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Abstract 

When high-speed trains travel in confined spaces, aerodynamic tests conducted by the first 
author have shown that the confinement dramatically increases the maximum velocity in the 
wake behind the train’s tail. Exceptionally high transient loads act on stationary trackside 
objects and workers. This paper examines the physical nature of the wake flow in confined 
spaces, by referring to velocity and static pressure data from experiments and CFD simulations.  

1 Introduction 

Transient gust loads caused by passing high-speed trains operating in the open air (particularly 
the German ICE2 train) have been widely and deeply researched. However, the behaviour of 
gusts occurring in confined spaces that may occur along real routes has been largely ignored. 
Moving-model tests have been conducted. A 1:25 scale model ICE2 high-speed train was fired 
at 32m/s past stationary trackside probes and structures. Structures included high vertical walls 
close to the tracks, short tunnels, and partially-enclosed tunnels. Preliminary results were 
discussed in Gilbert et al. (2012), which found that the flow in the wake behind the train’s tail 
responded dramatically to increasing confinement. Gilbert et al. (2013a, 2013b) presents 
separate analyses of the full velocity and pressure datasets. This paper presents more detailed 
discussion of the transient gusts in the wake, by considering both the velocity and pressure data. 

A CFD study has been undertaken in collaboration with Eindhoven University of Technology 
(Straathof, 2013). Two experiments from this project have been recreated using a U-RANS 
simulation. The results are compared in Section 10. This forms part of a Masters project using 
FLUENT to model gusts in an underground train station caused by trains entering from tunnels.  

2 Experimental methodology 

Experiments were undertaken at the ‘TRAIN Rig’ moving-model facility in Derby (UK), which 
features 150m long tracks along which model vehicles can be propelled at high speed. It is one 
of few aerodynamic facilities that able to account for relative movement between vehicles and 
the ground, as well as trackside structures. A four-coach ICE2-shaped train model (1/25 scale) 
was used, as there is a wealth of existing data against which to validate the results. The test 
speed was 115kph (32m/s). The Reynolds number was 305,000 based on the train’s speed and 
body height. The full-scale equivalent train dimensions are X=105.4m, Y=3.075m, Z=3.9m, in 
the longitudinal, lateral and vertical directions respectively, relative to the direction of travel. 



‘TFI’ Cobra Probes measured three components of velocity and the static pressure from various 
trackside positions. Each experiment was repeated between 15 and 62 times, and ‘ensemble 
averages’ were calculated once the data from the repeats had been aligned to a point at the 
train’s tail. An ‘ensemble’ refers to a collection of time histories from repeated runs undertaken 
at similar train speeds, aligned to a common point (the train’s nose). The ensemble average is 
the mean calculated at each time increment over the ensemble. Probe locations are referred to 
using dimensionless terms x/Z, y/Z, and z/Z, which are normalised by the train’s height. x 
originates from the end of the train’s tail; y from the track centre; and z from the railhead. The 
train speed is denoted by V. The dimensionless air velocity components are u/V, v/V and w/V, 
and the resultant velocity is U/V. The static pressure has been normalised by 0.5ρV2 to obtain 
the coefficient CP. A differential or ‘peak-to-peak’ pressure is denoted by ΔCP. 

Structures included high vertical walls on both sides of the tracks, short box-shaped tunnels with 
three lengths (L) of L/Z=51, 13, and 5. A partially-enclosed tunnel was tested, with length 
L/Z=13, and a gap in the ceiling with a width of 4.3% of the cross-sectional perimeter length. 
The blockage ratio of the tunnels (cross-sectional area of train divided by tunnel) was 0.23. The 
tunnels are of different cross-sectional areas to those reported in Gilbert et al. (2012). The Cobra 
probes were placed approximately halfway along the structures. The open air results were 
validated against past full-scale and model-scale data in Gilbert et al. (2012, 2013a). 

(a) Open air (b) Walls 
(c) Tunnel, 

length L/Z=51, 13 and 5. 
(d) Partially-enclosed  
tunnel, length L/Z=13. 

Figure 1: Cross-section views of test cases.  

3 Time history results 

This section assesses the characteristics of the wake in a variety of confined spaces, using 
resultant velocity time history data from two near-wall Cobra probes positioned at different 
heights. A zero-phase first order Butterworth low-pass filter smoothed the velocity data. Jordan 
et al. (2009) stated that gust durations of 0.375s are most likely to cause humans to lose their 
balance, so the cutoff frequency was set to 67Hz - equivalent to 0.375 seconds at full-scale. 
Therefore, maximum velocities in this section cause potentially destabilizing loads. Figure 2 
shows ensemble averages, standard deviations (σ), and individual run gust peaks. The gust peak 
is the maximum velocity for each run from the ensemble, and σ is calculated for each sample 
increment of the ensemble, with the number of values corresponding to the number of test 
repeats. In all cases the wall positions were y/Z=0.84. 

The results show that at the lower position, the walls increase the ensemble average peak 
magnitude by 20% relative to the open air. The tunnels of lengths L/Z=51, 13 and 5 increase the 
peak by up to 54%, 32% and 49% respectively. The partially-enclosed tunnel causes a greater 
increase than the enclosed tunnel.  

For the higher probe, the walls increase the ensemble average peak magnitude by 280% relative 
to the open air. The tunnels (L/Z=51, 13 and 5) increase the magnitude by up to 360%, 275%, 
and 270% respectively. The partially-enclosed tunnel of length 13Z causes a greater increase in 
the peak ensemble average (470%) and σ than its enclosed equivalent, but this is due to a 
narrower spatial distribution of gust peaks rather than an increase in their magnitudes. The 
greatest increase in σ relative to the open air is observed at the higher position.  



 

Figure 2: Time histories of resultant velocities for all confined cases. Includes ensemble 
averages (solid lines), standard deviations (dashed lines), and ensemble gust peaks (markers). 

Includes two probes of different heights (positions marked in legend).  

4 Velocity components 

This section assesses the characteristics of the wake using data from multiple positions at a 
constant height and varying lateral positions. Past research into the ICE2 operating in the open 
air has shown that its wedge-shaped tail generates counter-rotating helical vortices which cause 
powerful gusts at low heights, as shown in Baker (2001). The vortex cores originate from within 
the train envelope and spread apart laterally, maintaining an elevation of around 1m above the 
top of the rail. It was also shown that at greater heights, the wake is dominated by separated 
shear layers, in which the velocity decays rapidly in comparison to low-height probes which are 
immersed in the helical vortex flow. Gilbert et al. (2013a) stated that a strong u-component also 
occurs at low-heights. Wake flow patterns are specific to train tail shapes, and patterns behind 
differently-shaped tails are explored in Baker et al. (2013a) for open air operation and Zhu et al. 
(2011) for operation in long tunnels. 

Figure 3 shows the ensemble average results in the open air and a wall case (Figure 1(a-b)). The 
walls are separated from the track centre by y/Z=0.71, and have lengths L/Z=51. The 
longitudinal, lateral and vertical velocity components are plotted separately, and four probe 
positions are shown. The results show that a fluctuation occurs around the train’s tail. In the 
open air, all velocity components decay rapidly behind the train’s tail. However, in the wall 
case, peaks in the v/V and w/V components occur close to the train’s side. This suggests that the 
vortex structure may be vertically stretched and laterally squashed by the walls. The walls also 
greatly increase the magnitude of the u-component; the proportional increase compared to the 
open air is highest at the furthest lateral positions from the train. These findings follow the 
assertion in Gilbert et al. (2013a) that the u-component of velocity is most significantly affected 
by confinement, possibly due to the pressure field around the train. Possible links between static 
pressure and velocity are discussed in Sections 7 and 8. The final (obvious) observation for the 
walls is that the v-component decays to zero close to the wall, due to the constraining effect of 
the wall. 



 

Figure 3: x-y plane views of the air velocity around the train, for the open air and a wall case, at 
four positions with height z/Z=0.58. Each y/Z interval corresponds to an interval of velocity 
(shown on diagram). The velocity abscissae are aligned to the y/Z intervals of the probes. 

5 Periodic effects 

Large eddies detach intermittently from the train’s tail, causing oscillatory forces on the tail 
carriage. Information about gust peaks has been used to estimate the Strouhal number (St) - a 
dimensionless eddy shedding frequency (f Y/V). A method from Sterling et al. (2008) has been 
used, as it is suited for transient datasets: the frequency (f) is the train’s speed divided by the 
mean absolute deviation of the distances between the maximum velocities. Since the reliability 
of the method is untested, it has been applied to the confined results five times with data from 
different Cobra probes and velocity components. The results are highly varied, but they have 
been averaged. St is 0.22 in the open air, and 0.25 in the wall cases. In all of the tunnel cases, 
and the partially-enclosed tunnel, St ranges from 0.26 to 0.29. Therefore, confinement appears 
to increase St, which has an impact on the oscillatory forces on the tail carriage. Muld (2012) 
found evidence that St and the momentum thickness of the boundary layer along the train’s side 
are related to each other for this type of train operating in the open air. 

6 Gust analysis 

Maximum velocities impose transient loads on objects or workers at the lineside, which may be 
hazardous if the gust is sustained for a duration which the object is sensitive to. In this section, 
statistical gust analysis methodologies have been applied to the ensemble gust peaks in the wake 
(see markers in Figure 2) to determine peak gust magnitudes at the 5% probability level. A 
probe was placed in the ‘TSI position’ from the TSI code of practice (TSI, 2008) (equivalent to 
y=3m, z=0.2m), and two different post-processing methods have been used to determine the 
gust magnitudes, which involve smoothing the data to obtain maximum velocities which occur 
over a specified duration. The first method, the ‘TSI method’, uses a one second window 
moving average filter to smooth each individual run, and follows the requirements of TSI 
(2008) as closely as possible. The second method, the ‘0.375 second method’, relies instead on a 
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first order Butterworth low-pass filter with a cutoff frequency corresponding to 0.375 seconds. 
This cutoff frequency is based on the recommendation in Jordan et al. (2009) for risk assessing 
loading on trackside workers. It also accounts for the inherent problem of over-smoothing in the 
TSI method, an effect which is discussed in Baker et al. (2013b). Both methods rely on 
calculating the mean u̅ and standard deviation σ of the values of the peak gusts, of which there 
were N for each test case (see Table 1). The gust magnitude at the 5% probability level is 

2 . Table 1 shows the results of the assessment. An extra column shows U2σ in units 
of metres per second (U2σ multiplied by the ICE2 operational speed of V=280kph), for 
comparison with the TSI gust limit of 22m/s. A comparison with full-scale data in Gilbert et al. 
(2013a) found that the open air U2σ value was similar to the full-scale measurement. 

Test case Runs TSI method 0.375s method 
u̅ σ U2σ  U2σ (m/s) u̅ σ U2σ U2σ  

(m/s) 
Open air 62 0.21 0.04 0.29 22 0.28 0.07 0.43 33 
Walls 50 0.25 0.028 0.3 24 0.31 0.05 0.42 32 
Tunnel, length 51Z 40 0.3 0.037 0.38 29 0.45 0.08 0.6 46 
Tunnel, length 13Z 16 0.25 0.024 0.29 23 0.48 0.05 0.57 44 
Partially-enclosed tunnel, length 13Z 15 0.26 0.027 0.31 24 0.39 0.06 0.5 39 
Tunnel, length 5Z 15 0.24 0.031 0.3 24 0.33 0.05 0.43 33 

Table 1: Gust analysis results for all test cases. 

The highest values of U2σ occur in the longest tunnels. The shorter tunnels have similar U2σ 
values to the open air case, because whilst u̅ is higher, σ is lower. Assessment of the regularity 
of exceedence of the gust limit for the TSI method reveals that U2σ in the short tunnels exceeds 
the gust limit two to three times more regularly than the open air, even in the shortest tunnel. It 
cannot therefore be assumed that no change in U2σ equates to no change in risk. In the partially-
enclosed tunnel, U2σ is very similar to that in the enclosed tunnel, but the limit is exceeded three 
times more regularly.  

7 Relationship between pressure changes and maximum velocities. 

This section describes a study attempting to establish a relationship between the static pressure 
signature and the ensemble gust peaks in the wake (see markers in Figure 2) which applies to all 
test cases. The open air pressure signature of a train consists of a peak positive pressure just 
upstream of the train’s nose, followed by a peak suction pressure. The pressure equalises along 
the boundary layer, and then a suction peak occurs followed by a positive peak around the 
train’s tail. Four pressure parameters have been calculated. These are the peak-to-peak (positive-
suction) pressure change for the whole time history (ΔCP), and the train’s tail (ΔCP,tail). For the 
fluctuation around the train’s tail, the peak-to-peak separation (dx(ΔCP)), and the peak pressure 
gradient (max(dCP/dx)) have also been calculated. The reason for choosing the fluctuation 
around the train’s tail for some parameters is because the same signature is visible in all test 
cases, and it is not concealed by other test-case-specific pressure wave patterns. The data from 
all test cases (including ones not reported in this paper) and runs are shown in scatter plots in 
Figure 4. Regression equations and coefficients of determination (R2) are shown on each plot.  

The results show that the peak velocity is strongly correlated with ΔCP, both for the whole time 
history (R2=0.54), and for the tail pressure fluctuation (R2=0.59). There is no correlation with 
dx(ΔCP,tail). The natural logarithm of the peak velocity is strongly correlated with the natural 
logarithm of max(dCP,tail/dx), with R2=0.55. Overall, these results suggest that the peak velocity 
is related strongly to the pressure fluctuation around the train’s tail, and the overall peak-to-peak 
pressure. If the u-component is assessed rather than the U-component, R2 increases in all cases, 
but U/V has more relevance to assessment of dynamic loads on objects. 



 
Figure 4: Relationships between four pressure fluctuation variables and the maximum wake 

velocity, using data from all test cases: (a) ΔCP; (b) dx(ΔCP); (c) dx(ΔCP,tail); (d) max(dCP/dx). 

8 Relationship between periodic pressure waves and the wake velocity 

As a train enters a tunnel, a ‘pressure wave’ of compressed air propagates at the speed of sound 
towards the exit portal. A less energetic expansion wave is reflected back from the exit portal, 
starting a complex decaying sinusoidal pressure wave pattern inside the tunnel. This section 
investigates whether the sinusoidal fluctuations occur in the velocity results. Figure 5(a) shows 
a time history and wavelet spectrogram of the ensemble average static pressure in the wake 
region inside a tunnel of length L/Z=13. The near-sinusoidal wave pattern is visible as a band of 
high power with a period of 0.39s (2.56Hz). Figure 5(b) shows the ensemble average velocity.  

 

Figure 5: Wavelet spectrograms highlighting oscillatory patterns in the: a) pressure coefficient; 
b) resultant velocity. 

There is no increase in the wavelet power of the velocity corresponding to the pressure wave 
oscillations. However, the CFD results (described in Section 10) show strong oscillations in the 
velocity due to the pressure fluctuations. It is not clear why this difference exists between 
experiment and CFD. 



9 Rate of decay of the wake velocity 

Further analysis has shown that the decaying wake velocity (after the maximum value is 
reached) in the confined cases may be modelled accurately using a power law relationship: 

exp	  

The coefficients exp(a1) and a2 are used to fit the relationship to the data. xtail is the x-axis 
realigned to the train’s tail. The fitting algorithm is limited to between ten and 300 train heights 
behind the train’s tail. Table 2 provides the coefficients exp(a1) and a2 for the power law 
formula, for each test case and position. It also includes the xtail/Z values that yield u/V=0.03, 
based on the average of three positions. A higher number indicates a slower rate of decay, 
which impacts on the ventilation characteristics of the tunnel. 

Table 2: Power law coefficients describing the rate of decay of the wake velocity.  

Test case: 
y/Z=0.77, 
z/Z=0.05 

y/Z=0.75, 
z/Z=0.58 

y/Z=0.48, 
z/Z=0.58 Mean xtail/Z for 

u/V=0.03 
exp(a1) a2 exp(a1) a2 exp(a1) a2 

Open air 0.59 -0.55 0.11 -0.25 0.26 -0.41 197 
Walls, y/Z=0.84 0.84 -0.52 0.52 -0.43 0.39 -0.36 838 
Tunnel, L/Z=51 0.83 -0.49 0.54 -0.38 0.53 -0.36 1994 
Tunnel, L/Z=13 1.05 -0.6 0.63 -0.49 0.52 -0.45 455 

Partially-enclosed tunnel, 
L/Z=13 

0.93 -0.58 1.06 -0.62 0.97 -0.62 311 

Tunnel, L/Z=5 1.1 -0.66 0.58 -0.54 0.55 -0.54 228 

10 Comparison with CFD simulations 

A U-RANS simulation, using the realisable k-ε turbulence model, was chosen to represent a 
compromise between accurate modelling of the complex flow around the train, and the 
simplicity of the piston-induced flow. The test cases to be repeated were the tunnel with 
geometry L/Z=51, y/Z=0.84 and z/Z=1.79, as well as a lower-ceiling tunnel with z/Z=1.36. To 
model the aerodynamic effects of the train entering and leaving the tunnel, the train moved 
across the computational domain with a sliding mesh. Adjacent to the tunnel entrance and exit, 
larger domains were added to represent the outside environment. All discretisation schemes 
were set to second order, except for ‘gradient’, which was set to least squares cell based. The 
mesh comprised approximately 2.2 million hexahedral and tetrahedral cells. Comparisons 
between CFD and experiment are shown in Figure 6. 

 

Figure 6: Comparison between CFD and experiment, for: a) tunnel (ceiling height z/Z=1.36), at 
position (y/Z=0.48, z/Z=0.58); and b) tunnel (ceiling height z/Z=1.79), at two positions. 

The results close to the centre of the tunnel cross-section agree far more closely than the results 
in the lower corner. The CFD simulation has found lower velocity peaks than experiment. 
Further unpublished analysis has provided qualitative insight into the flow at various points in 
the tunnel which have not been experimentally tested. For example, the peak velocity near the 
entrance is higher than in the middle of the tunnel. Moreover, the time averaged wake was seen 
to ‘gallop’ vertically upwards as the train’s tail is close to leaving the tunnel. It has not been 
established whether the peak velocity is higher at a particular longitudinal location in a tunnel. 
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