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ABSTRACT 

Keywords: Train Aerodynamics, Slipstream, Detached Eddy Simulation 

High speed trains have become an integral part of the transportation systems around the 

world. With increasing speed, very high velocities are generated in the region around the train 

known as slipstream. Experimental studies have been conducted over the last few decades to 

study the effect of these phenomena. Slipstream velocities have been measured using 

anemometers placed near real trains running on the tracks and model trains running on rigs 

like moving model rig and rotating rail rig.  However, most of these studies are quite 

expensive to conduct. The purpose of this thesis is to find an alternative way to measure the 

slipstream. Detached Eddy Simulation is used to simulate the flow around a 1:15 scaled 

model of an ETR500 high speed train with different configurations similar to tests conducted 

on the track and in the wind tunnel. The results from the simulations are compared with the 

data obtained from experimental tests conducted on the Torino-Novara high speed line. A 

wind tunnel test is also carried out to validate the CFD data. It is concluded from the results 

that the wind tunnel setup with a slip floor in front of the train can be used to find out if the 

train produces slipstream velocities that are within the limits indicated by the TSI standards.  
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NOMENCLATURE 

Abbreviations 

C    Coarse Mesh 

CFD    Computational Fluid Dynamics 

COT    Centre of the track 

DDES     Delayed Detached Eddy Simulation 

DES    Detached Eddy Simulation 

DNS     Direct Numerical Simulations 

F    Fine Mesh 

FFT    Fast Fourier Transform 

H    Characteristic Length 

LES     Large Eddy Simulation 

MG    Moving Ground 

NF    No Front 

NFNB    No Front No Back 

NG    No Ground 

NMG    Non Moving Ground 

N-S    Navier-Stokes 

PDF    Probability Distribution Function 

RANS    Reynolds Averaged Navier-Stokes 

SA    Spalart-Allmaras 

SGS    Sub-Grid Scale 

TOR    Top of the rail 

TSI    Technical Specification for Interoperability 
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1  INTRODUCTION 

High speed railways have been showing a continuous growth over the last few years in many 

parts of the world, both in terms of speed of train and the number of lines. In countries like 

Sweden, Italy, Japan, Germany and many others, the maximum speed of the trains operated 

on the high speed railway lines is more than 150 km/h. The world record for the highest 

speed achieved on a conventional high speed railway line is currently held by the V150 

(modified version of Alstom’s TGV), which reached close to 575 km/h on a test run. The 

aerodynamic forces generated at such high speeds would be very significant as they are 

proportional to the square of the train speed. It is not surprising that there are many problems 

that need to be addressed. There is also the additional dimension added to these problems that 

the trains are also becoming lighter with advances in light weight materials.  

The operation of these high speed trains can be unsafe if certain requirements are not 

fulfilled. These essential requirements are covered by the Technical Specifications for 

Interoperability (TSI) which is coordinated by the European Railway Agency and also 

ensures interoperability in the European railway network. The TSI document 2008/232/CE 

[1] defines the various requirements for the operation of railways like safety, reliability, 

technical compatibility of the rolling stock, maintenance, infrastructure, control and 

signaling. Additionally, the physical phenomena of railway aerodynamics, the requirements 

and test procedure for the aerodynamics of trains in open air, tunnels and crosswinds are 

described in the European Standard EN 14067 which consists of 6 parts. (See Table 1). 

1.1  Problems in Train Aerodynamics 

The problems encountered during the operation of high speed railways can be classified into 

four categories: Crosswinds, Tunnels, Ballast Flight, and Slipstream.  

In the following section, a short description of these problems and a couple of examples 

about the studies carried out is provided. 

Crosswinds 

Crosswind, which is the gust blowing perpendicular to direction of movement of the train, 

can be quite dangerous. It affects the stability of the train leading to overturning or 

derailment. Diedrichs et al [2] have studied the stability of a high speed train on a 6 m high 

embankment subjected to a cross wind using both CFD simulations and experimental tests in 

the wind tunnel. It was found out that the presence of the embankment reduced permissible 

crosswind speed while operating the train. Wind tunnel tests on a scale model and numerical 

Table 1. European Standard EN 14067 

Document Contents 

EN 14067-1 Symbols and Units 

EN 14067-2 Aerodynamics on open track 

EN 14067-3 Aerodynamics in tunnels 

EN 14067-4 Requirements and test procedure for aerodynamics on open track 

EN 14067-5 Requirements and test procedure for aerodynamics on tunnels 

EN 14067-6 Requirements and test procedure for cross wind assessment 
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simulations have been performed by Cheli et al [3] to optimize the train body through 

modification of train roof and nose, for better crosswind behavior (shown in Figure 1). The 

influence of different parts of the train on the aerodynamic forces was analyzed using the 

force and moment coefficients. The understanding of the steady crosswind problem is quite 

mature as many experimental and numerical studies have been conducted on the issue. 

Tunnels 

Tunnels play a major role in railway transportation as they allow the train to pass through 

geographical obstacles like mountains. However, when high speed trains travel in tunnels, 

pressure waves are created which can cause discomfort to the passengers and damage to the 

train. The effect of parameters like train length, tunnel shape and tunnel length has been 

studied by Martinez et al [4] by measuring the pressure waves on different trains with the 

help of experimental tests. Diedrichs et al [5] have examined the car body vibrations caused 

by the aerodynamics of operating high speed trains inside the tunnels (shown in Figure 2). 

The reason for the vibration which causes discomfort to the passengers is found out to be the 

high speed, narrow tunnel, wide car body and shape of the train tail. 

  
Figure.1 Train under Crosswind (Wind Tunnel) [3] Figure.2 Train inside Tunnel (CFD) [5] 

Ballast Flight 

Ballast flight is the phenomenon of the ballast becoming airborne during the passage of high 

speed train. This has been the reason for considerable maintenance cost as the small pieces of 

ballast get crushed between the rail and the wheels of the train resulting in damage to railhead 

and wheels of the train. Quinn et al [6] carried out a study to investigate this problem by 

analyzing the mechanical and aerodynamic forces which cause the ballast to get in between 

the rail and the wheel. The flow between the underbody of the train and the ground was 

studied by Garcia et al [7] where a method to estimate the equivalent roughness of the ground 

(with ballast and sleepers) is discussed which is helpful for steady state simulation of the flow 

under the train body. 

Slipstream 

Slipstream is the region around a passing vehicle where there is a strong air flow and pressure 

fluctuation. The unsteady velocity induced by the passing train is called the slipstream 

velocity. The slipstream velocity of a train can have an effect on trackside workers, waiting 

passengers, pushchairs, wheelchairs, trolleys and other objects on the platform. A study 

conducted by Figura-Hardy [8] on the risk of slipstreams for the Rail Safety and Standards 
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Board (RSSB) of United Kingdom (UK) found out that from 1972 to 2005, 24 incidents 

involving slipstream have been reported in the mainland of Britain. These incidents have 

been caused by both passenger and freight trains.  

1.2  Purpose 

While crosswinds, passage through tunnels and ballast flight cause damage to the train and 

the infrastructure, slipstream affects the unaware people and objects near the passage of the 

train. The number of accidents caused by slipstreams can increase with the increase in the 

number of high speed lines as it means higher slipstream velocities and more people coming 

in contact with them. Hence, it is necessary to have a sound understanding of the slipstream 

phenomenon with the help of both experimental and numerical studies. 

The experimental procedures currently used to study the slipstream, especially with the full 

scale trains on the track, are quite expensive. The purpose of this thesis is to find out if it is 

possible to reproduce the experimental results from slipstream studies in a wind tunnel with 

the help of a numerical model. 

1.3 Literature Study 

The slipstream of trains has been studied from the 1970s and since then, various methods 

have been developed to study them. Before looking into the methods, a glance at the 

standards established to study the slipstreams would be appropriate. 

According to the TSI standards [1], during the passage of the train, the slipstream velocities 

are measured at a fixed position on the xy plane (parallel to the ground). A 1s moving 

average filter is applied on the measured velocities. 20 independent and comparable test 

samples have to be obtained ensuring that wind speeds of less than 2 m/s prevail at the time 

of measurement. This procedure is carried out in order to capture the unsteady nature of the 

train slipstream. The value     is calculated from the relation: 

          

where  

   is the mean value of the maximum filtered velocities 

σ is the standard deviation 

There are separate requirements for two types of slipstream studies: trackside and platform. 

For trains operating on the trackside or open air, the measurements are conducted at a height 

of 0.2 m above the top of rail (TOR) and 3 m from centre of the track (COT). It has to be 

ensured that the trains running at 190-249 km/h and 250-300 km/h should not cause 

slipstream velocities or     values of more than 20 m/s and 22 m/s respectively. 

For trains operating along the platform, the measurements are conducted at a height of 1.2 m 

above the platform and at a distance of 3 m from COT. It has to be ensured that the trains 

running at 200 km/h should not cause slipstream velocities or     values of more than 15.5 

m/s. 
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The methods that have been involved in the measurement of slipstream velocities can be 

classified into two types: experimental and numerical methods. Further, based on the type of 

train, there can be two test configurations: passenger or freight trains. The experimental 

methods can be classified into two types: full scale and model scale. 

Full Scale Experiments 

Full scale experimental measurements have been done by measuring the slipstream velocities 

of the trains with gust anemometers or ultrasonic anemometers placed on the platform or at 

the trackside. The measurements are performed for various distances from the train side or 

platform edge. Figura-Hardy [8] performed an analysis of the experimental data available on 

train slipstreams from different tests conducted over a period of three decades in UK and 

Germany. The effect of slipstream on the objects on the platform and trackside was studied. 

Different types of trains like freight train, high speed passenger trains, mail trains and 

multiple train units took part in the tests. The maximum 1 s moving average of the slipstream 

velocities which is the standard for evaluating slipstreams was used to analyze how various 

factors like train length, train type, train speed, distance from the platform or nearest rail and 

crosswinds influence the slipstream velocities. The slipstream data analysis was split into two 

parts: platform and trackside.  

For the platform configuration, it was found out that the freight trains travelling at much 

lower speeds generated higher slipstream velocities. The slipstream velocity increased 

proportional to the train speed and the rate of change of slipstream velocities was much 

higher for the freight trains than the passenger trains. The freight trains generated the largest 

slipstreams velocities during the passage, whereas the passenger trains generated the largest 

slipstreams after the passage. Moreover, short freight trains produced lower slipstream 

velocities when compared to long freight trains. The length of the freight trains, the number 

and size of gaps highly influenced the nature of the slipstream produced. Also, the high speed 

passenger trains created much lower slipstream velocities when compared to the conventional 

passenger trains. There was a significant difference between measurements obtained in 

Germany and UK as the platform height in the former is much lower than the later. The 

measurements also had information about the crosswind velocities during the train passage. It 

was found out that the slipstream velocities increased with crosswind.  

For the trackside configuration, the difference between the slipstream velocities of the 

passenger train and freight train was not as pronounced as it was observed with the platform. 

The underbody of the train produced a lot of turbulence which resulted in higher slipstream 

velocities at the trackside compared to the platform. 

Model Scale Experiments 

Model scale experimental measurements can be done with two types of specially built 

facilities which can examine transient aerodynamic behavior of moving trains: moving model 

rig and rotating rail rig. 

Baker et al [9] investigated the slipstream characteristics a 1/25
th

 scale model of a four-car 

high speed train with the moving model rig (shown in Figure 4). The model can reach a speed 

of up to 85 m/s. The measurement was done with the help of surface mounted pressure 

transducers and stationary hot film anemometers. The rig consists of a straight rail which is 
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150 m long with three sections: accelerating section, test section and braking section. It is 

equipped with a tensioned elastic bungee cord to accelerate the model train and a friction 

device to bring it to a halt. The moving model rig can simulate the relative motion between 

the train and the ground, the effect of crosswind on a moving train. 

Tests are carried out at a nominal speed of 30 m/s and with or without a crosswind of 6 m/s. 

The crosswind generator creates a wind flow across the model track for a length of 3 m. The 

most significant conclusion from the test was that the slipstream of the train can be divided 

into five flow regions (Figure 3) which have different characteristics:  

1. The upstream region,  

2. The nose region,  

3. The boundary layer region,  

4. The near wake region,  

5. The far wake region  

 

Figure 3. Different regions of Slipstream [12] 

The upstream region has low turbulence levels and the measured velocities are steady. The 

nose region is characterized by strong pressure fluctuations but a peak velocity gust whose 

magnitude is large but the duration is too small to cause any disturbances. The boundary layer 

region is where the boundary layer grows on the train side/roof along the length of the train. 

The boundary layer is found to grow faster on the train sides than on the train roof. The near 

wake region is dominated by large flow disturbances as there is a massive flow separation at 

the end of the train. The far wake region is characterized by gradual decrease in the 

slipstream velocities. It was also found out that crosswind increased the slipstream velocities 

similar to the results in the full scale experiments. The highly unsteady nature of the train 

slipstream was also observed as there was a considerable variation in the different runs.  

Gil et al [10] studied the slipstream of a 1/50
th

 scale curved four car train model with the help 

of a rotating rail rig (shown in Figure 5). Straight cars were not used as their length was much 

more than the radius of curvature of the rig which led to discontinuities between the cars. 
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With the curved train, measurements were made along a curved line next to the model. The 

rig consists of a 3.61 m diameter railway track where a maximum train speed of 22 m/s can 

be tested. Stationary cobra probes i.e. four-hole pressure probes were used to measure the 

three components of the velocity. 80 laps i.e. test runs could be conducted in less than 1 

minute for a train speed of 16 m/s. The time consuming nature of both the trackside 

measurements and moving model rig can be overcome with the rotating rail rig. 

Sterling et al [11] compared various full-scale and model scale experiments that have been 

carried out with high speed passenger and freight trains to study the characteristics of 

slipstreams. The purpose of the study was to understand the flow structure in the different 

regions like nose, boundary layer and near wake, so that the difficulties caused to the 

passengers and trackside workers could be figured out. The full scale passenger trains were 8 

and 14 cars long, while the moving model trains were 4 cars long. The freight trains had two 

different configurations: consist I and consist II. The experiments carried out had 

measurements obtained at different distances from the train side, platform edge, nearest rail 

and height above the track. 

When comparing the different regions of the flow, the magnitude and duration of the peak 

gusts in the slipstream were examined. 

In the upstream/nose region, a localized velocity peak is observed but is much smaller than 

the velocity peaks that exist in the boundary layer and near wake regions. The duration of the 

velocity peak is also small. It was concluded that this region does not pose any danger to the 

passengers or trackside workers. 

In the boundary layer region, the comparison of full scale trains with different lengths (i.e. 8 

and 14 cars) showed a similar boundary layer development. However, it was found out that 

the development of boundary layer was much more rapid for the full scale train compared to 

the model scale train. The main difference between the full-scale and model scale tests was 

the track geometry. The full scale track geometry had a large ballast shoulder while the model 

scale tests used a flat track bed. Another difference was the difference in the roughness of the 

surface of the trains which could influence the development of the boundary layer. The 

freight train slipstreams showed a rapid development of boundary layer for the trackside 

measurements and a gradual development for the platform measurements. The freight trains 

  
Figure 4. Moving Model Rig [9] Figure 5. Rotating Rail Rig [10] 
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showed higher turbulent intensities when compared to the passenger trains. This region was 

found to make the passengers unstable during the passage of freight trains. 

In the near wake region, when comparing the full scale train tests and the model scale train 

tests, similar trends in the large peaks were observed. It was also found out that the large 

velocity peaks were intermittent structures which can be due to some vortex shedding 

phenomenon. As these peaks are not observed in all the runs, the application of the ensemble 

average technique was found to be flawed in this region resulting in underestimation of the 

velocity peaks. This region was found to make the passengers unstable during the passage of 

high-speed passenger trains. 

Weise et al [12] studied the slipstream behavior of trains using both full-scale and model 

scale experiments. The full-scale tests were performed for the purpose of homologation of 

trains according to TSI standards. Two measuring techniques, i.e. ultrasonic anemometers 

and hot wire probes, were used on different train types and configurations. The wind tunnel 

tests were performed to analyze specific region of the slipstream like the near wake. Flow 

visualization techniques like smoke and oil-paint were used to find out that different tail 

geometries produced two types of wake flow patterns: separation bubble and vortex 

shedding. Traversing a hot wire probe behind the tail showed that there was a significant 

difference in the wake width for the two wake patterns. 

Numerical Simulations 

There has been a fairly good amount of experimental work done to study the slipstream 

effects. However, there have been very few numerical simulations that have been performed 

in order to analyze the effect of slipstreams. 

Numerical simulations with the computational fluid dynamics (CFD) technique called Large 

Eddy Simulation (LES) were conducted by Hassan et al [13] to study the slipstream and wake 

of a high speed train. The simulations used a 1/20
th

 scale model of a simplified five car train 

on fine mesh consisting of 18 million cells and a Reynolds number of 300000. The objective 

of the experiment was to find out the variation of slipstream velocities at different heights as 

the platform heights were different in around the world. Simulations were run for different 

configurations: with and without platform. It was found out that the boundary layer region 

has the largest slipstream velocity for the surface close to the train and the near wake region 

for the surface away from the train. Also, the region between the top of the rail and one-third 

of the train height was found to have the largest slipstream velocities. The results were 

validated against the experimental measurement and it was found that there was a good 

agreement. The flow structures were also studied with the instantaneous flow around the 

train. The near wake flow was found to be very unsteady, three-dimensional, and turbulent 

with large flow structures. 

The slipstream behavior of the train model in the rotating rail rig was also investigated with 

LES by Hemida et al [14].  A 1/25 scale curved four-coach model of the ICE2 train was used 

with a 3.61 m diameter rotating rig. The computational domain used for the numerical 

simulation had three computational meshes: 6 million, 10 million and 15 million cells. Tests 

were carried out at two different Reynolds numbers, 77000 and 94000, based on the train 
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height and train speed. The influence of Reynolds number on the slipstream structure and 

turbulence intensity was found to be negligible as the slipstream velocity profiles were 

similar for both the cases. Hence, it was concluded that the effect of the train speed on the 

normalized slipstream velocity is small. The formation of coherent structures was observed at 

the nose and roof of the train. 

Detached Eddy Simulation (DES) was used to conduct CFD simulations of the flow around 

two different train geometries to study the slipstream and flow structures by Muld [15]. The 

train geometries used were 1:50 scaled versions, one with 2 cars and another with 1.5 cars. 

The Reynolds number of the flow was 60,000 for both the geometries based on free stream 

velocity and characteristic length scale (3 m in full scale and 0.06 m in 1:50 scale). Proper 

Orthogonal Decomposition and Dynamic mode Decomposition were used to decompose the 

simulated flow field. When the flow separated at the rear of the trains, there were similarities 

and differences. The only flow structure that was common to both the geometries was vortex 

shedding. The slipstream effects of the two trains were also measured. As one of the train 

geometries was wider, the measurement position was closer to the train surface and it 

increased the slipstream velocity close to the peak value, with little variation away from the 

peak. The effect of different train lengths on the flow structures was also investigated. The 

wavelength and frequency of the dominant flow structures were found to be different, 

however, the type of the dominant flow structures and flow topology were similar. 

This summarizes the different types of studies performed on the slipstreams of trains until 

now.  
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2  METHODOLOGY 

This section deals with the methodology that will be used to study the slipstreams. An 

overview of the Navier Stokes equations and the different models that can used to predict the 

turbulent flow around the trains is provided. Later, information about the numerical method, 

CFD tool, experimental and numerical set up used in the thesis is discussed. 

2.1  Governing Equations 

The Navier-Stokes (N-S) equations provide the most credible description of the motion of 

fluids. They are based on the fundamental physical principles like conservation of mass 

, conservation of momentum and conservation of energy. Due to the non-linear nature of the 

N-S equations, it is very difficult to obtain accurate solutions especially for complex, 

turbulent flow around trains which is unsteady and chaotic.  

The most accurate way to solve these equations is using Direct Numerical Simulations or 

DNS which resolve all the turbulent scales of the flow. DNS has a computational cost that is 

proportional to    
  (    is the turbulent Reynolds number). It is being used for low 

Reynolds number flows and simple geometries. However, it is computationally very 

expensive and the computational capability currently available is insufficient to perform DNS 

of high Reynolds number engineering flows like train aerodynamics. 

Apart from DNS, there are two other ways in which the N-S equations can be solved. They 

are Reynolds-averaging (RANS) and filtering (LES & DES). 

Reynolds-averaged N-S equations 

The Reynolds’ decomposition (splitting the instantaneous values of the flow field into a mean 

part and a fluctuating part) is used with the instantaneous N-S equations. Taking the time 

average (steady-state conditions) or ensemble average (transient conditions) of the equations 

leads to the formulation of Reynolds Averaged Navier Stokes equations, also known as 

RANS. It is assumed that the flow around high speed trains is incompressible. However, 

there are some regions like the complex geometries around the bogies and sections like train 

travelling through a tunnel, where the flow might be compressible. These effects are assumed 

to have a negligible influence on the flow around the train. For an incompressible unsteady 

turbulent flow (without the body forces), the time averaged continuity and N-S equations are 

as follows: 

   

   
   

   

  
    

   

   
  

 

 

  

   
  

 

   
  

   

   
             

The term           is known as the Reynolds stress or simply turbulent stress. It is responsible for 

the famous ‘closure’ problem in turbulence where there are more unknowns than the number 

of equations available. There are different RANS closure models available depending on how 
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the turbulent stress is modeled. The simplest of them are the eddy viscosity models. Then, 

there are zero-equation, one-equation and two-equation models.  

Among the one-equation models, the Spalart-Allmaras model is found very effective for 

external aerodynamic applications [16]. It models   , the modified turbulent kinematic 

viscosity which is similar to   , the turbulent kinematic viscosity except near the walls. The 

turbulent kinematic viscosity is related to the modified turbulent kinematic viscosity is 

through    , the viscous damping function as given below: 

          

With the two-equation models, the most used ones are the standard k-ε model, standard and 

SST k-ω models. In the standard k-ε model, the transport equations model the turbulent 

kinetic energy (k) and the turbulent dissipation rate (ε). It is widely used for flow problems 

that have attached boundary layers and it is insensitive to free stream turbulence. In the 

standard k-ω model, the transport equations model the specific dissipation rate (ω) instead of 

the turbulent dissipation rate (ε). Unlike the k-ε model, it predicts the behavior of the flow 

even when there are separated boundary layers. However, the k-ω model is sensitive to free 

stream turbulence. In order to inherit the advantages of both these models, the Shear Stress 

Transport (SST) k-ω model was introduced. With the combined characteristics of k-ε and k-ω 

models, the SST k-ω model is much more effective in terms of accuracy and reliability.  

Steady RANS is quite cheap when it comes to computational costs, however it does not 

capture the transient nature of the slipstream which has been established from the 

experimental studies. Unsteady RANS (URANS) could seem like a probable solution but it is 

known that they suppress three dimensionality to a large extent.  

Filtered N-S equations 

The grid spacing or filter width of the computational cells are used to filter the time 

dependent N-S equations. This means that all the turbulent scales which are larger than the 

filter width are resolved while those smaller are modeled. For an incompressible unsteady 

turbulent flow (without the body forces), the filtered continuity and N-S equations are as 

follows: 

    
   

   

    
  

  
 

   
               

 

 

   

   
    

 

   
     

The main problem in the filtered N-S equations arises due to the term           which is the 

nonlinear filtered advection term. This term can be replaced by: 
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where,    
  is the residual stress tensor or the sub-grid scale stress. The modelling of this term 

is done using the sub-grid scale models or SGS models. One example of such an SGS model 

is the Smagorinksy-Lilly model. 

Large Eddy Simulation or LES involves the combination of the filtered N-S equations along 

with one of the SGS models. As the name suggests, the large eddies are resolved while the 

small eddies are modelled using the SGS model. According to the Smagorinksy-Lilly SGS 

model, the kinematic SGS viscosity is given as follows: 

             
            

where,      is a constant, Δ is the local grid scale and       
 

 
 
    

   

    

   
  is the rate of strain 

tensor. The term       is also known as the Smagorinksy length scale. The value of      

varies for different flow cases and needs to be adjusted. 

LES has a much lower computational cost as it uses a coarser grid resolution and larger time 

steps when compared to DNS. However, it has a much higher computational cost when 

compared to RANS. The main problem with LES is that it needs a much finer grid (in all 

directions) near the walls where most of the turbulent kinetic energy is produced, increasing 

the computational cost. For example, the LES simulations of train slipstream done by Baker 

and Hemida [14] took 6 weeks on 80 processors for a mesh with 18 million nodes. 

This issue can be solved by using Detached Eddy Simulation or DES [17] which is a hybrid 

of RANS and LES. It makes use of an unsteady RANS model in the regions near the wall and 

an LES model in the regions away from the wall which is dominated by large unsteady 

turbulent scales. Hence, the computational cost is reduced as the near wall grid can be much 

coarser compared to LES. The computational cost of DES is much less than LES, but 

significantly more than RANS. 

There are different DES models based on the choice of RANS models like Spalart-Allmaras 

model, realizable k-ε model or SST k-ω model. 

In the Spalart-Allmaras based DES model, the length scale   of the Spalart-Allmaras RANS 

model which represents the distance to the nearest wall is replaced by a new length scale    

given by: 

                 

The value of      is generally assumed to be 0.65 and                 i.e. the largest 

grid dimension. 

The DES model works in the RANS mode near the wall where         and it switches to 

the LES mode away from the wall where         . There is an issue with this model when 

the grid is ambiguous. If the grid spacing Δ is much smaller than the size of the boundary 

layer, the LES mode can switch on inside the boundary layer near the wall where the grid is 

not fine enough to support the resolved turbulence. This leads to modeled-stress depletion 
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and grid induced separation. A new version of DES called Delayed Detached Eddy 

Simulation (DDES) can be used to solve this problem [17].  

DDES ensures that RANS model is used within the boundary layer even if the computational 

grid is ambiguous and the wall-parallel grid spacing suggests that LES should be activated. 

The length scale    is modified as given below: 

                        

   , known as the shielding function is equal to 1 away from the walls and 0 near the walls. 

This ensures that RANS mode is operated close to the wall. 

The Spalart-Allmaras DDES model is used in the numerical simulations carried out to predict 

the effect of slipstreams in this thesis. It is computationally less demanding than LES and can 

capture the transient nature of the slipstream. For example, one of the train geometries used 

in the study conducted by Muld [15] uses a coarse, baseline and fine mesh with 15, 26 and 48 

million cells respectively. 

2.2  Numerical Method 

There are four different numerical methods that can be used to solve the numerical equations. 

They are finite volume methods, finite difference methods, finite element methods and 

spectral methods. A basic description of the working of these methods would be 

approximating the different flow variables, discretizing the flow domain by substituting the 

approximated values into the governing equation and arriving at a solution. 

Finite Volume Method (FVM) involves dividing the domain of the fluid flow into a finite 

number of control volumes. The integral form of the governing equations is applied to the 

control volumes generally known as cells. For a steady, incompressible flow, the integral 

form of the continuity equation is given by: 

          
 

 

   

where the integral is over S, the surface of the control volume and    is the normal pointing 

outwards from the surface. This method is particularly helpful when the physical domain of 

the flow is irregular and complicated as it can be divided into arbitrary volumes. 

FVM is implemented in OpenFOAM, the software used to perform the numerical simulations 

and most of the commercially available CFD softwares. 

2.3  OpenFOAM 

The software package OpenFOAM (Open Source Field Operation and Manipulation) is open 

source and free to use, unlike other commercial CFD softwares like ANSYS Fluent, STAR 

CCM+ etc. It is not just a CFD software but a versatile package with a wide range of 

capabilities to solve any problem in continuum mechanics. It has more than 80 solver 

applications dealing with incompressible flows, compressible flows, multi-phase flows, 

combustion, solid dynamics, electrodynamics and many more. OpenFOAM is written with 
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the object oriented programming language C++. For instance, it solves the N-S equation 

which is expressed in the form: 

Solve 

( 

      fvm::ddt(rho,U) 

   + fvm::div(phi,U) 

   – fvm::laplacian(mu,U) 

      == 

   – fvc::grad(p) 

); 

Hence, it offers a lot of possibilities for customization related to solvers, boundary conditions 

and turbulence models. 

2.4 Experimental Setup 

Several experimental test runs are conducted on the Torino-Novara high speed line to 

measure the slipstream velocities of the high speed train ETR500 in trackside conditions. The 

train consists of 13 coaches i.e. one locomotive each at the front and the rear, with 11 middle 

trailers. The measurements are obtained according to TSI standards [1] as discussed in the 

literature study, 3 m from the centre of track and 0.2 m above the top of rail. The 

experimental setup is illustrated in Figure 6. 

 
Figure 6. Experimental setup showing the position of the anemometers and photocells along the train track 

Three ultrasonic anemometers (inverted triangles 1, 2 and 3) placed along the trackside 

measure all the three components of the slipstream velocity. The distance between the 
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anemometers is fixed as at least 20 m in order to obtain independent and comparable test 

samples. The sampling frequency of the anemometers is 32 Hz, but the data is acquired with 

a system at 2000 Hz. Further, two pairs of photo cells (fc1 and fc2) are used to determine the 

velocity of the train based on the distance between the photo cells and time of detection of the 

train passage at the two photo cells.  

As defined in the TSI standards, it is ensured that the track does not have any obstacles like 

bridges or tunnels 500 m before and 100 m after the position of placement of the sensors. The 

measurement should start at least 1 s before the head of the train passes the test section and 

finish 10 s after the tail of the train has passed. Further, the measurement has to be obtained 

when the train is travelling at the maximum speed,         or 300 km/h if the train can 

operate at a speed higher than 300 km/h. The measurements are considered valid only when 

at least 50% of the measurements are obtained within ± 5% of         or 300 km/h and 100% 

of the measurements are obtained within ± 10% of         or 300 km/h. 

2.5  Numerical Setup 

This section provides information about how the numerical simulation is set up. The various 

folders and files that are used to modify the settings are provided in Appendix I. 

Train Model 

A 1/15 scaled model of the Italian train ETR500 (Elettro Treno Rapido 500) is used in the 

simulations. The characteristic length scale (H) of the train model is 0.256 m. For testing the 

wind tunnel configurations, a 3 coach short train model is used i.e. one locomotive each at the 

front and rear, with one trailer in the middle. The train model is placed on a single track 

ballast. 

For the platform configuration with full scale reference, the platform height is fixed as 0.265 

m. The distance between the center of rail and the platform edge is 1.6 m. The platform width 

is 10 m. The inter-carriage gaps that are present in the real trains are neglected in the train 

models. The train model does not have a pantograph on the top and the wheels are not 

rotating. For the full train configuration, the train model has 12 coaches i.e. one locomotive 

each at the front and rear, with 10 trailers in the middle. 

Computational Domain 

The computational domain extends to a height of 10 H from the ground. The width of the 

domain is 20 H, with the train model placed at the center. The total length of the domain is 60 

H for the shorter version of the train model and 140 H for the full version of the train model. 

Along the length of the domain, there is a 10 H clearance at the front the train, a 30 H 

clearance (short train) and a 110 H clearance (long train) at the rear of the train. The 

computational domain for the short train is illustrated in Figure 7. 
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Figure.7 Dimensions of the computational domain with the train and ballast track 

Grid/Mesh 

It is possible to separate the computational grid or mesh into two types: structured and 

unstructured mesh. The structured mesh has an implicitly defined set of data points which 

makes it easier for storage and retrieval of data. They follow a uniform pattern which is 

suitable for simple geometries. They could be cartesian or curvilinear. On the other hand, the 

unstructured mesh has data points that have to be explicitly defined. 

The different types of cells that can be used in the OpenFOAM mesh could be: hexahedral, 

prisms, wedges, pyramids, tet wedges, tetrahedral and polyhedral. However, only three of 

these types are used: hexahedra, polyhedral and prisms. 

Basic hexahedral cells are created with the tool BlockMesh. The mesh generating tool 

SnappyHexMesh (see Appendix II) is used which refines these blocks into lower levels based 

on refinement surfaces and regions. These consist of hexahedral cells away from the surfaces 

and polyhedral cells near the surfaces. The mesh has two refinement regions around the train, 

a fine boundary surrounding the train and a coarse boundary surrounding the entire 

slipstream. The fine refinement region around the train is necessary to capture the smaller 

flow structures that form near the surface of the train which contribute to the slipstream 

velocity around the train. The coarse refinement region captures the bigger flow structures 

that are formed in the region away from the train and in the wake region.  Figure 8 shows the 

extension of the boundaries on the front and side of the train. On the top of the train, the fine 

boundary extends to a length of 0.3 H while the coarse boundary extends an additional 0.2 H. 

Finally, the required number of layers is created on the train surface and the ground/ballast 

track surfaces. The layers are made up of the prism type of cells. The cell structure of the 

final mesh can be summarized as hexahedral cells far away from the surface, prism cells near 

the surface and polyhedral cells in between them. 
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Figure.8 Refinement regions – coarse and fine boundary around the train 

Two mesh configurations are used in the simulations, coarse and fine which have a smallest 

cell size of 0.031H and 0.022H respectively. For the shorter version of the train, the coarse 

mesh has around 2.5 million cells and the fine mesh has around 6 million cells. 

Figure 9 shows the mesh projected on the surface of the train for both the mesh 

configurations. 

  
Figure.9 Mesh projected on the surface of the train and ballast track   

Left : Coarse mesh, Right : Fine mesh 

 

Wall treatment 

The region near the wall can be separated into two regions based on the characteristic length 

scales that constitute the boundary layer: inner and outer region. 

The inner region is influenced by the viscous effects of the flow and can be classified into 

three zones: viscous sub layer, buffer layer, logarithmic layer. These zones are dominated by 

only viscous stresses, both viscous and turbulent (Reynolds) stresses, and only turbulent 

stresses respectively. On the other hand, the outer region is not influenced by the viscous 

effects. The law of wall is illustrated in Figure 10. 
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Figure.10 Law of wall showing the relation between the velocity normalized by the friction velocity and the 

wall yplus values [18] 

 ‘  ’ also known as the dimensionless wall distance is defined as the wall distance (y) 

normalized by the viscous/inner length scale (     . 

    
   
 

 

where, ν is the kinematic viscosity (approx. 1.5 x 10
-5

 m
2
/s),    is the friction velocity given 

by  
  

 
 (    is the wall shear stress, ρ is the density of air). 

There are two approaches which can be followed for the treatment of walls which are: wall 

resolved approach and wall function approach. (shown in Figure 11) 

  
Figure.11 Left: Wall resolved approach, Right: Wall function approach 

In the first approach, the mesh resolution is maintained very fine close to the wall, i.e.    ~ 1. 

The flow produced in the complete inner region is resolved by the mesh. In the second 

approach, the mesh resolution is much coarser close to the wall, i.e.    ~ 30. A wall function 

is used to resolve the viscous sub layer and buffer layer.  

A preliminary boundary layer test is performed to check the boundary layer velocity profile 

for the two approaches. The difference was not significant for DDES simulations. The wall 

function approach eliminates a lot of computational cells close to the wall which provides a 
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very significant reduction in the computational cost. Hence, the wall function approach is 

followed while generating the mesh for the simulations.  A total of 9 layers are used to 

establish a y+ of 30 with an expansion ratio of 1.2. 

Boundary conditions 

The following boundary conditions are applied on the computational domain: a velocity that 

corresponds to the train speed at the inlet, fixed pressure at the outlet, cyclic (periodic) 

conditions at the sides, and symmetry at the top. A stationary wall condition is applied on the 

train surface and the ballast track. The boundary conditions are applied in order to resolve the 

flow in a train fixed reference system. However, for the case where the train is moving with 

respect to the ground, a moving wall condition is applied on the ground and the ballast track.  

The Reynolds number is defined as ratio of the viscous forces to the inertial forces.  

   
   

 
 

It makes the flow conditions dimensionless so that studies performed with different model 

sizes, flow velocities and other criteria can be compared. 

The simulations have been performed with a Re of 256,000 (U∞, free stream velocity 15 m/s 

and H, characteristic length of the train 0.256 m). This satisfies the requirement of the 

European Standards document EN14067-4 [19] that Re should be larger than 250,000 in 

order to make sure that the values of the magnitude of the pressure pulse coefficient ΔCp are 

representative of the full scale during a wind tunnel test. 

 

Configurations 

Different configurations (listed in Table 2) are used to test the possible wind tunnel setup to 

reproduce the slipstream effects. 

 Table.2 Simulation Configurations 

Configuration Conditions 

Moving Ground Moving ground and ballast track 

Non-Moving Ground Stationary ground and ballast track 

No Front Slip condition on ground and ballast track, 8 H at the 

front of the domain 

No Front No Back Slip condition on ground and ballast track, 8 H at the 

front and 30 H at the rear of the domain 

No Ground No ground and ballast track. 

Further, simulations are also performed considering the passage of the train near the platform 

and with a full train configuration. 

Domain Decomposition 

The simulations are computationally very expensive in terms of both time and memory 

requirements. The tool decomposePar is used to decompose the computational domain into 

several parts so that they can run separately on several processors at the same time. This 
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reduces the computational time that is required for the simulations. However, the time 

reduction is not linear as the number of computational cores used is increased. This is due to 

the loss of efficiency when the different domains exchange information at the boundaries 

after the completion of every time step. The demanding numerical simulations are performed 

at the CILEA which is one of the most advanced supercomputing centers in. The cluster 

Lagrange consists of 3200 cores, 6400 GB RAM and more than 50 TB of disk space. The 

DDES simulation of the coarse mesh configuration for the short train require 4 days on 48 

processors, while the fine mesh configuration for the short train require 5 days on 96 

processors. 

Solution Initialization 

At first, the flow field is initialized from ‘0’ values i.e. when all the variables of the flow are 

constant in the computational domain. Then, a tentative solution is obtained by running the 

SA-RANS simulation. This time-averaged RANS solution is used as the initial flow field for 

the Spalart-Allmaras DDES simulations which helps in reducing the computational time and 

effort. Moreover, a function object called ‘Probes’ is used to monitor the velocities along the 

length of the domain in order to ensure that the RANS simulation has stabilized. The 

residuals during the RANS simulations are monitored in order to assure convergence. 

Solvers 

Two of the many solvers available with OpenFOAM are used for the simulations: 

SimpleFoam and PisoFoam. 

‘SimpleFoam’, a solver for steady state, incompressible, turbulent flow is used for the 

Spalart-Allmaras RANS simulations which are used to initialize the flow field. It uses the 

SIMPLE (Semi Implicit Method for Pressure Linked Equations) algorithm to couple pressure 

and velocity in the N-S equations. 

‘PisoFoam’, a solver for transient, incompressible, turbulent flow is used for the Spalart-

Allmaras DDES simulations used to get the final flow field for studying the slipstream 

phenomenon. It uses the PISO (Pressure Implicit with Splitting of Operators) algorithm for 

pressure-velocity coupling. Unlike the SIMPLE algorithm, it does not use under-relaxation. 

Numerical Schemes 

For the DDES simulations, the time derivative terms are discretized using the backward 

scheme which is a second order, implicit scheme. The convective and diffusive terms are 

discretized using the second order central difference schemes like Gauss linear, cell limited 

Gauss linear and others. 

CFL Condition 

The Courant-Friedrichs-Lewy Condition also known as the Courant Number has to be taken 

into consideration for checking the convergence of the solution.  

Courant Number,  

C = UΔt/Δx 

where, U is the maximum velocity in m/s, Δx is length of domain/number of cells in m, Δt is 

the time-step of the simulation in s. 
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The time-step for the simulation is determined such that the Courant Number stays below 1 

for most of the cells. The characteristic time scale (    ) is given by the ratio of the 

characteristic length scale and the free stream velocity (H/ U∞) which is 0.017 s. The time-

step for the simulations, Δt is 0.0029    . 

Statistical Stationarity 

Additionally, the flow field is checked for statistical stationarity. According to Pope [20], a 

random field U(x, t) can be considered stationary when all the statistics do not change over a 

shift in time. i.e. for an N-point PDF, the field does not change if (x(n), t(n)) is replaced by 

(x(n), t(n) + T) for all N points, where T is the shift in time. 

For the short train configuration, the flow requires around 3 s of actual time or 176     to 

become statistically stationary which is roughly equal to the time taken for a single fluid 

particle to make 10 passes over the entire length of the train. The real sampling time is 4 s 

after the flow becomes statistically stationary which is enough for evaluating the flow 

characteristics.  

Sets 

A function object called ‘Sets’ is used to the sample the velocities at several points along the 

line from the computational field. The position of measurement points is defined according to 

the TSI standards [1] as discussed in the literature study. A preliminary post process code is 

performed in Python environment for extracting the data generated by the sets using an 

OpenFOAM format and constructing a time-position matrix. The files generated by the sets 

are memory consuming and occupy about 10 GB of space for a simulation that is sampled for 

7 s. The time-position matrix has ‘x’ number of columns, where x is the number of points for 

which the data is computed along the length of the domain and ‘t’ number of rows, where t is 

the number of points for which data is computed along the time domain which is equal to the 

number of time steps of the simulation. The typical size of the matrix is 140000 x 1300 i.e. 

140000 time steps and 1300 positions. When saved with a data format available with Matlab, 

it consumes about 700 MB of space. 

Measurement methods 

The slipstream velocities can be measured with two different measurement systems: train 

fixed reference system and ground reference system. 

In train fixed reference system, the measurement points or virtual anemometers are fixed with 

respect to the train. It means that the virtual anemometers are stationary just like the train in 

the computational domain. This is similar to the tests performed in the wind tunnel with a 

fixed train rig. The mean and standard deviation of the slipstream velocities for each 

measurement position as shown in Figure 12 would be helpful in getting a basic idea about 

the nature of slipstreams generated by the different configurations. It is not only possible to 

get the mean values of the velocity in the slipstream, but also the instantaneous velocities 

along the lines for each sampling time. 
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Figure.12 Train fixed measurement on time-position matrix 

In ground fixed reference system, the measurement points or virtual anemometers are 

considered as fixed on the ground just like the real anemometers in the full scale experiments. 

It means that the virtual anemometers have to move with a velocity equal to the free stream 

velocity in order to be considered fixed with respect to the ground. This can be achieved by 

moving across the time-position matrix as shown in Figure 13.  

 
Figure.13 Ground fixed measurement on time-position matrix 

The following equation shows how the velocity is measured by the anemometer for the first 

point in the matrix. 

                    
             

            
                         

      is the velocity as measured by a ground fixed anemometer corresponding to the  -th 

row of the data. And   and     are the indices of the positions between which the 

anemometer is traversing.       is the ground fixed anemometer position as it travels at a 

free stream velocity of V for   seconds (given by V.t) .   is the position of the train fixed 

measurement point and      is the velocity value indicated in the time/position matrix. 

When       is calculated for enough values of    such that the total time   equals the time 

required for the anemometer to traverse the entire length of the domain, the time histories of 

the slipstream velocities are obtained similar to the measurement methods used in full scale 

experimental testing. 

If the starting time of       measurement is chosen as required to reproduce the 

measurements conducted as per TSI requirement, is changed from     to      , where   is 

the time required for the anemometer to travel a distance equivalent to 20 m in the full scale 
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measurement, it is possible to get the measurement similar to anemometer placed 20 m apart. 

Similarly, 20 different slipstream velocity time histories are extracted from the time-position 

matrix. Similar to the full scale experiments, an equivalent of 1 s moving average is applied 

on the slipstream velocity time histories to obtain the time averaged velocities that are 

required by the TSI standards. 

Paraview  

The open source visualization software Paraview is used for the post-processing the results 

from the simulations performed on OpenFOAM. It has an extensive list of filters like slice, 

threshold, smooth, extract, calculator, contour and many more to process the velocity and 

pressure fields in the computational domain. A remote visualization software called VNC 

Viewer is used to operate Paraview application that has been initialized on one of the 

processors on CILEA. 

2.6  Wind Tunnel Setup 

This section provides information about the set up of the test conducted in Galleria del Vento, 

the wind tunnel at Politecnico di Milano. 

Wind Tunnel 

The wind tunnel is a closed circuit facility with two test sections: a 4x4 m low turbulence test 

section and a 14x4 m boundary layer test section. A maximum wind velocity of 55 m/s can be 

reached with the low turbulence test section while the boundary layer test section can reach 

up to a velocity of 15 m/s. The boundary layer test section is used for performing the tests 

with the train. 

 
Figure.14 Wind tunnel setup 

A – Train Model, B – Flat ground, C – Cobra probe, D – Rail 

 

A 

C D 

B 
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Model Installation 

A 1/15 scaled model of the Italian train ETR500 (Elettro Treno Rapido 500) is used for the 

wind tunnel test. It has the same geometry as the one used in the CFD simulations, with 3 

coaches. The complete wind tunnel setup is shown in figure 14. The train model with the 

bogies is fixed to a single ballast track. The single ballast track is fixed to a flat wooden 

ground raised 350 mm above the wind tunnel floor. This ensures that the flow that the train is 

subjected to is free from the turbulence of the boundary layer generated on the floor. There is 

some difference in the presence of flat ground for the CFD and wind tunnel configurations. 

The CFD setup for the No Front configuration has a flat ground for a length of 2 H (0.512 m) 

at the front of the train and for a length of 30 H (7.68 m) at the rear. The wind tunnel setup 

has no flat ground at the front of the train and the flat ground at the rear is only 14 H (3.52m). 

Slipstream Measurement 

For measuring the slipstream velocities, 4 cobra probes are used. The cobra probe is a multi-

hole pressure probe that can measure all the three components of the velocity of turbulent 

flow fields. Two rails that are fixed to the flat ground are used to move the cobra probes 

along a line of measurement which is 13 mm from the top of the rail and 200 mm from the 

center of the track as required by the TSI standards (for 1:15 scale). A probe holder with a 

provision to hold two cobra probes placed 200 mm apart are moved along the rail (Refer 

figure 15). A total of 128 measurement points are considered for the measurement of the 

slipstream velocities. The data is acquired from the cobra probes with a frequency of 2 kHz 

for a period of 30 seconds for each measurement point. 

 
Figure.15 Cobra probe holder setup on rail 
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3  RESULTS  

This section of the thesis presents the significant results that were obtained from the 

numerical simulations and experimental tests. The results from the full scale experimental 

tests are reported. Then, the slipstream velocities from the various configurations of the 

numerical simulations are measured with two different systems: train fixed and ground fixed 

reference systems. Next, the results from the numerical simulations are compared with that of 

the experimental results and the variations in flow patterns between the different simulations 

is discussed. Later, the results from the wind tunnel test to validate the CFD data are 

presented. Finally, additional results from CFD simulations with the train passing near a 

platform and with full train length are also reported. 

3.1 Experimental results 

The experimental results from the tests conducted on the Torino-Novara high speed line are 

used as the basis to compare the results from the CFD simulations. The data obtained from 

the anemometers and photocells are post-processed with a Matlab program. Processing the 

data obtained from the photocells, the average train speeds for the each of the test runs is 

calculated. The average train speed is used to normalize the slipstream velocities. A 1 s 

moving average filter is applied on the slipstream time histories that are obtained. 

 
Figure.16 Plots of slipstream velocity time histories and 1 s moving average velocities of full scale train from 

the experimental tests 

The measurements of velocities are obtained as a function of time. However, they are 

changed into a function of space in order to have a better visualization of the flow regions. 

The photocell detects the passage of the front of the train and based on the time taken by the 
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train to travel to the anemometer depending on the distance between the photocell and the 

anemometer, the train position is obtained. There is a small uncertainty associated with the 

calculated positions based on the estimated train speed as the train is assumed to be travelling 

at a constant speed.  

Figure 16 shows the slipstream velocity time histories and the time-averaged slipstream 

velocities normalized by the train velocity plotted as a function of train position. The position 

around 0 m corresponds to the front of the train and the position around 328 m corresponds to 

the rear of the train. It is possible to observe in the slipstream velocity time histories, the 

effect of the passage of the train head that results in a peak velocity in the direction of the 

motion of the train which is followed by a sudden inversion of the flow with a peak velocity 

in the opposite direction of the motion of the train.  This phenomenon is characteristic of 

every train passage. However, the velocities induced by the coaches and the train tail show a 

much higher variation. The passage of train causes a gradual increase in the velocity of the 

slipstream up to the tail of the train. After the tail i.e. the near wake region, a maximum 

velocity peak is noticed for most of the slipstream velocity time histories. The CFD 

simulations should be able to simulate a flow around the train that is able to predict this 

maximum velocity peak which is responsible to destabilizing passengers, workers and other 

objects near the train passage. 

Subsequently, when a 1 s moving average filter is applied on the slipstream velocity time 

histories, the initial peaks caused due to the passage of the train head are suppressed. Also, 

the following section which had large fluctuations in slipstream velocities shows a smoother 

characteristic. A much clear final slipstream velocity peak can be observed. The maximum 

value of the filtered slipstream velocity time histories normalized by the train speed is 

observed between 0.05 to 0.1 in the region around 350 m. The value     normalized by the 

train velocity, U∞ is 0.204. For trackside measurements, this value should not exceed 0.264. 

(Based on maximum slipstream velocity of 22 m/s for a train travelling between 250-300 

km/h normalized by train velocity of 83.33 m/s i.e. 300 km/h) 

3.2 Numerical results 

Simulation configurations and notations 

The notations that will be used to represent the different configurations of the numerical 

simulations are shown in Table 3. 

Table.3 Notations used to represent different configurations of the simulations 

Configuration Notation 

Moving Ground MG 

Non Moving Ground NMG 

No Front NF 

No Front No Back NFNB 

No Ground NG 

Coarse Mesh C 

Fine Mesh F 

MG configuration would provide results that can be checked for similarity with the full scale 

tests. NMG configuration simulates the most basic wind tunnel setup that can be used. A 
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wind tunnel configuration that has no boundary layer growth on the floor in front of the train 

is tested with NF configuration. NFNB configuration has no boundary layer growth on the 

floor both in the front and the rear of the train. NG configuration is a simplified test where the 

flow over the train that is far away from the floor. The free stream velocity is 15 m/s and the 

Reynolds number based on the characteristic height is 256,000.  

Train fixed reference system 

With the train fixed reference system, the mean and standard deviation of the slipstream 

velocities normalized by the train velocity are plotted as a function of the position of the train 

corresponding to the full scale values.  

The position at 0 m corresponds to the front of the train while 67 m corresponds to the rear of 

the train when transformed from model scale to full scale reference. In the simulations, the air 

moves over the train instead of the train moving through the air like the experimental tests. 

Moreover, the simulations are also carried out at much lower Re. Almost all the simulation 

configurations are able to capture the main features of the slipstream flow as observed in the 

experimental results.  At the nose region or the front of the train, it can be seen that there is 

small peak which is caused by the rapid acceleration of the flow as it passes over the nose of 

the train and a small dip which is due to the deceleration of the flow. The boundary layer 

region on the train which falls between the front and the rear shows a gradual increase in the 

slipstream velocities as the boundary layer develops over the train surface. As the flow passes 

over the rear of the train, there is a dip in the slipstream velocities. Around the rear of the 

train known as near wake region, the highest slipstream velocity peak is observed. As the 

flow moves to the far wake region, there is a gradual decrease in the slipstream velocities. All 

these features have also been observed in the previous studies conducted on the train 

slipstream. 

Figure 17 shows the the mean and standard deviation of slipstream velocities for the moving 

ground (MG) configurations with the coarse and fine mesh. Results from both the meshes 

show no difference in the nose region of the train. However, in the boundary layer region of 

the train, the fine mesh has more fluctuations as there is a higher deviation from the mean 

values. In the near wake region, it can also be seen that the standard deviation values around 

the peak mean velocity are much higher for the coarse mesh compared to the fine mesh. This 

can be explained as a result of difference in the mesh refinement. The peak mean slipstream 

velocity for the coarse mesh is 0.15 which is significantly higher than the one predicted by 

the fine mesh. In the far wake region, the coarse mesh shows lower mean slipstream 

velocities and lower standard deviation from the mean when compared with the fine mesh. 

The slipstream velocities from the fine mesh cannot be considered as the final values. A 

much finer mesh should provide lower slipstream velocities. However, due to lack of 

computational resources and time, it could not be checked. 
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Figure.17 Mean slipstream velocity as a function of position 

Left: Moving Ground (C) Right: Moving Ground (F) 

Figure 18 shows the the mean and standard deviation of slipstream velocities for the non-

moving ground (NMG) configuration with the coarse and fine mesh. A similar trend to the 

MG configurations is observed, where the peak mean velocity and the standard deviation 

around it for the coarse mesh is quite higher compared to the fine mesh. However, there is a 

difference in the boundary layer region of the train where the velocities are higher for the 

coarse mesh than the fine mesh unlike the MG configuration. Moreover, NMG configurations 

show a considerably higher peak mean velocity compared to MG configurations: a difference 

of around 0.1 for both the coarse (0.27 and 0.16) and fine mesh (0.2 and 0.1). This is as a 

result of the boundary layer developing on the ground and the ballast track.  

  
Figure.18 Mean slipstream velocity as a function of position 

Left: Non Moving Ground (C) Right: Non Moving Ground (F) 

Figure 17 shows the the mean and standard deviation of slipstream velocities for the no front 

(NF) configuration with the coarse and fine mesh. The results are almost similar to the NMG 

configurations. There is a slight difference in the peak mean velocity for the fine mesh (0.19 

for NF, 0.21 for NMG) and a much higher difference for the coarse mesh (0.22 for NF, 0.27 

for NMG). This difference can be explained due to the absence of a strong boundary layer on 

the ground and the ballast track before the flow reaches the train geometry. In the far wake 

region, the fine mesh has a similar mean velocity profile compared to the coarse mesh, but 

the standard deviation from the mean is much higher. 
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Figure.19 Mean slipstream velocity as a function of position 

Left: No Front (C) Right: No Front (F) 

Figure 19 shows the comparison between the mean slipstream velocities of MG, NMG and 

NF configurations.  

 
Figure.20 Mean slipstream velocity as a function of position 

Comparison between MG, NMG and NF (F) 

MG and NF share a similar velocity profile in the boundary layer region of the train 

slipstream as the development of the boundary layer on the ground in front of the train is 

prevented. However, NMG shows higher velocities in the region as the flow that impacts the 

train has a boundary layer formed. In the near wake region, NF has a slightly lower peak than 

NMG as they have a similar flow from the under body of the train that joins the distinct flows 

from the sides and the roof. In the far wake region, NF velocity profile lies much closer to 

MG than NMG. 

Figure 21 shows the mean and standard deviation of slipstream velocities for the coarse mesh 

of no front no back (NFNB) and no ground (NG) configurations. NFNB velocity profile is 

exactly the same as NF except in the far wake region where the velocity is slightly lesser as 

expected. On the other hand, NG velocity profile is completely different from any of the 

other configurations. The absence of ground has completely suppressed the development of 

the very high peak slipstream velocity observed in the other cases. 
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Figure.21 Mean slipstream velocity as a function of position 

Left: No Front No Back (C) Right: No Ground (C) 

The train fixed measurements have provided a general idea about the slipstream velocities for 

the different configurations that are simulated. It is concluded that NFNB, NG and the coarse 

mesh cases need not be considered for further analysis. 

Ground fixed reference system 

With the ground fixed reference system, the measurements provide 20 runs of the slipstream 

velocity time histories for the simulation configurations. The slipstream velocity time 

histories are normalized with the train velocity,    and plotted as a function of train position. 

The maximum and minimum values of the slipstream velocity as measured by the train fixed 

reference system are also plotted for comparison. 

Figure 22 shows the slipstream velocity time histories for the moving ground (MG) 

configuration with a fine mesh. It shows the highly irregular distribution of velocity peaks in 

the near wake region as established by previous studies. The maximum and minimum 

velocity values present very large values, but the frequency of occurrence in the samples 

obtained is very low. In most of the cases, the slipstream velocity is closer to the mean value. 

The 1 s moving average filter would provide a better picture as it reduces the effect of the 

localized peaks. Large fluctuations can be seen in the boundary layer region of the train as 

already observed from the standard deviation values in Figure 15.  

 
Figure.22 Slipstream velocity time histories as a function of position: Moving Ground (F) 
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Figure 23 shows the slipstream velocity time histories for the non moving ground (NMG) 

configuration with a fine mesh. As observed in Figure 16, there is less scatter in the train 

velocities along the length of the train. However, when compared to MG configurations, the 

fluctuations in the wake are much larger in the near wake region. The minimum values of 

velocities are closer to zero, while MG configurations show minimum values that are much 

lower than zero in the boundary layer and near wake regions of the train. 

 
Figure.23 Slipstream velocity time histories as a function of position: Non Moving Ground (F) 

Figure 24 shows the slipstream velocity time histories for the no front (NF) configuration 

with a fine mesh. There is a higher scatter in the last half of the train length when compared 

to NMG configuration which is suggested by the maximum values in that region. 

 
Figure.24 Slipstream velocity time histories as a function of position: No Front (F) 

Otherwise, both the NMG and NF configurations show a similar trend with respect to the 

velocity peaks, i.e. higher peaks in the near wake region and more fluctuation in the wake 

region compared to the MG configuration. 

Comparison with experimental results 

As per the TSI Standards [1], the 1 s moving average filter is applied on the slipstream 

velocity time histories in order to compare it with the full scale experimental measurements 

and to find out if the TSI requirements are satisfied. 
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Figure 25 shows the time averaged velocities (with the slipstream velocity time histories in 

the background) for MG configuration and the full scale experiment. The slipstream velocity 

time histories show that MG configuration captures the localized peaks that are found along 

the boundary layer region and wake region of the train similar to the full scale experiments. It 

can be observed that the profiles of the time averaged velocities lie in the range between 0 

and 0.1 for the moving ground configuration and in the range between 0 and 0.2 for the full 

scale experiments. However, the variations of these profiles follow a similar trend in both the 

cases. There is a considerable increase up to the region where the peak time averaged 

velocities are observed, followed by a gradual decrease in the values. 

  
Figure.25 Time averaged slipstream velocity as a function of position 

Left: Moving Ground (F) Right: Full Scale Experiment 

Figure 26 shows the comparison of the time averaged velocities (with the slipstream velocity 

time histories in the background) for NMG configuration and the full scale experiment. NMG 

configuration captures the localized velocity peaks of the slipstream velocity time histories 

from the full scale experiment only in the wake region of the train. Moreover, the time 

averaged slipstream velocity profiles fall in between a much larger range of values when 

compared to MG configuration. 

  
Figure.26 Time averaged slipstream velocity as a function of position 

Left: Non Moving Ground (F) Right: Full Scale Experiment 
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Figure 27 shows the comparison of the time averaged velocities (with with the slipstream 

velocity time histories in the background) for NF configuration and the full scale experiment. 

When compared with NMG configuration, NF shows less variation in the range of the time 

averaged slipstream velocity profiles. The trend that is observed in the time averaged 

slipstream velocities of MG configurations i.e. the increase of values up to the region of peak 

velocities and the decrease after the region. 

  
Figure.27 Time averaged slipstream velocity as a function of position 

Left: No Front (F) Right: Full Scale Experiment 

NMG and NF configurations show similar trends with the peak time averaged slipstream 

velocities around 0.2. However, only the use of     as prescribed by the TSI standards will 

provide a proper overview on the different configurations. 

Table 4 provides the mean, standard deviation and    /    for the different configurations. 

The full scale experiment has a much higher     compared to MG simulations. There is a 

considerable variation in both the mean and the standard deviation values. NMG simulations 

show almost twice the mean and four times the standard deviation. Just as observed in the 

measurements with the train fixed reference system, NF simulations fall in between MG and 

NMG simulations. It has to be noted that the full scale experiments and the CFD simulations 

have been carried out at different Re numbers. 

Table 4. Mean, standard deviation and     values 

 Full Scale MG (F) NMG (F) NF (F) 

Mean 0.1576 0.0995 0.1817 0.1438 

Standard Deviation 0.0232 0.0203 0.0415 0.0364 

   /   0.2040 0.1443 0.2647 0.2166 

The maximum value for    /   is found out as 0.264. The value of    /   from MG 

configuration (0.1443) is much lesser compared to the one calculated from the full scale 

experiments (0.2040). However, the value from NMG configuration (0.2647) exceeds the 

limits by a very small margin.  The value from NF configuration (0.2166) can be considered a 

more reliable configuration as it is away from the maximum limit by a good margin. 

Testing the NF configuration in the wind tunnel provides a good opportunity to check the 

slipstream features of a train. If the standards are fulfilled with the NF configuration, it will 

also be satisfied in the full scale experiments. Moreover, the simulations were performed with 
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only 2.5 million and 6 million cells. If more CFD resources are available, a finer mesh with 

more elements can be used. This would result in a better resolution of the flow and lower 

predicted peak velocities. The mesh independence test which is considered a basic procedure 

for all CFD simulations is not conducted due to restriction in both computational resources 

and time. 

Flow visualizations 

The region along which the slipstream velocities are measured is visualized with Paraview in 

order to get a general idea about the flow patterns and flow structures. 

Figure 28 shows the instantaneous stream-wise slipstream velocities on a horizontal plane 

that is at a distance equivalent to 0.2 m above the top of rail in full scale measurements for 

the fine mesh configurations of MG, NMG and NF cases. The undisturbed flow field is 

represented by the regions with a stream-wise slipstream velocity of 15 m/s. The area under 

the floor of the train and in the region next to the rear where flow separation takes place is 

marked by the regions with a stream-wise slipstream velocity around 8 m/s. The wake flow 

behind the train is marked by the regions with a stream-wise slipstream velocity around 12 

m/s. 

 

 

 

 
Figure 28. Instantaneous Slipstream Velocities (on a plane 0.2 m above TOR) 

Top : Moving Ground (F), Center : Non-Moving Ground (F), Bottom : No Front (F) 
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It can be observed that the flow pattern is very different for MG case when compared to 

NMG and NF cases. From the streaks, it can be seen that MG has a thinner wake and more 

disturbances that could indicate a more chaotic flow. NMG and NF cases have a wake that is 

more spread out. NF has a couple of rectangular rings in the front of the domain which is due 

to irregularities in the mesh and it does not affect the flow on the train. The late boundary 

layer growth on the ground is clearly visible for NF when compared to NMG case. 

Figure 29 shows the instantaneous stream-wise slipstream velocities on a vertical plane that is 

at a distance equivalent to 3 m from the center of track in full scale measurements for the fine 

mesh configurations of MG, NMG and NF cases. The two large red spots mark the front and 

rear of the train. There is a similar trend as observed in the horizontal plane. MG shows 

existence of more number of structures than the other two cases. The development of the 

boundary layer before the train is clearly visible for NMG configuration which affects the 

region in the rear significantly. Otherwise, NMG and NF configurations have very similar 

profiles. 

 

 

 

 

 
Figure 29. Instantaneous Slipstream Velocities (on a plane 3 m from COR) 

Top : Moving Ground (F), Center : Non-Moving Ground (F), Bottom : No Front (F) 

Figure 30 shows the contours of vorticity magnitude coloured by stream-wise velocity 

magnitude for the fine mesh configurations of MG, NMG and NF cases. Similar to the 

observations earlier in the horizontal and vertical planes, the contours from the MG 

simulations clearly show that there are many sizes of flow structures present in the wake. 

Many small flow structures are being generated in the region between the under body and the 

train. The contours of NMG and NF simulations show a few flow structures that are quite 

dominant and it appears less disturbed compared to the MG case. Moreover, the region 

between the under body and the train also show much fewer and bigger flow structures. 
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Figure 30. Contours of vorticity magnitude colored by stream-wise velocity in the rear of the train 

Left : Moving Ground, Center : Non-Moving Ground, Right : No Front 

A Fast Fourier Transform (FFT) of the velocity signal at a point in the wake of the train as it 

varies over time would provide another perspective about the flow structures. A FFT is an 

algorithm that calculates the discrete Fourier transform which breaks down a sequence of 

values into different frequencies. A Matlab program is used to obtain the FFT of the velocity 

signals. 

Four points located in the rear of the train are chosen for FFT analysis. The distance 

corresponding to the train model is scaled to the full scale reference in order to denote the 

position. The position front of the train is a 0 m and the rear of the train is at 67 m. The four 

points are located 2 m before the rear, 18 m, 22 m and 34 m after the rear as shown in Figure 
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30. These points correspond to the region where there is a dip in the mean slipstream 

velocity, the peak mean slipstream velocity for the NF case, the peak mean slipstream 

velocity for the NMG case and the peak mean slipstream velocity for the MG case 

respectively. 

 
Figure 31. Points marked on mean slipstream velocity profiles for FFT 

 

Figure 32 and Figure 33 show the FFT of the velocity signal at the four points. The amplitude 

provides information about the energy content of the flow structures. Higher amplitude 

implies flow structures with more energy. The frequency provides information about how 

often the flow structures are being generated. 

  
Figure 32. Fast Fourier Transform of slipstream velocities in the rear of the train 

Left : point 1, 2 m before rear, Right : point 2, 18 m after rear   

The first point shows that MG case is dominated by low amplitude flow structures as it has 

low peaks distributed over the whole frequency range. NMG and NF cases have two 

dominating frequencies whose amplitudes are not so prominent. This is an effect of the 

smaller flow structures in the flow between the underbody and the track on the side of the 

train which can be observed in the contours of vorticity magnitude. At the second point, 

NMG and NF cases have a dominating frequency which indicates bigger flow structures as 

observed in the contours of the wake flow. MG case has flow structures distributed over the 
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whole frequency range, but there are some bigger flow structures in the low and lower-mid 

frequency ranges. 

  
Figure 33. Fast Fourier Transform of slipstream velocities in the rear of the train 

Left : point 3, 22 m after rear, Right : point 4, 34 m after rear  

The third point also shows similar characteristics that were exhibited by the second point. At 

the fourth point, all the cases are characterized by smaller flow structures. MG case still has 

flow structures in the low and lower-mid frequency ranges while NMG and NF have flow 

structures in the low frequency range that are dominant but with lower amplitude.  

Figure 33 shows the comparison on FFT graphs of the three cases at the points where they 

exhibit their maximum mean slipstream velocities. This shows a much clearer comparison 

where there are similar flow structures at high frequencies and different flow structures at low 

frequencies. 

 
Figure 34. Fast Fourier Transform of slipstream velocities in the rear of the train: 

For different cases at the point that shows peak mean velocity 

This explains the different flow patterns observed in the flow visualizations, the MG case 

with a wake that has flow structures with many sizes, the NMG and NF cases with a wake 

that has large flow structures that are dominant. It is important that the flow structures in the 

NMG and NF cases are not considered a characteristic of the real slipstream as they are 

generated due to the flow between the ground and the train without a relative motion. 
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3.3 Wind tunnel results 

In this section, the No Front configuration with the fine mesh from the CFD simulations is 

compared with the results from the wind tunnel.  

Mean slipstream velocities 

Figure 35 shows the mean slipstream velocities for the CFD simulation and the wind tunnel 

tests at 10 and 14 m/s. It can be observed that in the nose region (0 m), the wind tunnel data 

differs from the CFD data in the initial part. This can be due to the difference in the nature of 

the flat ground in the CFD and wind tunnel setup. The CFD setup had a flat ground in front of 

the train for 0.5 m while the wind tunnel setup had none. In the boundary layer region (0 to 

4.5 m), there is a good agreement between the CFD and wind tunnel data. In the wake region, 

there is a variation in the slipstream velocities.  

 
Figure.35 Mean slipstream velocities: CFD and Wind Tunnel 

Maximum and Minimum 

Figure 36 shows the maximum and minimum slipstream velocities measured with CFD and 

wind tunnel. It also shows the mean slipstream velocities from CFD for reference.  

 
Figure.36 Maximum and Minimum slipstream velocities: CFD and Wind Tunnel 
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It can be observed that the values are much higher for the wind tunnel results for most of the 

regions. However, it is interesting to note that the maximum values in the near wake region 

are almost similar in both the CFD and wind tunnel data. This result is remarkable since the 

near wake region is the one which is critical to predicting the slipstream velocity peaks. 

Turbulence Intensity 

Figure 37 shows the turbulence intensity in the flow fields as a function of train position for 

CFD and wind tunnel results. It shows that the inlet conditions for the wind tunnel is quite 

different compared to CFD. The wind tunnel results have a turbulence intensity of 5 % while 

the CFD results have none. It is also similar in the boundary layer region of the train (0-4.5 

m) and the far wake region of the train (6.5-8 m). However, in the near wake region of the 

train, there is a good agreement between the CFD and wind tunnel results. 

 
Figure.37 Turbulence Intensity: CFD and Wind Tunnel 

The difference in the mean slipstream velocities between the CFD and wind tunnel results 

can be due to the difference in the turbulent intensities at the inlet. 

3.4 Additional results 

Platform configuration 

The platform configuration of the CFD simulations have a moving ground and a fine mesh 

configuration similar to the trackside configuration i.e. Moving Ground (F). The 

computational mesh has around 7 million cells. Figure 38 shows the mean slipstream 

velocities from the CFD simulations of the train with the platform and trackside 

configurations. In the boundary layer region, it shows slightly lower values while there is no 

variation in the far wake region. The results show that the slipstream values for the platform 

configuration show slightly higher values in the nose and near wake region. 

The difference in the values can be due to the influence of the platform on the flow. The line 

of measurement for the slipstream velocities is also much higher from the ground for the 

platform configuration. It could have been interesting to perform a CFD simulation of the 

train with a platform and a setup similar to the No Front configuration. 
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Figure.38 Mean slipstream velocities: Platform and Trackside 

Full train configuration 

The CFD simulations with the full train configuration use the moving ground and coarse 

mesh configuration. The computational mesh has around 18 million cells. The simulations 

took around 13 days with 96 processors. There is a small difference between the CFD 

simulations and the Experimental tests. The train model used in the CFD setup is one coach 

shorter as the experimental tests have 13 coaches and the CFD setup has only 12 coaches. 

Figure 39 shows the slipstream velocity time histories and time averaged slipstream velocities 

as function of train position for the CFD simulations with the full train configuration and the 

full scale experimental tests. The rear of the train is at around 302 m for the CFD simulation 

and around 328 m for the full scale experimental test. It can be observed that the peaks of the 

slipstream velocity time histories from the CFD simulations show a similar trend in almost all 

the regions compared to the full scale experiment even if the values are much higher for 

CFD. This is characteristic of the coarse mesh that was used. The values should be much 

lower with a finer mesh. 

  
Figure.39 Slipstream velocity time histories and Time averaged slipstream velocities as a function of position 

Left: CFD Right: Full Scale Experimental Test 
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4  CONCLUSION 

Numerical simulations of the flow around high speed train ETR500 with different 

configurations that can be tested in the wind tunnel are performed. The unsteady, turbulent 

flow around train is modeled using Delayed Detached Eddy Simulation numerical model 

available with OpenFOAM. The slipstream velocities are sampled from the computational 

domain according to the specifications mentioned by the TSI standards and measurements are 

done with train fixed and ground fixed reference systems. 

Measurements with the train fixed reference system show that the peak of the mean 

slipstream velocities from the simulations with the moving ground (MG) is quite lower 

compared to the experimental results. The simulations with the non moving ground (NMG) 

and no front (NF) show similar values. The coarse mesh predicts a significantly higher value 

compared to the fine mesh for all the three cases. The simulations with no ground (NG) gave 

completely different results and not much difference was found between no front (NF) and no 

front no back (NFNB) cases.  

Measurements with the ground fixed reference system give the slipstream velocity time 

histories which can be time averaged with a 1 s moving average filter according to the TSI 

standards. These measurements are performed on the results from the fine mesh 

configurations of MG, NMG and NF simulations. Then, they are compared with the 

experimental results which are taken from tests conducted on the Torino-Novara high speed 

line. The value     normalized with    is calculated for the fine meshes of MG, NMG and 

NF cases. There is a limit for this value as defined by the TSI. It is found that the value for 

MG is lower when compared to the full scale experiment and they fall within the TSI limits. 

NMG value is found to exceed the TSI limit by a small margin. NF values fall in a much 

safer zone. Moreover, only 6 million cells were used in the computations due to restrictions 

in computational resources and time. With a finer mesh resolution, much lower slipstream 

velocities would be obtained. 

It is concluded that the wind tunnel test conducted with the no front (NF) configuration i.e. a 

slip floor in front of the train, can be used to check if the slipstream velocities fall within the 

range prescribed by the TSI.  If the tests from the wind tunnel predict values that are less than 

the TSI limits, the full scale experimental results will also fall within the limits. This would 

make it possible to eliminate the expenses associated with the full scale experiments. The 

data from the numerical simulations is also validated with the tests conducted in the wind 

tunnel. It is found out that they are in good agreement in the boundary layer region of the 

train and there are variations in the wake region which can be due to the different inlet flow 

conditions. 

Moreover, the difference in the flow patterns and structures of the MG, NMG and NF 

configurations is studied with visualizations of the instantaneous slipstream velocities on the 

horizontal and vertical plane of measurement, contours of vorticity magnitude and FFT. They 

show that MG simulations have a more chaotic wake with many sizes of flow structures. 
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NMG and NF simulations have a wake that is more orderly and dominated by a bigger flow 

structures. 

Simulations with the train with the platform configuration show that the slipstream velocities 

show a similar trend when compared to the trackside configuration, with slightly higher peak 

values. Simulations with the train with the full length configuration capture the peaks of the 

velocity time histories, however, the values are much higher compared to the experimental 

tests as the simulations are performed with a coarse mesh. 
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APPENDIX I:  OpenFOAM Folder Structure 

 

0 

 nuSgs Conditions for SGS viscosity 

 nut Conditions for turbulent kinematic viscosity 

 nuTilda Conditions for modified turbulent kinematic viscosity 

 p Conditions for pressure 

 U Conditions for velocity 

constant 

 RASProperties Properties of the RANS model 

 LESProperties Properties of the LES model 

 transportProperties Kinematic viscosity 

 turbulenceProperties Properties of the turbulence model 

 polyMesh/blockMeshDict Basic block mesh setting 

 triSurface/*.stl  Train and ballast track geometry files 

system 

 controlDict Time step, total time, function objects.  

 decomposeParDict Decomposition methods 

 snappyHexMeshDict Advanced mesh settings 

 fvSchemes Numerical schemes 

 fvSolution Solver settings like tolerances 
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APPENDIX II: SnappyHexMesh 

SnappyHexMesh tool performs meshing at three levels. The different settings that can be 

modified to get the required mesh qualities are found in the file ‘snappyHexMeshDict’. 

1. Castellated Mesh 

This step creates the required mesh with the refinement levels specified for the 

regions and surfaces. The mesh on the surface of the geometry has grooves or steps 

protruding on them. 

2. Snap Mesh 

This step snaps the mesh created in the previous step to the geometry. 

3. Add Layers to Mesh 

The final step adds the required number of layers with the specified final layer 

thickness and expansion ratio. 

The tricky part of snappyHexMesh was adding layers to the snap mesh. It is controlled by a 

set of parameters under the sub-dictionary meshQualityControls. The default values of 

maxBoundarySkewness and maxInternalSkewness are 20 and 4 respectively. When the mesh 

is generated with these values, many non-orthogonal, skewed and high aspect ratios were 

found while checking the mesh for errors. The presence of these errors could affect the 

solution of the numerical simulation. These errors were eliminated when the values for 

maxBoundarySkewness and maxInternalSkewness were both changed to 1. 

 


