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Executive Summary

Wind generated from passing vehicles on roads and freeways is wasted energy. Harnessing this
energy adds to California's renewable energy portfolio for various commercial and transportation-
related applications. We investigated the transient wind and load generated from passing vehicles
under a freeway overpass to check its viability for electric power generation.

As California moves toward a 100% clean energy future, expanded wind energy will be a major
component of its future energy portfolio, and innovations in wind energy resources will move the
state closer to achieving its goal. California is also the first U.S. state to set a goal of banning the
sale of new internal combustion engines or gas-powered vehicles by 2035. Because the
transportation sector is responsible for nearly 50% of the state’s greenhouse gas emissions, this goal
aims to significantly increase the number of electric vehicles within California. With a $1.2 billion
investment in electric vehicles and charging stations, the California Electric Vehicle Infrastructure
Project (CALeVIP) intends to meet the region’s needs for electric vehicle charging infrastructure.

Investments in infrastructures have increased significantly, including funding through the
California Senate Bill 1 (SB1) and the federal government’s $1 trillion infrastructure bill. The
incorporation of structural health monitoring sensors allows for continuous inspection,
maintenance, and detection of any infrastructure damages, and these sensors all require remote
electric power sources to operate. Local power generated from passing vehicles may provide power
for sensors, vehicle-charging stations, and other energy needs.

In this study, we performed large eddy simulations of a vehicle passing under a freeway overpass
in order to identify wind energy potential at the bridge columns with the vehicle moving at 51.5
mph. The distance between the bridge column and the vehicle was 0.75 W where W is the width
of the vehicle. Results indicate a transient wind of 6-10 m/s with a maximum pressure coefficient
differential of 0.17 around the bridge columns from the passing vehicle. With the high volume of
traffic on California’s highways and roads, these results indicate great potential for generating
electricity from passing vehicles.
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1. Introduction

Wind generated from passing vehicles is related to shape and pressure distributions around the
vehicle, and around a moving vehicle, there are various pressure zones. High-pressure zones can
be found in front of the vehicle at the stagnation points; reduced-pressure zones with flow
acceleration from the stagnation point are in front of the vehicle toward the rear of the vehicle;
zones of relatively constant pressure are at the top and bottom of the vehicle; flow separation zones
are in the rear with negative pressure in the near wake and ambient pressure in the far wake due to
pressure recovery. The transient pressure induces loads on objects on the sides and above the
vehicle.

A detailed experimental investigation [1] of the wind-load generated by vehicles on road signs has
shown that the force acting on these signs during the passage of a vehicle differs with respect to
the vehicle’s aecrodynamics and the sign’s location. The highest force on the road sign is imposed
by the front of the vehicle, and the load amount depends on the distance between the vehicle and
the sign. Depending on the force amplitude and its duration, the impact on the road sign could
result in dynamic reactions and material fatigue. The investigations included various-sized vehicles
and three road signs with different areas. Two signs had areas perpendicular to the vehicle's
direction (one on the side and one on top), and for the third sign, the area was aligned with the
vehicle's direction. The pressure was significantly higher on the third sign and peaked in the
positive direction ahead of the approaching vehicle and decreased to a negative value with the
passage of the lead vehicle area. Here, the suction pressure is not as low as in the other cases due

to air movements around the sign.

Other investigations [2-9] into the load induced on road signs and vehicle-induced gusts have
provided similar results with additional details of wind profiles around the vehicles. A study [10]
on the effect of natural wind on road signs has shown a reduced mean drag coefficient as compared
to the corresponding value published by the American Association of State Highway and
Transportation Officials (AASHTO) with its variations depending on the aspect and depth ratio
of the sign.

Turbulent flow-inducing force on road signs [1] has mean and fluctuating components given as:

-~ 1 _
F=§puw AC,

a

1
F = Epuwu'WACW

Here F and F are mean and fluctuating forces; p and A are air density and area of the sign,
respectively; 77, and 1/, are mean and fluctuating wind velocity, respectively; and C,, is a constant
relating the wind pressure to the force exerted on the road signs. When the signs are away from
the ground, the non-linear effect (the ground effect) is not significant and there is a linear
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relationship between the wind pressure and the force exerted. However, when the signs are within
a few meters of the ground, the relationship becomes non-linear, and its impact should be
considered in calculating the force exerted.

Nonlinearity is related to the size of the fluid eddies approaching the sign. Previous investigations
[11, 12] have shown that when the fluid integral length scale L is much larger than the size of the
object D, L/D >> 1, the velocity intensity is decreased, and the energy distribution of the spectral
axial turbulent velocity is unchanged. However, when L/D << 1, the velocity intensity is increased
near the object due to vortex stretching, which results in amplification and attenuation of spectral
values at respectively low and high wavenumbers. Thus, when the road signs are within a few
meters of the ground within the atmospheric boundary layer, the size of the incoming eddies
changes, and the ground causes a breakdown of the eddies, reducing their sizes as compared to the
road signs, resulting in increased turbulence intensity as the wind approaches the signs.

In the wake of the objects, previous investigation [13] has shown that when L/D >> 1, the
momentum transport from the free stream into the wake is increased, resulting in reduced mean
defect velocity, maximum turbulent shear stress, and increased wake half-width. However, for L/D
<< 1, the wake is unchanged. These characteristics affect the vehicle’s drag as the drag coefficient
is mostly pressure drag, and if the base pressure is not affected, then the drag coefficient is
unchanged.

Recent unsteady numerical simulations of an Ahmed body under a freeway overpass [14] have
shown that when the vehicle is at a distance of 0.75w from the bridge column, where w is the
width of the vehicle, gusts of up to 23 m/s (51.5 mph or 82.4 km/h) are generated near the bridge
column. In this region, the turbulent kinetic energy and vorticity are reduced indicating less
fluctuations in the wind-generated. On the top of the vehicle near the end, the wind speed is higher
than 24 m/s, which decreases downstream. As the vehicle passes the columns, in the vehicle's wake,
vortices are increased and expanded, and the turbulent kinetic energy is amplified.

The present investigation is an extension of our previous study [14] with more focus on the
transient nature of the wind and load on and around freeway overpass columns. The same Ahmed
body was used as the vehicle, and the distance between the vehicle and the columns was 0.75w.
Details of transient mean pressure and velocity, vorticity, and turbulent kinetic energy are provided.
The impact of the bridge columns on the flow around the vehicle and between the vehicle and the
columns has also been investigated.
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2. Numerical Investigations

Numerical investigations were performed using an Ahmed body. The dimensions for a freeway
overpass were set according to a typical freeway overpass on the I-405 freeway near Long Beach,
California.

2.1 The Ahmed Body and the Overpass Bridge

Figure 1 shows the Ahmed body used in the numerical simulations, which has dimensions of 1.62
m in height, 5 m in length, and 1.86 m in width. The hatchback's rear starts at 4.14 m from the
front at a 35-degree angle. The vehicle is spaced at 0.28 m above the ground. The size of the
vehicle represents a typical mid-sized sport utility vehicle (SUV).

Figure 1. The Ahmed Body

Length

Figure 2 shows different views of the bridge columns with the Ahmed body. The computational
domain that encompasses the freeway overpass has dimensions of X =30 m, Y = 11.25 m, and Z
= 14.5 m with a grid size of 0.85 cm. Here, X is the direction of the moving vehicle, and Y and Z
are vertical and spanwise directions, respectively. The distance between the vehicle and the freeway
bridge columns is 0.75W. Here W is the width of the vehicle. The bridge has six cylindrical
columns equally spaced with a diameter of 1.34 m, and the spacing between the columns was 2.46
m.

An overset grid technique (moving mesh) was used for the moving vehicle, with an overset region
of 8mx 3.5 mx 6 min the X, Y, and Z directions, respectively. The blockage ratio was less than
3%.
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Figure 2. The Bridge Columns and the Computational Domain

Back

Side

2.2 Simulations

A hybrid mesh with an unstructured polyhedral grid away from the wall and a structured 15 layers
hexahedral grid near the wall was used. The first grid cell size near the Ahmed body was at 0.0025
mm with a surface growth rate of 1.0. The far-field grid cell size was at 0.005 m. The maximum
grid size was calculated using the following equation:

7
Grid size = growth rate x R®
eH

Here R, is the Reynolds number based on the height of the vehicle. The total cells used for the
computation was 40,796,718 with the overset cell numbers at 14,182,797.
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Figure 3. The Computational Mesh

The vehicle's velocity was 23 m/s (51.5 mph), which corresponds to a Reynolds number based on
the vehicle’s height of 2.4 x 10°.

Figures 4 and 5 show the vehicle’s locations with respect to the bridge columns at different time
steps and the monitoring column, which is the center column. The vertical direction is the
direction of pressure measurements on the column, and the horizontal direction is where
circumferential pressure measurements were made. It also corresponds to the mid-section plane of
the vehicle in the spanwise direction.
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Figure 4. Vehicle Location at Different Time Steps
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3. Results and Discussion

Figures 6 and 7 show contours of mean pressure and velocity at four-time steps of 0.1's,0.2's, 0.3
s, and 0.5 s. These time steps correspond to the vehicle’s location with respect to the bridge
columns, where a middle column is taken as the monitoring column. The contours correspond to
the mid-section plane of the vehicle. For all time steps, pressure is at its highest at the front
stagnation points of the vehicle and decreases and becomes negative along the side of the vehicle.
The wake characteristics change at different time steps. At 0.1 s, the pressure recovery occurs at
about 0.2 W and is maintained up to more than 1 W before it decreases to atmospheric pressure.
At 0.2 s, the region of pressure recovery is narrowed and extended downstream. On each side of
the wake's high-pressure region, there are two areas of positive and negative pressures which
correspond to enhanced wake vortices in these regions.

At 0.3 s, the wake has been expanded with increased areas of positive and negative pressures on
the sides and a reduced area of pressure recovery in the middle. At 0.5 s, the side columns impose
a pressure gradient on the side of the vehicle, creating an asymmetric pressure distribution in the
wake. The area of pressure recovery in the middle has been reduced further with the location of
the pressure recovery being further away from the vehicle. The reduced pressure recovery should
result in increased vehicle drag.

MINETA TRANSPORTATION INSTITUTE 8



Figure 6. Contours of the Pressure Coefficient Around the Vehicle

Pressure Coefficient

T=0.1 sec. T=0.2 sec.

Pressure Coefficient
-0.10 -0.060 -0.020 0.020 0.060 0.10

The behaviors of the mean velocity contours are in opposition to the corresponding mean pressure
contours, with zero velocity in the front at the stagnation points, acceleration on the vehicle’s side,
and then separation at the rear, shedding vortices into the wake. Increased shedding and
unsteadiness are observed as the vehicle passes the columns. The columns experience a transient
mean velocity of around 6 m/s as the vehicle approaches.
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Figure 7. Contours of Mean Velocity Around the Vehicle
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The columns experience a high-pressure coefficient of approximately 0.02 as the vehicle
approaches, a negative pressure coefficient of -0.1 when the columns face the vehicle’s side, and
an increased pressure coefficient of around 0.02 from the vehicle’s wake [Figure 8].
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Figure 8. Contours of the Mean Pressure Coefficient Around the Referenced Column

T=0.1 sec. T=0.2 sec.
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Figures 9 and 10 show contours of mean vorticity and turbulence kinetic energy (TKE) at different
time steps. Vorticity is high in the wake due to the unsteady flow separation. The wake vortices
are enhanced with the passage of the vehicle adjacent to the columns.

The TKE is high around the vehicle and in the wake. With the passage of the vehicle near the
columns, the areas around and downstream of the vehicle with high TKE are narrowed, and the
wake with high TKE is extended. These areas correspond to the areas with increased vortices.
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Figure 9. Contours of the Mean Vortices Around the Vehicle
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Figure 10. Contours of the Turbulent Kinetic Energy (TKE) Around the Vehicle

T=0.1 sec. T=0.2 sec.

TKE
0.00 0.400 0.800 1.20 1.60 2.00

The vortices and TKE have limited impacts on the columns.

Figures 11 and 12 show variations of circumferential and vertical pressure coefficients at different
time steps for the referenced column. For the circumferential pressure coefficient, zero degrees is
at the front of the column, and pressure data was taken in a counter-clockwise direction. For the
vertical data, zero Y corresponds to the mid-level of the vehicle, and data was collected from the

ground up.

With the approaching vehicle, at T = 0.1 s, the circumferential pressure coefficient peaks at 0.042
at 140 degrees and reduces to 0.007 at 272 degrees before increasing to 0.02 at 360 degrees. At T
= 0.2 s, the pressure is increased, and the peak pressure is 0.055 at 112 degrees with a minimum
pressure coefficient of -0.01 at around 200 degrees.

The pressure variation changes with the passage of the vehicle. At'T = 0.3 s, the pressure coefficient
drops to -0.14 at 117 degrees, before it increases to near zero at 360 degrees. At T = 0.5 s, there is
an initial drop in pressure coefficient from -0.075 at 0 degrees to -0.08 at around 45 degrees before
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it increases to near zero at 150 degrees, and then drops again to a minimum of -0.075 at 360
degrees. The maximum difference in circumferential pressure coefficient, the column experiences
with the passage of the vehicle is 0.2 over 0.5 s.

Figure 11. Variation of the Circumferential Pressure Coefficient
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The vertical pressure was obtained along 90 degrees angle from the ground-up. Here y =0
corresponds to the mid-section elevation of the vehicle. At T = 0.1 s, there is an increase in pressure
near the ground that decreases in the vertical direction. At T = 0.2 s, the pressure is doubled near
the ground and approaches zero at y > 4 m. However, for T = 0.3 s, the variation of the pressure
coefficient changes significantly and is -0.105 near the ground and decreases to -0.04 at y = 3 m.
AtT =0.5 s, the pressure coefficient is -0.04 near the ground, decreasing further to -0.05 at around
y = 2.5 m before it decreases to -0.26 at y = 3 m. The total difference in pressure coefficients as the
vehicle passes the column over 0.35 s is 0.17.
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Figure 12. Variation of the Vertical Pressure Coefficient
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Figures 13 and 14 show variations of the pressure coefficient at the mid-section vertical plane and
the back of the vehicle at different time steps. The pressure coefficient is 1 at the front stagnation
point, decreases with flow acceleration, and becomes a minimum of approximately -1.67 at X =
0.4 m, before it increases due to flow deceleration and approaches a constant value of -0.125 at X
= 1.7 m. The pressure coefficient decreases starting at X = 4.2 m which corresponds to the start of
the slanted section of the vehicle, and the minimum pressure is different at different times, which
means the drag coefficient could be transient. At T= 0.1 s, the minimum pressure is -1.85 at X =
4.275 m while the corresponding values at T =0.2's,0.3 s, and 0.5 s are -1.3 at X = 4.34 m, -1.58
at X = 4.32 m, and -1.2 at X = 4.3 m, respectively. Considering the location of the vehicle (Figure
4), the effect of the columns is seen as increasing axial momentum at the mid-section plane,

resulting in increased minimum pressure.

Variations of the back pressure coefficient are different at different locations (time steps). At T =
0.3 s and 0.5 s, the constraints imposed by the columns on the vehicle are significant, resulting in
a faster pressure recovery. The increased pressure recovery should result in a reduced drag
coefficient. However, the imposition of constraints by the columns also has increased three-
dimensionality in the wake of the vehicle.
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Figure 13. Variation of the Pressure Coefficient on the Top of the Vehicle at the
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Figure 14. Variation of the Pressure Coefficient at the Back of the Vehicle
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4. Summary & Conclusions

Large eddy simulations of a vehicle passing under a freeway overpass near freeway columns were
performed to gain a better understanding of the transient wind and pressure distribution
characteristics at the bridge columns for potential electric power generation. The vehicle was an
Ahmed body traveling at 23 m/s (51.5 mph) at 0.75 W from the bridge columns. Here, W is the
width of the vehicle. Results show that the bridge constraints cause changes in the baseline vehicle
pressure which affects the transient vehicle's drag coefficient. The transient wind generated at the
columns is mostly caused by the front of the vehicle and ranged from 6 m/s to 10 m/s. The
circumferential pressure distributions on the referenced column show that the stagnation point
changes with the passing of the vehicle with a maximum differential pressure coefficient of 0.2.
The ground effects are seen up to 5 m elevations where the pressure coefficient changes from
positive to negative from the passing of the vehicle with a maximum difference of 0.17. Using a
high-efficiency vertical axis wind turbine with a 0.35 power coefficient, the potential for power
generation at the bridge columns from passing a vehicle is approximately 210 W/m?. With
continuous traffic flow, significant electric power could be generated from the passing of the
vehicles.
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