the Reynolds number, 
for which e.g. laminar flows CS should be zero), fluctuates in space and time but, is here 
treated as a constant.  
The filtered velocity field, in explicit notation, is obtained with the following integral 
operation, 
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The finite volume discretization yields the so called top hat filter kernel, 
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Ω symbolizes the entire flow domain. The filter width is ),(min 3 Vy⋅=∆ κ  where V and y 
represent the cell volume and the cell’s distance to the nearest wall, correspondingly. 

42.0=κ  is the Kolmogorov constant. The ‘min’ function is to reduce the sub-grid viscosity 
as the wall is approached.  

For time integration and discretization of the convective fluxes the 2nd order accurate 
implicit scheme of Crank-Nicholson and MARS (Monotone Advection and Reconstruction 
Scheme, with a compression factor of unity that minimizes upwinding and maximizes the 
resolution sharpness) are utilized, respectively. The latter scheme is developed by CD-Adapco 
Group.  

Reynolds number is 1.01⋅105 based on the body height h and the incoming flow velocity U, 
which is steady and uniform at the inlet boundary. The trains are fixed whilst the tunnel walls 
are moving with the velocity of the fluid at the inlet. Neumann conditions are applied to the 
flow variables at the outlet surface of the tunnel domain. 
 

4 VEHICLE / TUNNEL GEOMETRIES AND COMPUTATIONAL GRID 
PROPERTIES 

Two block structured computational grids of hexahedral volume cells are generated with 
ICEM CFD Hexa from Ansys Inc, which are based on simplified vehicle models representing 
the ICE 2 and 300 Series Shinkansen trains. Figure 3 depicts the CAD geometry of the 
Shinkansen model inside the tunnel. The models are simplified by omitting the running gears, 
front plough (only ICE 2), inter-vehicle gaps, underbelly equipment and additional protruding 
equipment. Table 1 lists some basic model dimensions, made non-dimensional with the height 
of h = 3.817 m.  
 

Vehicle models Length Width Height Ground 
clearance 

ICE 2 6.55 0.791 1 0.0603 
Shinkansen  7.61 0.881 1.0054 0.0603 

Table 1. Basic model dimensions in terms of the height h = 3.817 m.  

In front and behind of the vehicle models the domain extends 8 h and 16 h, respectively, see 
Figure 3. The figure also defines the origin of the coordinate system, which is similar for both 
models.    
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Figure 3. Shinkansen model inside the tunnel. x, y and z of the coordinate system are originating from the 

vehicles’ front, tunnel center and ground plane, respectively.  

 
Accurate near wall treatment of the flow adjacent to the vehicles’ surfaces needs to 

consider sufficient computational grid spacing in terms of non-dimensional wall units, which 
are calculated from, 
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The surface shear stress, wallτ , is obtained from the calculations. u* and ν are the friction 

velocity and molecular kinematic viscosity, respectively. ρ is the density of air. zyxixi ,,  ; ∈+  
(or 3,2,1 ∈i ) signify the wall distances on a perfectly flat parallel plate in the streamwise 
direction, normal to the surface and transverse to the flow, correspondingly. ix∆  denotes the 
grid spacing. For both vehicle models we have attempted to achieve values with analogous 
definition confined to, 

+
1x  < 150, +

2x  < 1 and +
3x  < 40, (10) 

on most of the body targeting the current Reynolds number of 1.01⋅105, c.f. the requirements 
suggested by [9,10] for flow over a flat plate. Figure 4 shows the surface grids about the front-
ends. Both trains have 310 circumferential grid points fitted about their cross-sections. The 
height of the inner most cells is on most of the body equal to 0.00041 h. No attempts are made 
to resolve the near wall behavior of the rough surfaces of the moving tunnel walls.  
To comply with the CFL condition a time step of ∆t = 0.0042 units is used. Time is made 
non-dimensional with U and h throughout this work. The average CFL numbers were about 
0.22 and 0.26 for the ICE 2 and Shinkansen models, respectively. Less than some 0.03% and 

z 

x 
y 

16 h 

7.61 h 

8 h 
Flow 

Moving walls 
and ground 
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0.9% of the cells of these computational grids had CFL numbers exceeding unity.  
 

a) b)  
Figure 4. Surface grids. Number of surface cells on vehicle models a) ICE 2 model: 91�103 and b) Shinkansen 

model: 100�103. Maximum x-wise grid length for both vehicle bodies are �xmax = 0.03 h.  

 Figure 5 shows the cross-sectional dimensions of the tunnels. The enclosing tunnel walls 
of the Shinkansen model are given real geometrical dimensions of tunnels on the Sanyo line 
in Japan, c.f. [2]. For the ICE 2 model a fictitious tunnel is employed, which has a comparable 
blockage ratio, regarding the cross-sectional areas of the train and tunnel, with that of the 
Japanese tunnel. That tunnel features a track distance of 4.5 m. It is worth it to point out that 
the minimum distances from the wall side of the vehicles to the tunnel, in regards to the ICE 2 
and Shinkansen models, are 0.13 h and 0.19 h, respectively. The implications of that distance 
are further discussed in section 6.    
 

       
 
 
 
 

Figure 5. Tunnel dimensions. 

�xmax = 0.03 h 
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5 COHERENT FLOW STRUCTURES 
Coherent flow structures (CFS) that give rise to somewhat periodic pressure disturbances 

in the space between the nearest tunnel wall and vehicle side (referred to as the wall side) are 
suggested by Suzuki [2,4] to impair the ride comfort of coaches towards the tail. Large 
activities of turbulent motion were found underneath the train that spread out laterally towards 
the wall side. The ability to successfully resolve these so-called CFS with numerical methods 
are important when contemplating countermeasures that neutralize their presence. More 
important of course, is the notion whether these vortices are present at all under the given 
circumstances for our simplified models, and if the geometrically different trains and 
enclosing tunnel walls would trigger palpable aerodynamic distinctions. In this context, we 
illustrate the CFS with instantaneous iso-lines representing longitudinal vorticity, �x, at three 
x-wise cross-sections that cuts through the vehicle models, shown in Figure 6.   

Figure 7 plots the corresponding iso-lines about the center and wall sides, and underneath 
the models. What appears to be a flow similarity predicted by our calculations is that the CFS 
primarily emerge about the center side of the vehicles about the upper and lower corners and 
also underneath them. The presence of CFS agrees with the earlier findings of Suzuki [4] 
apart from the fact that he found large activities of CFS about the wall side that agreed 
qualitatively with the full scale tests. However, quantitatively, it appears as if the spatial 
frequency of these structures calculated in [4] are nearly an order of magnitude larger in 
comparison with the full scale measurements, using what appears to be a too coarse 
computational grid. The more edgy Shinkansen model, referring to the corners towards the 
ground and lower front part, is clearly generating a more turbulent flow field between the 
underbody and ground. However, under the real conditions, the bogies and their cut outs, the 
rotating wheel-axels and the running gears plus cavities and protuberances to the train’s 
profile are assumed to contribute substantially more to the perturbation flow field, c.f. the 
measurements of Ishihara et al. [3].  

Figure 8, plots the instantaneous relative pressure Cp alongside the upper and lower corners 
of the vehicles facing the center side. For both models the relative pressure caused by the CFS 
are confined to a few per cent of the dynamic head pressure. By counting the number of 
pressure perturbation cycles over the train lengths, we estimate the wave length to be about 
0.22 h. At the train speed of 270 km/h the dynamic frequency relative to the vehicle body 
would be close to 100 Hz, which can hardly affect the vehicle dynamics but could instead be 
of interest for acousticians. 

The rather high spatial frequency of the CFS that spontaneously emerge on the smooth 
surfaces, results in negligible contribution to the global summing of the aerodynamic loads. 
Yet, the importance to resolve these perturbations is emphasized when attempting accurate 
predictions of the wake flow field properties and characteristic frequencies as pointed out by 
Diedrichs et al. [5]. This is further elaborated in section 8.  

 
 



Ben Diedrichs, Mats Berg and Siniša Krajnovi� 

11 

x = -1.57 h             x = -3.27 h              x = -4.98 h 

a)                      
x = -1.95 h   x = -3.81 h   x = -5.98 h 

b)    
Figure 6. Instantaneous longitudinal vorticity ωx visualized with iso-lines confined to [−0.02,0.01]�h/U at three x-

wise cross-sections about a) ICE 2 model b) Shinkansen model. 
 

 

         ICE 2 model            Shinkansen model 

a)   

b)   

c)   

Figure 7. Instantaneous longitudinal vorticity ωx visualized with iso-lines confined to [−0.02,0.01]�h/U. a) Center 
side 0.039 h from the body. b) Underneath the train 0.0262 h from the body. c) Wall side 0.039 h from the body. 

The vehicles are moving to the right hand side. 

Wall 
side 

Center 
side 
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Figure 8. Instantaneous pressure coefficient Cp along the vehicle corners facing the center side. Solid line: Upper 

corner. Dotted line: Lower corner. 

 

6 AERODYNAMIC FORCES APPLIED TO THE TAIL 
Results returned for both models indicate that the chief unsteady aerodynamic forces are 

produced about the tails. Figure 9 plots the side and lift coefficients, denoted CSide and CLift 
acting along the y and z coordinate directions, of the last 2.62 h of the tails in a confined range 
of time. The force coefficients are made non-dimensional with the reference area of 10 m2 and 
the dynamic head pressure based on the inlet velocity U.  

The run charts clearly show that the unsteadiness of aerodynamic side force of the 
Shinkansen model is substantially larger in comparison with that of the ICE 2 model. In 
addition, by keeping the aerodynamic loads apart on the wall and center sides of the vehicles’ 
tails, it is found that the chief unsteady lateral contribution to the side force is produced on the 
wall side, shown in Figure 10. 

As far as the unsteady lift forces are concerned, they are more equal on the two vehicle 
sides of the tail. It should therefore be pointed out that the presence of the nearest tunnel wall 
is crucial in generating these large lateral dynamic body forces in comparison with the open 
air case. In that context Suzuki [12] studied experimentally the influence of pressure 
fluctuations in regards to the distance between the train and a non-moving wall. It was shown 
that for distances exceeding d ~ 0.2 h (d being the distance between the train and tunnel wall) 
the pressure fluctuations decreased markedly. For both our models d fall below this critical 
value, while the full scale tests shown in Figure 1 for ICE 2 had a corresponding wall 
clearance of about 0.6 h. The non-moving wall poses unrealistic conditions, wherefore 
experiments featuring a three-sided moving belt were undertaken by Nakade et al. [13] to 
investigate the effects of the tunnel wall boundary conditions. For that purpose they employed 
a scale model of 1:85 utilizing boundary layer suction and tested various moving belt 
velocities. It was shown that using moving boundary conditions in conjunction with boundary 
layer suction reduced the pressure fluctuations by some 75% to 100%. This altogether stress 
that the success to reproduce the correct dynamic forces applied to the vehicle tail, at least 
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hinges on adequate resolution of the aerodynamics about the wall side.  
Apart from the above cited flow similarities, inspections of the current force histories 

indicate some principal differences. (i) The mean side force of the ICE 2 model is rather 
substantial, while for the Shinkansen model the corresponding mean value has virtually no 
offset, see Table 1. This difference is understood through studying, for example, the pressure 
plots of Figures 13 and 14. (ii) The unsteady side force of the ICE 2 model in Figure 8, 
reflects a somewhat more transient and chaotic record. (iii) The dynamic side force of the 
Shinkansen model are about twice that of the ICE 2 model on basis of the standard deviations, 
see Table 2. Notice that the full scale tests of Figure 1 featured a tunnel cross-sectional area of 
82 m2, which in combination with the larger wall clearance is expected to increase the 
difference of unsteady forces concerning the two trains, with yet smaller transient forces for 
ICE 2.  

Figure 11 plots the lift force vs. the side force, which depicts some correlation between the 
two of them, much stronger though for the Shinkansen model. The correlation charts 
emphasize; when the vehicle is dynamically pushed to the center side of the tunnel it is quite 
frequently subjected to a positive lift. When dynamically pushed in the opposite lateral 
direction it is quite frequently exposed to a negative lift. This somewhat synchronous 
aerodynamic forcing is believed more detrimental to the ride comfort as it would probably 
generate larger vehicle body displacements. In this context, it should be pointed out that some 
vehicles, e.g. the control unit of ICE 2, are relatively sensitive to fluctuations of the lift. This 
is due to a comparatively smaller damping of the vertical and pitch body motions in view of 
the natural frequencies, c.f. [5]. This sensitivity is reflected in the run charts of the vertical 
motions of the full scale tests shown in Figure 1. It is therefore stressed that remedies aiming 
to reduce the lateral fluctuations should focus on the vertical fluctuations too.   

Before we start to analyze the flow characteristics that give rise to these somewhat large 
differences in aerodynamic forces, we will present the spectral characteristics of these forces. 

 

  
Figure 9. Run charts of CSide and CLift of the last 2.62 h of the tail. 
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Figure 10. Run charts of the side and lift forces isolating the left and right vehicle sides of the last 2.62 h of 

the tails. Chain dotted line: Wall side. Dotted line: Center side. Solid line: Total. 
 

 

  
Figure 11. Lift force vs. side force.  

 
Model <CSide> <CLift> Time steps / time 

units for averaging 
and PSD 

ICE 2 0.1400 0.1264 68111 286 
Shinkansen -0.0393 0.1856 34000 142 

Table 1. Time averaged values of CSide and CLift. 

 

Model CSide: min, max, σ CLift: min, max, σ 
ICE 2  0.0552 0.2395 0.0316 0.0106 0.2169 0.0303 

Shinkansen -0.2728 0.1571 0.0643 0.0890 0.2733 0.0319 

Table 2. Min, max and standard deviation of the force coefficients regarding the last 2.62 h of the tail. 



Ben Diedrichs, Mats Berg and Siniša Krajnovi� 

15 

7 SPECTRAL PROPERTIES OF THE FORCES 
Figure 12 shows the Power Spectral Density (PSD) of the calculated aerodynamic side and 

lift forces. The results confirm significantly more energy of the side force towards the lower 
frequencies, i.e. St < 0.5, concerning the Shinkansen model. In particular, the spectral 
characteristics of the side force indicates that the most prominent peak is located about St ~ 
0.09, which correlates with the 2 Hz of yaw angular acceleration of the full scale testing, as 
shown in Figure 2.  

The above mentioned frequency agrees furthermore with the calculations of Suzuki et al. 
[14], employing a two and a half vehicles train model that to a large extent resembles our 
current model. Their computational model featured less than some 106 computational cells. In 
that study, only a small augmentation towards St ~ 0.1 could be discerned for the aerodynamic 
yaw moment. In addition, that study showed that the PSD of the oscillating yaw moment 
decreased by a factor of nearly 6 (estimated from [14]) when calculating results for a train 
model with a modified front-end featuring flat sides inside the tunnel section. The ratio of 
maximum PSD values of the side force concerning our models is as high as 15.  

The energy ratio comparing PSD of the model with the flat sides inside the tunnel with that 
of the original more rounded model in open air, showed a reduction of about 2.3 (estimated 
from [14]). This somewhat small difference comparing the situations of cruising inside the 
tunnel and in open air was pointed out by Heine et al. [15], who carried out unsteady RANS 
simulations about the control unit of the ICE 2 train inside the similar Japanese double track 
tunnel that is used in this work and in the work of [14]. [15] reported hardly any differences in 
the results running in open air and inside the tunnel in regards to the aerodynamic forces and 
corresponding prominent frequency. The latter was established to St ~ 0.15. The unsteady 
RANS calculation produced a quite periodic oscillatory behavior of the aerodynamic forces, 
not comparable with the pronounced transient physics returned from our large eddy 
simulations.        

 

a) b)  
Figure 12. PSD of a) CSide and b) CLift.  
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8 FLOW OBSERVATIONS 
Figures 13 and 14 plot the surface pressures on the wall and center sides of the last 2.62 h 

of the vehicle tails at two times that correspond to low and high dynamic lateral side forces. 
These times are marked in Figure 10. The corresponding horizontal wake pressure fields at z 
= 0.262 h above the ground are also plotted.  

The figures show that the dynamic surface pressure on the wall side of both vehicles is 
significantly more viable opposed to that on center side. In addition, the more detrimental 
fluctuations on the wall side of the Shinkansen model are clearly illustrated. The wake plots 
also show that the rounder design of the sides of the front-end of that model augments the 
dynamic pressure over a larger portion of the tails wall side. 

The quite periodic shedding and growth of relatively small scale pressure fluctuations on 
the center side of the wake, along the chain dotted lines, resembles the periodic pressure of 
the CFS upstream the tail. Such steady periodic pattern of small scale pressure fluctuations 
that is shed from the tail is not found on the wall side of the wake. Diedrichs et al. [5] noted 
the difficulty to capture these small scale fluctuations with less demanding prognosis 
methods, e.g. detached eddy simulations proposed by Spalart et al. [16]. This emphasizes that 
obtaining a well resolved unsteady wake flow in the current context is quite demanding as far 
as compute resources are concerned.  

By studying the three-dimensional vector field of the velocity about the Shinkansen model, 
a fairly low frequency oscillatory behavior can be observed, illustrated in Figure 15. This 
oscillation of the velocity magnitude with period of �t ~ 10, which correlates with the St = 
�t−1 ~ 0.1 of the full scale tests, seem therefore partly responsible for the critical aerodynamic 
forcing.    
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  Wall side Center side Top view 

a)   

b)   
Figure 13. ICE 2 model: Instantaneous surface and wake (z = 0.262 h above the ground) pressures, Cp (in color), 

at two different times: a) t = 181.92 and b) t = 183.39 (see Figure 10). 

 
 Wall side Center side Top view 

a)       

b)  
Figure 14. Shinkansen model: Instantaneous surface and wake (z = 0.262 h above the ground) pressures, Cp (in 

color), at two different times: a) t = 89.91 and b) t = 92.32 (see Figure 10). 
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       Front view       Top view   

a)   

  b)              
    

 c)  
Figure 15. Shinkansen model: Instantaneous velocity magnitude (in color) at three different times: a) t = 26.30, 

b) t = 33.95 and c) t = 37.72 (see Figure 9). The left and right columns of figures are at x =−6.16 h and z = 0.262 
h. 
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9 CONCLUSION 
Unsteady incompressible aerodynamic simulations of the flow about two simplified 

models of high-speed trains inside tunnels were carried out with large eddy simulations. It is 
confirmed that the unsteady flow separation at the wall side of the vehicle models is 
responsible for the quite substantial aerodynamic forcing inside tunnels, which has no 
resemblance with the open air case. 

The Shinkansen model with the more rounded tail sides, in comparison with the ICE 2 
model, resulted in unsteady aerodynamic side forces with nearly twice the dynamic 
magnitude, based on the standard deviation of the calculated time records. On basis of peak 
spectral values of these forces, that model was found to produce 15 times more energy. The 
quite prominent vibration at about 2 Hz which can be observed aboard these trains in revenue 
service is successfully predicted in our simulations. It has been assumed that the train length 
is less important, which will be verified in an ongoing work.  

Moreover, our simulations have indicated the presence of coherent small scale pressure 
perturbations adjacent to the no-slip walls of the vehicle models. These pressure disturbances 
of fairly equal dynamic amplitude and spatial frequency originate primarily along the corners 
of the vehicle bodies that face the center side of the tunnel. They also appear underneath the 
models. Under the real conditions the pressure fluctuations would typically have a far too high 
spatial frequency to affect the vehicle dynamics. It is plausible to assume that the running 
gears and discontinuities of the trains profile and protruding equipment would promote 
significantly stronger pressure fluctuations.  

In summary, it is concluded that the current problem is dependent on at least the following 
aerodynamic characteristics: (i) Train/air speed, (ii) distance between the vehicle side and the 
nearest tunnel wall, (iii) tunnel cross-sectional area and thus the blockage ratio, (iv) tail shape 
in terms of roundness of the vehicle sides and (v) smoothness of the train sides and shaping of 
the train’s cross-section. The vehicle dynamic aspects of the problem would involve the 
vehicle body mass and the suspension characteristics of the running gears.  

With all this is mind we finish the work by pointing out that the Shinkansen trains on the 
Sanyo line are critical to almost all of these aspects, featuring; high train speed, wide vehicle 
bodies of light weight with rounded sides towards the tail, double-track tunnels with a 
relatively large track spacing compared to the cross-sectional area. Recall that a strong 
requirement for the manifestation of the problem pertains to the wall clearance, which is 
reduced by the wide body concept and the relatively large track spacing. Table 3 suggests that 
the Japanese tunnels are more critical in this respect compared to other nations’ tunnels 
designed for high-speed operation.  

 
Nation Line speed (km/h) Track distance (m) Tunnel area (m2) 

Germany 280 4.7 82 
France 300 4.5 100 
Spain 300 4.3 74 
Japan 300 4.7 63 

Table 3. Some nations’ tunnels designed for high-speed operation. 
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