Research Article ‘

Effects of Wind Angle on the Distribution of Highway
Pollutants (revision 9.29.20)

QUINTIN D. SEFTON!2 AND JONATHAN T. STEFFENS?

1 Department of Mathematics, Lafayette College, Easton, PA 18042, United States
2Department of Mechanical Engineering, Lafayette College, Easton, PA 18042, United States

KEY WORDS

Roadway Pollution

Pollution Dispersion

Computational Fluid Dynamics (CFD)
Wind Angles

Noise Barriers

ABSTRACT

As our world becomes more and more industrialized, we see pollution
becoming a bigger and more pressing threat to human health and wildlife.
Specifically, the numerous roadways and the pollution created by cars
and trucks each year is of concern. This research investigated how these
pollutants come off of these roadways, and then make their way into
neighboring communities. This research investigated how different wind
angles affect the distribution of these highway pollutants using the CFD
software ANSYS Fluent. It was found that at larger wind angles, there
is more concentrated values of emission gasses, and that 50 degrees is
a major angle in which these distributions change shape. This research
can be used to help people design and organize community locations and

homes near highways to build a safer future.

seftonq@lafayette.edu

1. INTRODUCTION

The percentage of people living in urban environments is
expected to grow from approximately 79% in the United States
in 2000, to 83% in 2020, to an expected 89% in 2050 (United Na-
tions, 2019). As more research is done on the impacts of pollution
on living in urban environments, people are starting to notice
how impactful specifically roadway pollution can be to humans.
Hoek et al. (2002) found that the motility risk is 41% higher for
people living within 100m of major roadways. Many other stud-
ies have shown health problems in people directly correlated
with roadway pollutants such as stunted lung development in
children, large increases in Coronary Heart Disease (CHD), and
general asthma development and increasing asthma severity
(Carla Truax et al., 2012; Wen Qi Gan et al., 2010; Michael L.
Anderson, 2015; American Lung Association, 2020). Not only
this, but it has also been shown that this impact is seen with
both long-term and short-term exposure to roadway pollutants
(Carla Truax et al., 2012). A major reason these emissions are so
harmful is due to the tiny nature of the particles. The human
immune system cannot detect these tiny particles and thus, the
immune system does not defend against them (American Lung
Association, 2020). Therefore, it is crucial to understand how we
can limit these effects to our health and to understand what can
be done to decrease pollution risk.

It has been shown in numerous papers that the barriers origi-
nally used to stop noise pollution off of highways, noise barriers,

are doing a remarkable job to decrease the concentration of air
pollutants distributed from highways as well (Steffens et al.,
2014; Balfauf et al., 2008; Huertas et al., 2019; Reiminger et al.,
2020; Wang and Wang, 2019). Recent research has investigated
the impact of many different aspects of these barriers such as
barrier height, barrier shape (Wang and Wang 2019), types of
barrier configurations (Steffens et al., 2014), atmospheric tem-
perature and atmospheric stability conditions (Reiminger et al.,
2020) and much more. Only two research papers have addressed
how wind angle affects these distributions and they used real
life highway and sensor data to do so. These research papers
had inconsistent and inconclusive results likely due to the in-
ability to control the many independent variables such as tem-
perature, initial concentration field, and wind speed (Kim et
al., 2015; Venkatram et al., 2013). Although their research data
was valuable in that they collected real world data, the aim of
this research is to understand and expand the knowledge of
how wind angle affects pollution dispersion using a tool that
can keep independent variables constant: Computational Fluid
Dynamics (CFD). More specifically, this research utilized Fluent
from ANSYS Workbench.

CFD was used to understand more generally the relationship
between wind angle and distribution of pollutants. This research
designed a highway with a noise barrier and applied variable
wind angles to determine how the distribution of pollutants
is affected downwind. This research seeks to find if there is a
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relationship present between wind angle and concentration of
highway pollutants downwind of a noise barrier. Different wind
angles were compared in an attempt to determine whether there
is a function that relates wind angle to pollution distribution
and to determine whether a critical angle can be identified for
which pollutants increase or decrease significantly. This could
then lead to design criteria for the better and safer placement of
homes in the future.

2. MODEL SETUP

A. Governing Equations and Model Selection

This research paper utilized the Computational Fluid Dynam-
ics (CFD) software Fluent from ANSYS Workbench, a reliable
and widely used source of CFD program (Steffens et al., 2013;
Reiminger et al., 2020; Wang and Wang, 2019) and provides re-
peatable results that can be modified or investigated further in
later research. Selecting the correct turbulence model in Fluent
is crucial as the different flow software models have specific
uses and will yield differing results based on small changes. For
modeling air roadway dispersion, many models have been used
in the past such as the Large Eddy Simulation (LES), with the
Smagorinsky-Lilly subgrid model (as it models the large and
small eddies in the atmosphere well) (Steffens et al., 2013; Stef-
fens et al., 2014), the RNG k — € model (Reiminger et al., 2020),
the realisable k — € model (Wang and Wang, 2019; Hagler et al.,
2011), and many more.

This research decided to choose one of the three Reynolds-
averaged Navier-Stokes (RANS) k — € models, RNG, realizable,
and standard, as they are very similar to each other and widely
used by most fluent highway pollutant dispersion papers. This
research used the realizable k — € model with a Schmidt Number
of 0.7 as Hagler et al. (2011) and Wang and Wang (2019) made
many notable concurrences with the k — € realizable model being
the closest to their wind tunnel data, and Reiminger et al. (2020)
and Tominaga and Stathopoulos (2007) found that a Schmidt
Number of 0.7 in the realizable model most accurately modeled
what was seen with their wind tunnel data.

The following equations are used in the CFD software for
(1) continuity, (2) momentum, and (3) energy (as noted by
Reiminger et al. 2020):
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where u is velocity [ms~1], p is the density [kgm 3], p is pressure
[kgm~1s72], e is thermal energy [m?s~2], g is the acceleration
due to gravity [ms™2], ueg is effective viscosity [kgm™1s ™1, aug
is effective thermal diffusivity [kgm~'s~!], and where D(u) is
the rate of strain tensor given in (5), and K is the kinetic energy
given in (6) [m?s2]:
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Fig. 1. Sketch of the geometry used with H=5m or H=3m (not
to scale).

Fig. 2. A side view of the mesh for the 3m barrier height

B. Geometry and Mesh

The geometry used in this experiment simulated the full
scale 1:1 model, with a 100m by 100m enclosure, 400m long to
allow for recirculating areas and enough space to determine how
far the pollution emissions would travel. To simulate a sound
barrier, a 100m long, H tall, and 1m thick wall 50m from the inlet
is used. This height, H, will be the reference length of either 5m
or 3m in the two cases presented. The highway is adjacent to the
wall with a 25m width and spans the 100m. Also, there is 25m
of ground upwind of the highway which allows for full wind
development (Fig. 1).

The mesh was designed to be more refined around the wall,
the ground, and near where the inlet of the pollution gasses
would be introduced because the mesh needs to be refined near
areas of largest change. This mesh was created by using the
automatic meshing process along with sizing parameters on the
wall and ground to insure the refinement needed. The mesh had
a total of 508752 elements for the 5m barrier height and 478389
elements for the 3m barrier height (Fig. 2).

With the restriction of the student version of ANSYS Fluent
having a limit to the number of cells and elements (512,000)
this was a good amount of elements and resulted in consistent
converging results.

C. Setup and Boundary Conditions

The boundary conditions on the geometry were very impor-
tant to ensure that the system behaved correctly and similar to
the real world. The first major aspect of boundary conditions
was the inlet conditions, more specifically the velocity profile,
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and the k and € of the inlet conditions.

A power law profile is often employed for its ability to abide
by the boundary condition of zero velocity at the ground level,
and its ability to closely model the wind speed as a function of
altitude (Sen et al., 2012; Touma, 1977; Wang and Wang, 2019).
The power law profile equation can be seen in equation 6:

U(z) = U (;) )

where 1 is typically about 1/7, Z; is a reference height [m], U
is the velocity at that reference height [ms~!], and U(z) is the
velocity [ms~!] as a function of the height z [m]. However, it has
been noticed in more recent research that this velocity profile
does not do as good of a job modeling the velocity in the range
of intrest of about 5-100m off of the ground. Instead, many
researchers have used variations of the log profile (Reiminger et
al., 2020; Steffens et al., 2013; Steffens et al., 2014) which has the
form of equation 7:

U(z) = u*lln(z_d> @)
K Z1

where « is the von Karman constant (x &~ .41), u* is the friction
velocity [ms~!], d is the displacement height [m] (sometimes
taken to be Om as in Reiminger et al., 2020, z; is the roughness
height [m], and z is the altitude [m].

When deciding the velocity profile, it seemed preferable to
use the log profile because of its better consciences with the
observed real world wind profile at around 5-100m suggested by
Reiminger et al., 2020. However, the log profile will be changed
slightly so that the boundary condition of a velocity of Oms ™~ is
reached at the ground similar to the power law profile. This will
avoid the negative infinity velocity that would appear in the log
profile resulting in unrealistic circulation events. This lead to the
velocity profile being a continuous piecewise function that has
both parts of the velocity profiles shown in equation 8:

. n
U(z) = - (Z> e ®)
u*%ln(%) z>2m
where u* = 03ms™1, z; = 0.5m (Reiminger et al., 2020),

and to make the curve more continuous and differentiable,
the power law profile was adjusted slightly to have values of:
Uy =1.01ms™1, Z; = 2m,and n = 3/7.

The inlet conditions for the turbulence model were specified
using Turbulence Kinetic Energy (TKE, k) and Turbulent Dis-
sipation Rate (€) similar to Steffens et al. 2014; Richards and
Hoxey, 1993; and Reiminger et al. 2020:

B l(u*)z
k= 2 T 9)
*\3
e= 9 (10)
Kz

where C, is a CFD constant taken to be 0.085.

When deciding the emission source substance that would be
tracked, it was decided to look at emission gasses are being pro-
duced by cars and their engines. Elliott et al. (2012) showed that
most exhaust gasses are water, carbon dioxide, carbon monox-
ide, sulfur oxides, nitrogen oxides and formaldehyde. Overall,

it was found that CO, was the most significant contributor, mak-
ing up the most by volume, so it was decided to use CO, as the
emission gas for this CFD representation.

All together, the boundary conditions are summarized with
table (1):

Table 1. Boundary Conditions

Name Boundary Type Summary
Inlet Velocity Inlet Log-law profile (Eqn 11 & 12)
Outlet Outflow Flow Weight Rating: 1

Walls Periodic N/A

Highway Emission Source 001 kgm=3s~1 CO,

Top Wall Specified Shear=0 Pa
Ground Wall Roughness Height: .001m
Roughness Constant: .5m
Barrier Wall Roughness Height: .001m

Roughness Constant: .5m

where the user defined velocity function for the X and Y
direction respectively (u and v):

o) (- ) e 5)
a1n

ol 15 O3 ) ()
(12)

where 0 is the angle (in degrees) from the normal to the noise
barrier (i.e. 0 degrees corresponds to perpendicular to the noise
barrier).

The outlet was defined to be a outflow barrier condition
with an outflow weight rating of 1 (just means normal outflow
without and pressure differential or velocity constraints). The
two walls on the side of the region were defined to be periodic
boundary conditions as this would simulate what would happen
in the theoretical case of an infinitely long highway and barrier
which allows for full recirculation downwind of the wall. The
top surface was defined to have a specified shear of 0Pa allowing
the wind at high altitudes to flow freely from the inlet to the
outlet without escaping or having new gasses enter. This is
reasonable to have the top keep air in as it is sufficiently high
enough (100m) from the highway where recirculation zones can
occur and be unaffected by this zone. The ground and barrier
were then defined to have a roughness height and constant
shown above as to introduce some turbulence, but also to be
mostly smooth surfaces. Then, the emission source emitted
0.001kg/m> — s of CO, which with the emission source being
100m by 25m by 1.5m, the total amount of CO;, was 3.75kg/s.
Finally, the temperature for all inlet and outlet conditions were
set to a constant 300K.

D. Data Collection

Wind speed was varied in increments of 5 degrees from 0 to 85
degrees for the 5m barrier height case, and the 3m barrier height
case separately. Each model was run until convergence and the
residuals reached 10~ 3. The distributions of CO, was then noted
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Fig. 3. Data points taken OH downwind of the barrier at vari-
ous barrier heights and wind angles.

by concentration of CO; at various locations as follows. Lines
were created parallel to the highway, at the following locations:
ground level and OH from the barrier, ground level and 10H
from the barrier, ground level and 20H from the barrier, H off
of the ground and OH from the barrier, H off of the ground and
10H from the barrier, and H off of the ground and 20H from the
barrier (Note: for the 5m barrier height, 5m=H, and for the 3m
barrier height, 3m=H). These lines then each took 999 data points
of concentration and the average concentration along these lines
was then calculated and recorded.

The distributions of CO2 were recorded and then a normal-
ized concentration was calculated as follows (13):

 ClUyLyLy
Q

where U, = 3.071m/s is the reference velocity taken at 30m,
Ly = 25m and L, = 100m are characteristic lengths of the road-
way source region, and Q=3.75kg/s is the source emission rate.

(13)

3. RESULTS AND FIGURES

The figures presented will be organized by how far CO,
concentration measurements were taken from the wall. Then,
it will be explained why it is believed that these figures make
sense and try to explain and describe why the figures behave
the way they do.

Fig. 3 shows all data taken Om from the wall at ground level
and at wall height off of the ground for the 2 varying barrier
cases. The second figure, Fig. 4, shows the data, but taken 10H
downwind from the barrier (30m and 50m for the 3m and 5m
barrier case respectively). Finally, the third figure, Fig. 5, shows
the data at a distance of 20H downwind from the barrier (60m
and 100m).

The first thing to be noted about this data is that the concen-
tration at any point in the 3m barrier case is always larger than
that of the concentration at a similarly located point for the 5m
barrier case. This makes sense as the two simulations started
with the same initial emission rate of CO, at the emission source,
but with the shorter barrier height of 3m, more CO, emission
gas is able to make it over the wall and increase the concentra-
tion downwind of the barrier than the 5m barrier case. Another
reason there is more pollutant gas measured downwind in the
3m barrier case is because in the 5m barrier case, more gas is
trapped behind the barrier and still on the highway.

Another trend in these data, is that in every figure, the concen-
tration increases as wind angle increases. More specifically, the
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Fig. 4. Data points taken 10*H downwind of the barrier at
various barrier heights and wind angles.
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Fig. 5. Data points taken 20*H downwind of the barrier at
various barrier heights and wind angles.

concentration increases drastically with wind angle after around
60 degrees. This is likely due to adjective transport being the
dominant transport process for the CO, gas. Diffusion no longer
becomes as significant and we see that the larger, more oblique
wind angles result in CO, gas staying near the barrier while
smaller, more perpendicular wind angles result in lots of adjec-
tive transport of CO; gas over the wall. With the more transport
over the wall and diffusing downwind more with more perpen-
dicular wind angles, we see less concentration downwind as
the gas is being spread further, more thin, and therefore less
concentrated.

In Fig. 6, there is Fig. 3, Fig. 4, and Fig. 5 with the x-axis
replaced with cosine of the wind angle. This new x-axis is similar
to perpendicular wind speed and seeing how that affects the
distribution. Fig. 6 shows that as perpendicular wind speed
(cos(0)) increases, we tend to see less concentration of CO, gas.
This is congruent to what was observed in previous graphs as
well, but the cosine graphs shows us the relationship that could
be compared to wind speed in the future.

One thing that can be noticed in all of these graphs is that
there is a clear deviation from the trend at around 50 degrees.
If we look at Fig. 3, for the 3m barrier case, there is a clear,
steady increase in concentration as wind angle increases from
0 to 50 degrees, and then a sharp decrease in concentration at
55 degrees. Originally, this was fairly random and did not seem
to make much sense, but with some further research into the 50
degree and 55 degree case, it seems to make more sense. Below
is Fig. 7 and Fig. 8 which shows the 50 degree and 55 degree
case respectively. It can be clearly seen that the velocity profile
is different for both of these figures. In the 50 degree case, we
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Fig. 8. 55 degree wind angle case with a 3m barrier.

see that the wind goes through the emission source and is able
to pick up more CO, emissions. With the 55 degree case, the
velocity profile shows that it does not go through the emission
source and instead avoids it and in a way captures it sealing it
off from being distributed further downwind past the barrier.

In smaller angles, it is seen that the wind velocity profile be-
haves similar to the 50 degree case by passing into the emission
source section. On the other hand, the larger angles, past 55
degrees, behave similar to the 55 degree case. This tendency for
smaller angles to be able to pierce through the CO; region, and
the larger angles to trap and erode on the CO; region is likely
why we see the disjoint nature in these two angle groups.

4. CONCLUSION

CFD software ANSYS Fluent was used to simulate how differ-
ent wind angles affect the distribution of emission sources from
cars, trucks, and other highway pollutants. It has been found
that higher wind angles have resulted in higher concentrations
at the measured locations and that there is a critical angle in

which the wind velocity profile changes from interacting with
the emissions greatly, to not interacting much and capturing it
before the barrier. These general conclusions can be made and
can possibly be considered when deciding where and how to
design major roadways, barriers, and societies near roadways.

This information can be further expanded upon in many
different avenues. This research could be further explored by
investigating how wind angle can influence the distribution
with different barrier heights, different layouts and roadway
configurations, different vegetation barriers, different wind tem-
peratures, different roughness heights, different wind stability
conditions, and much more. This general knowledge that has
been explored is still valuable and is in accordance with Venka-
tram et al. 2013 which also concluded that higher wind angles
resulted in higher concentrations of emissions in his study us-
ing real roadway data that was not fully conclusive. Hopefully
this paper sheds some more light into why this conclusion was
shared and why that is the case which can be expanded upon
further in the future.

Roadway pollution is a big problem that is often overlooked
in our world today that we, as humans, need to be more aware
of. The pollution created and dispersed into our world is only
going to get worse unless we are able to understand how to
better control it. The research being done in this area will help
aid people to understand how to better design, lay out, and
build a safer future for our communities and families.
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