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PREFACE

This study assesses the potential safety risks associated with acrodynamic loads produced by the
high-speed Acela Express train when it passes freight and bi-level commuter passenger trains.
Acela Express operates at speeds up to 150 mph (220 ft/s) on tangent track adjacent to nearby
passenger and freight trains. This study was undertaken to assess the effect of the aerodynamic
loads generated by Acela Express on these slower trains. Past experience shows that these loads
can be substantial and could lead to derailments, dislodgement of freight containers or cause
damage to windows of passenger rail cars. Three scenarios have been considered here: 1) the
derailment of a container freight car or consist, 2) the breaking loose or dislodgement of shipping
containers from a freight consist, and 3) the breaking or blowout of windows in a passenger rail
car. This study takes a worst-case approach where possible in establishing the aerodynamic loads
and the subsequent train response. This study attempts to understand whether such accidents are
possible and not whether they are probable.

This work is sponsored and directed by the Federal Railroad Administration (FRA) through the
Volpe National Transportation Systems Center, and James H. Lamond, Technical Monitor.
Robert M. Dorer and Harvey Lee of the Volpe Center and Thomas Tsai (FRA) provided
additional technical guidance.
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EXECUTIVE SUMMARY

The objective of this study was to examine the aerodynamic interaction of passing trains, and
assess the potential dangers of train derailment or dislodgement of double-stack container cars, as
well as the damage to windows of bi-level commuter cars. This study focuses on scenarios in
which an Acela Express trainset is moving at a high rate of speed and passes a slower freight or
passenger train. Under these conditions, the greatest changes in aerodynamic load are generated
-on the cars in the slower train. The problem that was caused by the high-speed Acela Express
train as it passed the slower freight consist was examined using Acusolve™ and NUCARS!
computer codes. Acusolve™ is a finite element code for incompressible flow problems, and is
used to calculate aerodynamic loading. NUCARS is a train motion simulation program that is
used to determine the resultant motion and risk of derailment of the slower train consist. The
problems of container dislodgement and window breakage are analysed using computed
aerodynamic loads.

A total of 15 aerodynamic scenarios were used to investigate the loads on the container train
using Acusolve™. These calculations show that the maximum aerodynamic loads on the
container train occur when it passes the leading and trailing end of Acela Express. The container
cars were subjected to strong lateral push-pull forces causing both rolling and yawing moments,
as well as lateral displacements of the freight cars. :

The potential for container consist derailment was investigated for each aerodynamic load
condition. The dynamic response of both empty and loaded freight container consists were
analyzed for a string of five articulated cars using shared trucks. NUCARS’ results show that for
articulated cars carrying empty containers, the potential for derailment does exist. The risk of
derailment was lower when the freight consist carried full or partially loaded containers. The
worst-case occurred when high lateral ambient wind speed was combined with the aerodynamic
forces created at the ends of an Acela Express, which produced freight car wheel unloading, and
had the potential for derailment. Some improvement was noted when the container train was
carrying fully loaded containers, but even in these cases a risk still remained for some operating
scenarios.

The problem of container dislodgement was examined by calculating the acrodynamic loads on
individual containers. Based on specified tie-down strengths for shipping containers, it does not
appear that a properly restrained container would break loose under the conditions investigated in
this study. However, it might be prudent to increase the required tie-down strength for lateral
loads, for an added safety margin. Two separate aerodynamic calculations simulating a typical
bi-level commuter car being passed by an Acela Express were performed to address the question
of window damage and blowout. These analyses suggest that window blowout or breakage is
unlikely; however, a more detailed structural analysis including quantification of window glazing
strength variation is needed in order to answer this question more conclusively.

To ensure proper safety, consideration must first be given to the results of these case studies.
Careful consideration must also be given to the likelihood that rare combinations of operating

'NUCARS is a trademark of the Transportation Technology Center, Inc., Pueblo, Colorado.
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circumstances may have adverse effects on the freight consist and the Acela Express train. An
analysis of operating rules, traffic patterns and weather cycles pertinent to conditions in areas of
operation could be performed to quantify the relative statistical probability of loading scenarios
examined in this study.
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1. INTRODUCTION

The purpose of this study was to examine the potential safety hazards to existing rail traffic
operating in the Northeast corridor from aerodynamic loads generated by the Acela Express
high-speed passenger train. Several scenarios have been examined here with the objective of
assuring the safety of both Acela Express and other trains operating on adjacent tracks. Three
scenarios were considered: 1) the derailment of a freight container consist when passed by
Acela Express, 2) the breaking loose or dislodgement of shipping containers from the freight
container car and, 3) the breaking or blow-out of windows in a passenger train when passed
by Acela Express.

Large aerodynamic loads can be generated when two trains pass one another. The magnitude
and duration of the load depends on the velocity and geometry of the two trains, the track
spacing, and also the ambient wind speed and direction. The first sections in this report focus
on the first and perhaps most difficult problem of derailment. The aerodynamic calculations
are described first, and are followed by a description of the resulting train dynamics and
derailment analysis. Concluding sections of the report discuss the analysis of container
dislodgement and window damage.

The objective of this study was to determine if aerodynamic loads generated by Acela Express
act on trains using adjacent track, and the potential safety risks. A worst-case approach was
taken, where possible, in establishing the aerodynamic loads and subsequent train response. This
study was performed using the Acusolve™ and NUCARS computer codes. Aculsove™ is a
computational fluid dynamics (CFD) code for solving incompressible flow problems. NUCARS
is a train dynamics simulation program for determining the resultant motion and risk of
derailment of passing trains.

In order to facilitate the computational process, the aerodynamics calculations were separated
from the dynamic response calculations. The implied underlying assumption is that the small
response motions of the container train or passenger train will not influence the aerodynamic
loads. A matrix of aerodynamic calculations were used to characterize the loads on the passing
trains (either a container consist or a passenger car), in terms of peak force and moment
resultants as well as load duration or total impulse.

Two types of trains that could be met by Acela Express in the Northeast corridor were chosen for
detailed analysis as part of this study. The first was a double-stack container car in a 5-pack
articulated consist. This consist is characterized by a large surface area with a propensity for
dynamic interaction between cars with shared trucks. For passenger applications, a contemporary
bi-level commuter rail car was chosen because it also has a large surface area with large windows
and is representative of car types encountered by Acela Express. Much of this report focuses on
the analysis of freight car response with regard to the potential for derailment. The potential for
passenger rail car window blowout and individual freight-container dislodgement were examined
by comparing the predicted aerodynamic forces with static safe load limits for these components.

The container cars studied utilized shared trucks, which are combined in an articulated string of a
5-car pack as shown in Figure 1. Each container car has an effective length (truck-to-truck center -
distance) of 58 ft 10 in. (18.7 m). In Figure 1, the near car has a single container mounted over a
second shorter container. The lower container sits in the well of the container car. As a worst-



case, a 53-ft (16-m) long container mounted over a single 40-ft (12.2-m) container was selected.
This type of container arrangement results in a staggered end on the container stack similar to
that shown in Figure I, where the length of the top container is the largest permissible. The stack
has a total height above track level of about 16 ft (4.9-m) and presents a large lateral surface area
to Acela Express, so that small changes in lateral pressure give rise to large lateral forces.

Figure 1. Generic Double-stack Container Car with Containers

This study has confined its analyses to empty and loaded container cars with a general
configuration as seen in Figure 1. For many of the aerodynamic calculations it was assumed that
the upper and lower containers were the same length, which created a single vertical edge at the
container ends. This arrangement gave rise to slightly higher predicted loads on the container car
than arrangements with a staggered end. The NUCARS’ results were obtained from a model of
the complete 5-car freight consist including details associated with shared-truck articulated
Joints,
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2. CONSIST RESPONSE STUDY

2.1  AERODYNAMIC LOADING

The response of the container consist depends on the magnitude, direction, and duration of the
aerodynamic load. The problem attributed to passing trains is made complex by the need to
mode] the large relative movement of the two trains and by the wide range of parameters that
must be explored. The aerodynamic loads are functions of the speed and direction of the two
trains and the ambient wind speed and direction. This study focuses on how the variation in
these parameters affects the loads on the container train and its response. This requires a large
analysis matrix in order to define the relationship between operating conditions and load as well
as the effect of the dynamic loads on container train response. In order to keep the computational
expense of these calculations reasonable, the aerodynamic portion of the problem was modeled
as an Euler equation (potential flow), rather than a viscous flow problem. This was
accomplished by using relatively course grids, and no turbulence model. Thus, the drag on an
Acela Express trainset, and the container train is not captured accurately in these solutions and
the emphasis is placed on the dynamic or changing loads. This is acceptable because the
calculations show that the drag obtained by integrating the pressure over the surface of the
container car constitutes nearly all of the important dynamic loads that might lead to derailment.
It will be shown that the lateral load component will most likely affect derailment, and the axial
load component, which arises principally from the steady aecrodynamic drag, is relatively
unimportant.

22 AERODYNAMICS APPROACH

The aerodynamic loads on the container train are calculated using the Acusolve finite element
based computational fluid dynamics (CFD) solver. Acusolve™ uses unstructured grids enabling
easier mesh generation. Two meshes representing a course and fine discretization were
generated to model the contours of Acela Express and a container train on an adjacent track. The
course mesh contains 92,682 hexahedral elements and 99,834 nodes, and the fine mesh contains
305,868 hexahedral elements and 321,609 nodes. Figure 2 shows the overall mesh shape. The
mesh, representing the fluid around Acela Express and the container train, is a parallelepiped
with dimensions of 230 ft long by 115 ft wide by 66 ft high (70 m x 35 m x 20 m). The mesh
originates at the front of Acela Express at the track level, while Acela is facing in the positive X-
direction. The container train is to the left of Acela Express in the positive Y-direction, and the
positive Z-direction 18 upwards as shown in Figure 2. The track spacing is 12 {t (3.658 m) from
centerline to centerline.

The course and fine meshes are fixed to represent the surfaces of the Acela Express and the
container cars. However, the effect of containers themselves is modeled using a moving
boundary condition that will be described later in this section. Figure 3 shows a closer view of
the surface mesh on Acela Express and the container cars for both meshes. Note that the mesh is
refined near the nose of Acela Express for both the fine and coarse meshes. Also, the track
ballast contours are modeled in both meshes, and the fine mesh includes the track contours under
the two trains. As a simplification, the open space under the two trains is modeled as a simple
passage and no details of the trucks or undercarriage are shown. The spaces between the
container cars are not modeled.



Figure 3. Coarse (left) and Fine (right) Mesh Surfaces

In the approach used here, the fluid mesh is fixed so that all velocity boundary conditions for
the CFD solution are specified relative to the Acela Express velocity. The motion of the
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container(s) relative to Acela Express 1s modeled as a moving boundary condition, i.e., as a
boundary condition on the nodes in the area above the container car. In this approach, the
effect of the container(s) is moved through the mesh while the mesh remains fixed. As
nodes enter the container volume, the boundary condition is applied so that the fluid velocity
within the container is constrained to be the container velocity. Thus, the momentum of the
fluid within the moving boundary is constant and the pressure distribution on the boundary
surface is the same as would occur if the boundary condition (i.e., the container velocity)
were applied to the nodes defining the container surface. The boundary condition is
illustrated in Figure 4. Note that the boundary condition is sometimes applied over a few
time steps in order to reduce pressure fluctuations in the mesh. These fluctuations arise
when several nodes enter the moving boundary at the same time, as seen for the
configuration shown in Figure 4.

Container moving at V

'\ v v
i<_n <—l

Figure 4. Moving Boundary Condition

Two different configurations of the moving boundary condition are used to represent
containers in the consist. These are shown in Figure 5. The configuration on the left (a) is
for a simple rectangular container, while the configuration on the right (b) uses a staggered
end for the container. By comparing simulations using the two configurations, it was found
that the simple configuration gave slightly higher loads on the container car. This
configuration was used for most of the derailment study. The staggered configuration of (b)
gives slightly higher loads on the top container and is used in the dislodgement study.



(a) Simple end (b) Staggered end

Figure 5. Container Configurations Shown with Pressure Contours

2.2.1 EXAMPLE CALCULATION

The scenario of Acela Express meeting a container train moving in the opposite direction is
used here to illustrate the basic features of the interaction problem and the data reduction
procedure. In this first case, Acela Express is moving at a velocity of 150 mph (219 ft/s)
towards a container train moving in the opposite direction at 50 mph (73 ft/s) in still air.
With a closing speed of 200 mph (293 ft/s), the 61.3 ft long container car passes a fixed
point on Acela Express in 0.21 seconds.

The solution for this example (later referred to as Case 1) was obtained using the coarse
mesh and 150 tume steps of 0.005 seconds each. After completion, the solution was post-
processed to examine the flow and to obtain pressure contours on the surface of Acela
Express and the container train. In addition, integrating the surface pressure over the car and
container surfaces derived the load history on the container car. This analysis showed an
interaction pattern that is repeated for all of the analyses completed. However, the
magnitude and duration of the load and some of the load features change with the expected
problem parameters.

The sequence of events occurring at the front-end of Acela Express as it meets the container
is illustrated in Figure 6. This figure consists of a sequence of six pictures taken at evenly
spaced intervals during the passing process. In this example, a single loaded container car in
a string of unloaded cars passes the front-end of the Acela Express. As seen in the first
frame, the highest pressures occur on the front of Acela Express, which is moving at 150
mph (220 ft/s). As Acela moves ahead, a high-pressure region is driven in front of the cab
(red contours) and low-pressure regions form on the flanks of the cab. The stagnation
pressure for Acela Express is 0.39 psi, so that the pressure over much of the nose of Acela
Express is at 0.22 psi or above.



t=0.10s t=0.15s

t=0.20s t=025s

t=030s t=0.35s

Figure 6. Pressure Contours on Acela Express and Container Consist for Case 1

Contour range from —0.073 psi to +0.22 psi



The second frame of the sequence shows the interaction between the trains after Acela
Express has passed the front-end of the container car. The bubble of high-pressure in front of
Acela Express is pushing the front of the container car away from Acela Express in the plus-
Y direction. As the passing sequence progresses, the high-pressure region moves back along
the side of the container car and the front of the car is pulled towards Acela Express by the
low-pressure region alongside the Acela Express cab. Later in the sequence, the back-end of
the container car is pulled towards Acela Express by the low-pressure region. Thus, the
container car and Acela Express both experience a rapid lateral push-and-pull force along
with yawing moments.

The force and moment resultants on the container were evaluated by integrating the pressure
on the surface of the container moving boundary. The reference frame used to calculate the
forces and moments is illustrated in Figure 7. Here, the xyz coordinate system is fixed to the
center of the container car at the track level. The x-y plane is at the track level with z
representing the vertical axis. The wind velocity components (used later) are given in the
same (x-y-z) coordinate frame. The force and moments on the container car are taken with
reference to a point at the center of the car at rail height, as shown in Figure 7. The forces
and moments are captured as functions of time from the flow calculation by integrating the
pressure histories on the car surface at each time step. These force and moment histories are
presented in Figure 8.

Container Car

Track

Figure 7. Axis Definition for Forces and Moment Resultants



The lateral force Fy, shown in Figure 8 shows the push-pull effect as a result of the freight-
consist passing the nose of Acela Express. In Figure 8, tl indicates the time when the front
of the container car reaches the front of Acela Express, and t2 is the time when the back of
the container car reaches the front of Acela Express. The overall effect on the container car is
to exert a force away from Acela Express at the front of the container car as seen by the
lateral force (Fy). This produces a positive force in the Y direction that reaches a peak at
0.16 seconds. During this phase there is also a negative rolling (Mx) moment that is similar
in shape. There is also a small negative (Z) or yaw moment which reaches a minimum at
0.16 seconds. As the container moves further past Acela Express it approaches the low-
pressure region around the cab, so the net force in the y direction drops. The Z or yaw
moment increases to a maximum under the combined effect of the high-pressure region ahead
of Acela Express and the pressure region around the cab. The time now is 0.24 seconds. The
lateral force decreases to a minimum at the same time the back of the container car enters the
low-pressure region. The roll and yaw moments reflect this change as well. During this
entire process, the longitudinal and vertical loads on the container car remain small and can
probably be neglected when considering the motion of the entire container car.
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Figure 8. Forces and Moments on Container Car for Case 1

It should be noted that the effects of the moving boundary and the integration of the pressure
over the boundary from time step to time step may produce some unevenness or jitter in the
force and moment diagrams. Using the binomial smoothing method described in Reference
1, the force and moment histories where jitter might occur were smoothed in order to make
interpretation of the data easier. The forces and moments for the first 10 time steps were also
suppressed or damped to eliminate jitter, which occurred during the start of the solution.
These data reduction procedures and their effects are discussed in Appendix A.

After the initial interaction of the container car on the front-end of Acela Express, the
container car moves to the long uninterrupted side of Acela and the forces and moments on
the container car subside, but do not go to zero. Later in the sequence, the container car
encounters the tail-end of Acela Express and a new dynamic interaction takes place. This




second interaction was modeled in a separate calculation, obtained by reversing the flow and
container motion directions within the same mesh.

t=040s t=0.55s

Figure 9. Pressure Contours on Acela Express and Container During Interaction at the Back-end of
Acela Express

Contour range from —0.073 psi to +0.073 psi

Figure 9 shows the pressure contours on the Acela Express and the container train during
interaction at the back-end of Acela Express. Note that the mean pressure levels in this
calculation are not matched to those used at the front-end of Acela Express, so that the
maximum pressures indicated should not be compared directly to those in Figure 6 by
comparing contour bands. Furthermore, because the turbulence model is not being used, the
pressure in the wake of Acela Express 1s somewhat suspect, as turbulence effects should
reduce the pressure recovery in the wake. Nevertheless, it is believed that this flow
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calculation gives a good approximation of maximum dynamic loads that might be expected at
the back-end of Acela Express. Figure 10 shows the integrated pressure resultants on the
container car for the interaction at the back-end of the Acela Express.!
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Figure 10. Forces and Moments on Container Car During Interaction at Back End of Acela
Express

2.2.2 AERODYNAMIC ANALYSIS MATRIX FOR CONTAINER CARS

It is believed that the primary variables affecting the aerodynamic loads are: 1) the velocities
of Acela Express and the container train, and 2) the ambient wind direction and speed.
Secondary variables that may affect aerodynamic loading are small changes in container
geometry and the arrangement of the containers. Several cars stacked on containers in rows,
or a single container surrounded by empty cars could also affect aerodynamic loading. The
CFD analysis matrix, which is shown in Table 1, was chosen to provide a wide variation of
the primary variables with some variations of the secondary variables. Note that Acela
Express is always moving ahead in the positive X-direction. Positive velocities for the
container train indicate that it is moving in the same direction as Acela Express, while
negative X components of wind velocity are identified as Acela Express headwinds. A
negative value of the Y-component of wind velocity is directed from the container train
toward Acela Express.

The matrix of aerodynamic calculations was planned to cover a range of operation and
ambient conditions, and also to explore potential worst-cases from the point of view of
aerodynamic interactions as well as from the container consist response. A total of 15
calculations were completed that modeled the overall forces on a container consist. These are
listed in Table 1 as Cases 1-15. The second column in the table provides the location of the
Acela Express and container car interaction, indicating whether it occurred at the front or
back-end. The third and fourth columns contain the shape and number configuration that
refers to container and consist arrangement, respectively. For example, the simple (S) type
shape represents the container arrangement of that shown in Figure 5a, and the complex
shape of that shown in Figure 5b. Each of the 15 cases listed in Table 1 were analyzed using

"llustrations at the back of Acela Express use the same reference frame as was used at the front of Acela.
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the methods described in Section 2.2.1. Appendix C contains the force and moment
diagrams for each of the 15 cases. The last two columns in Table 1 give values for the
maximum change in lateral force (maximum force minus minimum force), and the maximum

absolute value for lateral impulse. This last value was obtained by numerically integrating
the lateral force (Fy) time history.

The conditions outlined in Table | were planned to cover a range of train and wind speed
variables. Cases | to 9 focus on the extremes in passing velocity with Acela Express and the
container consist at maximum speed. These cases also include the effects of ambient wind
including a 50 mph headwind and tailwind for Acela Express, and a 50 mph crosswind. In
general, it was found that the dynamic lateral load between vehicles was maximized when
Acela Express faced a headwind and minimized when Acela Express faced a tailwind. In the
case of a headwind, where the closing speed between vehicles was 200 mph (Case 5), the
peak-to-peak change in lateral load was 96,000 N or about 21,500 Ibf (Figure 11).
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Figure 11. Force Histories on Container from Case 5; the Effect of Headwind
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Table 1. CFD Analysis Matrix for Container Consists

Case | Location Container Train Velocity Wind Aerodynamic Load
! Configuration

Type’ | Number® | Acela Container Vs \Z Maximum Max.

B g g | ot | S| S

force (N) impulse

(N-s)

1 F S 1 150 -50 0 0 61,000 2,700
2 F S 3 150 -50 0 0 52,000 2,120
3 R S 1 150 -50 0 0 48,200 3,470
4 F C 1 150 -50 0 0 44,000 2,110
5 F S 3 150 -50 -50 0 96,000 4,500
6 F S 1 150 -50 50 0 33,700 1.260
7 F S 1 150 50 50 0 23,900 2,350
8 F S 1 150 50 -50 0 73,000 8,410
9 F S 1 150 -50 0 -50 38,300 -
10 F S 1 150 30 50 0 23,900 2,000
11 F S 1 150 15 50 0 26,700 1,820
12 F S 1 150 30 -50 0 77,900 8,190
13 F S 1 150 15 -50 0 81,500 7,060
14 S 1 150 50 -50 -50 40,000* -
15 F S 1 120 50 -50 0 54,600 11,020

o=

Refers to location of interaction — either at the front or back of Acela Express.
Shape of container end, either simple (S) with top and bottom containers of same length or complex (C) with

bottom containers of different lengths.

Number of loaded container cars in a row.
Reduced time interval.
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Conversely, a transverse wind can result in a large static transverse aerodynamic load.

- component. In Case 9 for example, the container was traveling at 50 mph (73 ft/s) with a 50
mph crosswind. Thus, it faced a diagonal wind at a speed of 70.7 mph (104 ft/s). The
predicted resultant mean lateral force on the container car during the interaction was on the
order of 13,500 Ibf (60,000 N) as seen in Figure 12. The dynamic component of the load
caused by passing trains alone is 8,600 1bf (38,500 N) quite a bit less than the change in
transverse load in Case 1 (13,700 1bf or 61,000 N) where Acela Express and the container
train were in still air.

It was also discovered that the impulse on the container consist depended not only on train
speed and wind speed, but also to a great extent on train direction. When the container train
and Acela Express were moving in the same direction, they interacted for a longer period of
time and the impulse increased even though the peak loads may have decreased slightly.
Although the shape of the force resultant histories were similar when the two trains were
moving in the same direction, the duration of the loads increased in proportion to the time of
interaction. This effect can be seen in Figure 13,which compares the lateral forces in Cases 5
and 8. In both cases, Acela Express faced a S0 mph headwind. In Case 5, the container train
was moving at 50 mph in the opposite direction. In Case 8, Acela Express and the container
train were traveling in the same direction. Integrating these curves over the time of contact
with the freight car shows that the lateral impulse in Case 8 was greater, but the maximum
force was lower.
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Figure 12. Force Histories on Container from Case 9; the Effect of Crosswind
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Figure 13. Lateral Force Predicted for Case 5 and Case 8 Showing the Effect of Container
Consist Speed and Direction

The calculation of container consist response led to the conclusion that there is a potentially
strong interaction between the timing of the load and consist response. NUCARS?’ calculations,
which will be discussed in later sections, show that when the container train and Acela Express
move in the same direction, the characteristic load period is closer to the natural period of consist
response. This dynamic interaction may be more dangerous. As a result, calculations for Cases
10 to 15 were chosen to examine the effect of load duration on response.

Comparison of the various runs led to the following general conclusions: 1) The highest loads
occurred in cases of high train speeds when Acela Express is facing a headwind. 2) The speed of
Acela Express is more important than the speed of the container-consist in determining peak
load. 3) The duration of load and the impulse are not just functions of train speed, they are also
relevant to the direction in which the container-consist travels. 4) If the container-consist is
moving in the same direction as Acela Express, then the load duration and lateral impulse is
increased. In order to obtain a quantitative measure of this effect, the lateral force history was
integrated with respect to time for several cases. The results are shown in Figure 14. Note that
in Cases 1, 5, and 6, Acela Express and the container train are moving in opposite directions. In
the remaining cases, they are moving in the same direction at various closing speeds. The
greatest impulse occurs in Case 8 when Acela Express faces a headwind and the container-
consist moves in the same direction at a maximum speed of 50 mph. The effect of headwind on
Acela Express can be seen by comparing Case 6 with Case 5. In Case 6, Acela Express has a 50
mph tailwind; in Case 5 it faces a 50 mph headwind.
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Figure 14. Impulse Histories

2.3  CONTAINER CONSIST DYNAMIC RESPONSE

It is believed that vehicles posing the highest risk for derailment or dynamic instability due to
aerodynamic forces are those with large surface areas and lightly damped and coupled dynamical
behavior. The typical double-stacked container car in a 5-pack articulated connection, loaded
with two levels of containers as seen in Figure 15, has a large surface area and exhibits strong:
dynamic interaction between cars. In this section, a series of NUCARS simulations were used to
assess the risks to double-stacked container cars associated with high-speed passes of the Acela
Express train. Quantitative output parameters were used such as wheel lateral to vertical load
‘ ratios, vertical wheel loads, and general dynamic behavior of car bodies to assess the risk of
derailment.

‘ 2.3.1 CONSIST DYNAMICS APPROACH

In each NUCARS simulation, aerodynamic loads acting on the container freight train were taken
directly from the CFD calculations, as described in the preceding section. A series of NUCARS
modeling studies were performed to assess the dynamic stability of freight trains in the presence
of aerodynamic loads caused by high-speed trains passing on nearby parallel tangent track.

The NUCARS computer model is a general-purpose code simulating the time domain response
of vehicle rigid-body and flexible-body dynamic modes. The model allows for a wide variation
in specified load environments such as the inclusion of wind vectors, inter-body connections,
gravity, and other forces or moments. NUCARS is also well adapted to simulate the nonlinear
interaction forces produced at wheel and rail contact areas, and is recognized as one of the
preeminent models to effectively analyze these interactions. The particular car models used in
this study were similar to vehicles previously verified against actual test data collected from
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force-instrumented wheels and body acceleration transducers. These models have been modified
to accommodate additional forces due to aecrodynamic effects.

Figure 15. Container Cars
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For this study, NUCARS (Version 2.2) modeling was used to predict wheel/rail contact forces
and general vehicle body motion as a means to assess dynamic stability and safety. A number of
specific criteria were used to assess stability and safety including vertical wheel loading, the ratio
of lateral to vertical wheel loads, wheel to rail contact angle, and general body motions of the car.
According to the Manual of Standards and Recommended Practices of the Association of
American Railroads, lateral to vertical wheel load ratios of 1.0 or higher, given a wheel angle of
attack that is less than 5 milliradian, is the upper limit for safety as defined for specitied
controlled dynamic test scenarios. Dynamic vertical wheel loading at the rail that is less than 10
percent of static wheel loads occurring for 50 milliseconds or longer is also unacceptable. The
degree of safety was assessed using these criteria. Wheel unloading and high lateral loads or
large wheel to rail angle of attack can be precursors to increased risk of derailment and were
therefore analyzed as part of this study. Additionally, whole body dynamic behavior
characterized by roll, yaw, and pitch motions were used to evaluate car body envelope variations
and general car-to-car dynamic displacements.

Computational fluid dynamics models are used to predict the aerodynamic loads, which are then
supplied as input files to the NUCARS model. NUCARS reads the aerodynamic forces and
moments utilizing these files as look-up tables of discrete values. The NUCARS integration time
step is normally set at 0.025 milliseconds to maintain integration stability, while output samples
from aerodynamic predictions contained in the look-up table are temporally spaced at 5
millisecond intervals, thus requiring linear interpolation between points. Figure §, shows an
example plot of the aerodynamic loads resulting from a high-speed pass between the Acela
Express and a single car of a freight consist. The data in these look-up files provides resultant
forces and moments referenced to the car body at rail height, centered between rails. This
selected reference taken at rail height, which is essentially ground height, is the customary output
format for CFD simulations. As a simplification, longitudinal and vertical forces were ignored
because of their small magnitude and limited effect on dynamic behavior, which left the
remaining lateral force and the three moment vectors (Mx, My, Mz). NUCARS calculates the
resulting orthogonal load vectors at the wheel and rail interface, as well as resulting vehicle body
dynamic displacements and accelerations. The aerodynamic input pulse provided by the CFD
computations which was delineated in the look-up table, was used in the NUCARS model by
sequentially replicating it for each car along the consist length spaced at the appropriate time
interval for the passing Acela Express. It was shown in an earlier section that this simplification
over full-consist aerodynamic modeling, which uses all the cars in a 5-pack consist, was within
the range of predictive accuracy. Finally, the track model used for these analyses represents ideal
conditions. Track variations in cross-level and gauge were not considered, but it can be expected
that inclusion of such perturbations may further influence car dynamic stability.

The specific train configuration selected for analyses was a 5-pack (5-car) articulated double-
stack container freight consist. The 5-pack double-stack consist as shown in Figure 15, was
chosen because intermediate cars share single trucks. Shared trucks connect two cars and
support half the weight of each neighboring car. Laterally located side contact bearings and a
center plate on the truck, work to support pairs of cars both vertically and laterally. These joints
act to transmit forces and moments between cars, thus providing a more direct dynamic link over
other freight car designs using independent-coupler connected “unshared” trucks of non-
articulated design. This dynamic link between cars of shared trucks can lead to accentuated
movement with a resulting increase in the likelihood of instability or derailment. The freight
consist was modeled using two levels of containers. The lower level consisted of two adjacent
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20-ft long containers, while the top level consisted of one 53-ft long container, which is the
maximum length allowed. Figure 16 shows schematic diagrams of the freight double-stack
container consist relative to a passing high-speed train in both coincident and opposing
directions. Specific modeling parameters such as car dimensions and inertial values used in the
dynamic simulation are given in Table 2.

X ACELA

P

$+
1]

ACELA

(a) Coincident (b) Opposing

Figure 16. Schematic of Acela Express and Freight Showing Axle Numbering

Table 2. Freight Car Modeling Parameters

Length Mass of Car Car Center of Gravity Roll. Pitch and Yaw
Between Body without Height from Top of Inertia for Empty / Loaded
Bolsters Trucks. with Rail for Empty/Fully Containers
Empty / Fully Loaded Containers
Loaded
Containers
in./(m) in./(m) Ibf-in-sec” /(kg-m?)
lbm/(kg)
Double- 708 47.257 71.1 9.8ES 4.9E6 4.6E6
Stack (21.420) (1.81) (1.1E5) (5.5E5) (5.2E5)
Freightcar | (1) 134,980 68.8 1 46E6 8.27E6 7.71E6
(61,243) (1.75) (1.6E5) (0.93ES) (8.7E5)
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24  DYNAMIC ANALYSIS - LOAD CHARACTERISTICS AND GROUPS

The train operating scenarios were divided into three groups to investigate the full range of
response behaviors: maximum lateral force, maximum lateral impulse, and aerodynamic load
timing. Consideration was also given to ambient wind vector as a modeling parameter. These
load groups are described as follows:

1) Maximum change in lateral force - These cases are associated with a high-speed pass
between trains operating in opposite directions. As expected, a peak load occurs with an
Acela Express headwind (Case 5: see Figure 11), characterized by a short duration pulse.
Similar peak conditions might also occur from a combination of a peak lateral crosswind
velocity and negative pressure gradients developed at the trailing end of the high-speed train,
with trains passing at high-speed in opposing directions.’

2) Maximum lateral impulse - These cases, specifically 7 and 8, tend to occur when both trains
are operating in the same direction, and the high-speed train is overtaking the slower freight
consist, as depicted in Figurel6(a). Although the peak aerodynamic load magnitude is
normally less than that of load-group 1 for comparable wind conditions, the effective contact
time is extended significantly. This extended contact time can bring the aerodynamic load
pulse within the frequency range in which the consist would react to a rigid body vibration
mode. This frequency would be within the bandwidth or time constant of the consist transfer
function, thus transmitting the load without significant attenuation. Aerodynamic pulses that -
act on a much shorter time scale are attenuated because of the mass-filtering effect of the
consist, its single degree of freedom time constant, thus minimizing the dynamic effect of the
acrodynamic load.

3) Load timing or synchronized resonance loading - That portion of the cyclic part of the
acrodynamic load for the cases discussed here, corresponds to the period associated with
consist roll and yaw natural modes. By matching train closing speed to resonant modes of
the consist, larger body movements may result. In these cases, the consist dynamic transfer
function accentuates the input aecrodynamic loads. Although the input peak aecrodynamic
magnitude may be smaller than the large peaks noted in load-groups 1 or 2, resonance
accentuates or amplifies the input load and further causes the establishment of natural modes
of vibration. Consist resonant frequencies in roll and yaw appear at train closing speeds
between 100 mph and 130 mph. These resonant frequencies can be seen in Cases 10, 11, 12,
13, 15, and they also can be seen to some degree in Case 8.

All the above cases include variations in wind speed, wind direction, and vehicle closing speeds
as shown in Table 1.

2.4.1 DYNAMIC ANALYSIS RESULTS - SUMMARY

Simulations were performed for the freight car consist under the three general load groups as
mentioned earlier, and are restated here: (1) peak aerodynamic force and moment, (2) maximum
aerodynamic impulse, and (3) synchronized car-to-car resonance loading. Most of the loading
scenarios that were investigated used double-stack container cars carrying empty containers as
worst-case representations. Lightly loaded cars are generally more likely to experience wheel
unloading and large lateral to vertical wheel load ratios, which act to increase the risk of
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derailment. Two other cases were examined that included partially loaded and fully loaded
containers. In all the cases, the cars carried double-stack containers that were either empty or full
as depicted by the lead car in Figure 15. Regardless of weight, each case represents the same
aerodynamic surface area.

A matrix of NUCARS analyses for the freight consist was generated to quantify the effect of
aerodynamic loads. Here, it should be noted that the range of operating conditions is considered
a worst-case list of possible scenarios, which may not represent normal operating conditions.
The extent to which results from these analyses predict derailment depends on the statistical
likelihood of conditions occurring in such combinations. One worst-case combination would be
a 50 mph headwind condition, combined with the high operating speed of the Acela Express as it
overtakes a slower moving consist carrying empty double-stack containers. However, this
combination of events may be relatively unlikely.

Wheel unloading and lateral to vertical wheel load ratio, as well as general rigid body dynamic
behavior such as roll or yaw motion, were used to assess the likelihood of derailment. These
criteria were used to show that the empty container consist subjected to aerodynamic loads had
the greatest potential for derailment, as shown in Cases 8, 9,12 and 15 as shown in Table 1.
Wheel unloading was extensive, occurring over a duration of 1.0 seconds in some cases. Cases 8
and 15 show the largest impulse, while Cases 12, 13, and 15 excite consist resonant modes.
Cases 9 and 14 examine worst-case loading caused by a crosswind, coupled with negative wind
loads generated at the end of the high-speed train. These last two cases produce serious container
consist motions. The largest peak aerodynamic load noted in Cases 5 and 6 produced less severe
dynamic behavior. Although this peak load was large it was sufficiently small in duration as it
was out of the frequency response range of the car or consist, and little dynamic response was
therefore noted. Such high loads could be significant, however, in the analyses of container
attachment integrity or passenger window loads. The issue of window loads will be discussed in
Section 3.

Similar analyses using partially loaded and fully loaded double-stack container cars showed
improvement in dynamic stability. When all containers within the consist were fully loaded,
wheel lift was eliminated and wheel L/V ratios remained below 1.0 for all cases except Case 9.
Consists like the one shown in Figure 1, in which the first and last cars were fully loaded, but the
other cars carried empty containers, continued to show some signs of wheel lift, albeit minor and
very brief in duration. Upon examination of car body dynamic behavior, it was determined that
roll motion is slight for all cases considered. Therefore, vehicle weight is the most important
parameter affecting wheel unloading. Wheel unloading is more a result of lateral motion than car
body roll. What this means is, that uneven container loading from top to bottom, which has an
effect on roll inertia, has less influence than the overall weight of the car. This finding is a result
of the aerodynamic loads occurring at or near the same elevations as the car body’s center of
gravity, whether the containers are loaded or not.

A summary of case study results showing the cases and conditions that failed to meet chapter XI
specifications of the AAR standards are outlined in Table 3. The table specifically defines the
minimum wheel loading, and maximum L/V ratio for those conditions that failed. According to
chapter XI of the AAR standards, failure can occur for either a dynamic wheel load that falls
below 10 percent of the static wheel load for 50 milliseconds, or failure can occur when the ratio
of lateral to vertical load exceeds 1.0 for 50 milliseconds. The table defines conditions of
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loading for either empty, partially or fully loaded cars that produced unacceptable results for each
failure case. Details of these cases are discussed in the following section.

242 DYNAMIC ANALYSES

For each aerodynamic load, the container consist response was evaluated by simulating consists
with all empty containers as well as consists with a combination of loaded and empty containers.
In the case of partially loaded consists, conditions were examined where the first and last cars
were loaded and the central cars were empty, in order to understand the extremes of load
configurations. Detailed results of this study are discussed in the following paragraphs.

Table 3. Summary of Case Performance Measured Against AAR Chapter XI Specifications

Cases* Minimum % Wheel Load** Maximum L/V##*
(P = pass, F = fail) (P = pass, F = fail)

1 p P

2 P P

3 P P

4 P P

5 P (Near Failure with Empty Containers) P
Truck-1 (16%), Truck-6 (61%) Truck-1 (0.0251), Truck-6 (0.0815)

6 P P

7 P P

8 F — Empty, P — Partially and Fully Loaded P
Truck-1 (5.7%, Truck-6 (53%) ' " Truck-1 (0.08), Truck-6 (0.22)

9 F — Empty, Partially and Fully Loaded F — Empty and Partially, P — Fully
Empty and Partially: Truck-1 (0),Truck-6 (0) | Empty and Partially: >1
Loaded: Truck-1 (46%), Truck-6 (8%) Loaded: Truck-1 (0.16), Truck-6 (0.068)

10 P P

11 P P :

12 F — Empty, P —Partially and Fully Loaded F — Empty, P — Partially and Fully Loaded
Empty: Truck-1 (0), Truck-6 (30%) Empty: Truck-1 (>1), Truck-2 (0.15)
Partially: Truck-1 (27%), Truck-6 (61%) Partially: Truck-1 (0.06), Truck-6 (-.07)
Fully: Truck-1 (§5%), Truck-6 (78%) Fully: Truck-1 (0.03), Truck-6 (0.03)

13 P P

14 F — Empty, and Partially, P — Fully F — Empty, and Partially, P — Fully
Empty: Truck-1 (0), Truck-6 (0) .Empty and Partially (>1)
Partially: Truck-1 (4%), Truck-6 (34%) Fully: Truck-1 (0.3), Truck-6 (0.46)

15 F — Empty, and Partially, P — Fully F — Empty and Partially, P — Fully
Empty: Truck-1 (0), Truck-6 (24%) Empty and Partially (>1)
Partially: Truck-1 (0), Truck-6 (58%) Fully: Truck-1 (0.04), Truck-6 (0.03)
Fully: Truck-1 (31%), Truck-6 (76%)

* Pass or Fail as noted by container loading: Empty, Partially and Fully
** Minimum vertical wheel load not to be less than 10% of static wheel load for 50 msec.
*** Maximum ratio of wheel lateral to vertical load not to be greater than 1.0 for 50 msec.
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Load Group 1: Maximum Change in Lateral Force

Peak changes in lateral force are seen in Cases 1 through 6 where the trains are operating in
opposite directions. The idea of a change in load is introduced here to distinguish these cases
from those with a steady crosswind where the lateral force may have a large static component.
The more severe motions were predicted to occur when these loads are applied to a freight
consist carrying empty containers. The largest peak load of Load Group 1 occurred for Case 5 in
which the high-speed train passed (approached) the freight train at a closing speed of 200 mph.
An ambient wind speed of 50 mph acted against the forward motion of the Acela Express train.
Although this combination of train and wind speeds may produce the largest change in ’
aerodynamic load, it does not represent the worst-case for dynamic stability, as will be shown.
Figures 17 through 20 show plots of freight car vertical and lateral wheel forces, and car-body
roll motion for the worst performing car or truck of the consist. Figures 17 and 18 show forces
for the lead axle of Car 1, which passes Acela Express first. Figure 19 shows the vertical wheel
forces of Car 5, the last car to pass the Acela Express. Figure 20 shows the roll motions of all
five cars in the train consist. Based upon examination of the wheel loads and roll motions of

Case 5 and other cases of Load Group 1, it is believed that the cases of this group are generally
benign.
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Figure 17. Vertical Wheel Force (Case 5, Axle 1)
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Figure 18. Lateral Wheel Force (Case 5, Axle 1)
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Figure 19. Vertical Wheel Force (Case 5, Axle 12)
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Figure 20. Car Body Roll Motion (Case 5)

Load Group 2: Maximum Lateral Impulse

The largest lateral aerodynamic impulse is seen in Case 8. In this example, an Acela Express
operating at a speed of 150 mph overtakes a freight consist traveling at 50 mph, resulting in a
closing speed of 100 mph. The ambient wind velocity opposing both trains is 50 mph. A
comparison of the lateral impulses for several cases given earlier in Figure 14, shows a wide
variation in impulse with operating conditions. The lateral impulse of Case 8 measured in units
of Newton-seconds is 8410, or about twice that seen in Case 5. For this worst-case condition, the
freight car roll and yaw motions between adjacent cars is generally out of phase, with some
indication of an increase in roll and yaw amplitude from the first car encountered by Acela
Express (Car 5) to the last (Car 1). Figures 21 and 22 show the roll and yaw motion of each
freight car in the train consist. In these figures, Car 5 reacts first as Acela Express overtakes the
container train from the rear beginning at Car 5, with Car 1 at the opposite end of the train. The
largest roll motion is seen in Car 1. Both the lead (consist car number 1) and trail (consist car
number 5) cars can be expected to behave differently from intermediate cars within the consist,
as the end trucks of these cars do not share the weight of two car ends and are therefore more
lightly loaded. The ends of these cars can be expected to have larger dynamic motions and a
greater risk for wheel unloading. The other cases mentioned in this study also reveal that the end
cars experience the greatest safety risk

Lateral displacement of each car’s center of gravity is shown in Figure 23, where it is noted that
Cars 1 and S have the largest displacements. Upon closer examination of the vertical wheel
loads of Car 1, Axle 1 (Figure 24), the vertical force of the right wheel nearest the Acela Express
approaches zero, and corresponds to the point of maximum lateral car body load shift which
occurs at a time of 2.7 seconds. This trend is noted for both Figures 23 and 24. It is clear that
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load shifting between left and right wheels is generally 180 degrees out of phase indicating a
rocking or shifting in lateral load. Figure 25 depicts lateral wheel force. Dynamic vertical wheel
loading reaches a minimum of 505 Ibs. When compared to a static wheel load of 8,720 1bs, the
wheel loading is only 5.7 percent, which clearly exceeds AAR standards.

Except for Car 1, the other cars in the freight consist experiencing this same loading environment
did not show dynamic reactions, which required immediate attention. There is evidence of anti-
symmetric rocking and lateral shifting of the cars, however, minimum vertical wheel loads are
greater than 6,000 pounds. Figure 26 shows the variation in vertical wheel force of Axle 3, the
lead axle of the second truck. The ratio of dynamic to static wheel loads in this case, using a
static wheel load of 13,700 Ibs, resulted in a 47 percent wheel loading, which is well within AAR
standards. Lateral loads were minimal and the ratio of lateral to vertical loads was less than 0.5.
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Figure 21. Car Body Roll Motion (Case 8)
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Figure 24. Vertical Wheel Force (Axle 1, Case 8)
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Figure 25. Lateral Wheel Force (Axle 1, Case 8)
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Figure 26. Vertical Wheel Force (Axle 3, Case 8)

Load Group 3: Phased Loading Periods

Synchronization of the aecrodynamic loading with consist rigid-body vibration modes is seen in -
Cases 10 through 13, and in Case 15. This effect is also seen to some degree in Case 8. The load
periods in these cases bracket the expected consist lateral resonant mode periods. Analyses
revealed that these lateral vibration modes have a temporal period of approximately 0.20 -
seconds, in relation to a closing train speed of approximately 130 mph, with a car length of
approximately 60 ft. The NUCARS analyses show that Case 12 at a closing speed of 120 mph,
and Case 15 with a closing speed of only 70 mph produce the highest magnitude and duration of
wheel unloading and are the most severe of the cases analyzed in this study. These cases have
been focused on for the purpose of this study.

The consist response for Case 12 is illustrated in Figures 27 and 28, which depict vertical wheel
forces for the first and third axle in the consist, respectively. Note again, the cyclic nature of
wheel unloading. Large amplitude fluctuations are observed when the Acela Express reaches the
first car at a time of 1.7 seconds. The Acela Express is completely past the freight consist at a
time greater than 2.5 seconds, after which the consist continues its large amplitude cyclic wheel
unloading behavior. (Computation of these times is based on a consist length of approximately
350 ft, a car length of approximately 60 ft, and a closing speed of 120 mph.)

Figure 28 shows the vertical wheel load of Axle 3, which is in Truck 2 of the first car. Note the

similarity between the response of Axle 3 and that of Axle 1 in the first truck. The reason Truck
1 experiences more unloading is the first truck is not shared, and therefore is lightly loaded. The
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first truck also has a standard coupler at its end, while the second truck is connected using an
articulated connection. For both axles, wheel unloading violates AAR standards for safety.

Case 15 shows the longest duration of wheel unloading. For this case, the closing speed of the -
freight consist is 70 mph, while the Acela Express operates at a speed of 120 mph. The increased
risk of this case may have initially been counterintuitive, because it may have been expected that
if the two trains passed each other at slower speeds, dynamic interaction would be less.

However, the natural response of the consist accentuates the effect of the aerodynamic loads.
Figures 29 and 30 show the vertical wheel force for the first and third axles, respectively. In this
case, wheel unloading for both left and right sides of Axle 1 become zero, showing the familiar
load rocking behavior. From Figure 31 it can be seen that lateral wheel displacement of Axle 1
produces flange contact with the rail. The computed consist dynamical behavior is certainly

severe, but it must be remembered that all of the double-stacked containers being carried by each
car are empty.

Operating the freight consist while using only empty containers, shows a high level of dynamic
response, especially for Case 15. Perhaps a more commonly used configuration is to partially
load some of the containers or fully load all of the containers. This was done using the operating
conditions for Cases 8, 12, and 15. Two additional NUCARS analyses for each of these cases
were run in order to determine the sensitivity of dynamical behavior to car weight.  One case
used partially loaded containers (75 percent of maximum permissible) for the first and last car of
the freight consist with all other cars empty. Another case used fully loaded containers for all
cars. Partially loading the first and last cars is expected to aid in the reduction of wheel lift as the
lead or trail trucks are lightly loaded. It is also expected that fully loading all of the container
cars in the freight consist will reduce the risk of derailment because of the change in the -
dynamical characteristics of the load, as well as the change in weight. -
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Figure 27. Vertical Wheel Force (Axle 1, Case 12)
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When all the containers in a freight consist are fully loaded, the problem of dynamical instability
disappears. Vertical load on the right side of Axle 1 is seen to exhibit the common load-rocking
behavior, but the amplitudes are significantly smaller. Vertical wheel forces are never less than
10 percent of the static wheel load. For the partially loaded case like that seen in Case 15, the

risk of derailment still remains. The vertical wheel forces of Axle 1 dropped to less than 10
percent of the static wheel load, which is an unacceptable level.

The last cases analyzed examined the effects of crosswind coupled with the transient
aerodynamic loads from the two passing trains. This combination of loads also leads to
potentially serious effects for unloaded container car configurations, as seen in Cases 9 and 14.
Here, the wind velocity vector is in a negative Y direction, or from the freight consist track
towards the Acela Express track. Added to this lateral wind pressure load is a lateral dynamic
load in the same direction produced when the back-end of Acela Express passes the freight
consist. Computer simulations of these cases using all empty containers failed to produce results.
for long integration times as a result of convergence problems that occurred when the wheel
loads of the freight consist became zero (fully unloaded), and the wheels further separated from
the track. It is speculation as to what dynamic behavior is actually occurring at times beyond this
large wheel-to-rail displacement, but it can be expected that for empty container consists, these
large lateral acrodynamic loads can produce significant wheel unloading

When all the container cars were fully loaded as seen in Cases 9 and 14, the computer simulation
successfully completed and demonstrated acceptable dynamic behavior, without a risk of
derailment. However, this was only achieved for Case 14. Case 9 still had an unacceptable
wheel unload of 8 percent, which occurred at the last car. When only the first and last cars carry
partially loaded containers, there remains a risk of excessive wheel lift and potential derailment
for both Cases 9 and 14.

2.4.3 DYNAMIC ANALYSES — CONCLUSION

In conclusion, there are operating conditions of the 5-car articulated double-stack container
consist that are likely to have unacceptable dynamical behavior that exceed AAR safety standards
as identified for specific controlled dynamic test scenarios. In general, given ambient wind ‘
speeds of 50 mph, consists carrying empty double-stack containers show detrimental wheel
unloading. Potential problems may arise when freight consists are passed by high-speed trains
like the Acela Express, even when closing speeds are as low as 70 mph. It was shown that these
lower closing speeds produce more serious effects than much higher closing speeds in either
coincident or opposing directions, given an Acela Express speed of 120 mph. Acceptable
performance is obtained for all except Case 9, when all containers are fully loaded. When only
the lead and trail cars of the consist are loaded to 75 percent of the maximum container weight,
serious wheel unloading for Cases 9, 12, 14, and 15 occurred.

33






3. CONTAINER DISLODGEMENT AND WINDOW BLOWOUT

Container Dislodgement — In addition to éxamining the issue of derailment, the question of
container dislodgement was also examined. The maximum lateral and vertical loads on the top
containers were calculated and compared to the strengths of the tie-downs. Peak vertical loads -
on the container alone were observed to be on the order of 12,000 N, or on the order of 3,000 Ibf.
This is less than the unloaded container weight, so the vertical load on the tie-down is zero, and
*the upper container is supported by the lower one. The maximum lateral forces were
considerably more, about 5,600 Ibf or 25,000 N. Specification for tie-down strengths seems to
emphasize resistance to axial and vertical loads rather than transverse loads. Specifically, the tie-
downs must be able to handle a weight greater than that of the gross container weight. Tie-
downs should be able to accommodate twice the loaded weight in the axial and vertical
directions, and 0.3 times the container weight in the transverse direction. The maximum loaded
weight rating of 20-ft containers is 52,900 1bf (235,000 N), and the maximum MGWR of
containers over 20 ft is 67,200 1bf (299,000 N). Table 4 compares the tie-down strength with the
aerodynamic loads on the container. As shown in Table 4, properly tied down containers should
not become dislodged.

Table 4. Comparison of Tie-Down Strength with Load on Containers

20 foot Container Greater than 20 feet

Load Direction Tie-down Peak Tie-down Peak
specified strength Aerodynamic specified strength Aerodynamic
(1bf) Load (Ibf) (Ibf) Load (Ibf)
Axial 105,800 3,000 134,400 3,000
Vertical 105,800 0 134,400 0
Transverse 15,870 5,600 20,160 5,800

Pagsenger Car Window Blowout — Special runs were made to determine window loads on a bi-
level commuter car when passed by Acela Express. These calculations were made using a
revised mesh in which the bi-level commuter-consist was modeled as a long unbroken contour,
By specifying the flow velocity and bi-level commuter surface velocities with respect to Acela
Express, this dilemma is reduced to a steady flow problem rather than a dynamic problem. The
tacit assumption here is that no special problems exist during the aerodynamic interaction at the
extreme ends of the bi-level commuter consist. This assumption seems reasonable since
experience with the container car calculations suggests that the maximum pressure amplitude on
the side of the car remains relatively constant during the passing sequence. Figure 32 shows
pressure contours on the Acela Express and the bi-level commuter consist with Acela Express
traveling at 150 mph. The resultant pressure on the side of the bi-level commuter train at the
lower window height is shown in Figure 33.
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By examining Figure 33, it is possible to observe that the maximum pressure amplitude on the
window is about 0.12 psi (18 Ib/ft*). Calculations on varying Acela Express speed revealed that
the pressure amplitude varies as the square of Acela Express velocity, so that the maximum load
will occur when Acela Express is facing a headwind.

Figure 32. Pressure Contours on Acela Express and Bi-level Commuter Passenger Trains
at 150 mph. Contour Range from —0.22 psi to 0.36 psi.
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Figure 33. Pressure at Lower Window vs. Distance Along Cars at Lower Window Level.

Assuming the presence of a 50 mph headwind, the maximum pressure becomes (0.22 psi) 32
Ib/ft?. Drawings were not available of the windows on the bi-level commuter car, but some data
was made available from recent impact tests conducted by the Volpe National Transportation
Systems Center on similar windows.
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The windows in the impact test had a total length of about 4 ft, and a height of about 2 ft (1.2m x
0.6 m). Thus, the maximum dynamic load on the entire window could reach 256 Ibf (1,140 N),
with a range of 512 Ibf (2,280 N). It is also possible that the pressure inside the bi-level
commuter car might be different from the ambient pressure, so that the loads could be even
greater. The total force was integrated on the window with respect to time in order to get
maximum total impulse. This resulted in a value of 14 1bf-s when the two trains were traveling
in opposite directions, and 46 Ibf-s when the trains were traveling in the same direction with
Acela Express facing a 50 mph headwind (a worst-case).

The significance of the pressure loads on the windows of the bi-level commuter car is difficult to
assess. Although the total forces seem significant, the predicted pressure fluctuations are not
unusual for trains entering a tunnel. In the impact tests using steel balls mentioned above, the
windows resisted an impulse level of 16 1bf-s successfully and it was assumed that this was a safe
impulse level. Because the predicted impulse from the aerodynamic loads may be greater than
the known safe impulse in some situations, i.e., when the two trains are traveling in the same
direction against a strong headwind, it cannot be assumed that window breaking or blowout will
not occur. A more detailed structural analysis of commuter train windows when passed by the
Aclea Express train is needed in order to more accurately assess the risk of window blowout and
breakage. ' :
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4. CONCLUSIONS AND RECOMMENDATIONS

Aerodynamic and vehicle response calculations have been combined to examine the dynamic
safety implications of operating Acela Express on parallel track as it passes high profile double-
stack container freight cars and high profile bi-level passenger commuter cars. Combinations of
operating conditions and system configurations were selected to examine worst-case scenarios,
such as ambient wind speeds of 50 mph, combined with selected train speeds and a track spacing
of 12 ft. Intermediate cases that would not provide such a severe dynamic environment were not
studied in detail, as it was the intent of the study to determine if worst-case conditions have
safety implications. Further studies may be required to more precisely define dynamic
characteristics associated with more common operating conditions.

The CFD calculations revealed that the greatest aerodynamic loads between trains occur when
the front-end or the back-end of Acela Express passes the parallel train traveling on tangent track. -
Cars are subjected to a lateral push-pull force causing both rolling and yawing moments, and
lateral car movement. It was found that the amplitude of the load depended the most on the
Acela speed and the presence of a headwind. The load timing depends mostly on the closing
velocity of the two trains. The presence of a crosswind can increase the absolute magnitude of
the lateral load significantly but does not appear to increase the dynamic component of the load.

Three load characteristics were found to be important in studying container consist response: 1) .
the amplitude in lateral force, 2) maximum impulse, and 3) aerodynamic load timing, or simply
the closing speed between trains. In the last case of aerodynamic load timing, acrodynamic loads
that are in phase with consist resonance modes are the most severe. Passing train scenarios were:
chosen to study the effects of each of the three load characteristics. It was discovered that -
maximum impulse and load timing are more important than maximum lateral force in producing
conditions that increase the risk of freight car derailment. Specific cases within these general
categories were evaluated using empty and loaded containers, and analyzed for various ambient
wind vectors and train speeds. Results revealed that serious risks may exist for articulated freight
empty container cars, but conditions improve for consists containing partially and fully loaded
containers. Some special cases were found that might cause derailment. In particular, the
aerodynamic loads resulting from a crosswind in combination with the dynamic loads caused by
the end of a passing Acela Express train cause complete wheel unloading for a period of nearly 1
second. Some improvement was found when the freight train carried all fully loaded containers,
although there is still some risk of derailment for the cases studied.

The problem of container dislodgement was also examined. Based on current specified tie-down
strengths for shipping containers, it does not appear that a properly restrained container would
break loose under the conditions investigated in this study. However, it might be prudent to re-
assess the required tie-down strength for lateral loads as an added safety margin.

The potential for passenger train window breakage or blowout that could occur when a commuter
car is passed by Acela Express was examined using maximum predicted aerodynamic loads
distributed across the window surface of a bi-level car. Total loads can reach 250 1bf (1,100N).
In general, however, results of the examination were inconclusive. A more definitive assessment
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of the risk of window damage or blowout will require a detailed structural analysis. This would
include an assessment of the variability in window glazing strength and an assessment of effects
due to window strength reduction from prior glass damage.

Finally, the authors believe that this study has revealed that Acela creates some potential risks to trains -
operating on adjacent tracks, especially for those trains operating under specific conditions. However,
this study has not evaluated the degree of risk or the best methods for mitigating risk. Nor, has it
addressed those scenarios where rare combinations of operating conditions may occur.
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 APPENDIX-A
DATA REDUCTION

The unsteady fluid flow models used in this study utilized the moving boundary condition to
simulate the effect of the container car moving through the mesh. The container cars themselves
were modeled using a fixed surface in the mesh as shown in Figure 2. The forces and moments
on the container and car were obtained by integrating the pressures on the car and container
surface over the region occupied by them. It was discovered that because the ends of the
container did not always correspond to a node location in the mesh (where pressures are output),
the resultant forces contained jitter or noise introduced by the data reduction procedure. - Figure
A-1 shows examples of the axial and transverse force resultants for Case 5 before and after
smoothing. In this case, the container car is moving at 50 mph (22.35 m/s) with a 50 mph
tailwind, so the steady drag on the container is low and the un-smoothed and smoothed curves
look very similar. It was found that the roughness of the force and moment histories tended to
increase with the amount of headwind on the container. Figure A-2 shows a more typical
example taken from Case 10 where the container moves at 50 mph through still air. In this case,
the drag force, and to a certain extent the transverse force, showed a significant amount of jitter
introduced by the data reduction procedure. Thus, the need for smoothing becomes more
apparent. It is important to note that most of the jitter in the force histories occurred at early and
late times when the container was in the coarsest part of the mesh. The curves are smoother
during the time of maximum interaction when the container is near the front of Acela. As applied
here, the method acts as a low-pass filter, suppressing frequencies above 100 Hz.
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Figure A-1. Smoothed and Un-Smoothed Force Histories from Case 5
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Figure A-2. Smoothed and Un-Smoothed Force Histories from Case 10
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APPENDIX-B
VERIFICATION PROBLEM

This study used a novel method called the “moving boundary condition,” to model the large
relative motions of Acela Express and the container train. This method allows for the quick and
efficient calculations of a body in motion without resorting to sliding fluid-fluid interfaces.
Besides eliminating the overhead associated with interfaces, this method eliminates the potential
for additional domain decomposition during the calculation. However, the use of this method
does raise questions about accuracy. In order to give a sense of the potential loss in accuracy
associated with the method, a special problem was devised that allows direct comparison of the
force histories derived by the method used in this study, and those obtained from modeling with
a fixed boundary in a mesh. In this example, two simple containers (rectangular parallelepipeds)
were assumed to pass each other at 75 mph (33.5 m/s) in opposite directions, in still air. The
sizes of the containers are the same as those in the passing train problem. One of the containers
was modeled using a fixed surface in the finite element mesh, and the other was modeled using
the moving boundary condition method. Thus, in the ideal case, the surface pressure contours
on the containers will appear similar and the force resultants on the two containers would be
equal and opposite. Figure B-1 shows surface pressure contours on the surface of the fixed box
(left), and the moving boundary condition (right) for the test problem at a time when the two
containers are partially past one another. The relative position of the containers can be most
easily seen in the figure on the right where the fixed container is not rendered and a large black
shadow appears at its location. Pressure contour lines on the ground around the container are
also shown. Figure B-1 shows that the surface pressures on the two containers are quite similar
over most of the container surface.

Figure B-1. Comparison of Surface Pressures for Fixed Container and Container
Modeled Using Moving Boundary Condition (containers moving from right to left)

Pressure Contours Range from —0.15 psi (blue) to + 0.073 psi Pa (red)
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A noticeable exception is the low-pressure (blue) region at the front-end of the container on its
sides. This low-pressure is due to the flow separation at the corners of the container and the
interaction with the passing container, which produces a strong vortex. This vortex is stronger at
the front of the fixed mesh than the corresponding vortex at the moving boundary condition.

This discrepancy is attributed to the better mesh resolution at the corners of the container in the
fixed mesh. It is not economical to achieve comparable resolution using the moving boundary
condition as this would require a very fine mesh throughout the region occupied. The differences
in pressure distribution translate into small differences in the force resultants on the two
containers as seen in Figure B-2. These differences are most significant for the lift on the upper
surface of the container (Fz) and for the drag on the container (Fx). Drag reached a maximum
value of 340 Ibf (1500 N). These differences were attributed to the effects described above. The
lateral loads (Fy), which are the most important in this study, have a larger overall magnitude and
smaller absolute error. Finally, it is important to note that no absolute comparison has been made
in this study with experiment or other validated calculations. It was not expected that the static
drag on the container would be accurately modeled, as a turbulence model was not included for
these calculations. Rather, it was only assumed that the fixed mesh would give an accurate
representation of the dynamic lateral loads on the container that mostly affect consist dynamic
response. These loads resulted from the broad pressure field around the opposing container, so
this seems to be a reasonable assumption.
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APPENDIX-C
FORCE AND MOMENT RESULTANTS FOR CASES 1-15

This appendix summarizes the force and moment data in Cases [-15. Table C-1 provides the
parameters used in each run. The following pages show graphs of force and moment
histories.

Table C-1. CFD Parameters for Cases 1-15

Case Location' Container Train Velocity Wind
Configuration
Type2 Number® Acela Container Vi v,
Express (mph) (mph) (mph)
(mph)

1 F S 1 150 -50 0 0
2 K S 3 150 -50 0 0
3 R S 1 150 -50 0 0
4 F C 1 150 -50 0 0
5 F S 3 150 -50 -50 0
6 F S 1 150 -50 50 0
7 F S 1 150 50 50 0
8 F S 1 150 50 -50 0
9 F S 1 150 -50 0 -50
10 F S 1 150 30 50 0
11 F S 1 150 15 50 0
12 F S 1 150 30 -50 0
13 F S 1 150 15 -50 0
14 R S 1 150 50 0 -50
15 F S 1 120 50 -50 0

1. Refers to location of interaction — either at the front or at the back of Acela
2. Shape of container end, either simple (S) with a single or staggered edge.
3. Number of loaded container cars in a row.
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Case 1

Single Container Passing Front of Acela Express
Velocities:  Acela Express = +150 mph (67.07 m/s)
Container = -50 mph (-22.35 m/s)

Wind: Vx=0.0; Vy =0.0
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Case 2
Multiple (3) containers passing front of Acela Express; data given for center container
Velocities: Acela Express = +150 mph (67.07 m/s)

Container = -50 mph (-22.35 m/s)

Wind: Vx=10.0; Vy =0.
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Case 4
Single container with staggered end passing front of Acela Express
Velocities:  Acela Express = +150 mph (67.07 m/s)

Container = -50 mph (-22.35 m/s)

Wind: Vx =-50.0mph (-22.35 m/s); Vy = 0.0
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Case 5
Multiple (3) containers passing front of Acela Express; data given for center container
Velocities: Acela Express = +150 mph (67.07 m/s)

Container = -50 mph (-22.35 m/s)

Wind: Vx =-50.0mph (-22.35 m/s); Vy = 0.0
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Case 6
Single container passing front of Acela Express
Velocities: Acela Express = +150 mph (67.07 m/s)
Container = -50 mph (22.35 m/s)
Wind: Vx = +50.0mph (22.35 m/s); Vy = 0.0
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Case 7

Single container passing front of Acela Express
Acela Express = +150 mph (67.07 m/s)
Container = +50 mph (22.35 m/s)

Vx = +50.0mph (22.35 m/s); Vy = 0.0

Velocities:

Wind:
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Case 8

Single container passing front of Acela Express

Velocities:  Acela Express = +150 mph (67.07 m/s)
Container = +50 mph (22.35 m/s)

Wind: Vx =-50.0mph (-22.35 m/s); Vy = 0.0
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Case 9

Single container passing front of Acela Express

Velocities:  Acela Express = +150 mph (67.07 m/s)
Container = -50 mph (22.35 m/s)

Wind: Vx = 0.0mph ;Vy = -50.0 (-22.35 m/s)
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Case 10
Single container passing front of Acela Express

Velocities:  Acela Express = +150 mph (67.07 m/s)

Container = +30 mph (13.41 m/s)

Wind: Vx = +50.0mph (22.35 m/s); Vy = 0.0
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Case 11

Single container passing front of Acela Express

Velocities:  Acela Express = +150 mph (67.07 m/s)
Container = +15 mph (6.7 m/s)

Wind: Vx = +50.0mph (22.35 m/s); Vy = 0.0
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Case 12

Single container passing front of Acela Express

Velocities:

Acela Express = +150 mph (67.07 m/s)

Container +30 mph (13.41 m/s)

Wind:

Vx =-50.0mph (-22.35 m/s); Vy = 0.0
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Case 13

Single container passing front of Acela Express

Velocities:

Wind:

Acela Express = +150 mph (67.07 m/s)
Container = +15 mph (6.7 m/s)
Vx =-50.0mph (-22.35 m/s); Vy = 0.0
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Case 14

Single container passing rear of Acela Express
Acela Express = +150 mph (67.07 m/s)
Container = -50 mph (22.35 m/s)

Vx = 0.0mph; Vy = -50.0 (-22.35 m/s)

Velocities:

Wind:
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Case 15
Single container passing

front of Acela Express

Velocities:  Acela Express = +150 mph (67.07 m/s)
Container = -50 mph (22.35 m/s)
Wind: Vx = +50.0mph (22.35 m/s); Vy = 0.0
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