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1. Introduction
• The entry of a train in a tunnel at high speed 

produces pressure waves which propagate along 
the tunnel and are reflected at the portals.

• Passenger health and comfort requirements 
should be verified. 
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Velocity
(km/h)

Maximum variation
of pressure (kPa) Time (s)

Conventional modern train 220 2.5 4

High speed sealed train 350
1.0 1
1.6 4
2.0 10τ = 6 s

τ = 0.5 s

Comfort according to Adif
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2. Three-dimensional model

• The lattice Boltzmann method (LBM) is very 
adequate for solving acoustic aerodynamic 
problems with moving embedded solids.

• It solves the Boltzmann equation, which is 
based on statistical mechanics. 
Configurations are described with the 
instantaneous velocity distribution function 
at each point (octree refinement).
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• Discretisation of the distribution of velocity
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• The formulation is of wall-modelled large eddy 
simulation (WMLES).

• It is an explicit method that intrinsically 
considers the compressibility of the fluid.

• The procedure consists of two basic steps:
i. Relaxation (collision) to the Boltzmann 

equilibrium distribution
ii. Transmission (streaming)

• The analyses were carried out with XFlow.
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• Reference analysis

Train
Length: 200 m
Velocity: 350 km/h
Section: 12 m2

Tunnel
First segment length: 80 m
First segment section: 65.4 m2

Second segment length: 2367 m
Second segment section: 52 m2

Resolution
Around the train 0.15 m
Maximum size in tunnel: 0.60 m
Wake resolution: 0.30 m
2.6 million → 3.8 million elements 
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• Relative pressure at different instants
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• Pressure history at mid-train
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• Based on:

– Saito, S., Iida, M. y Hiroshi, K. (2011) “Numerical Simulation of 
1-D Unsteady Compressible Flow in Railway Tunnels”, Journal 
of Environment and Engineering, vol. 6, no. 4, pags. 723-738.

– DTR – Dundee Tunnel Research (2017) “ThermoTun Software”.

• Implemented in a FORTRAN in-house code named
XTunnel
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3. One-dimensional model
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• Basic equations:
– Mass conservation

– Balance of momentum

– Homentropic gas (uniform unchanged entropy)
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where D/Dt is the material derivative:

𝑝𝑝
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= constant
adiabatic index;
according to the equipartition
theorem of statistical mechanics,

𝛾𝛾 =
𝑐𝑐𝑝𝑝
𝑐𝑐𝑣𝑣

= 1 +
2

dof = 1 +
2

3 + 2 = 1.4

for diatomic molecules as most of air

the constant may be determined
from a reference density and 
pressure (e.g. 1.225 kg/m3 for 1 atm) 
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• The force caused by friction is given by

Typical Fanning coefficient for the wall: 0.003
Typical value in train: 0.003/0.005, high speed/conventional
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ℎ =
−
2𝑓𝑓
𝑑𝑑
𝑢𝑢|𝑢𝑢|

−
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𝑢𝑢 𝑢𝑢 −

2𝑓𝑓′

𝑑𝑑′
𝑅𝑅

1 − 𝑅𝑅
(𝑢𝑢 − 𝑉𝑉) 𝑢𝑢 − 𝑉𝑉

blockage area ratio

hydraulic diameter (wall) Fanning friction coefficient (wall)

Fanning friction coefficient (train)

hydraulic diameter (train)

Empty tunnel

Tunnel with train
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• Under those conditions:

for                          with

14

2
𝛾𝛾 − 1

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

±
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= ±ℎ ∓ g
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
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Explicit update

we conservatively used a
Courant-Friedrich-Levy number of 0.5

𝑐𝑐2 =
𝑑𝑑𝑝𝑝
𝑑𝑑𝜌𝜌
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• At the inlet, outlet, train head and train tail, 
mass and energy conservation equations are 
established.
– The sudden enlargement and sudden contraction 

loss coefficients are given by

– At portals, Coutflow and Cinflow are typically 1 and 0.5
– The train inflow loss coefficient is typically 0-0.1
– The train outflow loss coefficient is typically 0.5
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A1 A2

𝐶𝐶outflow × 1 −
𝐴𝐴𝑃𝑃
𝐴𝐴𝑄𝑄

2

𝐶𝐶inflow × 1 −
𝐴𝐴𝑃𝑃
𝐴𝐴𝑄𝑄

2

The boundary/compatibility system of equations is nonlinear,
solved using the Newton-Raphson  method.
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• Verification for a tunnel 500 m long, and 
50 m2 section entered by a train 200 m 
long with 8 m2 section at 200 km/h

16

Position: at 1/4 in tunnel

Position: at 3/4 in tunnel
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– External pressure at the train tail

𝑑𝑑𝑝𝑝int
𝑑𝑑𝑑𝑑

=
𝑝𝑝ext − 𝑝𝑝int

𝜏𝜏
• Interior pressure:

sealing time parameter
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• Comparison with XFlow
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At the middle of the first segment At the middle of the second segment

several hours
a fraction of a second
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External pressure at the middle of the train
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4. Conclusions

• The unsteady compressive flow in railway tunnels may 
be solved with sufficient accuracy (for typical 
engineering purposes) as a one-dimensional problem.

• 3D effects, as caused by the sudden change of the 
tunnel section, turn out not to be very relevant.

• The method of characteristics is especially adequate 
for solving the 1D problem in very short computational 
times.

• This approach ease the characterisation of the problem 
and enables conducting more sensitivity analysis for 
the relevant parameters.
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