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Abstract
Train transportation is a vital part of the transportation system of today. As
the speed of the trains increase, the aerodynamic effects become more important. One aerodynamic effect that is of vital importance for passengers’ and
track workers’ safety is slipstream, i.e. the induced velocities by the train.
Safety requirements for slipstream are regulated in the Technical Specifications
for Interoperability (TSI). Earlier experimental studies have found that for
high-speed passenger trains the largest slipstream velocities occur in the wake.
Therefore, in order to study slipstream of high-speed trains, the work in this
thesis is devoted to wake flows. First a test case, a surface-mounted cube, is
simulated to test the analysis methodology that is later applied to two different train geometries, the Aerodynamic Train Model (ATM) and the CRH1.
The flow is simulated with Delayed-Detached Eddy Simulation (DDES) and
the computed flow field is decomposed into modes with Proper Orthogonal Decomposition (POD) and Dynamic Mode Decomposition (DMD). The computed
modes on the surface-mounted cube compare well with prior studies, which
validates the use of DDES together with POD/DMD. To ensure that enough
snapshots are used to compute the POD and DMD modes, a method to investigate the convergence is proposed for each decomposition method. It is found
that there is a separation bubble behind the CRH1 and two counter-rotating
vortices behind the ATM. Even though the two geometries have different flow
topologies, the dominant flow structure in the wake in terms of energy is the
same, namely vortex shedding. Vortex shedding is also found to be the most
important flow structure for slipstream, at the TSI position. In addition, three
configurations of the ATM with different number of cars are simulated, in order
to investigate the effect of the size of the boundary layer on the flow structures.
The most dominant structure is the same for all configurations, however, the
Strouhal number decreases as the momentum thickness increases. The velocity
in ground fixed probes are extracted from the flow, in order to investigate the
slipstream velocity defined by the TSI. A large scatter in peak position and
value for the different probes are found. Investigating the mean velocity at
different distances from the train side wall, indicates that wider versions of the
same train will create larger slipstream velocities.
Descriptors: Train Aerodynamics, Slipstream, Wake Flow, Detached-Eddy
Simulation, Proper Orthogonal Decomposition, Dynamic Mode Decomposition,
Surface-mounted Cube, Aerodynamic Train Model, CRH1
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Part I
Introduction

CHAPTER 1

Introduction
Trains have moved people and goods around countries and continents ever
since Stephenson’s Rocket won the Rainhill Trials in 1829; a competition
where the winning design would traffic the newly built railway between
Liverpool and Manchester. Since new transportation systems have arisen
since 1829, the railways have had to evolve to remain competitive compared
to, for instance, air and road transport. In order to still be a vital part of
the transportation in today’s society, the travel times have been reduced
by increasing the speeds of the trains. Decreasing the travel times, both
decrease the cost efficiency and increase the market share for high-speed trains,
Fröidh (2012). However, increasing the speed also has disadvantages, such
as increased fuel consumption due to the aerodynamic resistance as well as
increased slipstream velocities. The aerodynamic resistance is proportional to
the square of the velocity, meaning that a doubling of velocity from 100 km/h
to 200 km/h quadruples the aerodynamic resistance. The reduction of the
weight of the train, development of regenerative brakes and improvement of
aerodynamic resistance are examples of three efforts made for accomplishing
higher energy efficiency, however, more can be done. The development of
distributed traction, each train car has traction on at least one bogie each, has
enabled lighter trains as well as possibility of increased power for traction.
Two of the strongest arguments for rail transport versus other transportation systems are better safety and lower emissions of greenhouse gases.
Stephenson’s Rocket was driven by steam power, but today’s trains, and
especially high-speed trains, are mostly powered by electrical engines. The
evolution of trains has gone from steam power, to diesel and now electricity,
to power the train. The electricity is taken from the main power grid and
the amount of emissions by trains is then decided by the way the electricity
is generated on a national level. This depends to high degree on country
and season, and could vary from wind, hydro or nuclear power with low
emission of greenhouse gases to coal power with larger emissions. The overall
environmental effects of nuclear power can be discussed further, but this is
out of the scope of this thesis. Air and road transportation are today mainly
powered by fossil fuels which have very large emissions of greenhouse gases. In
Andersson & Berg (2007), the emission of carbon dioxide is compared between
air, road and rail transport in Sweden during 2005. Rail transport emitted
1
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0.1 Mton CO2 , road transport 18.5 Mton and air transport 0.6 Mton. Since
rail transportation is dependant on the type of power generation on the main
power grid, the only way train industry can influence the emissions is to reduce
the energy consumption of the trains produced.
The good safety of trains originates from the fact that train transportation
is conducted on a separate track isolated from other types of transport. The
safety on track is maintained by strict rules and advanced safety systems.
Despite strong safety consideration, accidents do happen, but in a smaller
extent than for other means of transportations. In Andersson & Berg (2007),
the number of people fatally injured in Sweden per kilometer and person
transported is compared between transportation systems. For air transport,
buses, passenger cars and trains the amounts are 0.2-0.4, 0.2-0.3, 4 and 0.15,
respectively. This statistics clearly states that trains are the safest way of
transportation followed by air and buses, while passenger cars have the most
fatal accidents. The difference between passenger cars and other transport
systems is an order of magnitude. There are different reasons for accidents
involving trains, where some of them are related to the air flow around the
train. To improve the safety even further, the aerodynamic effects have to be
investigated. This is especially important as trains become faster since the aerodynamic effects become more dominate at higher speeds. Hence, aerodynamics
is important for making high-speed trains both safe and environmental friendly.
Gröna Tåget was a research program funded by the Swedish Transport
Administration (Trafikverket ). Its aim is to propose a new high-speed
concept that can operate on the existing tracks. It focuses on the specific
issues related to the Scandinavian market. In Sweden and the other Nordic
countries, wider trains bodies than in Continental Europe are allowed to
be used on the railroads. This opens a possibility to have more seats per
car length, by having 3+2 seating instead of 2+2, see Figure 1.1. The 3+2
seating enables more passengers to be seated per car, meaning that to be
able to transport the same amount of people less cars can be used, which
reduces the energy consumption and the cost of the train set. In Fröidh
(2012), it is found that a wide car body saves 15 % total cost per person
and kilometer compared to a normal width train. The advantages with the
wide body trains assume that the train concept attracts costumers in order
for the train seats to be highly utilized. Studies in Gröna Tåget shows
that the 3+2 is considered equally or slightly more popular than the 2+2
seating, Kottenhoff & Andersson (2009). Examples of trains in operation with
different width are the Swedish Regina and German ICE2, shown in Figure 1.2.
However, there are also drawbacks with a wide car body, since it could
cause problem for the aerodynamic behavior of the train, such as higher drag
and slipstream velocities. The purpose of the work in this thesis has been to
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Figure 1.1. The wide car body concept Gröna Tåget with
3+2 seating (right) with Hold-off device (HOD) and modified
bogies, compared to a German train with the width allowed by
the Continental European profile, which has a the traditional
2+2 seating(left), Fröidh (2012)
investigate the effect a wide body train has on slipstream and the flow structures
in the wake.

1.1. Train Aerodynamics
Aerodynamics comes from the Greek words, aerios and dynamis, which mean
concerning the air and force, respectively. Hence, aerodynamics deals with
the forces that are induced when moving through air. Train aerodynamics
covers a wide range of topics, which all have to be considered when designing
a high-speed train. These topics are, for instance, drag, slipstream, crosswind,
tunnel passing, ballast projection and aeroacoustics. Slipstream is the induced
velocities by train and is the topic of this thesis. Slipstream is discussed in
detail in Section 1.1.6. For more on the aerodynamic phenomena associated
with train aerodynamics, see Schetz (2001); Peters (1983); Andersson & Berg
(2007).
1.1.1. Aerodynamic Drag
Drag is the aerodynamics resistance that the train has to overcome in order
to move through the air. The aerodynamic resistance is proportional to the
square of the velocity, Peters (1983), which means that increasing the speed
from 200 km/h to 250 km/h (which was the original plan for the Gröna Tåget
train concept), means that the aerodynamic resistance increases with 56 %.
This assumes the same aerodynamic properties of the train. In Peters (1983),

4
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(a) ICE2

(b) Regina

Figure 1.2. Examples of trains in operation with different
car body widths. The German ICE2 with narrow car width
and the Swedish Regina with wide car body.

it is stated that the skin friction is about 27%, pantograph and roof equipment
8-20%, bogies 38-47% and nose and tail pressure drag 8-13% of the total drag.
1.1.2. Crosswind
Crosswind deals with the wind perpendicular to the motion of the train.
At large wind speeds the side force together with the lift force creates a
moment around the leeward rail that causes a risk of overturning for the train.
Increasing the velocity and reducing the weight of the trains increases the risk
of overturning. To fully understand the risk of overturning, the aerodynamic
forces need to be coupled with the dynamic characteristics of the train, see for
instance Thomas et al. (2011); Baker et al. (2011).
There are a few instances that are especially sensitive to crosswind. The
first is when a train exits a tunnel. As the front part of the train exits the
tunnel, it is exposed to the wind outside of tunnel. The rear part is till inside
the tunnel and is shielded from the outside wind. Hence, there is a strong
side force only on the front of the vehicles, which would lead to a strong yaw
moment, see, for instance, Bocciolone et al. (2008). Another case is when
the train moves into unsteady wind gusts. These unsteady phenomena affect
part of the train differently at different times, in the same manner as when
the tunnel exits the tunnel. Parts exposed to the wind gust are subject to
large forces while other parts are affected by smaller forces from the crosswind,
see, for instance, Favre & Efraimsson (2011). In addition, complicated flow
phenomena might occur, as generation of vortices, which would not occur in a
steady case. A bridge could potentially cause problems for a vehicle in terms
of crosswind, since the wind speeds are lower close to the ground, due to the
atmospheric boundary layer. Elevated bridges are therefore exposed to higher
velocities, which creates larger forces on the trains.
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Figure 1.3. An ICE-3 train at München Hauptbahnhof,
where the bogie is covered with snow and ice.
1.1.3. Ballast Projection
Ballast projection is the flow underneath the train and through the bogies.
The railroad tracks are resting on sleepers, which are placed in the ballast.
The ballast consists of small rocks and stones. As the train passes over the
ballast, it creates an aerodynamic load on the small stones. This could lead to
that stones are lifted and thrown against the undercar of the train. In many
high-speed trains, a lot of the equipment is placed in the bogies and underneath
the train, which could be damaged by flying stones from the ballast. Covering
the equipment with panels would solve this, however, this causes problems for
the cooling of the equipment. Therefore, the train needs to be designed such
that the aerodynamic loads in the ballast particles are low. Another issue with
the open bogies is that during winter, snow accumulates in the bogies and
blocks the mechanical components, see for Figure 1.3. For more information
on ballast projection see, for instance, Jönsson et al. (2009), where the flow
underneath a generic high-speed train model is measured with PIV.
1.1.4. Optimization
An optimal train shape has to consider all these phenomena, and a shape that
is optimal in one aspect is most likely not optimal for other aspects. There are
also other constraints on the shape of a high-speed train. This includes the
position of the bogies, the field of view for the train driver and crash zones.
One requirement that is not demanded by other types of vehicles is that the
front should have the same shape as the rear. This is since both sides are
used as front and rear depending which direction the train is moving. The
limited space and time at end station makes it impractical to turn train sets,
requiring a solution of moving the train in both directions instead. However,
the disadvantage of this solution is that the train needs to be symmetric, and
what is an optimal shape for the front does not necessary provide a good flow

6
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field at the rear of the train. Hence, all phenomena have to be considered
simultaneously in an optimization loop. This is for instance done for an actual
train in Herbst et al. (2009), where a methodology to generate an optimal
shape in terms of drag and crosswind is presented and the external limitations
are also included. In this case the drag should be minimized and the crosswind
sensitivity has to be lower than a threshold value. In Krajnović (2009), two
different optimization are performed, one to optimize the head shape for
crosswind and one to optimize the shape of vortex generators at the last car
to reduce drag.
In order to have a useful optimization loop, many different shapes have to
be evaluated in a short time. For some of the aerodynamic phenomenon, for
instance slipstream, see below, no quick way exists of predicting the slipstream
velocities for a specific train shape. Therefore, for slipstream it is still necessary
to do more research into the specific topics in train aerodynamics, in order to
understand the flow phenomena and in the long run being able to develop quick
prediction methods.
1.1.5. Computational and Experimental Fluid Mechanics
Research and development in train aerodynamics is done with the help of
numerical simulations (CFD) and/or by conducting experiments (EFD).
Experiments can be performed either at full scale or at model scales in wind
tunnels or water towing tanks. Full scale tests are performed on existing tracks
with functioning trains and the measurement equipment is mounted close to
the track. Naturally, these tests can only be made once the train has been
built. At this stage only small modifications can be made to the train, such as
adding small flow control devices. Therefore, full scale tests can not be used
during the design stage of the development, but rather acts as a validation
that the train fulfils the regulations. In terms of measurements, there are
limitations on where in the flow the velocities can be measured and when.
The equipment can only be mounted on the side of the track, and it can only
measure once as the train passes. When doing full scale measurements, the
ambient conditions, such as temperature, humidity and most important wind,
are impossible to control. This complicates comparison of results for different
samples.
Instead of doing full-scale test, scaled models can be placed in wind
tunnels. This enables more data of the flow field to be measured, both in
terms of number of samples and positions in the flow, at lower costs. There
are different measurement techniques, such as hot-wire anemometry, particle
image velocimetry (PIV) and Laser Doppler anemometry (LDA), each with its
advantages and disadvantages. In most wind tunnel experiments the ground
is stationary relative to the train model, which is not the case for trains on
tracks. In order to reduce the size of the boundary layer on the ground, the
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train model is usually mounted on a so-called splitter plate. This plate is
different from the wind tunnel ground and therefore the size of the boundary
layer at the front of this place is zero. However, there is still a developing
boundary layer on the splitter plate. Some wind tunnels have solved the
problem with stationary ground by having moving belts underneath the train
model. The belts are moving at the same speed as the free stream air in
order to have the correct relative velocity between the ground and the train or
ambient air.
Another approach for scaled models is to have a moving train model.
This then solves the problem of relative motion between the train and the
ground. The train model is usually attached to some kind of rail system
that moves the model at constant speed. This is, for instance, done in
water towing tanks. There are also some examples where the model passes
an exhaust of a wind tunnel to simulate cross-wind. These experimental
techniques have some of the same problems as full-scale test. However,
they are done within controlled environments and more runs can be done at
much lower cost than for full-scale test. In addition, PIV can be used in the
water towing tanks, enabling measurements in a larger portion of the flow field.
An alternative experimental facility to measure slipstream is presented in
Gil et al. (2008), where the train model is mounted on rotating rig. The train
model also has to be curved, since the length of each wagon was too large
compared to the radius of curvature for the rig, Hemida et al. (2010). This
experimental technique enables a large number of samples to be measured in
a short time. The experimental setup was analyzed numerically in Hemida
et al. (2010) to understand the interpretation of the results. It is found that
the flow structures are swept in the radial direction due to the centrifugal
forces, which means that the flow is different depending on which side of the
train the measurements are performed. In addition, the question of hysteresis
of the results should be raised, since the train is moving into its own wake.
In EFD, each model that is simulated has to be manufactured. Depending
on the experimental technique, there are different requirements on the model
in terms of rigidity and surface coating. Manufacturing a large number of
models could potentially be expensive. Also, the size of the train and usually
the speed is decreased in wind tunnels and water towing tanks resulting in a
lower Reynolds number (see Section 1.2) than the full scale case.
As a compliment to experimental work, numerical simulation can help in
the design cycle of high-speed train. Modifications can be done to the model in
CFD without any material costs, enabling a large amount of configurations to
be tested, for instance in an optimization loop. The simulation gives the full 3dimensional flow field, which can be used to understand the effect of a specific
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modification. However, to solve all the scales of the full flow field around a
high-speed train at full speed is too computationally demanding. This means
that the turbulence or at least the smallest turbulent scales have to be modeled,
and/or use a lower Reynolds number, for instance the same as for scaled models
in wind tunnels, more on this in Section 3.
1.1.6. Slipstream
This thesis addresses the aerodynamic topic of slipstream. Slipstream is the
air that is dragged with the train and the induced velocities of this air. This
phenomenon is caused by the friction between the train and the fluid and the
viscosity of the fluid. Slipstream velocities can be felt by passengers standing
on platforms. As the train passes and for a time after it has passed, a person
standing on a platform can experience wind gusts from the train.
Slipstream is a safety concern for passengers standing on platforms,
trackside workers, pushchair and baggage on platforms. If the slipstream
velocities are too strong it could knock a person of her (or his) feet or move
objects located close to the train. The Rail Safety & Standards board in the
United Kingdom (UK), Figura-Hardy (2007), summarized incidents in the UK
between 1972 and 2005 that could be related to slipstream. Four incidents
with passengers or staff on platforms, two with trackside workers and 13
involving pushchairs were found during this period. One case involved a child
located in the pushchair that sustained minor head injury.
Slipstream is divided into four regions; head passage, boundary layer, near
wake and far wake in Sterling et al. (2008). When the head of the train passes,
the flow is accelerated and decelerated around the train, causing a pressure
pulse. Thereafter, the boundary layer grows when the train passes, which is
the second region. This is a special region for train aerodynamics due to the
long slender body of the train, which causes a large boundary layer. At the
tail the boundary layer could be of the same order as the width of the train.
The region known as the near wake comes just after the passage of the rear of
the train. Depending on the shape of the tail of the train the flow in the near
wake is very different, since the flow can separate in two distinct ways. This
separation is either a separation bubble or two counter-rotating vortices, more
on these flow topologies in Section 1.2.1. The far wake is the flow region long
after the train has passed. The flow is still disturbed by the passing train, but
not as severely as in the near wake.
In Sterling et al. (2008), experiments from different campaigns are summarized. It is found that the largest slipstream velocities arise in different regions
depending on the type of train. For freight trains the largest velocities are
in the boundary layer zone, while for high-speed trains the largest velocities
are located in the near wake. For the results in the near wake region a large
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difference is found between runs. This indicates that taking an assemble
average might diffuse this phenomenon and reduce the peak velocity. In
Sterling et al. (2008), it is also concluded that model scale experiments
reproduce the large scale structures in the full-scale test.
Numerical work on slipstream is performed in Hemida et al. (2010);
Hemida & Baker (2011). In Hemida et al. (2010), the experimental setup of a
rotating rig is investigated and in Hemida & Baker (2011), the straight case
is simulated, both simulated with Large-Eddy Simulation. The simulations in
Hemida & Baker (2011) are performed on a 5-car ICE2 train model at 1:20
scale and the results are given with different platform heights. The results are,
for example, given for the time averaged velocity at a distance 2 m from the
center of track (full-scale) and show high slipstream velocities as the train is
passing the platform. This location is close to the train surface and therefore
the highest slipstream velocities occur in the boundary layer region.
In order to understand slipstream for a high-speed train, the flow behind
the train in the wake has to be accurately simulated and a solid physical understanding of the flow structures is needed. The near wake region and the flow
structures are therefore the focus of this thesis.
1.1.7. Technical Specification for Interoperability
In order for trains from different countries to be able to operate on the same
tracks, the European Railway Agency (ERA) prepares a set of regulations
that should be applicable on trains that operate on the Trans-European
Rail network lines. These regulations are called Technical Specification for
Interoperability (TSI). The TSI specify different demands on all different
components relating to rails, such as the vehicle, infrastructure, signal system
etc. The European Commission decides on the regulations suggested by ERA
and creates a directive. In February 2008 the Commission created the directive
2008/57/EG, which deals with the TSI of rolling stock (which includes
high-speed trains). The directive then has to be implemented into national
legislation, to apply in each country. The process of ratifying 2008/57/EG
into Swedish national legislation is ongoing, at the time of writing this thesis.
The TSI states that a train operating at 200 km/h should not cause
slipstream velocities higher than 15.5 m/s at 1.2 m above the platform at
a distance 3.0 m from the center of the track. For trains running on an
open track the corresponding standard for slipstream states that a train
running at 190-249 km/h should not cause velocities exceeding 20.0 m/s
at 0.2 m above top of rail (TOR) and 3.0 m from the center of the track,
2008/57/EG (2008). The slipstream velocity is the measured ensemble mean of
the peak velocity of each run plus two standard deviations 2008/57/EG (2008).
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The TSI is specified at a fixed position from the center of the track. With
a wide car body, the measurement point is closer to the side of the train, which
could reduce the slipstream performance of the vehicle.

1.2. Wake Flows behind Bluff Bodies
Bluff bodies are defined as objects that when placed in a flow has a wake
that has a size of at least the same order as the object itself. The opposite is
called an aerodynamic body, where the wake is much smaller than the object,
for instance airplane wings. Bluff bodies are common in society and some
examples are trains, building and soccer balls. What these objects have in
common is that at significantly large fluid velocities, the wake flow behind
them are 3-dimensional, unsteady and chaotic. The wake also contains a large
range of time and length scales, ranging from the largest slow eddies to the
smallest fast dissipative scales.
Any flow is usually characterized with the so-called Reynolds number
U ·D
Re =
(1.1)
ν
where U is the typical velocity of the flow, D is a typical length scale and ν is
the kinematic viscosity of the fluid. The Reynolds number describes the ratio
between the inertial forces and the viscous forces.
1.2.1. Wake Topologies for Train-like Shapes
In Morel (1980), the wake flow behind an axisymmetric cylinder was studied
experimentally. For different rear slant angle of the cylinder, the flow changed
between two distinct flow patterns. With a steep rear surface, the flow from
the top and sides separates, forming a separation bubble behind the cylinder.
This flow was oscillating with a very low frequency and could be characterized
as quasi-steady. For a more flat rear surface, the flow reattaches on the rear
surface and is accelerated downwards. This causes a low pressure region behind
the cylinder, which sucks the air in from the sides of the cylinder. This air
separates over the side edges and is curled into two counter-rotating vortices,
one from each side with opposite direction of rotation. It was found in Morel
(1980), that the counter-rotating vortices caused a much higher drag than the
separation bubble. The change in flow pattern at the critical angle gave an
increase of drag from CD = 0.24 to CD = 0.625. For higher slant angles than
the critical value the drag decreases and the energy in the counter-rotating
vortices changes. There also seemed to be some hysteresis effect in the flow.
Tilting the entire model back from higher and lower slant angles gave different
flow pattern close the critical angle. For the axisymmetric cylinder the critical
angle is ≈ 47 degrees.
The same effect with two flow regimes and large change in drag close
to a critical angle is found in Ahmed et al. (1984). Here a generic vehicle

1.2. WAKE FLOWS BEHIND BLUFF BODIES

11

model, Ahmed body, with different slant angles is investigated experimentally.
The critical angle in this case is around 30 degrees, however the definition
of the angle is the opposite compared to Morel (1980). This means that
corresponding angle is around 60 degrees in Ahmed et al. (1984). The drag
changes from CD = 0.260 to CD = 0.378 at this angle. The Ahmed body used
in Ahmed et al. (1984), is quite different from the cylinder in Morel (1980),
and has therefore more complicated flow patterns. There is, for instance, a
back surface on the Ahmed body, which means the flow will separate into
a bubble at this back surface independent of flow pattern. There are as
well three-dimensional effects on the back slant of the Ahmed body, which
cause vortices to shedd from the corners. This means that there will be both
large scale vortices and separation bubbles in both flow topologies. However,
the different topologies arise from the same flow phenomenon. The more
complicated flow for the Ahmed body should explain the smaller change in
CD at the critical angle.
The conclusion from these two cases is that the angle and change in drag
is dependent in the geometry. Hence, it is not possible to use the results
from these geometries to predict a critical angle for an arbitrary geometry,
especially when other complex three-dimensional phenomena influence, which
is the case for high-speed train. To further understand these topologies it is
of interest to investigate the flow structures behind two configurations that
exhibit different flow patterns.
In Rowe et al. (2000), the flow over a flat plate with a blunt trailing edge is
studied experimentally. By using trip wires with different diameters upstream
on the body, different boundary layer thicknesses were obtained at the trailing
edge. It was found that the Strouhal number in the wake decreased as the
displacement thickness increased.
1.2.2. Coherent Flow Structures
It is generally difficult to see patterns in a 3-dimensional fully turbulent wake
flow, such as the flow behind a high-speed train. There are different methods
to decompose the flow into modes, where the modes represent coherent flow
structures. Two such methods are Proper Orthogonal Decomposition (POD)
and Dynamic Mode Decomposition(DMD). The modes extracted by the
decomposition methods can be evaluated individually instead of analyzing the
full flow.
Proper Orthogonal Decomposition was originally introduced in fluid
mechanics in Lumley (1967). POD is also referred to as Principal Component
Analysis (PCA) or Karhunen-Loève transform. The method extracts orthogonal modes from the field, which gives the most energetic flow structures, and is
advantageous when the energy of the flow is the main concern. The modes are
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calculated from snapshots of the flow. The methodology of POD is explained
in Section 4.1.
POD is used to analyze flow structures in Cazemier et al. (1998), for
instance, where the flow of the lid-driven cavity simulated by DNS is analyzed
using POD modes. For the calculation of the POD modes, 700 snapshots are
used and it is found that the eigenvalues of higher order converges quicker
than for the first two eigenvalues. It is found that the modes can be grouped in
couples that are approximately a quarter of phase. The first couple of modes
have largest energy in the lower right hand corner of cavity and the second
couple is large in the two lower corners. In Manhart & Wengle (1993); Alfonsi
et al. (2003), the POD modes of the flow around the surface-mounted cube
are studied. The decompositions are performed in different subdomains of the
flow; in a volume above the cube in Manhart & Wengle (1993) and in a volume
on the side and one on in front of the cube in Alfonsi et al. (2003). In Manhart
& Wengle (1993), both 2-dimensional and 3-dimensional decompositions are
made. A total of 5000 snapshots sampled over 600 reference times are used to
compute the modes. The 3-dimensional decompositions show that the most
dominant fluctuating mode corresponds to vortex shedding with Strouhal
number of 0.125 and the second and third fluctuating modes are rolls that are
created by the leading edge separation. In Alfonsi et al. (2003), the modes are
computed with data sampled over 100 reference times and the reconstructed
flow fields of the seven first POD modes are presented. POD is used to extract
coherent structures from pressure measurements around ground vehicle models
in Baker & Sterling (2009) and Van Raemdonck et al. (2009). In Baker &
Sterling (2009), approximately 100 pressure taps are placed around the body
of the first car of a Class 365 electrical multiple unit. Measurements are
done for different yaw angles of the incoming flow, in order to understand
the crosswind properties of the train vehicle. It is found that most of the
fluctuating energy is contained in the first couple of modes, 43 % to 64 % for
mode 1 and 10 % and 18 % for mode 2, depending on yaw angle of the flow.
The first fluctuating mode is described to be the leeward side separation, and
the second is related to the oncoming flow. These flow structures are the same
for all yaw angles. In Van Raemdonck et al. (2009), 63 pressure orifices are
placed on the back surface of the Generalized European Transport System,
which is a generic truck model. Different fore bodies, with rounded/sharp
edges and different surface roughness, are used to investigate how the front
affects the back pressure affect and the drag of the vehicle. It is found that for
the rounded fore bodies, the dominant flow structure is associated with vortex
shedding in the vertical direction. For the sharp edged fore body, there is a
blockage underneath the body, which causes a low pressure region towards the
bottom of the back surface. POD is also used within other fields than fluid
mechanics, for instance, image recognition, see Turk & Pentland (1991), and
chemical reacting systems, see Krischer et al. (1993).
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POD modes can be used to create reduced order models (POD-ROM).
Here, the full high-fidelity problem is replaced by a small, computationally
much less demanding, low-fidelity problem. This approach is of interest in
flow control, for example. The modes are projected onto the Navier-Stokes
equations using Galerkin projection yielding a set of ordinary differential
equations. However, it is reported by Noack et al. (2003) and Bergmann et al.
(2005) that the Galerkin approach is unable to model the unreduced model
in a satisfactory way. Bergmann et al. (2005) explain that the difficulty in
creating a POD-ROM comes from the fact that the lower order modes, which
are truncated, may contain dynamically important scales. In Noack et al.
(2003) the so-called shift-mode is added to improve the results. In Noack et al.
(2003), the shift-mode is explained to be a normalized mean-field correction.
Including this mode in Noack et al. (2003) improved the results in that the
steady solution of the Galerkin model is the same as for Navier-Stokes and the
transient behavior of the model is more realistic.
Dynamic Mode Decomposition, also referred to as Koopman Mode
Decomposition, has not been used in fluid mechanics for long, the first papers
are Rowley et al. (2009); Schmid (2010). It has previously been used to
analyze nonlinear dynamical systems, as in Mezić (2005). In DMD, the flow
field is divided into modes, which oscillate at a single distinct frequency, and
is advantageous when frequencies of the fluid motions are important. The
same snapshots that are used to compute the POD modes can also be used to
compute DMD modes. The DMD methodology is explained in Section 4.2.
In Rowley et al. (2009), the jet in crossflow is analyzed with DMD. Two
different flow structures were found, the first one being of medium frequency,
which are associated with the shear layer vortices. The second flow structure,
with low frequency, represents the wall close structures behind the jet. The
frequencies of these motions were also found in the time history of the velocity
in probes placed in the flow. The same methodology is also used in Schmid
(2010), were also a modification of the method is explained. Both methods are
based on the companion matrix, which is ill-conditioned. In the modification
suggested in Schmid (2010), a self-similarity transformation of the companion
matrix is performed to get a full matrix that is better conditioned. It is stated
that this is especially needed when analyzing experimental data that contains
noise and uncertainties. DMD is applied to three different cases in Schmid
(2010), one numerical and two experimental. The numerical work is the flow
over the square cavity and the experimental are the flow in the wake of flexible
membrane and the flow of a jet between two cylinders. In the wake behind
the flexible membrane, two dominant frequencies were identified. The most
dominant mode had large spatial scale oscillation and low frequency. The
other mode had small spatial structures and hence higher frequency.
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In the numerical study performed in this thesis, it was found that both
versions of DMD gave similar results. Therefore the version based on the
companion matrix has been used, since it is easier and quicker to use.

1.3. Wake Flows in Train Aerodynamics
It is important for the studies of slipstream to understand the wake flow
behind a high-speed train and how a modification of the train shape influences
the flow here, since the near wake is where the highest slipstream velocities
occur. As mentioned earlier, this is a complicated part of the flow and it is
truly a challenging task to connect a geometry alteration to the effect that is
has on the measured slipstream velocity, due to the nonlinearity of the flow.
The advantage of numerical simulation in this case, is that the full flow field
is given by the simulation. This means that the flow and the effect on the
flow from a geometry alteration can be analyzed in detail, with for instance
decomposition methods.
In this thesis the flow behind different trains and train configurations is
simulated and analyzed via decomposition model, in order to make the first
steps at understanding the wake flow, the coherent structures that appear
there and their connection to slipstream. In order to do these tasks, the
solution given by the numerical simulations have to be verified to ensure that
the solution is appropriate to use to calculate decomposition modes. It is
also important to understand the requirements on the snapshots to compute
accurate modes and to verify that the modes are consistent with the flow field.
The modes that are important for slipstream have to be identified and the
flow structures associated with these modes.
Understanding the effect of geometry alterations on the slipstream velocities is a key discovery towards designing future high-speed trains.

CHAPTER 2

Geometries
This thesis is aimed at understanding the flow in the wake behind bluff bodies.
The first bluff body that is studied is the surface-mounted cube. This geometry
serves as a test case for the methodology used in this thesis, which is to use DES
together with the decomposition methods. This case is described in Section 2.1.
The other simulated bluff bodies are simplified train geometries. Two different
trains are simulated in this thesis to investigate the different flow structures
behind different tail geometries. These train geometries are the Aerodynamic
Train Model and the CRH1, presented in Sections 2.2.1 and 2.2.2, respectively.
Three different configurations of the ATM are simulated in order to investigate
the effect of the boundary layer on the wake structures.

2.1. Surface-Mounted Cube
The first case considered is the surface-mounted cube, which is a cube with
length H, placed on one of the walls in a channel with channel height 2H. The
channel walls are stationary compared to the cube. The flow is driven by a
pressure gradient and is considered to be fully developed as it approaches the
cube. The computational domain extends 10H in the spanwise direction and
4H upstream and 10H downstream of the cube, respectively. This is larger
than the domain used in, for instance, Manhart & Wengle (1993), since the
computational domain in Manhart & Wengle (1993) was in initial studies by
the author found to be too small for the numerical setup used in this thesis.
The geometry and computational domain are shown in Figure 2.1.
The characteristic velocity scale for this problem is the bulk velocity
Ubulk =

1
2HW

Z

2H

0

Z

+W/2

U dydz,

(2.1)

−W/2

which is the spanwise, wall-normal and time average of the velocity. The Reynolds number based on the bulk velocity, cube height and viscosity of the fluid
(ReH ) is ReH = 50000. A characteristic time scale Tref , can be defined based
from the velocity scale and the length scale of the cube
Tref =

H
,
Ubulk
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Figure 2.1. Geometry and computational domain of the simulation of the surface-mounted Cube

which is the time for the bulk flow to be advected one length of the cube.
This geometry have been studied experimentally by Martinuzzi & Tropea
(1993), where the flow field was measured using LDA. The main flow features
are a horseshoe vortex in front of the cube and a large separation around the
sharp front edged of the cube. The most dominant frequency with Strouhal
number 0.145 is related to the vortex shedding from the side surfaces of the
cube. Results from a workshop on LES simulations are summarized in Rodi
et al. (1997), where the surface-mounted cube at Re=40000 was one reference case. All the contributions on this case have been calculated using wallmodeled LES methods, three use the Smagorinsky model and one the dynamic
Smagorinsky model. The results for velocity profiles and reattachment point
do not overlap perfectly. For one case the flow reattaches at the centerline on
top of the cube, but for the other three it does not. The LES results are also
compared with results from RANS computations, and the conclusion is that
RANS underpredicts the turbulence levels in the wake and overpredicts the size
of separation bubble. Other works that have used LES to compute the flow
around the surface-mounted cube include Manhart & Wengle (1993); Alfonsi
et al. (2003). Here, the flow has also been analyzed by computing POD modes.

2.2. High-Speed Trains
The same characteristic length is used for the train geometries considered,
which is the hydraulic diameter dh . The hydraulic diameter is 3m in full scale,
which means 0.06m in these cases since both trains are in 1:50 scale. Each car
of the train sets is approximately 8.5 dh . The characteristic velocity is the free
stream velocity U∞ . The Reynolds number based on the hydraulic diameter,
the free stream velocity and the viscosity of air is 50000, for all trains and
configurations. Using the hydraulic diameter and the free stream velocity, a
characteristic time scale, Tref , can be defined as
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Figure 2.2. Picture of the three different configurations of
the ATM, with 2,3 and 4 cars respectively. The figure shows
the a cross section through the middle of the trains.
dh
(2.3)
Uinf
This is the time for the flow to be convected one hydraulic diameter. The
characteristic time can be used to define the Strouhal number
Tref =

St = f · Tref

(2.4)

where f is a frequency.
2.2.1. Aerodynamic Train Model
The Aerodynamic Train Model is a generic high-speed train model in 1:50
scale. The geometry used in the simulations is based on water towing tank
experiments performed at the German Aerospace Centre (DLR). In these
experiments, a configuration with 4 cars, 9 intercar gaps, simplified bogies
and a platform, in this thesis denoted ATM4C, was used. The computational
domain is as wide and high as the water towing tank. In the streamwise
direction, there are two car lengths in front of the train and four car lengths
behind. Between all cars there are intercar gaps and all cars have two bogies
with four wheels each. The front and end car are the identical. There are three
additional car gaps on the two intermediate cars, which are located between
the bogies. This was done in the experiments to increase the boundary layer
thickness to mimic a longer train. Pictures of the ATM are shown in Figure 2.3.
Two other configurations of the ATM are also simulated in this thesis.
The aim is to compare wake flow structures from different lengths of the train
sets to see the influence of the thickness of the boundary on the wake. The
two configurations, ATM2C and ATM3C, have 2 and 3 cars, respectively. The
front and end car are always the same, only the number of intermediate cars
changes between the configurations. For ATM2C, there are only the front and
end car and for ATM3C there is also one intermediate car.
The ATM has been studied in, for instance, Schober et al. (2009), where
the crosswind sensitivity of this vehicle is studied. Results from different experimental campaigns performed with the same ATM 1:10 scale model are
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compared. Generally, the results for the force coefficient from different wind
tunnels agree well. One discrepancy at high yaw angle is explained to be due
to the limited width of jet from the open wind tunnel that causes the train
model to be too close to the boundary of the flow.
2.2.2. CRH1
The CRH1 train geometry is a simplified version of a train developed for
the Chinese market. This geometry is based on a wind tunnel experiment
performed at TU-Berlin. It is a 1.5 car model, where the front car is a dummy
car, which does not have the same shape as the tail. The case simulated in this
thesis is not meant to replicate the wind tunnel experiment, but rather to be a
comparison with the ATM2C. This means that the problem setup is modified
from the wind tunnel setup to comply with the ATM2C, and hence the water
tunnel experiments at DLR. There is, for instance, a moving straight ground
instead of the stationary ground with splitter plate, single ballast and rails in
the wind tunnel. The Reynolds number is also chosen the same for CRH1 and
ATM models, Re = 60 000, and the scale is 1:50 for the CRH1 model, instead
of the values for the wind tunnel experiment. However, there is not a platform
for the CRH1 and the bogies and train cross-section are different compared to
the ATM. The CRH1 is a wide-body train, which is allowed in, for instance,
China and Sweden. The different cross sections are shown in Figure 2.4. It is
clear that the train body of the CRH1 is wider than the ATM, compared to
the continental profile that is applicable for the ATM.
Pictures of the CRH1 are shown in Figure 2.3. When comparing the tails
of the ATM and CRH1, it is clear that the tail of CRH1 is much steeper than
that of the ATM. The angle between the vertical plan and the tail surface is
approximately 50 degrees for the ATM and 33 degrees for the CRH1. Also,
the tail of CRH1 is more rounded in the streamwise direction towards the
lower part of the train.
This geometry is the property of Bombardier Transportation, therefore
there are no prior published papers on this geometry.
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(a) ATM

(b) CRH1

Figure 2.3. 3-D view of the different tails and 2-D of the
centerline of the simulated train geometries.

Figure 2.4. The cross section of the ATM (blue) compared
to the wide-body train CRH1 (red).
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CHAPTER 3

Numerical Simulations
The simulations in this thesis were performed with the finite volume solver
StarCD v4 from CD-adapco. It solves the incompressible Navier-Stokes equations,
∂ui
∂p
∂
∂ui
=−
+
(τij )
(3.1)
+ ρuj
∂t
∂xj
∂xi ∂xj
∂ui
= 0,
(3.2)
∂xi
where τij is the stress tensor, which for RANS based linear eddy viscosity
models, for instance Spalart-Allmaras one-equation model, looks like
ρ



2
∂Uk
τij = 2 (µ + µt ) Sij −
(µ + µt )
+ ρk δij
3
∂xk


1 ∂Ui ∂Uj
Sij =
,
+
2 ∂xj
∂xi

(3.3)
(3.4)

where µt is the turbulent viscosity, k the mean turbulent kinetic energy and
the velocities are now time averaged. The treatment of the turbulent viscosity
it discussed in Section 3.1. This chapter also describes the numerical schemes
(time and space) and the different computational grids, in Section 3.2, and
finally boundary conditions, in Section 3.3.

3.1. Detached-Eddy Simulations
Detached-Eddy Simulation is a hybrid turbulence model, that combines Reynolds Average Navier-Stokes and Large Eddy Simulation. RANS turbulence
models model all the turbulence, while LES models only model the turbulence
that has a length scale shorter than a filter length. This filter length is usually
of the order of the grid cell size. This means that in LES, the cell size have to
be small enough the resolve the important dominant length scales of the flow.
This requires a fine mesh, especially in the inner layer, close to walls, where
the number of cells is proportional to Re1.8 , estimated in Chapman (1979). In
order to reduce the requirement of cells in the inner layer and still have time
resolved fluctuations in the outer layer, DES combines RANS in the region
close walls and LES far away from walls.
20
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3.1.1. DES97
The original DES formulation, here denoted DES97 was presented in Spalart
et al. (1997). It is a global method, in the sense that it solves the same equations
throughout the whole computational domain. The switch between LES and
RANS is done by introducing the modified wall distance d˜
d˜ = min(CDES ∆, d).
(3.5)
Where CDES is a constant, which is calibrated for inhomogeneous decaying
turbulence to CDES = 0.65, d is the distance to the wall and ∆ is the equivalent
of a filter length
∆ = max(∆x, ∆y, ∆z).
(3.6)
The modified wall distance replaces the wall distance in the destruction
term of turbulent viscosity in the RANS-SA model
 2
i
Dν̃
ν̃
1h
2
,
(3.7)
∇ ((ν + ν̃) ∇ν̃) + cb2 (∇ν̃) − cω1 fω
= cb1 S̃ ν̃ +
Dt
σ
d˜
where the turbulent viscosity in Eq. (3.4) is given by
νt = ν̃fv1 .

(3.8)

For details on the SA model and the constant and functions in it, we refer
to Spalart & Allmaras (1994). It is clear that close to walls ∆ > d and the
equations return to the original RANS-SA model. It is not equally easy to
detect the LES-term, that is ∆ < d. This will be explained more in Section
3.1.3. The terms on the right hand side of Eq. (3.7) are production, diffusion
and destruction of turbulent viscosity, respectively.
3.1.2. DDES
It has been found that a poorly constructed grid could lead to a switch to LES
mode also inside the boundary layer Spalart et al. (2006). This would reduce the
amount of modeled Reynolds stresses, however, the resolved Reynolds stresses
in the LES part might have been generated fully at this stage, causing a lack of
Reynolds stresses. The lack of stresses could lead to a too early separation, socalled Grid-Induced Separation (GIS). A modification to the original DES97
was proposed in Spalart et al. (2006), to remove GIS, called Delayed-DES
(DDES). This modification keeps the inner part of the boundary layer in RANS
mode by implementing a shielding function fd . The modified wall distance for
DDES is then defined as
d˜ = d − fd max(0, d − CDES ∆).
(3.9)
and the shielding function

fd = 1 − tanh (8rd )3 ,
νt + ν
rd = p
,
Ui,j Ui,j κ2 d2

(3.10)
(3.11)
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where κ is a SA constant, Ui,j is the velocity gradients, νt and ν the turbulent
and kinematic viscosity. The function fd is designed to be equal to one in
separated regions, hence returning to the DES97 model, and zero close to walls,
where it shields the solution from LES by returning to the original RANS-SA.
3.1.3. LES mode in DES
The connection between DES and RANS is self-evident, since the transport
equation in DES, Eq. (3.7), is taken from the RANS model. Close to walls,
d < ∆, the original RANS formulation is obtained. In regions far away from
walls d˜ < d. This implies, since the term is in the denominator of the destruction term, that the destruction of turbulent viscosity increase. The turbulent
viscosity represents the modeled turbulence, and an increase of destruction will
lead to less modeled and more resolved turbulence. However, this does not
show the connection with LES. In Sagaut et al. (2006), it is shown that assuming local equilibrium in LES mode between production and destruction in the
transport equation for ν˜t , yields

2
νt
cb1 Sνt = cω1 fωDES
,
(3.12)
CDES ∆
which leads to

cb1
C 2 ∆2 S.
cω1 fωDES DES
Compare with the Smagorinsky LES-model
νt =

2

νSGS = (CS ∆) S̄

(3.13)

(3.14)

There is a strong similarity between νt and νSGS , where there are different
constants and that the strain rate, S, is instead the filtered strain rate, S̄, in
the Smagorinsky model. The sub-grid-scale viscosity νSGS , is used in a similar
manner in the filtered governing equations as νt is used in the time averaged
RANS equations, which is to solve the closure problem.
3.1.4. Restrictions of DDES
A well known problem for DES is the so-called grey area, see for instance
Sagaut et al. (2006); Spalart (2009). This is the region between the LES and
RANS regions of the flow. In this region the solver can neither be considered
to be in LES nor in RANS mode. The modeled stresses are smaller than
they would have been for RANS, since the modified wall distance is of the
order of ∆. At the same time the resolved stresses are not large enough,
since they have to spatially grow from the RANS region where the stresses
are only modeled, to be considered to be in LES mode. This could lead
to too low stresses and that there is a delay in the generation of vortices
in the LES region, see Sagaut et al. (2006). This is a problem shared with
many global hybrid method, and one attempt to reduce the effect of this
is DDES, since the grey region is then ensured to be outside the boundary layer.
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For geometries with industrial applications, such as a high-speed train,
there might be additional challenges for DDES. At intercar gaps and bogies,
there are cavities and sharp edges that cause the flow to separate. The flow
then contains small fluctuation from these separations, which could cause the
DDES to act as if the flow has separated and hence work in LES mode. Since
the grid is designed for RANS solutions and not LES in this region, a switch
to LES would mean that the flow will not be correctly solved.

3.2. Discretization Methods and Numerical Grid
The convective fluxes in Eq. (3.2) are discretized with the Monotone advection
and reconstruction scheme (MARS) available in StarCD. The diffusive fluxes
are discretized with a second order central difference scheme. MARS is a
second order Total Variation Diminishing (TVD) scheme, which has a build
in compression parameter, γ. This parameter is defined by the user between
0 and 1, where 1 yields good sharpness of the solution at the expense of slow
convergence. A value of 0.9 has been chosen for all simulation presented in this
thesis, in order to reduce the effect of smearing, but not risk a large impact of
dispersion errors. Different numerical schemes were tested in the case of the
surface-mounted cube, were MARS gave best results. In Travin et al. (1999),
a hybrid numerical scheme is presented, which blends central difference (CD)
and upwind scheme (UD). It uses CD in the LES region, in order to reduce
the amount of numerical dissipation in the LES regions, and UD in the RANS
region. When applying this scheme to the cases and grid topologies in this
thesis, spurious numerical oscillations occurred at grid refinement interfaces,
giving unphysical solutions. This occurred for both the ATM4C and the
surface-mounted cube. MARS has been used for DES in for example Diedrichs
(2009, 2010), where satisfactory results were found.
The time integration is done with the second order implicit scheme PISO,
see Issa (1985). The time step is chosen such that most cells fulfill Co < 1
where Courant number Co is, Co = ∆tU
∆x , as suggested by Spalart (2001). The
time step for the simulation on the surface-mounted cube is ∆t = 0.023 Tref
and for the ATM configurations and the CRH1 ∆t = 0.0125 Tref .
The grids are used in the simulations are constructed in Star-CCM+ v3
and v6. Different grid topologies were tested on the surface-mounted cube,
and it was found that the trim-hexa grid gave satisfactory results. Trim-hexa
grids contain prism layers close to wall surfaces in order to have a good wall
treatment, cubical hexa cells in the rest of the domain, which is good for DES,
and trim cells at the interface between the outer most prism layer and the
hexa grid. The outer hexa grid is refined in zones around the train or cube,
in order to resolve the appropriate structures. This grid topology enables grid
generation of complex geometries and the objective of this thesis is to be able
to simulate the flow structures around applied geometries, which could contain
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(a) The grid close to surface-mounted Cube

(b) The grid close to tail of ATM

(d) Schematic view of the refinement zones
around the ATM4C

(c) The grid close to tail of CRH1

(e) Schematic view of the refinement
zones around the CRH1

Figure 3.1. Grids and schematic view of the refinement zones
around the surface-mounted Cube, ATM and CRH1.
small complex detail, such as bogies. The grid for the cube contains 12 prism
layers and 3 refinements zones and the grids for the ATM configurations and
CRH1 5 prism layers and 4-5 zones. The baseline grids contain 4.2, 18.5, 20,
48, 26 M cells for the surface-mounted cube, ATM2C, ATM4C, ATM6C and
CRH1, respectively. Pictures of the grids are shown in Figure 3.1.

3.3. Boundary Conditions
There are four types of boundary condition used for the two geometries: wall,
inflow, pressure outlet and symmetry. The wall boundary conditions are a
no-slip condition, which means that the tangential velocity component is zero.
The walls are also impermeable, which means that the normal component is
zero, since no fluid passes through the wall. The no-slip condition is imposed
via a hybrid wall model, which blends a wall function and a low-Re treatment
as a function of the y + -value. The wall y + ≈ 1 around the train and cube,
which means that the hybrid wall model acts like a low-Re model around
the cube and the different train models. There are both stationary walls
and moving walls. In the case of the surface-mounted cube, all the walls are

3.4. COMPUTATIONAL TIME

25

stationary. For the train geometries, all train surfaces are stationary and all
other walls surfaces are moving. For the trains, this means that there is a
relative motion between the ground/platform and the train, which is the case
for a train operating on a track. For moving walls, no-slip means that the fluid
particle adjacent to the wall is moving with the same velocity as the wall.
The inlet boundary condition is for all geometries a Dirichlet boundary
condition. It prescribes all the velocity components and two turbulent
quantities. The boundary conditions for the different train geometries and
configurations are exactly the same to enable comparison. The two flows
around the cube and the trains are quite different upstream of the obstacles.
In front of the cube, it is assumed to be a fully developed channel flow,
internal flow, while the trains move into still air, external flow. Therefore the
turbulence levels are very different, and it is found in these studies that for
the internal case the inlet condition has to contain resolved turbulence. A
separate simulation is performed on an empty channel with periodic boundary
conditions, in order to obtain a fully converged turbulent flow as upstream
input data. Velocity cross sections of the flow are stored and used as boundary
data in the simulation including the cube in the channel.
For the external flow the turbulence levels are much lower and the
turbulence is only modeled. In this case, the velocity components are specified
as constant [U∞ , 0, 0]. The turbulent quantities specified for both the surfacemounted cube and the train geometries are the turbulence intensity (T I)
and the length scale of turbulence (LT ). These quantities are set constant in
time and across the inlet surface. For the surface-mounted cube the values
are estimated from empirical formulas from pipe flow in Lu et al. (2003), to
T I = 4 % and LT = 0.14 H. For the trains TI is estimated from the flow fields
of experimental work on the ATM performed at DLR, to T I = 0.3 %. The
turbulent length scale is estimated from guidelines in Casey & Wintergerste
(2000), to LT = 0.1dh .
Downstream of the obstacles a pressure outlet boundary condition is applied. The pressure is set constant zero gauge over the boundary, the tangential
components are specified to zero and the wall normal component is extrapolated from the domain. The symmetry boundary condition specifies that no
particle can go trough the boundary, meaning that the normal velocity component is zero, and zero gradient of all other velocities across the boundary, i.e.
wall normal derivative is equal to zero.

3.4. Computational Time
For the surface-mounted cube, the computations take approximately 450
hours on 64 processors (1.3 GHz Itanium 2 McKinley processors) for initial
transients and to have converged POD modes (1265Tref ). Calculating the
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POD modes from the flow field solution takes approximately two hours on 16
processors of the same type as above for a smaller domain, and one hour with
64 processors (2.33 GHz Intel Xeon E5345) on a larger domain.
The different configurations of the ATM has approximately the same
number of cells, hence the computational time are about the same. For
the ATM2C, it takes approximately 500 hours on 64 processors (2.5 GHz
Intel Xeon L5420) to compute the snapshots needed for POD/DMD (850
Tref ), including the time for initial transients to vanish. Computing the
POD/DMD modes from the snapshots takes about 1 hour on 64 processors
(same architecture).
For MM on the CRH1, approximately 500 hours on 120 cores (Cray XE6
system with 2.1 GHz AMD Opteron 12-core Magny-Cours) is needed to have
snapshots to compute converged POD/DMD modes (850 Tref ). For FM about
320 hours on 240 (same architecture) to compute flow fields, where the mean
quantities have converged (250 Tref ). Calculating the POD/DMD modes takes
about 1 hour on 120 cores (2.33 GHz Intel Xeon E5345).

CHAPTER 4

Decomposition Methods
The flow in the wake behind bluff bodies is transient, chaotic and 3-dimensional,
which means that it is difficult to analyze the full flow field directly. The
purpose of decomposition methods is to separate the flow field into modes.
Each mode has two parts, one that depends on time and one that depends on
space. The spatial part then describes a coherent flow structure, which evolves
in time in the manner described by the corresponding temporal part. Instead
of analyzing the flow field, the flow structures can be analyzed individually and
only those structures that are important to the flow or the flow phenomenon
of interest need to be considered. This means, for instance, that structures
that contain low amount of energy are neglected, if the energy content of the
flow structures is of interest.
In this thesis two decomposition methods are used, Proper Orthogonal
Decomposition and Dynamic Mode Decomposition. In POD, each mode is
orthogonal to all the other modes, while in DMD each mode is associated with
a distinct single frequency. These methods use the information contained in the
flow field to compute the coherent flow structures, which is done by saving the
three discrete velocity components (u,v,w) over the complete flow at different
time instances, snapshots, into a large matrix U



u(x1 , t1 )
v(x1 , t1 )
w(x1 , t1 )


···






..
U=
.



 u(xN , t1 )
P

 v(xNP , t1 ) · · ·
w(xNP , t1 )

u(x1 , tNT )
v(x1 , tNT )
w(x1 , tNT )








 

 = u1



u(xNP , tNT ) 

v(xNP , tNT ) 
w(xNP , tNT )

... uNT .



.

(4.1)

where NT = m + 1 is the number of snapshots of NP is the number of grid
points.
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The derivations and algorithms associated with the decomposition methods
are presented in Section 4.1 and 4.2 for POD and DMD, respectively. The main
similarities and differences are summarized in Section 4.3.

4.1. Proper Orthogonal Decomposition
Proper Orthogonal Decomposition was originally proposed by Lumley (1967)
as a method to extract coherent structures. This thesis gives a short overview
of the derivation of POD, detailed description of the derivation can be found,
for instance, in Cazemier et al. (1998) or Manhart & Wengle (1993).
The basic principle for Proper Orthogonal Decomposition (POD) is to find
the set of basis functions σi and mode coefficients ai that decomposes the
velocity field u(x, t), that is
u(x, t) ≈

NM
X

ai (t)σi (x),

(4.2)

i=1

where NM is the finite number of modes. POD modes are defined as the
solution to the minimizing problem
!2
Z ZZZ
NM
X
1
min I, where I =
u(x, t) −
ai (t)σi (x) dΩdt
(4.3)
a,σ
T T
Ω
n

Arbitrary variations of σi and ai in (4.3) yields that the solution is defined by
Z
Z
X
X
1
(u −
ai σi )ai dt = 0
(4.4)
(u −
ai σi ) · σi dΩ =
T
m
m

Thereafter assuming that the basis functions are orthogonal yields
hu · σi iΩ
hσi · σi iΩ
hu ai iT
σi =
hai ai iT
ai =

(4.5)
(4.6)

R
R
where the shorter notation Ω ...dΩ = h...iΩ and T ...dT = h...iT are used.
Using σi from Eq. (4.6) in Eq. (4.5) yields an integral eigenvalue problem for
ai
Z Z
1
u(x, t′ ) · u(x, t)dΩai (t′ )dt′ .
(4.7)
λi ai (t) =
T T Ω
Analogously, with (4.5) in (4.6)
Z ZZZ
1
µi σi (x) =
u(x′ , t)u(x, t)dt · σi (x′ )dΩ′
(4.8)
T T
Ω
Eq. (4.7) and (4.8) each form one differential equation for the mode
coefficients and one for the basis functions, respectively, and are Fredholm
integral equations of the second type. The two equations are not independent and only one of them has to be solved. Once the mode coefficients are
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known, the spatial basis function can be derived by projecting the velocity field
onto the mode coefficients, or the other way around, by using Eq. (4.5) or (4.6).
Next the corresponding expressions for the discrete velocity field are derived. The integrals are approximated by sums, which for a space integral
becomes
ZZZ
NP
X
u(xj ) wj
(4.9)
udΩ ≈
Ω

j

where wj is a weight function. For the spatial integration the weight is the
length, area or volume of each cell respectively, depending on the integral being
an integral in one, two or three space dimensions. The time discritization is in
this thesis done with equidistant time steps. It would be possible to use nonequidistant snapshot, but that would add some complexity to the algorithm.
Equidistant time steps means that the weight function for the time integral is
constant and does not depend on t, that is
Z

udT ≈

T

NT
X

u(tk )∆t

(4.10)

k

Let the velocity field, mode coefficients and basis functions be arranged
into matrices U (see Eq. (4.1)), A, S, respectively.


a1 (t1 ) a1 (t2 ) · · ·
a1 (tNT )


..
(4.11)
A=
,
.
aNM (t1 )



···

σ1 (x1 ) σ2 (x1 )
 σ1 (x2 )

S=
..

.
σ1 (xNP )

aNM (tNT )


σNM (x1 )
σNM (x2 ) 

.

σNM (xNP )

(4.12)

Here NP is the number of gridpoints, NT the number of discrete time-steps or
snapshots and NM , as defined earlier, the number of modes. The coordinate xj
represents the gridpoint j, where all the gridpoints are numbered from 1 to NP .
As mentioned above either (4.7) or (4.8) can be used in order to compute
the basis functions and the corresponding mode coefficients. Below, the computationally cheapest method is presented. It is easily seen that the equation
for the mode coefficients (4.7) results in an eigenvalue problem of a matrix with
dimension NT × NT whereas the equation for the basis functions (4.8) gives a
matrix with the dimension 3NP × 3NP . Since NP >> NT for most 3-D CFD
simulations, Eq. (4.7) should be considered. Using the approximations (4.9)
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and (4.10) yields
λi ai (tα ) =

NP
X

u(xj , tα′ )wj · u(xj , tα )ai (tα′ )∆t/T

(4.13)

j

or on matrix form

1 T
U WUA
(4.14)
NT
where Λ is a diagonal matrix with the eigenvalues λn on the diagonal and W
the matrix representing the weights wj , where the wj are the diagonal elements
Wj,j . Introducing the temporal correlation matrix C
1 T
C=
U WU
(4.15)
NT
the generalized eigenvalue problem (4.14) can be written on the form
ΛA =

ΛA = C A.

(4.16)

That is, the eigenvectors of C are the mode coefficients defined in (4.11). The
eigenvectors can be calculated directly from the flow field since C only depends
on the flow field U, cell size of the computational grid W and NT . The mode
coefficients can then be used to calculate the basis functions through Eq. (4.6).
A normalization is imposed on the basis functions and mode coefficients
hσi · σi iΩ = 1.
hai ai iT = λi .

(4.17)
(4.18)

The eigenvalues can be interpreted as the mean energy for each mode.
The basis function σi represents the spatial dependence of a mode and
can be viewed upon as a flow structure. The mode coefficients contain the
information how each flow structure develop in time. Hence, from POD the flow
structure with the most energy and information on how this structure evolves
in time are extracted. Each flow structure can be analyzed individually, which
is the strength of the decomposition methods. A special property of the POD
modes is that the modes are orthogonal, which is obtained due to the norm in
the minimizing problem in Eq. (4.3). This means that it is the decomposition
that gives the most amount of energy for any given number of modes. The
eigenvalue problems also imply that the POD eigenvalues are always real and
positive, since C is a positive definite matrix.

4.2. Dynamic Mode Decomposition
In Dynamic Mode Decomposition, the flow field is decomposed differently
than in POD. In DMD, the modes are separated by frequency of the motion
of each flow structure. Dynamic mode decomposition has only recently been
introduced in fluid mechanics studies. Two papers explaining the fundamentals
of DMD modes and applying it to fluid mechanics problems are Rowley et al.
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(2009), where a jet in crossflow is analyzed, and Schmid (2010), where different
flow cases are used, for instance plane channel flow and a jet passing two
cylinders.
The Koopman operator (U ) is defined as a linear operator such that
U g(uk ) = g(uk+1 ),

(4.19)

where g is a scalar valued function. In the following, g, is called an observable,
and can be any quantity of interest in the flow. The Koopman operator is
hence the operator that shifts any scalar function forward in time. We denote
the eigenvalues of U by λi and the eigenvectors ϕi , i=1,2,... Let g denote any
vector observable of the initial flow field u1 . As an example g can be the force
on an object in the flow. In Mezić (2005) it is shown that g can be expanded
in the eigenvectors of the Koopman operator as
∞
X
ϕj (u1 )vj
(4.20)
g(u1 ) =
j=1

where vj is the j-th vector valued expansion coefficients. In a similar manner,
the observables at all time instances can be expanded into the same Koopman
eigenvectors as for the initial step, since
∞
∞
X
X
k
k
λkj ϕj (u1 )vj
(4.21)
ϕj (u1 )vj =
g(uk+1 ) = U g(u1 ) = U
j=1

j=1

This means that the infinite velocity matrix U∞ , U∞ = [u1 u2 ...], can be
represented in terms of the same DMD modes as in (4.20), that is
U∞ = ΦS,

(4.22)

where
Φ=



ϕ1 (u1 )v1

ϕ2 (u1 )v2



1

 1
...
and S = 
..
.

λ1
λ2

λ21
λ22
..
.


···
··· 
 . (4.23)
..
.

Note that S is a Vandermonde matrix. The eigenvalues of the Koopman
operator hence describe the time development of each DMD mode. Again, the
modes can be described as characteristic flow structures. This means that the
entire flow can be described by the DMD modes and the eigenvalues of the
Koopman operator.
The algorithm to compute the DMD modes for the finite dimensional velocity matrix U is based the Arnoldi method presented in Ruhe (1984), which
gives the basis to calculate an approximation of the modes. In the Arnoldi
method the m first snapshots are used to express the next snapshot u(tm+1 ),
um+1 =

m
X
i=1

ci ui + r

(4.24)
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where the ci are unknown coefficients chosen such that the residual r is minimized in the L2 -norm. The ci obtained are then used to build the companion
matrix C,


0 0 · · · 0 c1
 1 0 · · · 0 c2 




(4.25)
C =  0 1 · · · 0 c3  .

 ..
.
.
.
.
 .
.
. 
0

0 ···

1

cm

In this way the computed flow field can be related to the next time step via

 

u2 u3 ... um+1 = u1 u2 ... um · C + reT ,
(4.26)

where e = (0, ..., 0, 1) is zero except for the m-th component.

Next the eigenvalues, λ̃i , and eigenvectors, T̃, of C are derived, where the
eigenvalues of C are called the Ritz values. In Rowley et al. (2009) it is shown
that λ̃i are approximations to the eigenvalues of the Koopman operator. That
is, the eigenvalues of the companion matrix C are closely related to the DMD
modes as follows. First the eigenvectors of C are known to span the inverse of
the finite Vandermonde matrix S̃, Chen & Louck (1996),


1 λ1 λ21 · · · λm
1

 1 λ2 λ22 · · · λm
2 

.
(4.27)
S̃ =  .
.
.
.
..
.. 
..

 ..
1 λm · · ·
λm
m

Recall that the infinite Vandermonde matrix, S, is used in the expansion
into the Koopman eigenvectors in Eq. (4.22). Writing in a similar manner as
Eq. (4.22)
U = Φ̃T̃
g(uk ) =

m
X

−1

λ̃ki φ̃i

(4.28)
1 6 k 6 m.

(4.29)

i=1

Eq. (4.29) can be identified as the finite version of Eq. (4.21) with φ̃i =
ϕi (u1 )vi . This means that Φ̃ contains the DMD modes to the finite dimensional
problem and can be calculated as
Φ̃ = U · T̃.

(4.30)

In order to arrange the modes it is useful to define the magnitude of the
Ritz vectors, see Rowley et al. (2009), which is the global energy norm of the
DMD modes,
NP
X
φ̃i (xj ) · φ̃i (xj )wj ,
(4.31)
k φ̃i k=
j=1

33

4.4. DECOMPOSITION DOMAINS

where the index j represents the grid point j, i the mode number and wi is the
volume of each cell respectively. This sum is a discrete approximation to the
integral over the volume of decomposition.
The eigenvalues of C determine the growth rate and frequency of each
mode. In order to obtain the frequencies, ωi , consider
m
m
X
X
k
(4.32)
eln(λ̃i )k φ̃i =
λ̃i φ̃i =
uk =
i=1

i=1

=

m
X
i=1

e

Re(ln(λ̃i ))t/∆t

cos

Im(ln(λ̃i ))
t
∆t

!

+ i sin

Im(ln(λ̃i ))
t
∆t

!!

φ̃i ,

Where k = t/∆t has been used, and ∆t is the time step between the snapshots.
Also, Re(), Im() are the real and imaginary parts respectively. Hence, the
frequency is obtained from the imaginary part of ln(λ̃i )


Re(λi )
/∆t.
(4.33)
ωi = Im(ln(λ̃i ))/∆t = arctan
Im(λi )

4.3. Similarities and Differences between POD and DMD
The spatial modes, σi and Φ for POD and DMD respectively, describe
coherent flow structures in the flow field U. There are inherent differences
between σi and Φ, due to the properties of the decomposition methods. First,
the time evolution of POD modes is described by arbitrary functions ai (t),
while the time evolution of DMD modes is described by the multiplication
of the complex eigenvalues, λki , of the Koopman operator. This means that
in DMD, each mode oscillate at a single frequency, i.e. the DMD modes are
orthogonal in time. For POD, the modes are orthogonal in space with the
energy inner product.
Ultimately, the difference between the POD and DMD modes depends on
the flow field U. Technically, the orthogonal modes could oscillate at almost
one single frequency. One of the objectives of this thesis is to investigate the
differences between POD and DMD modes for the flows considered. Comparing POD and DMD modes does not only highlight the difference but also
contributes to the understanding of each set of modes.

4.4. Decomposition Domains
The POD modes and DMD modes are calculated in subdomains of the computational domain, mainly due to storage limitations, but also due to limited
amount of memory when computing the modes. Storing 1300 snapshots of 9
M cells requires about 350 Gbytes of diskspace.
Two decomposition domains are used to compute POD and DMD modes
around the surface-mounted cube, domain A and domain B. Domain A is the
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Figure 4.1. The decomposition domain used, Domain A in
light gray and Domain B in dark gray

Figure 4.2. Instantaneous velocity and urms behind the train
in the volume where mode decomposition is performed
same as the domain that was used in Manhart & Wengle (1993), in order to
compare results. Domain B is larger and contains a large portion of the wake
behind the cube, as well as on the sides and in front of the cube. Domains A
and B are 1.2H × 1.2H × 0.5H and 7.95H × 4H × 2H and contain 245,000
and 3.5 million computational cells, respectively. The domains are shown in
Figure 4.1, Domain A (light gray) and Domain B (dark gray). The black lines
show the computational domain.
For the three different configurations of the ATM and for the CRH1, the
decomposition domain is the same, in order to be able to perform comparisons.
This domain is 8.97dh × 4dh × 1.83dh and contains the tail and wake of the
train. A block with dimensions 0.65dh × 4dh × 0.42dh around the bogies is cut
of the domain, in order to avoid the flow in the bogies to effect the modes. The
mean and rms-velocity in the wake are analyzed and the decomposition domain
is chosen, such that it contains the as much as possible of the disturbed flow.
The domain is visualized in Figure 4.2, showing the mean and rms-velocity
behind the ATM4C.

CHAPTER 5

Results and Discussion
This section gives an overview of the most important results from the papers in
Part II, which include results on the surface-mounted cube, the ATM and the
CRH1 train model. First, the decomposed modes are validated, both validating the flow simulations and the use of decomposition methods on flow fields
from simulations with DES. Thereafter, flow data to replicate TSI-slipstream
measurements are extracted from the simulation and the effect of wide body
trains on slipstream is investigated. The next section, presents the dominant
flow structures and flow topologies in the wake of the train geometries studied
in this thesis and the importance of the these flow structures on slipstream is
analyzed. Then, the modes extracted with POD and DMD are compared in
order to get a deeper understanding of each set of modes. Finally, the differences between the flow structures behind different configurations of the same
train with different number of cars are investigated.

5.1. Verification and Validation of Methods to identify Flow
Structures
In this thesis, flow fields from simulations where DES is used as turbulence
model are used to compute decomposition methods. In order to ensure the
validity of the modes obtained, both the DES simulations and the decomposition of DES flow fields need to be validated. The first part, to validate the
numerical simulations, is a common topic and is in some way performed in
almost all CFD investigation. This could, for instance, be done by comparing
some interesting quantities of the flow to results from experimental studies or
from other numerical simulations. Both experimental and numerical works
are used for comparison for the work on the surface-mounted cube. However,
it is not possible to validate the results for the train geometries with neither
experimental nor previous numerical work. For the ATM, an experimental
study exists, however it was found that the experimental setup was hard to
mimic in the numerical simulations, due to a trip wire on the first car. Instead
the validity of the results on the train geometry relies on the validation of the
surface-mounted cube and the extensive grid studies performed for each train
geometry.
The validation of the mode decomposition is done for the surface-mounted
cube by comparing to modes computed in Manhart & Wengle (1993). Since
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Table 5.1. List of references used for comparison, with information about Grid (x,y,z) and Turbulence modeling. Smag =
LES Smagorinsky, D. Smag = LES dynamic Smagorinksy
Ref. name

Group, Affiliation, Reference

Grid

Turbulence

Expuv
Expuw

R. Martinuzzi and C. Tropea,
Martinuzzi & Tropea (1993)

Experimental

UKAHY3
UKAHY4

M. Breuer, M. Porquie, W. Rodi,
Univ. of Karlsruhe, Inst for Hydromechanics, Germany, Rodi et al. (1997)

165 × 97 × 65
165 × 97 × 65

Smag.
D. Smag.

UBWM2

H. Wengle, Univ der Bundeswehr
München, Germany, Rodi et al. (1997)

144 × 88 × 58

Smag.

IIS-KOBA

T. Kobayashi, N. Taniguchi, T. Kogaki,
Inst of Industrial Science,
Univ. of Tokoy, Japan, Rodi et al. (1997)

66 × 46 × 36

Smag.

MAWE

M. Manhart and H. Wengle,
Manhart & Wengle (1993)
(not available for x/H=2)

144 × 92 × 58

Smag.

the same POD modes are obtained as in the reference case, it is assumed that
DES solutions contain adequate velocity fluctuations to compute POD/DMD
modes. Since the DMD is new within fluid mechanics, no reference case exists
for comparison, relevant to this thesis. Instead the DMD modes are compared
to POD modes, to verify that the DMD modes are computed correctly. The
number of snapshots is found to be an important parameter for the decomposition modes. Therefore, a method to verify that adequate number of snapshots
is considered, is proposed and used for all flow cases.
5.1.1. Flow Field Simulations
The surface-mounted cube is chosen as a test case since numerous published
work exists on this geometry, for instance experimental work in Martinuzzi
& Tropea (1993) and numerical work in Rodi et al. (1997); Manhart &
Wengle (1993). The comparison is done in one location above the cube
at the middle of cube and one location behind the cube in the wake, for
the mean streamwise position and the mean Reynolds stress. The results
are shown in Figure 5.1, the references are given in Table 5.1. All the
numerical reference works have been performed using LES with wall models.
The mean velocity profiles show that the DES simulation in this thesis
falls inside the range of the LES solutions and is closest to the simulation
that uses the dynamic Smagorinsky LES-model. For the Reynolds stress
u′ w′ , the peak above the cube is underpredicted by the DES, compared to
the single LES reference which showed this quantity and the experimental work.
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Figure 5.1. Velocity profiles for comparison between the reference cases and the DES computations. First row is streamwise mean velocity U , normalized by Ubulk , and second row
2
is Reynolds stress component u′ w′ , normalized by Ubulk
. All
graphs are at the spanwise centerline (y) and as a function of
wall normal direction (z). The first column is at the center
of the cube and the second row is 1 H and 1.5 H behind the
cube for U and u′ w′ , respectively. Circles: Expuv, crosses:
Expuw, dotted line: IIS-KOBA, solid line: UBWM2, dashed
line: UKAHY3, dash dotted line: UKAHY4, thick dashed line:
MAWE, thick solid line: DES.
Attempts were made to validate the simulation results on the ATM with
experiment performed at the German Aerospace Centre (DLR). However, due
to a trip wire in the experiments that needed to be included in the simulations,
this was found to be a very cumbersome validation case. Instead of adding
the thin wire and resolving it in the simulation, the effect of the trip wire
was modeled with a volume forcing. The amplitude of the volume forcing
has a strong effect on the flow and there are amplitudes that improve the
resemblance to the experimental profiles. Some examples of velocity profiles
of attempted amplitudes are shown in Figure 5.2. It was found that a specific
amplitude could give a good resemblance to experimental results in parts of
the flow but not in the complete flow. To get good results for this validation
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Figure 5.2. Velocities and urms alongside the train with
three different amplitudes of trip forcing (4E5,6E5,1E6) compared to experimental results. Vertical lines shows the location
of the trip wire
case, it appears to be more important to simulate the effect of the trip wire in
an accurate manner rather than the flow around the rest of the train. Hence,
the purpose of validating the flow around the train, is not satisfied by this
validation case.
Instead, the work in this thesis on the high-speed trains focuses on verification of the results by performing extensive grid studies, and the validation rely
on the surface-mounted cube. Examples of such grid study is shown in Figure
5.3, where the streamwise mean and rms-velocity is plotted in the wake as a
function of streamwise position for three different grids. The three grids are
named FM, MM, CM, from the finest to the coarsest. The differences between
the FM and MM are very small for the mean velocity profiles, while the profile
for the CM is different. Comparing resolved turbulent quantities is inherently
difficult for turbulence models where the filter length depends on the grid size,
since finer grids by definition resolve more turbulence. However, in this case
even the urms is very similar between the grids, also for the CM. Due to the
small difference between MM and FM it is found that the grid resolution for
the MM is sufficient to use.
5.1.2. Decomposition Mode Computations
The method to use DES flow fields together with decomposition methods in
validated by comparing with modes extracted in Manhart & Wengle (1993), on
top of the surface-mounted cube. Those modes are obtained with a LES with
wall models as turbulence model in the flow field simulations. The resulting
modes extracted from DES flow fields are shown in 5.4. The structures are
very similar to those in Manhart & Wengle (1993), with the exception of
mode 2 that is not present among the first eight modes in Manhart & Wengle
(1993). In the analysis, it is found that this a slow motion oscillation of shear
layer between undisturbed inflow and disturbed flow in the separation bubble.
The reason for that this mode is not found in Manhart & Wengle (1993) could
be that not enough sample time is used to obtain this low frequency motion.
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Figure 5.3. Streamwise mean velocity (U) at two positions
and rms-velocity (urms ) at one positions in the wake. Black
solid line: FM, red dashed line: MM, blue dashed line: CM.
The ordinate (y-axis) is omitted due to the confidentiality of
the train geometry. x=0 is at the middle of the second car.
For the other modes there is strong resemblance between the DES and LES
studies, in terms of shape and number of structures. For example the number
of “rolls” in the w-component for modes 4-6.
It is therefore found that the modes extracted from DES flow fields contain
the relevant structures of the flow. The surface-mounted cube is the only case
where POD modes are available for comparison and for DMD no such case
exists that is relevant for this thesis.
To see that the mode decomposition methods are implemented in a correct
way, the first mode can be compared to the mean flow. For both POD and
DMD, the first mode corresponds to the mean flow, for these types of cases
where the mean flow contains a large portion of the energy.
It is found that the sample time is an important parameter in order to have
converged modes. A method to check that enough snapshots have been used
is suggested in the thesis. The method is to compare sets of modes computed
with different amount of snapshots. If the modes do not change when adding
mode snapshots, the modes are considered to be converged. The POD modes
are compared by calculating the orthogonality εOrth between two sets of modes
σi,1 and σi,2
Z
σi,1 · σi,2 dΩ,

εOrth =

(5.1)

Ω

and for DMD modes the L2-norm of the difference εL2 between two sets Φi,1
and Φi,2 is calculated
εL2 =k (|Φi,1 | − |Φi,2 |) k2 ,

(5.2)
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Figure 5.4. Isosurfaces of positive and negative velocity for
each of the spatial POD modes 1-6 in Domain A, red positive,
blue negative, green zero. Flow coming from bottom left going
up right.
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Figure 5.5. The orthogonality between the sets of modes at
different TA , compared with the set of POD modes computed
with the maximum TA for ATM2 (left), ATM3C (middle) and
ATM4C (right). Thick solid line: POD mode 1, thick dashed
line: POD mode 2, thick dash dotted line: POD mode 3, thick
dotted line: POD mode 4, thin solid line: POD mode 5, thin
dashed line: POD mode 6, thin dash dotted line: POD mode
7, thin dotted line: POD mode 8.
where the complex magnitude of the modes are considered
p
|Φi | = Re(Φi )2 + Im(Φi )2 .

(5.3)

When the modes are identical εOrth = 1 and εL2 = 0. The εOrth for POD
and εL2 for DMD for the first eight modes on the different configurations
are shown in Figures 5.5 and 5.6, respectively. It is clear that the first
eight POD modes converge in the range [500 600]Tref for all three configurations. For the surface-mounted cube TA = 700 − 800 Tref was needed
for converged modes. For the DMD modes, the first fluctuating mode
seems to converge at approximately the same time as the POD modes. However, the higher order DMD modes seem to require more snapshots to converge.

This method to investigate convergence might be over-conservative in determining number of snapshots required. This is since only the modes with the
same mode number are compared. In practice, modes with similar amount of
energy can change mode number if the energy levels are slightly changed with
different amount of snapshots. Even tough the modes could look exactly the
same, εOrth would not be 1 and εL2 would not be 0. This can most evidently be
found for ATM2C in Figure 5.5, where mode 4 and 5 follow each other closely.
This is especially a problem for DMD modes higher than 2. In DMD, adding
more snapshots mean that more frequencies are resolved, which implies that a
motion that was described by a single mode could be divided into two modes
with another TA , and hence completely changing the mode ordering.

5.2. Slipstream Velocities at TSI-measurement point
The maximum allowed induced velocity by a train is regulated by the TSI
2008/57/EG (2008). The test procedure to measure the slipstream velocity
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DMD mode 7, thin dotted line: DMD mode 8.
for the TSI is as follows: The velocity is measured at a probe stationary to
the ground, as the train passes. The probe is located 3 m from the center of
the track and 1.2 m over the platform or 0.2 m over TOR for the trackside
measurement. This should be done at least 20 times and each sample is filtered
with 1s-moving time average. From this filtered profiles the maximum velocity
from each run is obtained, which is averaged and a u2σ is obtained,
u2σ = ū + 2σ,

(5.4)

where u is the maximum filtered velocity for each run, the bar indicates mean
and σ is the standard deviation. The u2σ is not allowed to be higher than 15.5
m/s for the platform TSI and 20 m/s for trackside TSI for trains at operating
at 200 kph.
In order to do this procedure for CFD computations, the reference frame
has to be adapted from the train fixed reference frame in the CFD computations
to the ground fixed reference frame in the TSI-measurements. In the CFD
reference frame, the probe moves with the speed of the train, which means
that the desired velocity is
uT SI = u(t, x0 + Uinf · t).

(5.5)

Implementation problems arise when this is discretized
uT SI = u(N · ∆t, x0 + Uinf · N · ∆t),

(5.6)

since the probe might not be located at a cell center at each time step. That
is Uinf · N · ∆t is not a multiple of ∆x. This can be fixed for an equidistant
grid by adapting the time step, such that N · Uinf · ∆t = ∆x. Here, there
is a great advantage with the trim-hexa grid, since the grid is aligned with
the streamwise direction and the cells are exactly of the same size (within a
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Figure 5.7. Time instantaneous (black) and time averaged
(red) velocity in a ground fixed coordinate system for the ATM
at 0.4dh over the platform and 0.067dh over TOR on the trackside. t = 0 corresponds to when each probe passes the first
measurement point.
refinement zone).
The TSI procedure is applied on the DES computations and 20 probes
are extracted for the ATM. Both the instantaneous and time-filtered velocity
is shown in Figure 5.7. There is strong spread in the results between the
different probes. For some samples the measured maximum velocity is low,
but there are instances when there is are strong slipstream velocities. The
largest slipstream velocities are clearly located in the near wake region, which
is consistent with the results in Sterling et al. (2008). The measured values
is u2σ /U∞ = 0.154 for TSI-platform and U2σ /U∞ = 0.198 for TSI-trackside,
which corresponds to u2σ = [8.611.0] m/s for a train at 200 kph. This is with
margin under the threshold values (15.5 and 20 m/s) for the TSI.
To investigate the effect of wide body trains, the mean streamwise
velocities are analyzed. A corrected TSI-position is introduced to obtain
slipstream velocities at the same distance from the train body. For the ATM,
the corrected TSI-position is at the same distance from the ATM as the TSI
for the CRH1 (1.33 m). Analogously, the corrected TSI-position for the CRH1
is located 1.49 m from the car body of the CRH1, which is the distance from
the TSI to the ATM. The different distances are shown in Figure 5.8. It should
be noted that the width considered are the maximum width of the car body,
as seen in Figure 2.4 the width varies with height.
The mean streamwise velocity in the TSI and the corrected TSI position for
the platform TSI is shown in Figure 5.9. It is evident that as the measurement
position is moved closer to the center of the track, the mean velocity close to
the peak increases. This indicates that wide body version of the same train
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Figure 5.8. A schematic top view of the TSI and corrected
TSI positions for the ATM (blue) and CRH1 (red). Solid colored lines: train surfaces, solid black line: TSI position, dotted
black line: symmetry line, dashed colored lines: corrected TSI
positions.
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Figure 5.9. The mean velocity in the TSI-position (black)
and corrected TSI-position (red) on the platform side for the
ATM (left) and the CRH1 (right). The ordinate (y-axis) is
omitted for the CRH1 due to the confidentiality of the train
geometry. For the ATM, x=0 is at the beginning of the tail of
the last car and for CRH1 at the middle of the tail car.
would have harder to fulfill the TSI, however it is very difficult to quantify
this effect. It is likely that there are larger differences when comparing two
different train types, meaning that a wide body train might not necessarily be
worse than another train with continental profile.
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Figure 5.10. Streamlines of instantaneous flow colored by
the speed of the flow around the ATM and the CRH1.

5.3. Flow Structures in the Wake of Bluff Bodies
Two flow topologies were found in wake of different bluff bodies in Morel
(1980); Ahmed et al. (1984); Weise et al. (2006), a quasi-steady separation
bubble and two counter-rotating vortices. These two flow topologies are also
been found in the wake behind the ATM and the CRH1. The two different
flow topologies can be visualized in many different ways, in Figure 5.10 this is
done by plotting the streamlines of the time instantaneous flow. For the ATM,
the flow from the top stays attached as it passes over the slanted back surface.
This causes the pressure to decrease and the streamline from the side is sucked
towards the center. As the flow from the sides separates over the side edges it
curls into counter-rotating vortices. For the CRH1, the flow from the top and
sides separates from the back surface, creating a separation bubble, which can
be seen as the low velocity streamlines adjacent to the slanted back surface. It
should be noted that this is the characterization of the separation of the flow.
The flow behind the CRH1 still contains counter-rotating vortices, which are
formed around/behind the separation bubble. An estimation of the angle of
the back surface was given in Section 2 as approximately 50 degrees for the
ATM and 33 degrees for the CRH1. This could be compared to the critical
angles found in Morel (1980); Ahmed et al. (1984), which are around 47 and
60 degrees, respectively.
As the flow topology of both train geometries have been found, the rest of
this section is aimed at investigating the flow structures of these two different
flow topologies. This is done in order to see the differences and investigate the
possible existence of universal flow structures.
5.3.1. Reconstructing the Flow Field
It is difficult to determine which flow structure each modes represent by only
looking at isosurfaces of the spatial part. Instead, we suggest that the flow
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Figure 5.11. The reconstructed flow field from POD modes
1,2,3 on the ATM at three different time instances, 10.0 (left),
12.0 (middle) and 13.5 (right) Tref . Isosurfaces show positive
and negative spanwise velocity (v). The time period for this
motion is approximately 7.7Tref .
should be reconstructed by only using a subset of modes. Taking the mean
flow and the first fluctuating mode couple, shows how this mode couple affects
the mean flow. The reconstructed flow field uP,1,2,3 is computed as

uP,1,2,3 (x, t) =

3
X

ai (t)σi (x) =

i=1

= a1 (t) · σ1 (x) + a2 (t) · σ2 (x) + a3 (t) · σ3 (x).

(5.7)

5.3.1.1. Aerodynamic Train Model
Reconstruction of the flow field associated with the first fluctuating mode couple
is performed on the ATM2C, and three snapshots of the flow is shown in Figure
5.11. The snapshots show the time evolution of approximately half a time
period. This flow structure affects the counter-rotating vortices, which is the
dominant part of the mean flow, by making one of them stronger and the other
one weaker at a certain streamwise position. At a later time this structure has
moved downstream and now the other vortex is stronger at this position and
the first one is weak. This means that this flow structure is vortex shedding.
5.3.1.2. CRH1
The same reconstruction of uP,1,2,3 is performed on the CRH1, and three
snapshots are shown in Figure 5.12. In this case, the snapshots span around
70% of a time period. The same type of motion as for the ATM2C is also
found for the CRH1, which is oscillating strengths of the counter-rotating
vortices from one side to the other. This means that even though the flow
topology is different, the most energetic flow structure behind both the CRH1
and ATM2C (ATM3C and ATM4C as well) is vortex shedding.
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Figure 5.12. The reconstructed flow field from POD modes
1,2,3 on the CRH1 at three different time instances, 2.0 (left),
6.0 (middle) and 8.0 (right) Tref . Isosurfaces show positive
and negative spanwise velocity (v). The time period for this
motion is approximately 9.1Tref .

Figure 5.13. The reconstructed flow field from POD modes
1,6 on the CRH1 at three different time instances, 0.5 (left),
45.5 (middle) and 95.0 (right) Tref . Isosurface show zero
streamwise velocity (u). The time period for this motion is
approximately 500Tref .
An interesting flow structure that was found behind the CRH1, but not the
ATM, is the low frequency motion associated with mode 6. This mode is singular, it is not found in a pair of modes, and therefore the reconstruction uP,1,6 ,
with only two modes are performed. Three snapshots of the zero isosurface of
streamwise velocity are shown in Figure 5.13. The zero isosurface shows the
region of recirculation, i.e. the separation bubble. At different time instances
the size of the separation bubble changes size, moving inwards and outwards.
This is the only among the first eight modes that are directly associated with
the separation bubble and not the counter rotating vortices. This motion is
very slow, much slower than the vortex shedding.
5.3.2. Important DMD modes for Slipstream
It is of interest to investigate which DMD modes that have a large influence
on the TSI velocity, in order to understand which flow structures that are important for slipstream. This is done by looking at the contribution of each
mode at the TSI measurement position. For each mode, 20 time samples are
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Figure 5.14. The TSI-velocity for each DMD mode for the
ATM (left) and CRH1 (right).
created by randomly choosing an initial phase and transversing a probe trough
the domain in the same manner as described in Section 5.2. The TSI procedure is then applied. Due to the small size of the DMD domain, a complete 1s
time average can not be applied. The mean filtered velocity for each mode is
plotted as a function of frequency in Figure 5.14 for the ATM and the CRH1.
It is not exactly the same mode that is dominant in energy that is most important for slipstream, but both of them lay in the same frequency interval. The
frequencies of the most dominant flow structures are investigated in Section
5.4.2. It is found that the most dominant modes for frequency and energy have
approximately the same flow structure, see Section 5.3.1. This flow structures
is vortex shedding. It is interesting to note that there are a few peaks in the
range of frequencies that are excited by POD mode 4, and since multiple DMD
built up this POD mode all the contribution must be taken into account, which
could give a large contribution.

5.4. Comparing Flow Structures from POD and DMD
The two decomposition methods, Proper Orthogonal Decomposition and Dynamic Mode Decomposition, are compared for all different geometries in this
thesis. The general conclusion is that the same flow structures are extracted
with both methods, however the relative importance of a flow structure might
be different for POD and DMD. This is since a flow structure could be described by a single mode for one of the decomposition methods, while for the
other decomposition method the energy is divided among multiple modes. To
illustrate the similarities and differences a selection of the spatial and temporal
parts of POD and DMD modes for different geometries are presented in this
section.
5.4.1. Spatial Part of Decomposition Modes
The spatial part of the POD and DMD modes show many similarities, despite
the different focus of the methods. As an example a selection of the dominant
modes in the wake of the CRH1 is shown in Figure 5.15. Mode 1 is not
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Figure 5.15. Isosurfaces of positive and negative streamwise
velocity (u) for a selection of POD and DMD modes of the
CRH1, red positive, blue negative. Flow coming from top left
going down right.

interesting to compare, since for correctly computed modes, both POD mode
1 and DMD mode 1 correspond to the mean flow. POD mode 2 is very similar
to DMD mode 2, in terms of size and position of the structures, it is only the
phase of the motion that is changed. POD mode 4 has similarities with DMD
mode 6, however the connection is not as clear as for POD mode 2. POD mode
4 seems to be built up by the structure in DMD mode 6 plus some additional
motion. Last, POD mode 6 is similar to DMD mode 3. In this case the
relative importance has changed between POD and DMD, i.e. POD mode 4
has higher energy than POD mode 6, but DMD mode 3 has higher than DMD
mode 6. This could be because the energy content in POD mode 3 is divided
on multiple DMD modes, 6 being one of them. The connection between the
POD and DMD modes is made clearer when looking at the temporal part in
the next section.
Comparisons between POD and DMD are also done in the larger domain
(B) around the surface-mounted cube, which is shown in Figure 5.16. Here,
POD mode 2 resemble DMD mode 10, POD mode 5 - DMD mode 2 and POD
mode 8 - POD mode 13. Also in this case, there is relative change in importance
between the structures in the modes. It is also evident that the POD modes
are smoother than then DMD modes.
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Figure 5.16. Isosurfaces of positive and negative streamwise
velocity (u) for a selection of POD and DMD modes for the
larger domain on the surface-mounted cube, red positive, blue
negative. Flow coming from bottom left going up right.

5.4.2. Temporal Part of Decomposition Modes
The time evolution in POD is governed by arbitrary functions and for DMD
modes by a single frequency. To compare these two, the frequencies of the POD
mode coefficients are investigated. This is done by taking the Fourier transform
RT
of the mode coefficients of each POD mode, that is âj (ω) = 0 aj (t)eiωt dt.
The Fourier transform amplitudes, âi (ω), then shows which frequencies
dominate the mode coefficients of each mode. The amplitudes for POD modes
2,4,6 on the CRH1 are compared to all the DMD modes, visualized by a bars
of magnitude of the Ritz vectors, see (4.31), as function of frequency for each
DMD mode, in Figure 5.17.
For all cases considered in this thesis, it is found that where there is a
peak in the Fourier transform amplitude, there is also a DMD mode with high
magnitude of the Ritz vector. For some POD modes, often the first fluctuating
mode, the frequency spectrum has a narrow peak, meaning that the arbitrary
function is oscillating at almost a single frequency. In these cases it is found
that the spatial DMD and POD modes are very similar, meaning that the
dominant flow structure extract by both methods is the same. In other cases,
the POD frequency spectrum is wider. In these cases, the spatial part of the
POD modes share similarities with multiple DMD modes in the range where
âi (ω) is large.
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Figure 5.17. Normalized spectrum of Fourier transform of
the POD mode coefficients for modes 2,4,6 (red) compared
with the normalized energy for each DMD mode as a function
of frequencies (black), for the CRH1

5.5. Size of the Boundary Layer and Wake Flow Patterns
Due to the long slender body of a train, the size of the boundary layer at the end
of the train is of the same magnitude as train width. The effect of the size of the
boundary layer on the wake flow structure is investigated by simulating the flow
around trains with different lengths. The train is the ATM, and the different
configuration have 2,3,4 cars. It is found that the size of the boundary layer at
the point of separation influence the wake flow patterns. The change in size of
the boundary layer does not alter the flow topology, the flow structures remain
the same. However, the frequency and wave length of the vortex shedding is
dependent on the momentum thickness before the separation.
5.5.1. Momentum Thickness
There are different parameters that determine the size of the boundary layer:
the boundary layer thickness (δ), the displacement thickness (δ ⋆ ) and the momentum thickness (θ). In this paper, θ is used to compare the size of the
boundary layer at the last cars of the train
θ(x) =

Z

0

∞

U
U∞



U
1−
dy
U∞

(5.8)

In Munson et al. (2002), an empirical formula of the momentum thickness
as a function of downstream position x is given for a flat plate


ν
θ(x) = 0.0360
U∞

1/5

x4/5 .

(5.9)

This formula can be used to estimate the difference in momentum
thickness between a full scale train at full speed and the scaled model at
reduced Reynolds number used in this thesis. The momentum thickness as a
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Figure 5.18. Momentum loss thickness as function of train
lengths in meters for a full scale train travelling at 200 kph.
The horizontal line shows the momentum thickness at the end
of the different ATM configurations in model scale. Black line:
full scale train, Blue line: ATM2C, Green line: ATM3C, Red
line: ATM4C.
function of train length for the full scale is plotted together with the estimated
momentum thicknesses for the scaled ATM model with 2,3,4 cars in Figure
5.18. This figure shows that the scaled version with 2,3,4 car corresponds to
full scale trains with 6,9,12 cars (3 times as many), since a car is around 25
meters. This is a reasonable range of train lengths to be investigating.
The actual momentum thicknesses from the simulation in the different
ATM configurations are calculated using Eq. (5.8) and compared to the empirical formula, which is shown in Figure 5.19. Even though the empirical formula
is for a flat plate, the equation agrees well at the beginning of the train, where
the surface is curved and there are cavities, inter car gaps and bogies. In the
very end the momentum thickness decreases as the flow accelerates close the
tail of the train. From Figure 5.19 the maximum momentum thickness for each
configuration is obtained, and are equal to [0.032 0.040 0.051] dh .
5.5.2. Flow Structures
The streamwise component of the first POD modes for the three different
configurations of the ATM is shown in Figure 5.20. The mean flow is visually
the same and hence the topology of the flow is the same. Even the first
fluctuating mode couple looks very similar for the different configurations,
with the exception of the wave lengths. For the shorter train the structures
are shorter and for the longer train the structures are longer. In Paper 5, it
is also verified that the reconstructed flow field of the first fluctuating POD
mode couple exhibit the same characteristics for all configurations.
For all the configurations there is a dominant frequency in the spectrums
of the POD and DMD modes. The frequency of the dominant is plotted version
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Figure 5.19. The momentum thickness for the last two cars
as a function of streamwise distance from the tail in the left
picture. Momentum thickness as a function of distance from
the front compared to empirical values. Solid line: ATM4C,
Dashed line: ATM3C, Dashdotted line: ATM2C, Red line:
Empirical value. Vertical lines indicate car gaps.
the momentum thickness in Figure 5.21. It is evident that the Strouhal number
decreases as the momentum thickness and length of the train increase, which
is consistent with the results found on Rowe et al. (2000).
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Figure 5.20. Isosurfaces of positive and negative streamwise
velocity (u) for the first three spatial POD modes of the three
configurations of the ATM, red positive, blue negative, green
zero. Flow coming from top left going down right.
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Figure 5.21. Strouhal number of the most dominant structure in the wake as a function of momentum thickness at the
train body close to the tail.

CHAPTER 6

Conclusion
For slipstream the most important region of the flow is the near wake, where
the flow is complicated with many different time and space scales. To analyze
this complex flow, mode decomposition can be used to extract coherent flow
structures. The simulated flow field with DES has proven to be adequate to
use for decomposition into POD and DMD modes, by studying the modes
extracted around the surface-mounted cube. Two different train geometries,
the ATM and the CRH1, and one test case, the surface-mounted cube, as well
as three different configurations of the ATM, have been simulated in this thesis.
For these cases, it is found that the POD and DMD mode contain the same
flow structures, but the relative importance of the modes could be different.
Reconstructing the flow field is proven to be an intelligent way to visualize
the flow structures and is used to identify that the dominant flow structure
behind both the ATM and the CRH1 is vortex shedding. This is despite the
fact that the flow topology of these two geometries is different. Behind the
CRH1 the flow separates with a separation bubble, while behind the ATM the
flow separates forming two counter-rotating vortices. The vortex shedding is
also found to be the most important flow structures for slipstream.
The velocity profiles in a ground fixed probe are extracted in order to
investigate the slipstream velocities defined by the TSI. As specified in the
TSI, 20 probes are extracted and each is filtered with a 1s time average. The
results show a large scatter both in peak position and peak value of each probe.
The fact that a wider version of the same train would create higher slipstream
velocities is verified by looking at the mean flow at different distances from
the train side wall.
Three different lengths of the ATM are simulated in order to investigate
the effect the length has on the flow structures. It is found that the flow
topology and the type of dominant flow structures are equivalent, except for
the wave length and frequency of the dominant flow structure. The Strouhal
number of the vortex shedding decreases when the momentum thickness before
the separation increases.
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CHAPTER 7

Outlook
The work in this thesis could be continued in many different directions. Suggestions on some directions are listed below
• Connection between modes and tail shape
In this work the connection between the modes and slipstream velocities
has been analyzed. This has been done for two different train geometries
to see the difference between the two flow topologies. The next step,
in order to fully understand the effect of the geometry on slipstream,
is to understand which and how dominant flow structures an arbitrary
tail shape would create. This could be done by making a reduced order
model of the flow field in the wake, or maybe by understanding the
pressure fluctuations on the back surface and linking those with the
fluctuations in the wake.
• Flow control
Vortex shedding has been identified as the dominant flow structure in
the wake, both in terms of energy and slipstream. To increase the slipstream performance of a vehicle, this flow structure could be suppressed
with either passive or active flow control. This should be done without
compromising the aerodynamic performances of the train, relating to
other aerodynamic effects, such as drag or crosswind stability. Ideas
how to suppress this flow structure could be taken from other bluff bodies where vortex shedding have been studied deeply, for instance the
cylinder.
• Realistic flow fields
The purpose of simulating the flow with DES is to be able to have timeaccurate solutions on applied geometries. This work has been focused
on the model scale regime, but there is the possibility to move into the
full scale regime. Or at least increase the Reynolds number in steps
and performing a Re-sensitive study to decide if there is a certain Re
number that replicates the solution at full scale Re number. Making
the flow more realistic could also mean adding more details on the train
and surroundings, such as train bed, rails, pantographs or details in the
bogies. Simulating a case closer to the full scale scenario could also lead
to that a numerical simulation procedure for the TSI slipstream could
be defined that would validate the vehicle for slipstream.
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• Mode decomposition
Other decomposition models could be investigated or tuning the models
to directly give the flow structures that give the largest slipstream velocities. Within POD and DMD, it would be interesting to investigate
the effect of projecting the velocity field on a coarser grid to see if any
accuracy is lost in the resulting modes. This could reduce the storage
demands if the data from fewer cells would be needed, especially in the
boundary layer.
• Other train aerodynamics application
The method used in this thesis could also be used for other train aerodynamic phenomenon, for instance crosswind. Another option would be
to incorporate this method into already existing optimization of other
phenomenon. The method could also be extended to other vehicle types
or even applications outside external aerodynamics.
• Turbulence modeling
The field of hybrid LES/RANS is developing and new hybrid method
arise continuously. It could be of interest to test newer models against
DES. It might also be of interest to do LES simulation or wall-modeled
LES in some small test cases. In order to investigate the effect of cavities on the DDES method, fewer details on the train could be used by
removing the intercar gaps and bogies.

CHAPTER 8

Summary of Papers
Paper 1
Mode Decomposition on Surface-Mounted Cube.
In this paper the feasibility of mode decomposition of a flow computed with
DES was investigated. The surface-mounted cube was chosen as a test case,
since various data exist to be used for comparison and validation. The comparison was done with both experimental and numerical work obtained by LES
simulations. The results compared well to the different studies and it was
therefore found that the DES simulation contained the relevant dominant flow
structures. The flow field could therefore be used to decompose into POD and
DMD modes. In order to have reliable results two different techniques of investigating convergence of the POD modes were proposed and tested. It was found
that long sample times are needed to have converged POD modes and that the
two convergence methods give consistent results. The converged modes were
analyzed and three different groups of flow structures were characterized. The
first group is simply the mean flow and the two others represent perturbations
to this mean flow. They are dominant in different regions of the flow, the first
represent perturbations at the shear layer and the second perturbations in the
wake of the cube. These flow structures would be representative of the flow
topology of the wake of the ATM, which is a separation bubble.

Paper 2
Analysis of Flow Structures in the Wake of a High-Speed Train.
The method of using DES flow field with POD and DMD, which was validated
in Paper 1, was applied to the Aerodynamic Train Model. Strong similarities
between the POD and DMD were found, both for the spatial modes and the
temporal modes. The dominant flow structures were associated with the two
counter rotating vortices in the wake. Attempts to validate the flow field were
performed by comparing the DES results with results from experiments performed in a water-towing tank at DLR. The effect of a trip wire, located on
the first car in the experiments, was attempted to be modeled via the use of
a forcing function. However, it was not possible to find an amplitude of the
forcing that gave good results throughout the domain.
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Paper 3
Flow structures around a high-speed train extracted using Proper Orthogonal
Decomposition and Dynamic Mode Decomposition.
The mode decomposition performed in Paper 2 was extended and the extracted
flow structures were analyzed by reconstructing the flow field with a subset of
modes. The reconstruction was found to be an intelligent way to visualize the
flow structure. The dominant flow structure was found to be vortex shedding.
The second flow structure was found to be bending of the counter-rotating
vortices. The method to investigate the convergence of the POD modes was
modified in order to be extended to DMD modes. The largest modification is
that the complex magnitude of the DMD modes was used, since a phase-shift
was found between DMD modes computed with different amount of snapshots.

Paper 4
Mode Decomposition of Flow Structures in the Wake of Two High-Speed Trains.
The flow behind two different trains, the ATM and the CRH1, were analyzed.
By investigating the streamlines, the q-criterion, the mean flow and the mean
pressure coefficient at the slanted back surfaces, it was found that the flows
topologies are different for the two flows. The flow behind the CRH1 separates
by forming a separation bubble, while behind the ATM the flow forms two
counter-rotating vortices. Despite the difference in flow topology the dominant
flow structure, identified by reconstructing the flow field, is vortex shedding for
both train geometries. A method to extract the velocity in ground fixed probes
was proposed and tested. The velocity profiles were filtered with a 1s time
average in accordance with the TSI regulation. The velocity profile showed
a large scattering in both peak value and peak position between probes. By
introducing a corrected TSI position, the effect of wide body cars is investigated.
It is found that a wide version of a train creates larger slipstream velocities than
a thinner one.

Paper 5
Wake characteristics of High-Speed trains with different lengths.
In this paper, wake flow of three different configurations of the ATM, with 2,3,4
car, was simulated in order to investigate the effect of momentum thickness on
the wake flow structures, for an applied 3-dimensional geometry. Using empirical formulas, it was found that these configurations of the ATM correspond
to trains with 6,9,12 cars in full scale traveling at 200 kph. The momentum
thickness as a function of streamwise position was extracted from the simulation for all configurations and compared to the empirical formula of a flat
plate. The empirical formula was found to agree well in the front of the train,
whereas further downstream, the effect of the curved surface, inter car gaps
and the tail is believed to alter the profile. The flow topology was found to
be the same for all three configurations. Also the dominant flow structure was
the same, which is vortex shedding. However, the wave length and frequency
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of the vortex shedding was different. The vortex shedding frequency was found
to decrease as the momentum thickness increases in front of separation.
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