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Abstract

In this work a time-dependent numerical simulation of thevfswound a single stand-
ing container wagon model is presented. The model condisisl@.8 m long con-
tainer placed on the wagon. The model includes some geaaletietails such as
wheels and other undercarriage roughness. The Reynoldsemimthe study is 10
based on the width of the container. The simulation methed is the Large Eddy
Simulation technique. The forces and the flow field are awstag time and the re-
sults thereof are presented in the paper.

Keywords: Aerodynamics, Freight train, CFD, Large Eddy Simulation.

1 Introduction

The sum of the resistive forces acting on trains in the doactf travel is usually
expressed as [1, 2, 3J:

F=A+BxV+CxV? (1)

Here, itis assumed that the train does not accelerate antittlaaels on flat ground
and that the railway is straight. Otherwise, terms for thhede needed to overcome the
resistance of acceleration, the gravitational force andhaeical curving resistance
have to be included in Eqg. 1. The terinon the right hand side contains mechanical
resistances that are constant with respect to the speediofitr, but dependent on
the mass of the train. The second term contains resistanatare considered to be
linearly proportional to the speed. The last term contdnesaerodynamic resistance
of the train which is proportional to the square of the speHte coefficients in Eq.

1 are highly dependent on each specific train type under deration and must be
determined individually for each specific train [4, 5, 3]. Wwiver, many national



railways has developed emperical equations that can beagstimate the resistance
of a generic train. See Ref. [3] for a review of emperical equatused to estimate
resistances of trains. A freight train normally consistadérge amount of wagons
of different sizes, shapes and purposes. For a freight tin@ircoefficientC in Eqg. 1

is the sum of the contribution to the aerodynamic drag froemltitomotive and all
wagons in the train. The size of the contribution(ddrom each wagon depends on
the position of the wagon in the train [6].
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Figure 1: The top figure shows an arbitrary container fretgih with a locomotive
and 10 single stack wagons.The bottom figure shows the defficent (y-axis) for a
closed top gondola-type freight wagon depending on theipasn the train (x-axis).
All the values are normalized with the value of the drag cokffit of the wagon in
the second position at zero yaw angle. The results are reditmm the full-scale
experimental study reported in Ref. [6].

Shown in Fig. 1 is the drag coefficient of a closed top gondybe of freight
wagon depending on the position in the train. Results are slion0, 5 and 10 de-
grees of yaw angle. Itis seen that after the initial 3-4 wagtme drag coefficient will
reach some steady value that is some 2{:¥s than the drag coefficient of the sec-
ond wagon. The contribution to the total drag of the entiaéntfrom the locomotive
will in turn be higher than the drag of the second wagon du&eacbntribution from
the stagnation pressure of the air on the front of the locow@oihe majority of all
the wagons in a freight train will experience an aerodynaimég) force slightly lower
than that experienced by the first wagon in the train.

In the literature there are some experimental wind tunnaliss on different types
of freight wagons reported. Wind tunnel simulations weralena Ref. [7] on 1:10
scale wagons. The objective of the study was to determineahtypical” wagon in
a train could be simulated in the wind tunnel. With "typicatieans that the wagon
should not experience effects in the measured flow quasfiteen the front or the rear



of the train. In the study it was found that for a wagon not tpezience effects in the
measured drag coefficient from the locomotive and or the érideotrain one and a
half dummy wagon was needed ahead of the wagon being stu@iggl half dummy
wagon was needed downstream. In Ref. [8] measurements weedavind tunnel
on two open top rail type wagons. It was found that by dividimg cargo spacing into
smaller subspaces the drag of each wagon was reduced whémithes operating
with empty wagons. The lateral stability of a single doultecked container wagon
subjected to crosswind was studied in Ref. [9]. The Reynoldsbar dependence of
the aerodynamic drag force when the wagon was subjecteditadaofzero yaw angle
was studied as well. It was found that for a Reynolds numbgeltahans 0.8 x 10°
based on the height from the ground of the double stacked méggomeasured drag
coefficient showed little dependence on the Reynolds nunaoeeto yaw.

The numerical simulation of the unsteady flow around a siieplifreight wagon sub-
jected to a crosswind at 9¢aw angle was reported in Ref. [10]. LES with the stan-
dard Smagorinsky model artds = 0.1 was used in the simulation and the Reynolds
number was3 x 10° based on the height of the freight wagon from the ground and
the crosswind speed. The study reported in [10] is the oniparical study using
unsteady simulation techniques to simulate the flow aromydraight wagon model
known to the authors of the present study.

The objective of the present study is to explore the flow atlausingle stack container
freight wagon at Oyaw angle. The method used to simulate the unsteady flow rumer
ically is LES with standard Smagorinsky model. This metlethe same as has been
used in studies of flows around simplified train models in REf§, 12, 13, 14, 10].
Due to the computational cost of the simulation and the cerityl of the flow, only
one wagon is considered in the present study. It remaingtoefistudies to simulate
the flow around a "typical” wagon in a train with wagons ahead downstream of
it. In Section 2 the geometry of simplified freight wagon miadedescribed. In Sec-
tion 3 the governing equations and the employed numerichhigue to solve these
is presented. In Section 4 the numerical accuracy in thelation is evaluated. In
Section 5 the results from the simulation are presentedetti& 6 the flow around
the wagon is discussed and the paper is concluded in Section 7

2 Description of the freight wagon model

The freight wagon model used in the present work is presanted). 2. The model
represents a single-stacked container freight wagon. Tit&hwef the container is
W = 2.354 m and the length of the container is 5W. In Fig. 2b a viéthe front

of the model is shown including some dimensions of the modlke total height of
the model from the ground to the roof of the container is 1.8Wé width between
the inner edges of the wheels is 0.63 W corresponding to thenBloGauge of the
width between the rails. The height from the ground to thetaioer is 0.56 W. The
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Figure 2: The container wagon model used in the present wbnke. model is sim-

plified and details such as waffels on the container are dmdotThe model retains
the main geometrical features of a real container wagon agciwheels and some

undercarriage complexities.

coordinate system used in the present work is located onrtim¢ 6f the wagon as

shown in Fig. 2b. The x-axis corresponds to the axis paralélopposite to the

direction of travel of the wagon. This direction is callee gtreamwise direction. The
z-axis corresponds to the axis parallel with the directibaation of the gravitational

force but in opposite direction to it. This axis is denoted ttansversal direction to
the flow. The y-axis is the axis perpendicular to both the xaadis and corresponds
to the spanwise direction of the flow.
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Figure 3: Details of the geometry.

In Figs. 3 the freight wagon model is shown from a side view)tnd view from
below (bottom), respectively. The radius of the wheels24@V. The wheels are cut at
the bottom corresponding @x° in order to simplify construction of the computation
grid at the intersection of the wheels and the ground plane.



3 Numerical set-up

3.1 Governing Equations

The equations governing the air flowing around the wagon la@eirncompressible
Navier-Stokes equations. By applying a spatial filter to¢hesgh the aim of removing
the smallest isotropic and dissipative scales in the flowitkkempressible filtered
continuity and momentum equations are obtained:

ou;
oz, 0. (2)
77 & 25 »
ou; o ,_ . 1 ap 0°1; B 0T 3)

gt "oz, W) = an T  anar, e,

The influence of the smallest scales (the sub-grid scalet)eoresolved velocities
(u;) appears in the sub-grid stress tensor on the right side 08&¢ = w;u; — u,4;.
To model this term the Standard Smagorinsky model [15, 16Fed in the present
work:

Tij = — W05y (4)

vegs = (CsfA)?|S] is the SGS viscosity and is taken to be\ = (A, A, A,) inthe
present work, wheré\; are the local computational cell sizes in the three cootdina
directions.

10, ou
55 =5 (axj * axi) ®)

is the resolved rate-of-strain tensor g5d = (25‘ij§ij)% is the magnitude of the rate-
of-strain tensor. The value of the Smagorinsky constant 0.1 previously used in
studies of similar types of unsteady flows around simplifi@iht and bluff bodies
([12, 13, 17]) is used in the present workin the expression for the SGS viscosity is
the van Driest damping function

nt
f=1-eap() ©)

wheren™ is the wall normal distance in viscous units.

3.2 Numerical method

Equations (2) and (3) are discretized using a commercidefwolume solver, AVL
Fire v2010.1 ([18]). The discretization is done using aawdted grid arrangement.



The convective fluxes are approximated by a blend®% linear interpolation of
second order accuracy (central differencing scheme) afth afpwind differences of
first order accuracy (upwind scheme). The time marchingemore is done using the
implicit second-order accurate three-time level scheme:

d¢ B 3¢n _ 4¢n—1 + ¢n—2
(%)n B 2At,

) Atn =t—tp1=1r1—tho (7)

where indices "n” and "n-1" denote the new and old time levedspectively. To
determine the pressure, the discrete form of the filteredirmaity equation (Eq. 2)
is converted into an equation for the pressure correctioioiwis solved by using the
SIMPLE algorithm ([19]).

3.3 Computational grid

Figure 4: a) The blocking structure around the wheels anétém of the wagon used
to construct the computational grid. b) A cut of the grid;at 0.

One computational grid containing 17 million cells is usethie present work. The
grid is block structured and was constructed using the geitkgator software Ansys
ICEM CFD. The grid consists of only hexahedral elements. In Bigthe blocking
structure around the front of the wagon is shown. The wholgonds enclosed in
an O-type blocking structure and the rest of the domain stssif H-type blocks.
A considerable number of cells (80) in the normal directibthe O-type blocks is
needed to resolve the geometrical details of the undeacgrof the wagon. 5% of
the total number of cells in the grid is enclosed in the O-grolund the wagon. The
blocking structure around the wagon is symmetric with resp®the y-z plane and
the x-z plane (the geometry of the wagon is symmetric witpeesto these planes as
well). The distribution of cells is however not symmetridie x-z plane as more cells
are located behind the wagon than in front of it in order tohssthe flow structures
in the wake accurately. The grid is shown in Fig. 4b aroundribr& of the wagon and
undercarriage in a cut placedat= 0. In Fig. 5 the grid on the surface of the wagon
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Figure 5: Two figures showing the computational grid on thésse of the wagon.

is shown. Hyperbolic stretching of the grid is used in ordecdncentrate grid points
near the walls. Thus, the sizes of the cells are non-unifpdhsitributed and the cells
might also be skewed.

3.4 Computational domain and boundary conditions

Inlet

Figure 6: The computational domain around the wagon anddbadary conditions.

The computational domain is presented in Fig. 6. The crossBosal area is
7.1W x6.1W giving a blockage area in the numerical wind tunnel of’3.7From
the inlet to the front of the wagon the distance 8’8 From the aft of the wagon to
the outlet the distance is 20. These distances are standard distances used in studies
mentioned in the introduction of similar types of vehiclafblbody flows. On the
inlet a uniform and constant in time velocity profile@f, = 1.1 m/s was used. This
corresponds to a Reynolds number of 100 000 based on the Witttk wagon, inlet
velocity U, and the kinematic viscosity of air at temperature’Z) v = 1.5 x10~°
m?/s. On the lateral sides and top of the domain a symmetry tiondivas used
(Qu/0y = Ow/dy = v = 0 on the sides an@u/0z = 0v/0z = w = 0 on the top).



On the outlet the homogenouos Neumann condition was useddx; = 0). On the
ground the no-slip condition was used in conjuction withisgtthe velocity compo-
nent in the stream wise direction equal to the free streawetagity (u = Uy, v = 0
andw = 0). This is done in order to accurately simulate the effecttherflow due to
the movement of the wagon over ground [20].

4 Evaluation of numerical accuracy: temporal and spa-
tial resolution

The flow field was averaged during 100 000 time steps. Thisespaonds to 45 con-
vective time unit¢* = tU.,/L (L is the length of the wagon). The size of the time
step in physical time was 0.0015s and in convective timesukit = AtU., /L =
0.00013. This timestep kept the CFL number below one in mane 89% of the cells

all the time. It was only exceeding one in a very small volumaetion of cells near
the front edges on the wagon.

The idea behind a successful LES simulation employing a@kpiodel for the sub-
grid terms as in the present work is to use a computationdltpat is fine enough
to resolve all the motion down to the inertial subrange [Witer a LES simulation
the obtained spatial resolution must be evaluated in omlassess the quality of the
obtained results. In attached boundary layer flows the dizleeogrid cells close to
the wall must be small enough to resolve the low and high speedky structures in
the viscous region of the boundary layer (< 10). y© = Ay/\T is the wall-normal
distance measured in the viscous length wnit= v /u* whereu* is the wall friction
velicity. The guidelines in the literature say that the sizehe cells adjacent to the
wall should beAn = 2", Az = 100 A" andAs = 20 — 30 A\™ in order to resolve
the streaky structures [21An is the size of the cell in the normal directiofAx is the
size of the cell in the streamwise directiofis is the size of the cell in the spanwise
direction. The mean spanwise spacing between low-spesakstis reported from ex-
perimental studies to be around 100-220and the spanwise width of the low-speed
streaks is reported to range from 33-200 The mean length of the streaks are re-
ported to be around 1000° but much shorter and longer lengths can be observed
([22, 23, 24]. In Fig. 11 low and high speed streaky structumehe viscous layer are
shown from the experimental study [24]. For a comprehensiview and description
of streaks and other coherent flow structures occuring itut®ilent boundary layer
and the present understanding of them we refer the read25}o [

In other flow situation such as separated flow, there existemei@l guidelines of

how the resolution in the simulation can be evaluated [26kdientific studies where
LES is used some flow properties (e.g. forces, velocity msfiReynolds stress pro-
files, pressure distribution) are normally compared to grpental wind tunnel data

in order to assess the quality of the results from the sinmulat
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Figure 7: Thermal image from the experimental study of spatnaracteristics of
near-wall streaks in boundary layers. Picture is taken fiaf. Dark regions corre-
sponds to high-velocity regions and bright regions are V&locity regions.

The present work is a purely numerical investigation. Ireotd show that the em-
ployed computational grid provided a sufficiently fine spltesolution in the simula-
tion the resolution is calculated after the simulation. Bewhole wagon, the obtained
time-averaged resolution in the normal direction gives tha first grid points are lo-
cated within0 < A\ < 2 on the wagon. The subscriptefers to the time-averaged
value. The spatial mean of" on the wagon is 0.5. The values are somewhat higher
on the wagon around the undercarriage details. On the sitleoan of the container
a boundary layer is formed after the initial separation (Si¢ge 14 in Section 5). The
largest cell size in spanwise direction of the gridNs = 12.5\;" and in streamwise
directionAx = 30\ .

z=-0.32W

Figure 8: Planes that are used to plot time-averaged stimesitb visualise the flow
around the wagon.

One cut showing the instantaneous streamwise velocity ooBi at approxi-
mately An = 5\ from the wall on the second half of the roof is presented in Fig
9. Streaky structures of low (white regions) and high (dations) speed can be
identified on the right part of the plane. The location of tlhenp is indicated in Fig.
8. The white areas of low speed fluid on the left part are dubdoseparated flow
on the front of the roof. The value of the calculated meanatisdength)\;" on the
second half of the roof where the flow is attached is 0.0016.
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Figure 9: A plane showing the instantaneous velocity corepom on the roof. The
cut is taken at a distance of approximatély" from the wall. Dark regions corre-
sponds to high-velocity regions and bright regions are Velocity regions.

5 Results

In this section the results from the simulation are preserfest the global quantities
and then the time-averaged flow field around the wagon are e,

5.1 Global guantities

Table 1: Aerodynamic forces on the container wagon from timellgtion. See text
for definition of the force coefficients.

Aerodynamic coefficients| Cp | rms(Cp) Cs rms(Cs) | Cp | rms(Cp)
Whole wagon 0.90, 0.013 |-0.0006| 0.047 |-0.05| 0.029
Container 0.67 - - - - -
Undercarriage 0.23 - - - - -

The time-averaged forces from the simulation are presantédble 1. The aero-

dynamic coefficients are defined as follows:

1 1 1
F, = §0DpU§oAx . b, = §C’SpU020Ax . F, = échUfoAx (8)

p =1.18kg/m? is the constant density of air at 20. U, is the free stream veloc-
ity of the air andA, = 1W x 1.6W is the cross-sectional area of the freight wagon
projected onto they — =z plane. Thus, the same cross-sectional area is used to nor-

malize all three force components. The time-averaged \@itige drag coefficient is
0.90. 74% of the drag comes from the container and the rest comes fremrter-
carriage details. The obtained drag coefficient can be coxdp® the value of the
drag coefficient reported in other studies. For a similaetgpwagon but with a more
smooth undercarriage a drag coefficient around 0.8 for a Réymumber ofl0° is
reported in Ref. [27]. In Ref. [28] drag coefficients of aroun@é @re reported for

10



Reynolds numbers based on length ranging fiom10° to 30 x 10° for wind tunnel
measurements on a single, 1:3 scale geometrically detedethiner wagon model.
Splitting up the contribution to the drag force in the présamulation into the fric-
tion part and the pressure part of the fluid force exerted emtlgon shows that only
3% of the total drag on the wagon can attributed to the fluidifsicforce of the drag.
This is due to the areas of separated flow around the froneofflgon as will be seen
in the figures showing the flow field in the next subsection. Time-averaged side
force is very close to zerds = -0.0006) which indicates that the flow field has been
averaged during a sufficiently long time.

0.95

Cp 0.9 i

0.1

CS O

-0.1

Figure 10: Time signals for drag and side force coefficieitsn the dimensionless
timet* is the length of the wagon.

In Fig. 10 the time histories of the drag of side forces ars@mnéed, respectively.
The size of the oscillations in the drag is significantly derahan the oscillations in
the side force. The standard deviation of the former is 0&1a for the latter it is
0.047. Power Spectral Densities (PSD) of the time signalsetirag and side forces
are plotted in Fig. 11 versus the Strouhal number defineflitby W x f/U., where
f is the frequency. Three distinct peaks in the spektrum ofdiiag signal can be
identified: St = 0.07,0.24 and0.5. The peaks in the spectrum of the side force signal
are: St = 0.18,0.26,0.33,0.55,0.61, 0.72 and0.83. Thus, the side force contain more
high frequency peaks than the drag force.

11
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Figure 11: Power Spectral Density of the time signals fogdrad side force coeffi-
cients.

5.2 Pressure distribution on the wagon

Front

Figure 12: The pressure coefficiefif on the roof (top), front and rear of the wagon,
respectively.

In Fig. 12 the mean pressure coefficient defined’as= (p; — pso)/0.5pUx i
shown on the roof, front and rear of the wagon, respectiv@ly.the roof, low pres-
sure in the region of the separated flow on the front can berebde As the flow
reattaches on the roof, the pressure increases. On thelstagnation pressure can
be observed. On the rear face the pressure is slightly negatid rather uniformly

distributed.

12



Figure 13: The pressure coefficigfit in the plane: = —0.32W

The pressure in the undercarriage plane- —0.321/ (see Fig. 8) is presented in
Fig 13. Low pressure is observed around the front wheel pgettd the separation
from the front edge. The pressure increases further doeastrbut stays negative
everywhere.

5.3 Time-averaged streamlines of the flow around the wagon

Three planes are used to visualise the flow by assistanceeainglines of the time
averaged velocity around the wagon. The locations of thigeep are shown in Fig.
8 in Section 4.

Figure 14: Streamlines of the time-averaged velocity figldrojected onto the plane
y = 0.

In Fig. 14 streamlines of the time-averaged velocity prigdonto the plang = 0
are presented. The flow separates from the sharp edges orothieof the wagon
and forms a separation bubble on the roof. This bubble istdeng,.,; in Fig. 14.
The extent in streamwise direction &f,,,; is 1.75W and the height is 0.35 W. After
the separation from the front edge the flow re-attaches amdiadary layer develops
along the roof of the wagon before the flow separates into thieevand forms the

13
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Figure 15: Streamlines of the time-averaged velocity fieJjigrojected onto the plane
z = 0.24W.

vortex in the wake denoted BY,,... in Fig. 14. Streamlines in the plane= 0.24 W

Figure 16: Streamlines of the sampled mean velocity fi@lgh{ojected onto the plane
z=—0.32W.

(see Fig. 8) are presented in Fig. 15. The separated flow faroubble On the sides
of the same size as the bubble on the roof. After separateridiv re-attaches to
the sides and then separates into the wake. The length ofake vortexV, . in

the streamwise direction is 1.02W. In Fig. 16 streamlinethan plane cutting the
undercarriage = —0.32 W are shown. The time-averaged flow is rather smooth in
that plane.

6 Discussion

In Fig. 17 the vortex system around the wagon is shown. ThekHdiaes in the
figure are vortex cores calculated in the visualisatiorvgrieé package EnSight. The
method for vortex core identification is based on criticaifp concepts for fluid flow
(e.g [29]) and finds eigenvalues and eigenvectors to theofadeformation tensor of

14



Vfront

Vside

Figure 17: The mean flow around the wagon.

the filtered velocity,0u;/0z;. A full description of the algorithm is given by [30].
The algorithm can produce non-existing cores and should lealused as a tool to
help localize vortices ([30]). Streamlines around coreswmed in the present work
to assure that the cores really exist. The large separatibhlé® on the front part of
the roof and sides is denotédg,,,.. It extends all the way around the front part and
creates low pressure on the surface of the wagon as seen pnetbgure distribution
in Fig. 12. Along the side of the wagon a longitudinal vorteXarmed. It is denoted
Vide In Fig. 17. The strength of this vortex is however rather weddich can be
seen on the arrows in Fig. 17 showing the direction of the flod/the time-averaged
spanwise velocity around it in Fig. 18H,;,. emanates from flow being pushed to the
sides under the wagon. This push of the flow outwards can breis¢lee streamlines
in the planez = —0.32 in Fig. 16 as well.

In Fig. 18 streamlines are shown in a plane cutting the x-aixis= 2.5/ under
the wagon. Fig. 18a shows streamlines of the time-averagketity field and 18b
and c show streamlines of the instantaneous velocity atealzation of the flow field
each. The time between the realizationais = 0.5. In the instantaneous flow field,
there are many smaller vortices visible compared to the-timezaged flow field.

15
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c)

Figure 18: a) Streamlines of the time-averaged velocithenglaner = 2.5W. The
background in the figure is colored with the time-averageahspise velocityu;.
b) Instantaneous streamlines in the same plane at oneatatz c) Instantaneous
streamlines in the same plane.

7 Conclusion

In this work the flow around a single standing container tieigagon has been sim-
ulated successfully. The numerical technique that was weedLES. The container
wagon model consisted of a 11.8 m long container placed on hegMreight-liner.
The Reynolds number in the simulation was based on the width of the container.
The work was purely numerical and no direct comparisons tovand tunnel ex-
periments or other numerical studies could be done. Howéwvervalue of the drag
coefficient (0.90) in the simulation correlated well witHwas from wind tunnel stud-
ies where similar types of container freight wagons werdistli The side force signal
was found to contain larger oscillations and a broader specof frequencies com-
pared to that of the drag force signal.%4f the drag force was found to come from
the container. The rest comes from the undercarriage. Tloalated spatial reso-

16



lution in the simulation showed that the resolution was Jierg even compared to
standard requirements for well-resolved LES simulatiovisualization of the flow
field with the help of streamlines showed that the flow aroumedftont of the wagon
is governed by a large separation originating from the legeidges. The flow under
the wagon is more complex.
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