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Dispersion at the edges of near road noise barriers
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Abstract

This paper presents an analysis of data from a wind tunnel study conducted to examine the
dispersion of emissions at the edges of near-road noise barriers. The study is motivated by the
concern that a barrier positioned downwind of a roadway may guide highly polluted plumes along
the barrier leading to heightened concentrations as the plume spills around and downwind of the
barrier end. The wind tunnel database consists of measurements of dispersion around a simulated
roadway segment with various noise barrier configurations. Each roadway segment simulated in
the wind tunnel had full-scale equivalent dimensions of 135 m long. Barrier segments, 135 m long
with a height () of 6 m, were located on the downwind side of the source at a distance of 18 m
from it (measured perpendicularly from the line source). Examination of the concentration patterns
associated with the cases indicates that 1) vertical mixing induced by barriers persists at crosswind
distances up to the edge (lateral end) of the barrier and downwind distances of x/H = 10, 2)
concentration levels at all heights below z/H = 1 increase towards the edge of the barrier at
downwind distances less than x/H =7, and 3) concentration is well mixed in the vertical at the
edge of the barrier, and the levels can be higher than in the middle of the barrier even when the
source ends at the edge of the barrier. We have formulated a parameterization that captures the
major features of these observations and can be incorporated in models such as RLINE.
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1. Introduction

Epidemiological studies report associations between living within a few hundred meters of
high-traffic roadways and adverse health effects such as asthma and other respiratory
impacts, birth and developmental effects, premature mortality, cardiovascular effects, and
cancer (Brauer et al., 2002; Finkelstein et al., 2004; Harrison et al., 1999; Hoek et al., 2002).
This has motivated a number of studies on the impact of vehicular emissions on near-road
air quality (e.g., Cohen et al., 2005; Hagler et al., 2009; Heist et al., 2009; Hitchins et al.,
2000; Pirjola et al., 2006; Venkatram et al., 2007; Baldauf et al., 2013; Ranasinghe et al.,
2019).

Field measurements (Baldauf et al., 2016; Finn et al., 2010), wind tunnel studies (Heist et
al., 2009), and numerical simulations (Steffens et al., 2014; Gong and Wang, 2018) show
that near-road barriers improve air quality downwind from roadways in most circumstances.
Recent studies have explored the shape of the barrier (Wang and Wang, 2019), atmospheric
stability (Reiminger et al. (2020), and the effect of various combinations of barriers on either
side of a roadway (Brechler and Fuka, 2014). Some of these results on the effects of barriers
have been incorporated into conventional dispersion models (Ahangar et al., 2017; Schulte et
al., 2014) used to examine the impact of highway emissions on near road air quality.
However, these models do not address the behavior of highway emissions as they disperse
around the barrier ends. Hagler et al. (2011) and Gong and Wang (2018) demonstrated
through CFD modeling that a barrier positioned downwind of a roadway may guide highly
polluted plumes along the barrier leading to heightened concentrations as the plume spills
around and downwind of the barrier end.

To better understand these “edge effects”, the U. S. Environmental Protection Agency
(U.S.EPA) performed a recent wind tunnel study to examine concentration patterns
downwind of noise barriers of varying lengths and locations. This paper examines the data
from the study to quantify these edge effects and suggests an algorithm to account for them
that could be considered for inclusion within steady state dispersion models, such as RLINE
(Snyder et al., 2013) or AERMOD (Cimorelli et al., 2005).

2. Wind tunnel study description

This database comprises wind tunnel measurements of tracer gas dispersion around a
simulated roadway segment with various downwind noise barrier configurations. The study,
conducted in the U.S. EPA’s open-circuit meteorological wind tunnel (Snyder, 1979), was
designed to focus on the edge effects of noise barriers, i.e., the manner in which the pollutant
emanating from the roadway source is dispersed over and around the end of the barrier.

2.1. Description of the model

At a model scale of 1:150, each roadway segment simulated in the wind tunnel had full-scale
equivalent dimensions of 135 m long (see Fig. 1). The line source represents a single lane of
traffic. Six-meter tall barrier segments (each 135 m long) were located on the downwind side
of the source a distance of 18 m from it (measured perpendicularly from the source). The
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barrier height, H, is the length scale used to normalize dimensions throughout the paper. The
source segment and each barrier segment were therefore 22.5 H long.

The model roadway consisted of a single line source segment and noise barrier segments
arranged in various configurations and at several angles to the wind direction. In all cases,
the barrier was oriented parallel to the source line. The line source was constructed of a 90-
cm length of 0.25-in. Square thin-walled brass tubing. Holes, spaced one cm apart, were
carefully drilled along the center of the downward face of the tubing providing a uniform
release of tracer along the source tube. Five supply lines for the tracer gas were attached to
the upwind face of the tubing and the ends of the tubing were plugged. The source gas was a
mixture of pure ethane and air, with both gases provided to the system through mass flow
controllers. The mass flow rate of ethane was set at 0.73 g/min and air was set at 2.4 g/min.
Ethane, with a nearly equivalent molecular weight to that of air, mixed with air provided for
a near-neutrally buoyant tracer. The barriers were constructed of thin, 0.1-cm, vertical steel
plates.

2.2. Wind tunnel boundary layer

The boundary layer developed for this study was designed to simulate flow in a suburban
area. A detailed description of the roughness configuration used to produce the boundary
layer is found in Perry et al. (2016). The tunnel inlet air first encountered five Irwin spires
(Irwin, 1981) positioned near the inlet of the test section. Immediately following the spires
was an array of sharp-edged roughness tabs along the entire floor of the tunnel to condition
and maintain the boundary layer throughout the test section. The tunnel ceiling was adjusted
along the length of the test section to compensate for blockage effects due to the models and
to allow a non-accelerating, free-stream flow. With a selected free-stream velocity of 4.7 m/s
and the velocity profile from Perry et al. (2016), the full-scale surface roughness, z, and
friction velocity, v~ were found to be 0.27 m and 0.25 m/s, respectively.

2.3.  Wind tunnel measurement methods

Vertical, lateral, and longitudinal concentration profiles were measured by collecting tracer
samples through the 0.24-cm outside-diameter brass tubes that were arranged in groups of
six on vertical and horizontal sampling rakes mounted to the wind tunnel carriage. All
samples were drawn through Beckman/Rosemount model 400 A hydrocarbon analyzers
(flame ionization detectors) operating in the continuous sampling mode. Measured
concentrations were normalized as y = CU,/(Q/Lx L)), where C = measured concentration,
U, = reference wind speed (2.98 m/s) at the reference height, z,.s= 20 cm (30 m, full-scale),
Lx s the along-wind dimension of the roadway segment (24 cm, 36 m full-scale)), L, is the
cross-wind length of the roadway segment (90 cm, 135 m full scale) and Q = tracer mass
emission rate (0.73 g/min). The tracer gas was high-purity ethane (C,Hg) with a molecular
weight of 30.07, only slightly heavier than air (29.97).

Calibrations were performed for the hydrocarbon analyzers everyday against a range of
standardized gases. The samples were acquired at 20 Hz and averaged over 120 s. The
concentration of the tracer gas was monitored over the measurement period and removed
from the sample. This sampling protocol provide for reproducible mean concentrations with

Atmos Pollut Res. Author manuscript; available in PMC 2022 February 05.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Venkatram et al.

Page 4

an uncertainty of generally 5%, but as much as £10% on the plume edges where variability
is higher.

Laser Doppler velocimetry (LDV) was used to measure the velocity and turbulence profiles,
to define the boundary layer characteristics. The LDV was a two-component, single-probe
system that used the 488- and 514.5-nm lines from a Coherent Innova 70C argon-ion laser.
The beam splitting, frequency shifting, and coupling of laser light to fiber-optic cables all
were performed using a TSI Colorburst multicolor beam separator (model 9201, TSI Inc., St.
Paul, MN, USA).

2.4. Cases considered

The cases considered here consist of tracer concentration measurements for a continuous
release from a single line segment for winds perpendicular to the source and barrier.
Dispersion patterns were characterized for flow with and without one or more noise barrier
segments present. The first case (denoted “S1-B1”) is illustrated in Fig. 1 with the Source 1
running from y/H =0 to 22.5 at x/H =0 and Barrier 1 running from y/H=0to 22.5 at x/H =
3. Other cases discussed in this paper include “S1-B1,2” where an additional barrier is
added which runs from y/H = 22.5 to 45 (see Fig. 3) and case “S2-B1” where a source runs
from y/H=-22.5to 0 (see Fig. 5) with Barrier 1. For each of the sources, we also consider
cases without a barrier present. These are simply denoted “S1” and “S2” depending on the
lateral location of the source. Measurements were performed at heights of z/H=0.25, 0.5,
1.0 and 1.25. Concentration profiles were measured at distances of x/H = 2.5, 3.125, 3.5, 4,
5,7, 10, 15, and 20 perpendicularly from the source. The measurements at x/H= 2.5are
between the source and the barrier; the associated concentrations are not discussed in this
paper’s analysis of the impact of the barrier on dispersion.

3. Analysis of the data

3.1. Case S1-B1

We first consider the case of Source 1 with Barrier 1 (and the no barrier case S1) with the
incident wind perpendicular to the source line. The associated concentration profiles
comparing these two cases are shown in Fig. 2. Close to and just in the lee of the barrier at
Xx/H=3.125 and for z/H < 0.5, the concentrations near the middle of the barrier are lower
than those in the absence of the barrier, as expected. The concentrations start increasing
towards the edges at a distance of approximately 6.5+ from the ends of the barriers. The
concentration reaches a maximum at a lateral distance of about A beyond the edge of the
barrier and then drops rapidly to zero. The concentration just downwind of the barrier (x/H =
3.125) is well mixed up to a height of z/H =1 and then increases with height.

Fig. 2f, which shows the vertical concentration profiles at five locations along the barrier,
indicate that the barrier mixes the concentrations in the vertical even near the edges of the
barrier. The concentrations at these lateral locations in the presence of the barrier are above
those in the absence of the barrier for all downwind distances. However, this result will be
reexamined in comparison to the cases (see section 4.1) where the emissions from the line
source were extended beyond the edge of the barrier (as in a more real-world simulation) so
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that the concentrations in the absence of the barrier do not drop to zero. The important
observation is that the near ground-level concentrations in the presence of the barrier begin
to increase toward those in the absence of the barrier at about 6.54 from the edge.
Furthermore, the vertical mixing by the barrier is effective almost to the edge of the barrier.

Concentration behavior at the edge of the barrier is important at both z/+/=0.125 and 0.5
because these heights bracket the breathing level. Fig. 2e shows that the barrier
concentration at z/H = 0.5 approaches the no-barrier maximum concentration (at the edges
of the barrier) more rapidly than it does at z/H = 0.125 at the edges of the barrier due in part
to the increased vertical mixing by the barrier. Although somewhat difficult to estimate, the
lateral location at which the concentration begins to increase towards the no-barrier
maximum also occurs at approximately 6.5+ from the barrier edge. The S1-B1,2 case (with
source 1 and barriers 1 and 2), considered in section 3.2, provides more information on this
transition.

Fig. 2h shows that at x/H = 10, the edge effect is not apparent, while Fig. 2g indicates that
there is diminishing difference between the barrier and no-barrier cases beyond x/H = 10.
Note that vertical mixing induced by the barrier is evident even at this distance (Fig. 2i). Fig.
2f shows the impact of the barrier on the vertical profiles of concentrations at various
crosswind distances from the center of the source at x/+ = 3.125. In Fig. 2c, we see that in
the absence of the barrier, the concentration decreases with height as expected, and the levels
are lower at the edges of the source (J/H = 0.25 and 22.25) than in the middle (y/H = 11.25).
In the presence of the barrier, the concentration is well mixed in the vertical across most of
the plume. However, the concentrations at all levels up to the height of the barrier are higher
at the edges of the plume at y/H = 0.25 and 22.25 than those at the middle of the plume at
y/H=6.25 and 16.25. This increase in concentrations towards the edges of the barrier is
clearly related to flow around the edges of the barrier.

We next examine S1-B1,2 case in which the edge effects are important at only one end of
the barrier.

3.2. Source 1 with barriers 1 & 2

In the S1-B1,2 case, consisting of source 1 along with the two sections of barrier depicted in
Fig. 3, we expect to see edge effects only at the y/H = 0 end of Barrier 1.

We notice that, as in S1-B1 case, the barrier concentration approaches the maximum no-
barrier concentration very close to the edge of the barrier (See Fig. 4b). This suggests that
for z/H= 0.5, concentration in the presence of the barrier starts increasing around 6.5+ from
the edge of the barrier, and transitions to a level that is close to the no-barrier maximum
close to end of the barrier. It should also be noted that the vertical mixing induced by the
barrier is still apparent at the edge.

In Fig. 4d through 4f we contrast the concentrations for cases S1-B1 and S1-B1,2. Near the
center of Barrier 1, the concentrations are very similar for both cases for all downwind
distances (Fig. 4d). In fact, for a large part of Barrier 1 (0 <y < 15H), the concentrations are
similar for both cases (Fig. 4e). However, as transition from Barrier 1 to Barrier 2 is
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approached at y/H = 22.5, the edge effect (increase in concentration followed by a sharp
decrease) seen in S1-Bldisappears and the concentration just downwind of the barriers
slowly drops off to zero as Barrier 2 directs some of the flow along the barrier.

Fig. 4c, fand h, which shows the vertical concentration profiles at x/H = 3.125 and x/H =
10, indicates that the barrier is effective in mixing the plume in the vertical. It is significant
that at x/H = 3.125, the concentrations at the edge of the barrier at y/+ = 0 are higher than
those close to the middle of the barrier up to a height of z/H = 1. This behavior is related to
the flow around the edge of Barrier 1. At x/H = 10, the concentrations at the edges of the
plume are smaller than those in the middle of the plume.

3.3. Source 2 with barrier 1

Case S2-B1 examines the effect of the flow induced by Barrier 1 on the concentration
pattern associated with emissions from the source segment with a barrier offset laterally

(Fig. 5).

We see from Fig. 6¢ that the presence of Barrier 1 with Source 2 alters the vertical
concentration profile at y/H = -0.25 corresponding to the edge of the barrier: the plume is
well mixed in the vertical. Furthermore, the concentrations do not decrease monotonically
with downwind distance as in the no barrier case, S2 (see Fig. 6d). It is clear that the flow
induced by barrier edges has a significant effect on concentrations downwind of the barrier.
Additionally, in Fig. 6b for the side of the plume closer to the barrier (near y/H = 0), the flow
around the barrier end pushes the vertically well-mixed plume slightly in the negative-y
direction as can be seen in the faster drop off in concentration for the S2—B1 case than for
the no barrier case.

3.4. Lessons from the analysis of wind tunnel data

Examination of the concentration patterns associated with the cases described in the
preceding sections leads to the following conclusions on dispersion of line source emissions
at the ends of near road barriers:

1. The vertical mixing induced by barriers persists at crosswind distances up to the
edge of the barrier and downwind distances up to x/H = 10 and possibly beyond.

2. The concentration levels at all heights below z/H = 1 increase towards the edge
of the barrier for downwind distances close to the barrier (see for example, Fig.
2f). This is related to the flow around the ends of the barrier.

3. The concentration is well mixed in the vertical at the edge of the barrier, and the
levels can be higher than in the middle of the barrier even though the source ends
at the edge of the barrier. This suggests that a portion of the vertically mixed
plume material travels laterally along the upwind side of the barrier before
moving downwind at the edge

4. The plume emanating from a segment of roadway laterally offset from a barrier
(e.g., case S2-B1) is deflected laterally away from the end of barrier by the
winds moving around the end (see Fig. 6b near y/H=0).
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In light of the findings from the wind tunnel study, it is useful to formulate a model that
incorporates the effects on a line source of the barrier edge into a dispersion model, such as
RLINE. The model has the potential to serve as a computational tool for regulatory
applications and for designing mitigation strategies based on noise barriers.

4. Dispersion model with edge effects for perpendicular wind

We first describe a dispersion model that accounts for barrier effects but does not account for
edge effects.

As shown in Fig. 7, the barrier mixes the plume below the barrier height. Above the barrier,
the concentration distribution is taken to be that in the absence of the barrier scaled by a
factor, ;. Then, the concentration below the barrier is the value of this scaled concentration
distribution at z = 0, where the z = 0 plane is taken to be the top of the barrier. Then, the
scaling factor, 7 can be derived from a simple mass balance,

1
Ja= GoHCx0) 1 @

where Up the wind speed used to advect the plume material below ~and is taken to be half
the velocity at the top of the barrier. Cy(x; 0) is the crosswind integrated concentration per
unit emission rate in the absence of the barrier,

) @

1(Z2—Zs 2
exn|-( 5.

where o is the vertical plume spread, zis the receptor height relative to the barrier height,
and z; is the source height. The vertical plume spread, o, and the effective velocity, U, are
computed using the formulations in RLINE (Snyder et al., 2013; Venkatram et al., 2013) and
the meteorological variables above the barrier.

1(z+zs)2
+ exp

Oz

1
Cylx,2) = ———
q(x ?) «IZHGZUeff 2

The concentration below z= His simply 7,gCx, 0), and above the barrier it is 7,gCy(X, 2),
where g is the emission per unit length of the source. Notice that when A= 0 in the absence
of the barrier, we recover the correct concentration profile because 7;= 1. We account for the
finite length of the source by multiplying the concentration distribution by the factor
(Venkatram and Horst, 2006):

_erf(n) —er/(n)
Y, -7, ? ®

where erf is the error function, X,and Y/, are the receptor co-ordinates in a co-ordinate
system in which the Y-axis lies along the source, and Y;and Yare the co-ordinates of the
ends of the line source. We account for edge effects by allowing the concentration to
increase towards the edge as shown in Fig. 8.
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Based on the observations made in the wind tunnel, we assume that the concentrations below
the barrier height increase linearly as a function of crosswind spread as shown in Fig. 8 and
remains constant with height. We obtain adequate fits to the measured concentrations if we
take Y; =2.5H, Yy=6.5Hand Cpa=0.9Cyp

In addition, for a road segment adjacent to but not directly upwind of a barrier (e.g., case
S2-B1), the length of the source is shortened by a length equal to one barrier height (i.e., )
on the end of the source closer to the end of the barrier. This accounts for the lateral
deflection of the plume as the wind moves around the edge of the barrier. The emissions
from this segment of roadway are added to the remainder of the road segment to preserve the
total emissions.

4.1. Comparison with wind tunnel for 90°

Fig. 9 shows the performance of these parameterizations in describing the concentrations
affected by the barrier edge for cases S2-B1 and S1-B1,2 (see Figs. 3 and 5 for
configuration schematics). We see that the model provides an adequate description of the
lateral distributions at x/H = 3.125, 5, and 10.

For the S2-B1 case (Fig. 9 a, d and g), the model and the observations both show an earlier
drop off in concentration near y/H = 0 compared to the drop off near y/H = -22.5.

The lateral profiles for the S1-B1,2 case (Fig. 9 b and e) display the main effect of the end
of the barrier, namely the rise in concentration as the end of the barrier is approached (near
y/H = 0). Furthermore, the model correctly predicts that at the edge y/H = 0, the
concentration in the presence of the barrier is larger than that in the absence of barrier. These
figures indicate that the observations at y/H = 11.25 are not affected by the edge. The model
performs well in describing the downwind variation of the concentration along the center of
the sources.

Fig. 9h shows that the edge effect is not apparent in the observations at x// = 10. From an
examination of all the data for these cases, the edge effects appear to drop off after x/H=7.
Therefore, to account for the lack of observed edge effects at relatively large distances from
the source, the edge correction is applied only for distances x/H < 7. This limit is reflected in
the model predictions at x/H = 10 (Fig. 9h). Fig. 9c and f indicate that the modeled
concentration is not mixed in the vertical at the edge of the barrier at y/+H = 1.25, although
the levels near the surface are close to the observations, and the model correctly predicts that
the concentrations at the edge of the barrier are higher in the presence of the barrier than
those in the absence of the barrier (e.g., compare Figs. 9b to 7b). The lack of vertical well-
mixedness in the model is due to the blending of the barrier/no-barrier cases.

To examine the interaction of these algorithm elements when a continuous stretch of
highway is modeled that includes a barrier end, we combine the two cases shown in Fig. 9.
Each result from Fig. 9 is reproduced in Fig. 10 (the red and blue lines), with the results of
the elements now superposed to create the effect of the continuous length of roadway (the
black line). The lateral profile of the observations was also created from the individual cases.
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The modeled concentration for the combined roadway segments reproduces well the
observed concentrations near the surface (z/H = 0.125). At greater heights, a more refined
treatment of the effect of the barrier will be required to capture the observed well-mixed
nature that extends even near the end of barrier.

4.2. Observations on modeling approach

The parameterization presented in the previous section provides an adequate description of
the main features of the edge effects observed in the wind tunnel. It describes:

1. The increase in the near surface downwind concentration towards the barrier
edge. The maximum concentration at the edge of the barrier is approximately
Cnp— 0.3(Cp — Cp), where Cpp is the centerline concentration in the absence of
the barrier, and Cp is the centerline concentration in the presence of the barrier.
The concentration starts increasing at about 6.5+ from the edge of the barrier,
where His the height of the barrier.

2. The deflection of a plume emanating from a segment of roadway adjacent to the
end of a barrier.

3. The absence of noticeable edge effects beyond a downwind distance of seven
times the barrier height.

5. Summary and conclusions

We present an analysis of data from a wind tunnel study conducted to examine the
dispersion of emissions at the edges of near-road noise barriers motivated by concern that
heightened downwind concentrations may occur as the plume spills around the end of the
barrier. The analysis is limited to the case where winds are perpendicular to the roadway,
though further exploration of oblique winds is necessary before drawing conclusions about
wind direction. We observed that vertical mixing downwind of the barrier persists at
crosswind distances up to the edge of the barrier for downwind distances less than 10H.
Surface levels of concentration downwind of the barrier are generally lower than those
without a barrier though they do increase as the end of the barrier is approached. The flow
around the end of the barrier tends to modestly deflect the emissions from segments of
roadway extending beyond the barrier in the direction away from the barrier.

A model is proposed to account for these effects and is shown to perform reasonably well
against near surface concentrations from the wind tunnel measurements. This model
accounts for the increase in concentration as the end of the barrier is approached and the
deflection of emissions from the segment of roadway adjacent to but beyond the barrier end.
More refinement in the algorithm is needed to capture the observed vertically well-mixed
region that extends to near the end of barrier.
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Wind
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Barrier 1

Y

18 m (3H)
36 m (6H)

Fig. 1.
Source-barrier configuration for case S1-B1. The source and barrier run from y/H = 0 to

22.5. The source is located at x/H = 0, while the barrier is at x/H = 3. The barrier height (1H)
is 6 m at full-scale.
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Comparison of Source 1 no barrier (S1) and barrier 1 (S1-B1) cases. The vertical lines in
Figures b, e, and h indicate the beginning and end of the barrier at y/H = 0 and 22.5.
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Fig. 3.
Source-barrier configuration for case S1-B1,2.
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Comparison of Source 1 no barrier (S1 NB) and the Source 1 with barriers 0 & 1 (S1 B01)
cases (a through c). Comparison of S1 B1 case with the S1 B01 case (d through h).
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Fig. 5.
Source-barrier configuration for case S2-B1.

Atmos Pollut Res. Author manuscript; available in PMC 2022 February 05.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Venkatram et al.

Page 17

S2-B1

X/H =3.125

y/H

® 2225
® -0.25

s21a yH=-2225| ;?°7b)

S 154 2H=05 | &

° —— 82 °

N0 o s2p N 107

[} 1]

§ o e § o xH=3.125

Z 0-' T L] T L ! T Z O-' L J ? Z/H =|'0.5 T : }
0 5 10 15 20 30 20 -10 0 10

Downwind distance/H Crosswind distance/H
20 = 20

¢ d) y/H =-0.25 g e)

815. zIH=05 815_

el e

& 104 & 104

= N

£ 5 g 54

5 S x/H =10

- 01 = 04 J z/H=0.5
0 5 10 15 20 30 20 -10 0 10

Downwind distance/H

Fig. 6.

Crosswind distance/H

10 15 20
Normalized Conc.

- S2
—— S2-B1

Comparison of Source 2 no barrier (S2) and the Source 2 with Barrier 1 (S2-B1).

Atmos Pollut Res. Author manuscript; available in PMC 2022 February 05.




1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Venkatram et al. Page 18

Scaled concentrationin
e thf absence of barrier

———>

i s ) K
7 —”—14'———( ~——- ) Concentrationis well-
Source \ | <« mixed below barrier
AN B R
7. : ~

Fig. 7.
Schematic used to derive dispersion model that accounts for barrier effect.
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Schematic used to derive dispersion model that accounts for barrier effects.
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Performance of parameterization for the Barrier P and Barrier O P cases at downwind
distances of x/H = 3.125, 5 and 10. Lines indicate model results parameterized for barrier
effects; black circles are wind tunnel results.
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