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1. INTRODUCTION AND SUMMARY 

The dispersion of vehicular emissions in complex urban sites involves 
complex fluid mechanical interactions, which are dominated by the flow 
fields of wind interaction with buildings, highway cuts, bridges, 
etc., which comprise the urban landscape. These flow fields can be 
simulated in properly-designed atmospheric boundary layer wind 
tunnels, 

This wind tunnel test program was designed to provide measurements of 
tracer gas concentrations around a wide variety of idealized urban 
street canyons and highway cuts, as well as measurements of those 
parameters which affect dispersion of vehicular pollutants, in 
sufficient detail to allow analytical or computational predictions to 
be made using modifications of existing algorithms. 

The test program was intended to first resolve several open issues 
(from the literature and other related model and full scale tests), 
and then proceed with studies of the effects of configuration 
variations on dispersion of vehicular pollution. A schematic of the 
wind tunnel model apparatus and sensors is shown in figure 1. 
Buildings which create ltcanyonstf were simulated by two-and three- 
dimensional (2-D and 3 4 )  blocks whose height and separation could be 
easily changed. The apparatus included means for changing the relative 
direction of the incoming wind with respect to the simulated urban 
configurations. Provision for injecting small concentrations of tracer 
gas (simulating emissions) was made through a movable point source, a 
2-D slot (line source) in the floor of the instrumented canyon, and 
through scaled vehicles on a moving belt. Sensors included single wire 
hot wire probes, which could be located near the canyon floor or 
elsewhere, and numerous concentration sampling tubes, all connected to 
a multichannel gas sample acquisition system. 

Configuration variables included: 

2-D straight canyons: 

Width-to-height ratio. 
Standard canyon with canopy. 
Porosity of one block (simulating a parking garage). 





Sloping walls {cut sections). 
Uneven height buildings. 
Stepped terrain. 

3-D rectangular canyons: 

Intersections of various widths. 
Intersections with cross wind. 
Isolated fall building in a 2-D block. 

Semicircular canyons: 

Width-to-height ratio. 
Porous inner wall simulating a typical airport terminal/parking 
garage configuration. 

Specific urban sites accurately modeled: 

Katy Freeway cut section, Houston, Texas. 
Warren Street Area, Syracuse, New York. 

0 St. Paul, Minnesota. 
Midtown Manhattan, New York City. 

This data was taken and analyzed for geometries of increasing 
complexity. The interpretation of this data, in the context of the 
relevant physical parameters is included in a predictive model. This 
model is contained in volume I of the report. Volume I1 of this 
report provides a graphic exploration of important characteristics of 
the flow fields and the effects of the primary configuration variables 
on the resultant concentration levels and distributions. Turbulence 
and mean flow data is also reported: this data is of primary use in 
developing and applying the CPB-3 model described in volume I. 

This report refers to several data bases which provide the detailed 
description of each configuration tested, the exact sensor locations, 
tabular data, and graphic summaries. These data bases provide the 
reader a resource if additional clarification is needed, a means of 
checking calculations, and an empirical means of estimating pollution 
concentrations for specific cases which might be beyond the 
capabilities of the CPB-3 or other models. 

Some key findings of this test program are as follows: 

2-D Canyons: 

Concentration levels and distribution depend upon source location 
within the canyon. 



Maximum concentrations occur in the lowest velocity zones, such 
as near the street level on the upwind side of the canyon. 

Vehicle movements may have a significant effect upon the maximum 
concentration levels, especially in canyons with W/H>1.0. 

Wind direction changes & 30" from the crosswind condition reduce 
concentrations roughly in proportion to the cosine of the 
crosswind direction. 

Width-to-height ratio has a profound effect on concentration 
levels and distributions. 

Sloping canyon (or cut) walls create substantial ventilation of 
the "canyon" leading to concentration patterns characteristic of 
open highways. 

The presence of a slotted (or porous) wall or building on the 
upstream or downstream side of a line source leads to 
wcommunicated" pollutants through the slotted building; when the 
slotted building is on the upwind side of the source, emissions 
travel through the upwind slotted building (if there is another 
canyon upwind); while when the slotted building is on the 
downwind side of the line source, there is relatively little 
communication of the emission from one canyon to the other 
(relative to the case where both buildings are solid). 

A I1canopyl1 on the upwind building increases concentration levels 
in the canyon center. When the wind has longitudinal velocity 
components the concentrations are reduced along the upstream as 
well as the downstream canyon walls. 

3-D Rectangular Canyons: 

Intersections are well ventilated, and thus have lower normalized 
concentration levels than their 2-D counterparts. 

The effect of an intersection on the concentrations in the 
intersecting crosswind 2-D canyons is "feltM for a distance of 
approximately four canyon widths back from the intersection in a 
90" crosswind; in nonperpendicular crosswinds, the effect on the 
intersecting canyons is more complex, but still substantial 





aforementioned included: section 3, detailing 2-D straight canyons; 

section 4, detailing 3-D intersected canyons; section 5, detailing 

curved canyon with simulated airport terminal/garages configurations; 

and section 6, detailing three specific urban site configurations. In 

addition, drawings from the flow visualization are included to further 

clarify the flow dynamics. 

Section 7 provides a summary and includes findings and conclusions of 

this study, especially as it deals with the wind tunnel test program. 

Volume I results also reflect findings of the wind tunnel test 

program. 

There are five data-related collections of data for volume 11. These 

contain detailed descriptions and summaries of each test performed. 

These data bases include: I, straight and intersected canyon data; 11, 

curved canyon geometries; 111, urban city configurations; IV, wind 

velocity data for straight and curved canyons; and V, parametric and 

initial studies. 

References are given at the end of this volume. 



2 .  W I N D  TUNNEL MODELING APPROACH 

A. C r i t e r i a  

Physical or analytical modeling of dispersion processes must replicate 
or account for all-important physical phenomena. The primary 
justification for wind tunnel fluid modeling is that it provides the 
most effective means for simulating flow field phenomena associated 
with atmospheric boundary layer interaction with complex structures 
and topography. Furthermore, the wind tunnel allows one to control 
and vary parameters which are not independently or conveniently 
controllable in full scale, thus providing a means for systematic 
sensitivity studies, which is indeed the appropriate characterization 
of the present study. 

However, as wind tunnels can only provide approximate and partial 
replication of full scale conditions, the most important physical 
similarity parameters must be preserved. Among the important 
parameters are : 

(1) Geometric similarity of building and terrain topography 
features . 

(2) Average surface roughness length and resultant vertical 
distributions of mean velocity, turbulence intensity and 
length scales, and Reynolds stress. 

(3) Reynolds number; Re = UR L/v where UR is a reference flow 
velocity, L is the characteristic geometric length scale, and 
v is the fluid's kinematic viscosity (momentum diffusivity) . 

(4) Rossby number; Ro = UR /LaR where UR and L have their previous 
meanings and aR is a reference angular velocity. 

(5) Froude number; Fr = UR (gL o TR/To) where g is the 
gravitational constant, To is the temperature of the adiabatic 
atmosphere, and a TR is the temperature deviation from To. 

(6) Peclet number; Pe = UR Lk, where k is the fluid's thermal 
diffusivity. 

(7) Reynolds-Schmidt number; Re-Sc = URL/a where a is the 
molecular diffusivity. 

The modeling of these similarity parameters has been the subject 
of extensive analytical laboratory and field studies. There is 
now a reasonable consensus on the relative importance 



of most parameters in the context of the type of study described 
herein. A detailed review of the trade-offs is summarized in the 
so-called Environmental Protection Agency (EPA) Fluid Modeling 
Guidelines, which were derived through extensive consultation with 
and input from a broad spectrum of research professionals and 
application specialists (Snyder, 1981). Some essential conclusions 
are discussed below: 

Reynolds Number 
In their "Fluid Modeling GuidelinesIu the EPA has established that, 
for sharp-edged geometries, the flow over significant elevated 
terrain and buildings near the source is Reynolds number independent 
if the Reynolds number. Re = UH L / v  is greater than 11,000. UH is 
the mean velocity upstream at the height of the obstacle HI L is the 
lesser dimension of the obstacle, and v is the kinematic viscosity 
of the air. 

Rossby Number 
Rossby number is not a critical modeling parameter since the extent 
of this study represented typical full-scale distances of 1 km 
1(.62mi) or less. 

Froude Number 
For adiabatic (neutral) atmospheric flows, the Froude number is 
infinite, corresponding to negligible buoyancy forces. Adiabatic 
atmospheric flows are adequately modeled by maintaining isothermal 
flow in the test facility. The atmospheric boundary Layer wind 
tunnel used for this study is an open circuit one placed in a large 
room. Hence, isothermal flow can be readily established. However, 
finite Froude numbers exist locally due to the elevated temperature 
of automotive exhausts. Thus a correction for the mean temperature 
and buoyancy of the canyon flow may be appropriate in the analytical 
model (volume I ) .  However,for this wind tunnel study, the 
overriding concern was to develop a heretofore unavailable set of 
detailed flow and dispersion data consistent with the analytical 
model requirements, and to explore as many basic configuration 
variables as possible. Therefore, heated exhausts were not 
simulated, although the techniques for doing so are well known. 

Pecle t  Number and Reynolds-Schmidt Number 
Molecular and thermal diffusion are believed to contribute 
negligibly to dispersion within the simulated atmospheric boundary 
layer, provided the Reynolds number is sufficiently high. The 
Peclet number and the Reynolds-Schmidt number are then unimportant. 



Thus, we are left with a shorter list of similarity parameters to 
consider; namely items 1 ,  (2), ( 3 ) ,  and (5) from the above list. 
Among these, only the model scale Reynolds number will be far from 
its full-scale value. However, with appropriate care, the gross 
flow field features of the atmospheric boundary layer and building 
wakes can be replicated in model scale. Buoyancy effects in 
street canyons have not been systematically studied, but 
Kitahayashi, et al. (1976) found that ambient stability had little 
effect on street canyon dispersion. 

In terms of the canyon flow itself, we should further impose the 
criterion that the structure of the microscale flow therein 
replicate full-scale conditions. This raises the issue of moving 
vehicle effects, canyon surface detail, and vortex structure 
(primary and secondary). It has already been shown that for some 
situations, moving vehicle effects are important in determining 
maximum concentrations and concentration distribution in and about 
street canyons (Lombardi, 1978, Kitahayashi, et a1 . , 1976, Skinner 
and Ludwig, 1976, Chock, 1982, Leisen and Sobottka, 1980, and 
Builtjes, 1984). The locally-energetic flow fields generated by 
vehicles cause significant initial mixing of the emissions and 
presumably disrupt the secondary vortex flows. Concentration 
reduction by a factor of two has been consistently observed when 
vehicles exceed a certain speed relative to the superimposed wind 
speed. However, it is difficult tc generalize vehicle flow mixes 
and speeds. 

Simulating the detailed structure of the coherent canyon flow 
("vortex") presents a difficult problem if the model scale 
vortices do not replicate full-scale conditions. In general, 
coherent vortices at low Reynolds number are much more compact and 
less turbulent than their full-scale counterparts. This is common 
experience in aircraft-and helicopter tip vortex studies and can 
also be deduced from flow visualizations of model scale urban 
environments. The consequences of this effect will be high 
concentrations in the vortex core in the scale model and 
unrealistically low concentrations elsewhere in the flow field. 
Such effects could seriously limir the quantitative utilization of 
model results. Factors which are known to minimize the tendencies 
of low Reynolds vortices to "roll-up" too tightly are upstream 
turbulence and local roughness. 

Thus, as a minimum, it is vital to include an appropriate 
simulation of the upstream flow field and local roughness before 
proceeding with detailed parametric studies. Vortex similarity can 
be inferred indirectly by observing velocities or concentrations 
at a large number of locations while varying Reynolds number. 

9 



A limited study of that nature was reported by Hoydysh, et al. (1974) 
in which they deduced that the street flow pattern was independent of 
Reynolds number when the Reynolds number UH/v was greater than 
3400 (H = building height). This value is a factor of 3.2 lower than 
subsequently recommended by EPA (Snyder, 1981). Subsequent studies 
(such as Builtjes, 1984), show variations in concentration and flow 
patterns for certain situations (configurations) which suggest that 
the Hoydysh, et al. result may not be generally applicable. What is 
clearly needed is a more definitive look at the scaling effects on the 
all-important canyon flow structure so that one may utilize results of 
configuration variation studies with a known degree of confidence. In 
this program, we conducted an initial study phase which explored 
Reynolds number effects by varying gradient velocity and, as mentioned 
above, other issues related to the accurate modeling of street canyon 
flows in the presence of moving vehicles. 

In summary, street canyon dispersion modeling in wind tunnels must 
provide : 

(1) Geometric similarity. 

(2) Upstream flow field similarity. 

(3) Correct building wake effects (i.e., high enough Reynolds 
number to produce flow fields similar to full scale). 

(4) Simulation of moving vehicle et cts, here appropriate. 

(5) Vortex structure similarity. 

Second order effects which can be omitted include simulation of 
ambient stabilities other than neutral Rossby number similarity, and 
explicit replication of the Peclet and Reynolds-Schmidt numbers with 
the stipulation that requirements (2) and (3) above are satisfied. The 
principal concern arising from experience to date and other related 
disciplines is the possible dissimilarity in the street canyon vortex 
structure due to Reynolds number effects. This issue was explored at 
the outset of the test program and is discussed below. 

B. Experimental Procedures, Limitations, Precautions 

Procedures for satisfying the above modeling requirements are now 
briefly described. 



Geometric Similarity 

Geometric kimilarity is achieved when the scaled topography and 
buildings are constructed in correct proportions to their 
full-scale counterparts. For this study, the only constraint 
is that the penetration of the building models into the scaled 
boundary layer basrealistic; i.e., if the model scaled boundary 
layer has a thickness of 1 m (3.3 ft), which is representative 
of 200-400 m (656-1312 ft) if full scale, then the dimensions 
of scaled canyons should be 1/300 to 1/400 times their typical 
full-scale values so that the structure of the turbulent flow 
approaching the canyon is realistic. Using a scale factor of 
1/400, the minimum velocity required to meet the EPA criterion 
of a minimum Reynolds number of 11,000 can be estimated for 
typical urban block heights: 

Heiaht Minimum Velocity 
4 story 4.2 m/s (14 ft/s) 
10 story 1.9 m/s ( 6 ft/s) 
30 story 0.7 m/s ( 2 ft/s) 

This constraint may be relaxed a bit, if necessary, to 
facilitate flow visualization and insertion of dense arrays of 
instrumentation. 

U~stream Flow Field Similarity 

Rigorous procedures for establishing for field similarity have 
been established by the EPA (Snyder, 1981). The test facility 
utilized in this study complies with those requirements. 
Upstream flow field similarity is achieved by a long, slowly 
diverging duct which has roughness elements distributed along 
the floor of the tunnel. The roughness elements may be varied 
in size and spatial density in accordance with the scale of the 
model and the profile which one is attempting to replicate. In 
some cases, where a thick boundary layer is needed, spires are 
placed at the entrance of the tunnel to provide an initial 
thickening of the boundary layer and introduction of large 
scale turbulence. The model may be mounted on a motorized 
turntable to simulate changes in wind direction; roughness 
elements can be seen upstream of the turntable, with spires 
placed at the entrance to the flow conditioning section. A 
check of the pressure gradient down the tunnel is made to 
ensure that no regions of strong gradients exist. The rough- 
ness distribution or the position of the roof of the tunnel can 
be adjusted to give zero pressure gradient along the tunnel 
axis. 



To establish that flow field similarity exists, mean velocity 
and turbulence profiles are taken with multiple hot-wire ane- 
mometers along the centerline of the tunnel and at several 
spanwise locations just upstream of the test section, across 
the test section and downwind of the test section. Shear 
stress buw) profiles are generally measured at the upstream 
locations and, if required, at other locations. For dispersion 
measurements, a "dispersion comparabilityN test is carried out 
in which an isokinetic point release of tracer gas is made at 
several heights in the boundary layer just ahead of the test 
area. Downwind Y-Z cross sections of concentration are meas- 
ured with an array of receptors to establish that the disper- 
sion characteristics are appropriate to the stability selected 
(Pasquill Gifford categories, C-D, in this case). 

In the Boston University facility, an 80-c,hannel simultaneous 
gas sampling system was available for rapid acquisition of 
samples from large arrays of sensors. 

If the above measurements demonstrate that the flow simulation 
is appropriate, experiments proceed; otherwise, adjustments in 
roughness may be necessary. Once satisfactory flow field 
modeling has been achieved, velocity and temperature sensors 
are positioned at several locations in the test section for 
monitoring of reference velocity and temperature uniformity 
during testing. 

Buildina Wakes 

If the upstream flow similarity conditions are met throughout 
the velocity range of the proposed tests, building wakes are 
usually satisfactorily replicated if sharp-edged models are 
used; occasionally, the addition of surface roughness or trip 
wires may be appropriate when rounded and/or smooth surfaces 
exist. In this study, sharp-edged blocks were used. 

Movina Vehicles 

For some tests, moving vehicles were simulated with a moving 
belt upon which scale model vehicles were placed at various 
spacings. A variable speed reversible drive facilitates speed 
changes and direction reversals. The apparatus was integrally- 
mounted in the turntable along with the emission apparatus and 
sensor arrays so that wind direction changes can be simply and 
quickly carried out. 

Vortex Structure 

Vortex structure was explored over the range of Reynolds num- 
bers available in the wind tunnel. A 2-D configuration was 



selected which is representative of the range of width-to-height 
ratios to be tested. Flow visualization was used to observe the 
vortex structure and a rotation speed ratio was measured through 
frame-by-frame timing of the vortex rotations. 

Additional methods to measure vortex strength include pressure 
distribution and hot-wire studies. Wise, (1971) showed that the 
characteristic velocity above the ground in a stable street canyon 
vortex could be correlated (R = 0.93) with the pressure differential 
between the lee upwind face of the downwind building and the luv 
(downwind) face of the upwind building, and the velocity profile of 
the approaching flow. This finding is important since the detailed 
pressure distribution on faces of buildings and the ground is more 
easily measured than a detailed velocity distribution. This is 
particularly true when many wind direction or configuration changes 
are envisioned. Thus, the pressure distribution technique was also 
used in the preliminary phases of this study. Reynolds number was 
varied by changing both the free steam velocity and the actual 
dimensions of the configuration, thus providing a redundant check on 
the effects observed. The gradient wind speed ranged from 
approximately 0.5 m/s to 10 m/s (2 ft/s to 33 ft/s). The geometric 
scale factor cannot be varied over such a wide range without violating 
the constraint of excessive penetration into the boundary layer and 
without introducing 3-D effects of the tunnel walls. 

C .  T e s t  F a c i l i t y  and T e s t  Procedures 

Overview 

The tests were carried out in the Atmospheric Boundary Layer Wind 
Tunnel at Boston University, Boston, Massachusetts, illustrated in 
figure 2. This tunnel is 60 ft (18 m) long. The tunnel is designed 
to develop a boundary layer similar to that of steady airflow over the 
earth's surface. The variation of mean velocity with height can be 
determined. The variation of mean velocity with height can be 
described by V/Vg = (Z/Z~)~, where a can be set to the desired value. 
The tunnel is calibrated to ensure flow dispersion characteristics are 
comparable to field condition described by the EPA (Snyder, 1981). 
The EPA comparability is designed to ensure that the dispersion of a 
free plume in the tunnel corresponds to the Pasquill Gifford neutral 
plume dispersion category C to D. An additional set of tests was done 
(figure 2) to certify that velocity profile uniformity is acceptable 
over the entire working test section. A schematic of the test 
configuration is illustrated in figure 1. The urban canyon is modeled 
using a set of square section metric blocks (3 1/2 in by 3 1/2 in 
(8.89 cm by 8.89 cm)) which span the tunnel width. 
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Figure 2. Schematic views of Boston University Atmospheric 
Boundary Layer Wind Tunnel. 



For most tests, enough blocks were placed upstream to provide a 
limit condition so that the addition of another upstream block 
does not affect the concentration in the test canyon. 

The test canyon is the space between two blocks. Tracer gas is 
introduced into the channel in three ways: through a movable 
point source probe, a long ( 2 - D )  slot in the tunnel floor, or 
from the scale model vehicles on a moving belt. 

The model roadway consisted of two moving belts.' A diagram of 
the model vehicles are presented in figure 3 and vehicle spac- 
ing in table 1. 

The preliminary tests can be divided into two categories: fluid 
dynamical tests and model studies. The fluid dynamical tests 
were designed to ensure that the tests performed correspond and 
can be scaled to field conditions. The model tests were 
designed to show the influence of canyon shape on dispersion 
characteristics, over a range of generic canyon shapes typi- 
cally encountered in urban environments. 

The concentration of tracer gas is measured using a multichan- 
nel sampler. This sampler consists of a set of up to 80 small 
collector bags, 1 liter volume, connected to a ganged set of 
positive displacement pumps, driven by a common motor. The 
bags are connected to the tunnel via a set of receptors, which 
terminates at the wall, street level, away from the walls and 
above the model street canyon. 

Boundary Laver Profile 

The atmospheric boundary layer is often described by a power 
law 

where V, is the velocity at altitude Z and Vg is the velocity 
at the gradient height, Zg. In the BU boundary layer wind 

'Only the upwind belt was used to inject pollutants through a 
series of scaled vehicles; the downwind belt had no vehicles 
and did not emit pollutants. The center of the belts where the 
pollutants are injected were 3/4 in (1.9 em) from the canyon 
center. 





Table 1. Vehicle Spacing 

Vehicle Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Spacing of Large-Scale 
Vehicles High-Density 

(Vehicle length) 
0.68 



tunnel, Zg has been determined to be approximately 36 in (0.95 m). 
The exponent a can be maintained at 0.15 or 0.30 across the tunnel 
width. To generate these boundary layers, a set of spires is placed 
at the inlet of the tunnel and sets of surface roughness elements are 
placed in the upstream section of the tunnel. These surface roughness 
elements have a 1-in by 1-in (2.54 cm) cross section and are either 1 
in (2.54 cm) or 2 3/8 in (6.03 cm) high. By changing the arrangement 
of the roughness elements, different boundary layers can be developed. 

To sustain the boundary layer as the flow passes over the test 
section, some surface roughness is necessary. This roughness is 
provided by an artificial grass carpet. 

Instrumentation 

The basic instrument used for flow field measurements was a hot wire 
anemometer made of 1/2-mil diameter and 1/4-in length of platinum 
wire. This wire was supported on a probe and was connected to a hot 
wire anemometer signal conditioner. The output signal from the 
anemometer is connected to a personal computer via an A/D board which 
provides 16 input channels that can be sampled at a variable rate. 
Normally 2048 samples at 300 hertz are used, giving a sampling time of 
6.8 seconds. Initial tests were performed to establish that the 
number of samples and sampling time were sufficient to produce 
accurate mean velocities and turbulent intensities. 

The hot wire calibration is ultimately traced to a primary standard 
through comparison with velocity measured from a pitot tube. The 
pitot tube calibration is done using a water column. The gradient 
flow velocity (normally 10 m/s 133 ft/s]) is determined by measuring 
the difference between dynamic pressure and static pressure indicated 
by the displacement of the water column with a microdetector. The 
static and dynamic ports of the pitot tubes were also connected to a 
differential pressure device. 

To calibrate the hot wire probes, the probe is positioned near the 
pitot, but far enough away so the flow is not affected by the pitot 
tube. The tunnel flow is then accelerated from 0 m/s to 10 m/s (0 
ft/s to 33 ft/s) while voltage output from the probe and the pitot 
tube is sampled simultaneously. The velocity from the pressure sensor 
is used as reference, and the voltage output from the hot wire probe 
is curve fitted to the velocity curve. 



D e f i n i t i o n  of Flow F i e l d  Parameters 

To determine t h e  f low c h a r a c t e r i s t i c s  a t  any p o i n t ,  b o t h  mean v e l o c i t y  
and t u r b u l e n c e  i n t e n s i t y  must be c a l c u l a t e d .  Each v o l t a g e  r e a d i n g  was 
conver ted  t o  a  v e l o c i t y ,  t h e n  t h e  s e t  o f  v e l o c i t i e s  was used t o  
c a l c u l a t e  mean v e l o c i t y  (Vm) and t u r b u l e n c e  i n t e n s i t y  ( I ) .  The 
r e d u c t i o n  formulas  used h e r e i n  a r e :  

N 
V r m s  = Z [ ( ~ i ) ~  - ( v m )  ] I" /N ( 2 )  

i 

where Vm i s  t h e  mean v e l o c i t y ,  V i  i s  t h e  s e t  of  sampled v e l o c i t i e s ,  
V r m s  i s  t h e  r o o t  mean square  f l u c t u a t i o n ,  N i s  t h e  number o f  samples,  
and I i s  a measure o f  t u r b u l e n t  i n t e n s i t y  based on t h e  l o c a l  v e l o c i t y .  
Note t h a t  t h i s  d a t a  must be  r e i n t e r p r e t e d  when t h e  i n d i c a t e d  
t u r b u l e n c e  i n t e n s i t y  i s  high.  The procedure  f o r  r e p r o c e s s i n g  t h i s  
d a t a  i s  o u t l i n e d  i n  volume I .  I n  most c a s e s ,  t h e  l o c a l  mean f low, Vm, 
was normalized by d i v i d i n g  i t s  va lue  by t h e  mean g r a d i e n t  v e l o c i t y ,  
Vg; i n  t h i s  r e p o r t  and t h e  da tabases ,  t h e  parameter  I always u s e s  t h e  
l o c a l  v a l u e s  o f  V r m s  and Vm. 

Tunnel V e l o c i t y  C a l i b r a t i o n  

The t u n n e l  was c a l i b r a t e d  f o r  t h e  f low p r o f i l e  a = 0.30. The f low 
p r o f i l e  was measured a t  t h r e e  a x i a l  s t a t i o n s  a t  l e a d i n g  edge, c e n t e r  
and t r a i l i n g  edge o f  t h e  tes t  s e c t i o n ;  t h e  l o c a t i o n s  a r e  shown i n  
f i g u r e s  4 and 5 .  V e r t i c a l  p r o f i l e s  were t aken  a t  t h e  c e n t e r  l i n e  a t  
each a x i a l  c e n t e r  l i n e  a t  each a x i a l  s t a t i o n .  H o r i z o n t a l  p r o f i l e s  
were t aken  a t  h e i g h t s  of  2  1 / 8  i n  ( .  05 m )  , 6 1/2  i n  ( .  17 m )  , and 30 i n  
( . 7 6  m )  above t h e  f l o o r .  The d a t a  i n d i c a t e  t h a t  bo th  mean f low 
v e l o c i t y  and t u r b u l e n c e  i n t e n s i t y  p r o f i l e s  can be main ta ined  a c r o s s  
t h e  t e s t  s e c t i o n .  Turbulence i n t e n s i t y ,  I ( a s  d e f i n e d  a b o v e ) ,  n e a r  
t h e  t u n n e l  f l o o r  i s  approximate ly  45 p e r c e n t .  F igure  6  shows t h e  
measurement s e t u p  f o r  a  s i m i l a r  su rvey  c a r r i e d  o u t  when t h e  W / H  = 1, 0' 
wind d i r e c t i o n  b a s e l i n e  urban canyon c i t y s c a p e  was i n  p l a c e ,  and 
f i g u r e  7 i l l u s t r a t e s  t h e  mean v e l o c i t y  and t u r b u l e n c e  p r o f i l e s  above 
t h e  c e n t e r  o f  t h e  canyon which was used a s  t h e  pr imary t e s t  a r e a  
throughout  t h e  s t u d y .  











Dispersion Comparabilitv Tests and Normalization Procedures 

A set of atmospheric dispersion comparability tests was carried 
out in strict conformance with the EPA Guidelines (Snyder, 
1981). These measurements ensure model flow dispersion charac- 
teristics are comparable to field conditions. In these tests, 
the dispersion from a model stack was compared to that of a 
neutrally stable plume. The present tests showed that the 
plume dispersed in a manner between the Pasquill-Gifford cate- 
gory C and D. These data are too voluminous to warrant presen- 
tation herein, but are available upon request. 

Raw values of the tracer gas concentrations were usually nor- 
malized by the formula below, equation (4), unless otherwise 
indicated. 

X *  V g *  H 
c*  = (4) 

Q* 

where: C* = normalized concentration (dimensionless) 
Vg = gradient velocity (10 m/s, unless otherwise indicated) 
H = block height (0.0889 m, unless otherwise indicated) 
X = raw concentration value (ppm * 0.00065 gram/m3) 

where: ppm = parts per million of tracer gas 
pch4 = density of methane trace gas (0.65 grams/liter) 

Q* = mass flow rate per characteristic length 
(0.01454 RchQ/D) 

Rch4 pch4 1 minute 
Q* = 

correction factor D 60 seconds 

where: Rch4 = flow meter reading in liter/min 
correction factor = converts meter reading to 
actual volume flow rate (0.745) 

D = characteristic length 

These general formulas are presented in terms of this program's 
specifics to allow readers to un-normalize the data in this 
report and the addenda if desired. 



Example: C* = 0.03974 PPM D / Rch4 

For point sources: 

D = 0.0889 m Rch4 = 0.200 L/min C* = 0.017664 * PPM 

For the first line source used in exploratory tests: 

D = 2.24 m Rch4- 1.732 L/min C* = 0.06879 * PPM 

For the "new" line source in the parametric tests: 

D = 1.893 m Rch4 = 0.516 L/min C* = 0.14577 * PPM 

For the movina belt vehicle source: 

C* = 0.13093 * PPM 

where I ft = 0.3048 m and 1 gal = 3.785 L 

Flow Visualization Procedure 

Flow visualization tests were run on each configuration to identify 
effective sampling locations for the pollution dispersion tests. 

Smoke was generated with titanium-tetrachloride and emitted through an 
easily moveable point source. By decreasing the wind tunnel gradient 
velocity to 3 m/s (10 ft/s) and taping in color reversible mode, the 
smoke clearly outlined the flow patterns. 

A video camera with good low light capability was used to generate 2 
hours of edited tape containing 31 different canyon geometries. A 6- 
minute introduction tape is also available, highlighting 12 
characteristic flows. The 2-hour videotapes are indexed by test 
number and are sequenced Tape A (1-21) and Tape B (22-31). Lists of 
these tests are included in the cross-reference data tables 2, 3, 4, 
5, 7, and 8. Sketches made from the videotapes are used throughout 
the report clarifying the flow dynamics of each configuration. 

D. R e s u l t s  of I n i t i a l  Fluid Dynamic and Parametric T e s t s  

Overview 

Nine types of fluid dynamics test were performed to establish the flow 
quality in the tunnel and the required upstream conditions, Reynolds 
number, and source type comparison. 



1 .  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Because 

Velocity profiles and turbulence across the tunnel sec- 
t ion. 

Dispersion of a free plume. 

Velocity profiles above the highway canyon (described 
above and in data base 4 ) .  

Effect of the number of upstream blocks on concentrations 
in test canyon. 

Influence of Reynolds number on test canyon 
concentrations with line source. 

Influence of Reynolds number on test canyon concentration 
with moving vehicle source. 

Influence of wind direction on concentration. 

Influence of vehicle speed on concentration. 

Comparison of vehicle source to line source. 

of the volume of data contained in this report, the 
complete data sets contained in the data bases are-in a uniform 
format. For each test, the data set contains: 

1. Description of the test. 
2. Schematic of test geometry. 
3. Table of receptor locations. 
4. Table of measured concentrations and receptor number. 
5. Plots of measurements. 

The coordinate system used to locate receptors and other test 
points is illustrated in figure 8. The cartesian coordinates 
x, y, and z refer respectively to the cross-canyon, along- 
canyon, and vertical directions. The origin (0,0,0) is located 
on the tunnel centerline, on the midline of the canyon floor. 
The axis system is fixed in the canyon and rotates with wind 
direction. For example, the receptor coordinates for 0-degree 
and 30-degree wind direction are identical, even though the 
canyon has been rotated by 30" clockwise. 

Upstream Canyon Influence 

The model canyon was constructed using a set of wood blocks, 3 
1/2 in by 3 1/2 in by 8 ft (-089 m by -089 m by 2.43 m). For 
the baseline tests, each of these blocks was spaced 3 1/2 in 
(0.89 m) apart, producing a width-to-height value of one ( W / H  = 
1 1 ,  as shown in figure 9. Because the flow in the canyon is 







sensitive to the upstream geometry, it is necessary to establish the 
number of blocks upstream of the test section which will 'render the 
test canyon flow insensitive to the upstream conditions. The data in 
figure 10 shows that after a certain number of rows of blocks are 
placed upstream, the presence or absence of another row of blocks has 
little effect on the flow and dispersion characteristics in the model 
canyon. The results indicate little change in the upstream wall 
receptors after one block was placed upstream of the test section; 
however, in order to establish consistency of concentration at the 
downstream wall receptors, at least four blocks must be placed 
upstream of the test section canyon. All further tests were done 
with five blocks upstream of the test section canyon. 

Reynolds Number Sensitivity 

These tests were designed to determine the effect of Reynolds number 
on the pollution concentrations. This test was carried out by 
varying the gradient wind velocity and measuring on the concentration 
measurements. Two tests were done, one with a line source and 
another with a vehicle source. Figure 11 shows the line source 
configuration which produced the results shown in figure 12. A more 
detailed survey was prepared on the vehicle source, defined by figure 
13, which pr0duce.d the results shown in figure 14. According to the 
normalization formula, 

the normalized concentration is linearly proportional to the gradient 
velocity. The results showed that the normalization formula is 
effective for gradient velocities above 9.25 m/s (30 ft/s) i.e., 
Reynolds numbers ReH > 17,900. At lower velocities, the concentration 
values dropped significantly. All further tests were done with 
gradient velocities near 10.0 m/s (33 ft/s) to ensure flow field 
similarity. 

The configuration shown in figure 13 also tested Reynolds number 
effect with a moving vehicle stream. The effect of vehicle speed was 
predominant along the upstream wall for all three gradient velocities 
(shown in figure 14); the higher vehicle speeds causing lower 
concentrations. Significantly lower concentrations were found across 
the canyon and along the downstream wall for Vg = 10.0 m/s (33 ft/s) 
and 9.25 m/s (30 ft/s); slight changes were found for the case of Vg 
= 8.25 m/s (27 ft/s). This result may indicate that some of the 
early reports of the effect of vehicle speed were performed at sub- 
critical Reynolds numbers, and thus the effect was exaggerated. 
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It should be noted that the test illustrated in figure 11 used a 
line source that was later found to have inadequate control over 
the emission rate of the tracer gas mixture. For that reason, the 
absolute values of concentration shown in figure 12 are in error. 

Effect of Wind Direction 

This test was performed on the baseline canyon (W/H = 1) with 
closed ends at three different wind directions: 0°, 15", and 30". 
The test layout is shown in figure 15, and the data are shown in 
figure 16. For 1.0 percent vehicle speed at 0" and 15O, a strong 
vortex developed, and the concentration measurements were 
comparable. Lower values were found in the case of the 30' wind 
direction where the along-canyon component of the flow increased 
the rate of transport of the emission from the canyon. 

When the vehicle speed was increased to 80 percent of the maximum, 
the vehicle movement increased the mixing of the flow causing the 
concentration values for the different wind directions to become 
closer in value. For 1.0 and 15' wind direction, all of the 
concentrations were lower. For the 30' wind direction, the 
concentration measurements were slightly greater than those found 
in the O0 case. The direction of the vehicles opposed the lateral 
along-the-canyon velocity component. Apparently, when the vehicle 
mixing motion, opposes the along-canyon flow, the ventilation is 
decreased. This suggests that the major changes in flow structure 
were due primarily to vehicle speed for the 0 and 15" cases, and 
due to the combined effects of wind direction and vehicle speed 
for the 30° case. Apparently, the additional mixing caused by the 
vehicle does not cause large changes in the concentration values 
when the flow is already slightly unstable. 

Previous tests have shown the concentrations are significantly 
lower for open-ended canyons as compared to closed-end canyons at 
corresponding wind directions. An open-ended canyon channels more 
air through the canyon producing a stronger lateral flow component 
and increased ventilation. For open-ended canyons, a significant 
change in the basic trend occurred on the upstream face between 15 
and 30'; this change had not yet occurred at 30 degrees for the 
closed-ended case. All subsequent tests were performed with the 
closed-end geometry. 

Effect of Vehicle Speed 

A series of tests to determine the effect of vehicle speed on 
concentration measurements were performed on selected canyon 
geometries. In the Reynolds number range, which had been 
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de te rmined  t o  b e  p r o p e r  f o r  t h e  program, l a r g e  v e h i c l e s  on  t h e  moving 
b e l t  d e s c r i b e d  e a r l i e r  were p l a c e d  3 / 4  i n  ( 1 . 9  cm) from t h e  ups t r eam 
s i d e  o f  t h e  canyon where t h e y  i n j e c t  p o l l u t a n t s  i n t o  t h e  canyon.  The 
t e s t  was r u n  a t  1 p e r c e n t  and 80 p e r c e n t  of  t h e  maximum v e h i c l e  s p e e d ,  
where t h e  maximum b e l t  speed  i s  9 . 2  f t / s  ( 2 . 8 1  m / s ) .  W e  n o t e  t h a t  t h e  
h i g h  v e h i c l e  s p e e d s  were on t h e  o r d e r  o f  1 / 4  t h a t  o f  t h e  g r a d i e n t  wind 
v e l o c i t y .  I t  i s  c l e a r  t h a t  one pa ramete r  which w i l l  d e t e r m i n e  t h e  
r e l a t i v e  impor t ance  of  veh ic l e - induced  mixing  i s  t h e  r a t i o  o f  v e h i c l e  
s p e e d  t o  wind speed .  

For  a  g i v e n  wind speed ,  t h e  l o c a t i o n  o f  t h e  v e h i c l e  s o u r c e  w i t h  
r e s p e c t  t o  canyon w a l l s  d e t e r m i n e s  what e f f e c t  v e h i c l e  s p e e d  h a s  on 
in-canyon c o n c e n t r a t i o n s .  I n  g e n e r a l ,  when t h e  v e h i c l e  s o u r c e  i s  
l o c a t e d  i n  s t a g n a n t  o r  r e c i r c u l a t i n g  f low p a t t e r n s ,  t h e  c o n c e n t r a t i o n s  
d e c r e a s e  w i t h  v e h i c l e  speed;  t h e  o p p o s i t e  i s  t r u e  when t h e  v e h i c l e s  
a r e  l o c a t e d  i n  r e g i o n s  o f  s t r o n g  n o n - r e c i r c u l a t i n g  f low.  I n d i v i d u a l  
cases a r e  d i s c u s s e d  w i t h i n  I n s t r u m e n t a t i o n  (see f i g u r e s  2 3 ,  33, 36, 
3 7 ,  and 4 3 ) .  These d a t a  s u p p o r t e d  t h e  n o t i o n  t h a t  v e h i c l e  mot ion  
e f f e c t s  can  b e  i m p o r t a n t ,  depending  upon t h e  canyon geometry and t h e  
l o c a t i o n  o f  t h e  v e h i c l e  t h e r e i n .  Some o f  t h e s e  e f f e c t s  a r e  
i n c o r p o r a t e d  i n t o  t h e  CPM-3 model ( s e e  volume I ) .  F u r t h e r  s t u d i e s  o f  
t h e s e  e f f e c t s  a r e  w a r r a n t e d  i n  t h e  f u t u r e .  

Comparison o f  Line  Source  and Veh ic l e  Source  

An approx ima t ion  o f t e n  used  f o r  a  l i n e  o f  v e h i c l e s  h a s  been a  l i n e  
s o u r c e .  I n  o r d e r  t o  demons t r a t e  t h e  c o m p a r a b i l i t y  o r  t h e  l i n e  and 
moving v e h i c l e  s o u r c e s ,  t h e  s t a n d a r d  canyon ( W / H  = 1) was used  a s  a 
b a s e l i n e  f o r  comparison.  F igu re  17  shows t h e  t e s t  l a y o u t ,  and f i g u r e  
1 8  i l l u s t r a t e s  t h e  c o r r e l a t i o n  a t  two d i f f e r e n t  v e h i c l e  s p e e d s  and 
wind d i r e c t i o n s .  A s  shown, t h e  l i n e  s o u r c e  p roduces  r e s u l t s  t h a t  l i e  
between t h e  v a l u e s  o b t a i n e d  a t  1 p e r c e n t  and 80 p e r c e n t  v e h i c l e  s p e e d  
a t  O 0  wind d i r e c t i o n ,  w h i l e  m a i n t a i n i n g  t h e  same b a s i c  t r e n d s .  For 
t h e  30° c a s e ,  t h e  l i n e  s o u r c e  a l s o  e x h i b i t e d  c o n s i s t e n t l y  lower  
c o n c e n t r a t i o n s  by a f a c t o r  a p p r o x i m a t e l y  e q u a l  t o  t h e  c o s i n e  o f  t h e  
wind a n g l e .  

A c a u t i o n  s h o u l d  be n C ~ t e d  when t r a n s l a t i n g  v e h i c l e  s a u r c e  v a l u e s  t o  
comparable l i n e  s o u r c e  v a l u e s .  The p o s i t i o n  o f  t h e  v e h i c l e  s o u r c e  i n  
r e l a t i o n s h i p  t o  t h e  f low f i e l d  must be t a k e n  i n t o  c o n s i d e r a t i o n  ( s e e  
E f f e c t  o f  V e h i c l e  Speed! and,  t h e r e f o r e ,  each  i n d i v i d u a l  c a s e  must be  
a n a l y z e d  s e p a r a t e l y .  
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3. OBSEKVATIONS AND RESULTS RELATED TO DISPERSION IN 2-D STRAIGHT 
CANYONS 

A. Overview 

S t r a i g h t  2-D canyons comprise t h e  major c l a s s  o f  c o n f i g u r a t i o n s  
s t u d i e d .  The b a s e l i n e  canyon was a 2-D canyon of W / H  = 1. Other  
v a r i a t i o n s  i n c l u d e d  va ry ing  W / H ,  adding a  canopy t o  t h e  upst ream w a l l ,  
s l o p i n g  w a l l s ,  and s l o t t e d  canyons which were in tended  t o  s i m u l a t e  t h e  
e f f e c t  o f  a  m u l t i l e v e l  open pa rk ing  ga rage .  

Tab les  2-5 p rov ide  a  l i s t i n g  o f  a l l  t h e  c o n f i g u r a t i o n s  t e s t e d  and t h e  
t y p e  o f  d a t a  recorded and analyzed f o r  each.  The raw d a t a  on 2-D 
canyons and t h e  s e n s o r  l a y o u t s  f o r  each t e s t  a r e  compiled i n  d a t a  b a s e  
number 1 t o  volume I1 of t h i s  r e p o r t .  

B. Analysis of Selected 2-D Straight Canyons 

I n  t h i s  s e c t i o n ,  we have s e l e c t e d  d a t a  which, when c r o s s - p l o t t e d ,  
p rov ide  i n s i g h t  i n t o  e m p i r i c a l  t r e n d s  and t h e  t y p e s  o f  d i s p e r s i o n  
c o n d i t i o n s  which e x i s t  i n  d i f f e r e n t  t y p e s  of  canyon c o n f i g u r a t i o n s .  
Tab le  6 p rov ides  a  l i s t i n g  of  r e c e p t o r  h e i g h t s .  These probe p o s i t i o n s  
a r e  c o n s i s t e n t  throughout t h i s  s e c t i o n .  

Standard  Canyon Width-to-Height R a t i o  = 1 (W/H = 1) 

The W/H = 1 "standard"  canyon is c h a r a c t e r i z e d  by a  s t r o n g  
r e c i r c u l a t i n g  v o r t e x .  The c o n f i g u r a t i o n s  a r e  shown i n  f i g u r e  1 9 ,  and 
d a t a  f o r  t h e s e  c a s e s  a r e  p l o t t e d  i n  f i g u r e  2 0 .  Here we 
compare d i s p e r s i o n  c o n d i t i o n s  f o r  t h e  W / H  = 1 canyon, and t h e  
immediate downstream neighbor .  Flow v i s u a l i z a t i o n  t e c h n i q u e s  r e v e a l e d  
t h e  s t r o n g  v o r t e x  and i n t e r m i t t e n t  secondary  v o r t e x  ( f i g u r e  2 1 )  as 
w e l l  a s  i n d i c a t i n g  a  r o t a t i o n  r a t e  and a  r a t e  a t  which t h e  f l u i d  i n  
t h e  canyon was t r a n s p o r t e d  away by t h e  v a r i o u s  f low exchange 
mechanisms ("washout") r a t e .  

Frame-by-frame a n a l y s i s  of t h e  f low v i s u a l i z a t i o n  c l e a r l y  demonst ra ted  
t h a t  t h e  canyon v o r t e x  r o t a t e s  f a s t e r  a s  t h e  a i r  speed i n c r e a s e s ,  a s  
i s  p r e d i c t e d  by theory .  Figure  22 shows a l i n e a r  r e l a t i o n s h i p  between 
t h e  wind t u n n e l  g r a d i e n t  v e l o c i t y  (maximum v e l o c i t y  above t h e  tes t  
s e c t i o n )  and t h e  r o t a t i o n  r a t e  o f  t h e  v o r t e x .  



.Table 2. Data file cross referencsr 
for straight 2-D canyons 
(canyons of different widths). 

H e a d i n g s  : p o l l u t i o n  
v e l o c i t y  c o n c e n -  f l o w  

w i n d  d a t a  t r a t i o n  v i s u a l i z a t i o n  
a n g l e  W / H  f i l e  f i l e  t e s t  # t a p e  

l ~ i d e  c a n y o n  0 5 FHA1-143 I 
Wide c a n y o n  0 4 FHA1-141 

/wide c a n y o n  0 3 FHA1 - 1  39 

Wide c a n y o n  

Wide c a n y o n  0 2 FHA1-41 NB14P63 2 
NBl7P23 

A - 2  I 
Wide c a n y o n  3 0 2 FHA1 -33 9 A- 1 71 

Wide c a n y o n  0 1.5 NB17P2 1 

S t a n d a r d  c a n y o n  0 1 FHA1 -27 FHA3-9 1 A- 1 

S t a n d a r d  c a n y o n  30 

N a r r o w  ' c a n y o n  0 .5 FHA1 -49 4 I 

i Deep c a n y o n  3 0 .25 FHA1-75 FHA3-83 

I 



Table 3. Data file cross reference 
for 2-D straight canyons (standard 
canyons with variations). 

Headings : pollution 
velocity concen- flow 

wind data tration visualization 
angle W/H file file test # Tape d 

Tall building 0 1 

Tall building 30 1 

Upstream block 0 1 
H=2W 

Downstream 0 1 NB13 NB14P59 
block H=2W PI21 

Canopy - 0 1 
source at W / 4  

Canopy - 3 0 1 
source at W/4 



Table 4.  Data file cross reference 
for 2-D straight canyons 
(stepped topography) 
(sloping canyons). 

[Headings : pollution 
velocity concen- flow 

wind data tration visualizatior 
angle W/H file file test # tape # 

Upwind facing 0 
step 

Upwind facing 
(step 

Downwind facing 0 
/step 

Downwind facing 30 
step 

FHA- S 1 

Isloping wall 0 3 FHA3-95 19 A-1  0 

Sloping wall 3 0 3 FHA3-93 

Katy freeway - 0 7 
source at W/4 

Katy freeway - 30 7 
source at W / 4  

Katy freeway - 0 7 
source at 3W/4 

l~aty freeway - 30 7 
lsource at 3 ~ / 4  



Table 5. Data file cross reference 
for 2-D straight canyons 
(slotted canyons). 

Headings : pollution 
velocity concen- flow 

wind data tration visualizatior 
angle W/H file file test # tape 4 

I~tandard canyons with 
slotted garage: 

upstream canyon 

downstream canyon 

upstream canyon 

downstream canyon 

Narrow canyon with 
slotted canyon: 

upstream garage - 

downstream canyon 

upstream canyon 

Idownstream canyon 



Table 6. Table of x,z coordinates for straight canyon test configuration. 

- - 
PNT 

# - - 
- 

1 

2 

3 

4 

5 - - 
- 

6 
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8 

9 - - 

Standard canyon height (H) = 3.50 in (8 .89 cm). 
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Table 6 .  T a b l e  of x,z coordinates  f o r  straight canyon t-est conf ieur3 t  ion. - .  

Standard canyon h e i g h t  (11) = 3.50 i n  (8.89 cm) (continu&). 
- 

SLOPING 
CANYON 

WIDE CANYON 
W/H = 2 

- 
earn Wall Receptors Along Upst 

- - 

e n t e r  Receptors Canyon I 

X/C; Z/H 

- 3 . 5 3 0  1 . 0 0 0  

* * 

* * 

0.500 I .  000 
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To determine the ffwashoutN rate, the canyon was videotaped with 
a low gradient velocity, 0.6 m/s (2 ft/s), and the tapes were 
viewed fraqp by' frame. The rotation rate of the canyon vortex 
was 27 cycles/min. By allowing the canyon to completely fill 
with smoke, then removing the source, a 95 percent washout of 
smoke was observed in 7 seconds. This occurred after three 
complete vortex rotations. 

Figure 19C illustrates a test quantifying the emissions that 
pass from the source canyon to its downwind neighbor. The 
concentrations that occur in the canyon immediately downstream 
are around 15 percent of the source canyon mean concentrations 
( f igure 20 1, and th6 receptors indicate- nearly uniform disper- 
sion throughout the downstream canyon. This is in sharp con- 
trast to the source canyon dispersion profile with the pollu- 
tion introduced at street level. A 44 percent lower concentra- 
tion is consistently found along the downstream wall. The 
difference in these profiles is a function of where the emis- 
sions are introduced since the flow structure is identical in 
both canyons. Throughout this report the concentration profile 
for the "standardw canyon in figure 20 will be used as a common 
case for which all other configurations will be compared. As 
the approach wind direction is charaged to an angle of 30e, the 
concentrations are reduced an average of 10 percent. The "hot 
spotw at the base of the upstream wall remains. The consistent 
variation in concentrations with wind angle, for angles less 
than 3 0 a ,  occur in proportion to the coslne'of the wind angle 
(i.e., in direct proportion to the cross-canyon component of 
velocity 1. 

For 0' wind direction, the effect of vehicle speed in the stan- 
dard canyon is a decrease in concentration as the vehicle speed 
is increased (figure 23). The effect is greatest across the 
canyon and along the downstream wall. At a wind angle of 30' 
the effect of car speed is reduced. This is thought to be 
attributed to the along-canyon velocity component, which in 
this case is in the opposite direction of the car motion. 

Standard Canvon with a Cano~v 

These tests were designed to determine the effect of a canopy 
attached to the upstream wall of a standard canyon at half 
height. When a canopy is added (figure 241, the concentration 
under the canopy increases for a wind angle of O*, but other 
locations are unaffected (figure 25A). This effect was inde- 
pendent of source position from ~ / 4  to W/2. When the wind 
direction changes to 2 -30', the canopy effect is largely 
eliminated, presumably due to along canyon flow, as shown 
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EFFECT OF A CANOPY ADDED TO A STANDARD CANYON o AND 30 DEGREE YIND DIRECTION 
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Figure 24. Test setup for canopy configurations. 
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Figure 2 5 ,  Effect of a canopy placed at half height 



i n  f i g u r e  25B.  When t h e  l i n e  source  was moved from width/2 t o  width/4 
from t h e  upstream wal l ,  l i t t l e  change was observed.  For t h e  30° wind 
d i r e c t i o n  case ,  t h e  decrease  i n  concen t r a t i on  i s  d i r e c t l y  comparable 
t o  t h e  change i n  t h e  s t anda rd  canyon and i s  c o n s i s t e n t  throughout t h e  
canyon. 

S l o t t e d  Canvons 

A canyon was cons t ruc t ed  wi th  one s i d e  s l o t t e d ,  a s  a  s imu la t i on  of a  
t y p i c a l  park ing  s t r u c t u r e .  This  con f igu ra t i on  was t e s t e d  w i th  t h e  
s t r e e t  l e v e l  source  upstream and downstream of t h e  s l o t t e d  canyon. No 
emiss ions  were s imula ted  i n  t h e  "garage" i t s e l f .  Figure  26 
i l l u s t r a t e s  t h e  con f igu ra t i on  and p l o t t e d  concen t r a t i ons .  I n  bo th  t h e  
ca se s  s imulated,  t h e  concen t r a t i ons  a long  t h e  downwind w a l l  were 
w i th in  20 pe rcen t  of t h e  b a s e l i n e  ( u n s l o t t e d )  canyon concen t r a t i ons .  
The concen t r a t i ons  a long t h e  upstream w a l l  and a t  s t r e e t  l e v e l  v a r i e d  
d rama t i ca l l y .  Using t h e  concen t r a t i on  va lues  of  t h e  s t anda rd  canyon 
( W / H  = 1) f o r  t h e  upstream w a l l  comparison, t h e  canyon upstream of t h e  
s l o t t e d  b u i l d i n g  has  s i m i l a r  concen t r a t i ons .  When t h e  source  i s  
downstream of  t h e  s l o t t e d  bu i ld ing ,  t h e  upstream wa l l  concen t r a t i on  
va lues  a r e  50 pe rcen t  lower than  t h e  corresponding u n s l o t t e d  canyon 
( W / H  = 1) va lues .  When t h e  source i s  l o c a t e d  upwind of t h e  s l o t t e d  
bu i ld ing ,  t h e  upstream wa l l  concen t r a t i on  va lues  a r e  s i m i l a r  t o  t h e  
corresponding u n s l o t t e d  canyon ( W / H  = 1) va lues .  

Flow v i s u a l i z a t i o n  shows t h a t  t h e  s l o t s  i n  t h e  b u i l d i n g  connect t h e  
high p r e s s u r e  t o  t h e  low p re s su re  i n  each canyon. The p r e s s u r e  
g r a d i e n t  a c r o s s  t h e  upper s l o t  "favors"  t h e  downwind canyon, and t h e  
p re s su re  g r a d i e n t  i n  t h e  lower two s l o t s  f avo r s  t h e  upwind canyon. 
This  p r e s s u r e  d i f f e r e n c e  c r e a t e s  f l u i d  t r a n s f e r  between t h e  two 
canyons. This  promotes a  g r e a t e r  c i r c u l a t i o n  i n  t h e  upstream canyon, 
and draws p o l l u t a n t s  from t h e  downstream canyon i n t o  t h e  upstream 
canyon. 

By superimposing t h e  concen t r a t i on  l e v e l s  f o r  bo th  source  l o c a t i o n s ,  
t h e  n e t  e f f e c t  of a  dua l  source  con f igu ra t i on  was determined. The 
combined concen t r a t i ons  found i n  f i g u r e  27 a r e  t h e  r e s u l t s  of t h e  
a d d i t i o n  of  t h e  concen t r a t i ons  i n  f i g u r e  26 - heavy l i n e s  f o r  t h e  
s l o t t e d  case  and t h i n  l i n e s  f o r  t h e  u n s l o t t e d  case .  For t h e  s t anda rd  
canyon con f igu ra t i on ,  t h e  combined upwind canyon (canyon "A") l e v e l s  
a r e  i d e n t i c a l  t o  t h e  s t anda rd  canyon va lues  because no backflow of 
p o l l u t a n t s  from canyon "8" occurs .  The n e t  p o l l u t a n t  t r a n s f e r  
i l l u s t r a t e s  q u a n t i t a t i v e l y  how concen t r a t i on  l e v e l s  i n c r e a s e  i n  canyon 
lfAlf and decrease  i n  canyon "8" when s l o t s  a r e  in t roduced ,  a s  compared 
t o  t h e  corresponding u n s l o t t e d  con f igu ra t i on .  
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Figure 26. Effects of a porous walled canyon, W/II = 1. 
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Different Width-to-Heiaht Ratio Canvons 

These tests,were designed to explore the effect of increasing 
the W/H ratioafrom 1 to a limiting case of the downstream 
facing step. Also, the standard canyon was deepened to study 
the W/H ratios of less than 1. 

Flow visualization for a full range of W/H are illustrated in 
figures 28 and 29. 

Width-to-Height Ratios Greater than One 

The canyon vortex that is typical of the 1:l canyon appears in 
almost all canyon geometries. As the canyon widens, the 1:1 
vortex will appear where the geometric boundaries allow, and 
the vortex seems to resist elongation and remain circular in 
cross section. The remaining canyon space is filled by 
secondary vortices and random flows. The 1:1 canyon vortex 
will elongate until a W/H ratio between 1.5 and 2. The flow 
then changes and maintains a new characteristic pattern until 
W/H = 5 .  The canyons W/H = 2 , 3 , 4  have a vortex against the 
downstream wall and have a stagnation pocket along the upstream 
wall. This flow pattern is similar to the downstream facing 
step. There is a progression of strengthening vortex and 
shrinking stagnation pocket as the W/H ratio decreases from 
W/H = 4 to 2. 

The W/H = 5 appears to be a transitional geometry where two 
repeating flow patterns exist. First, there appear to be two 
vortices, one centered at X - 4H and the other against the 
downstream wall. This will change as surges of air will 
occasionally make the entire canyon act as an elongated vortex. 

From W/H = 6 ,7 ,8 ,  the dominating flow pattern is located within 
the upwind X -, 4H of the canyon. There is some effect, 
although slight, from the downstream wall on the flow in the 
first 4H of the canyon. 

At W/H = 9 there is no longer any effect of the downstream 
wall, and the flow over the upstream wall is identical to a 
downstream facing step. Likewise, the flow over the 
downstream wall is identical to the upstream facing step. 

Width-to-Height Ratios Less than One 

For the W/H ratio = 1/2 (figure 2881, a strong vortex develops 
in the top half of the canyon, driving a weak counter-rotating 
vortex in the lower half of the canyon. For the canyon with 
W/H = 114 (figure 28C), a strong vortex develops in the top of 
the canyon. This strong top vortex intermittently pushes air 



Figure 28. Flow visualization of widthlheight ratios from 0.25 to 1.0. 



i n t o  t h e  canyon on t h e  downwind s i d e ,  and i n t e r m i t t e n t l y  p u l l s  a i r  up 
o u t  of t h e  canyon. The exchange p roces s  has  been observed t o  be  very  
i n t e r m i t t e n t .  No coun te r - ro t a t i ng  v o r t e x  develops.  

Comparison of Width-to-Height Ra t ios  

Due t o  meandering flow c h a r a c t e r i s t i c s  of t h e  deep canyon ( f i g u r e  28C) 
and t h e  downstream s t e p  ( f i g u r e  29F),  t h e  d i s p e r s i o n  t r e n d s  a r e  
s i m i l a r  ( f i g u r e  3 1 ) .  When s t agnan t  a i r  pockets  occur ,  t h e  
concen t r a t i on  l e v e l s  a r e  extremely h igh  a t  t h e  lower corner  and 
decrease  s h a r p l y  wi th  i nc rea sed  he igh t .  The s t anda rd  canyon and t h e  
wide canyon a l s o  produced s i m i l a r  t r e n d s  due t o  t h e  r e c i r c u l a t i n g  
n a t u r e  of  t h e  flows. The i n c r e a s e  i n  concen t r a t i on  a long t h e  upstream 
f a c e  i s  l e s s  s t e e p ,  and concent ra t ions  on t h e  downstream f a c e  a r e  much 
lower than  s t agnan t  flow p a t t e r n s  ( f i g u r e  31 ) .  Figure  30 r e p r e s e n t s  
t h e  t e s t  se t -ups  which produced t h e  r e s u l t s  i n  f i g u r e  31. 

l1Deepl1 Canyon; W/H = 0.25 

This  t e s t  was developed t o  determine t h e  e f f e c t  of a canyon wi th  a 
width-to-height r a t i o  = 1 / 4  w i th  a l i n e  source.  As  expected,  t h e  
concen t r a t i ons  a t  canyon bottom were s i g n i f i c a n t l y  h igher  t h a n  those  
found i n  t h e  s t anda rd  canyon. The h i g h e s t  va lues  were on t h e  
downstream s i d e  of t h e  canyon ( f o r  a c l e a r e r  unders tanding,  s e e  f i g u r e  
30B). The concen t r a t i on  l e v e l s  decrease  a s  t h e  h e i g h t  i n c r e a s e s ,  t h u s  
showing t h a t  more mixing of p o l l u t a n t s  and f r e s h  a i r  occurs  n e a r e r  t h e  
t o p  of t h e  canyon. 

When t h e  wind d i r e c t i o n  approached from 30°, a sha rp  decrease  i n  
concen t r a t i on  l e v e l s  occurred throughout t h e  canyon ( f i g u r e  3 2 ) .  The 
l a t e r a l  wind component caused g r e a t e r  mixing and the reby  s u b s t a n t i a l l y  
i nc rea sed  t h e  v e n t i l a t i o n  of t h e  canyon. 

Wide Canyon; W / H  = 2 

This  t e s t  was developed t o  determine t h e  e f f e c t  of a wider canyon 
con f igu ra t i on ,  W/H = 2, wi th  a v e h i c l e  source a t  0.143W upstream of 
t h e  canyon c e n t e r .  To more a c c u r a t e l y  compare t h e  concen t r a t i on  t o  
t hose  ob ta ined  by a l i n e  source,  s e e  E f f e c t  of Vehicle  Speed and 
Comparison of Line Source and Vehicle  Source. 

The concen t r a t i on  l e v e l s  peaked a t  t h e  lower upstream w a l l  and 
decreased a c r o s s  t h e  canyon ( f i g u r e  3 1 ) .  The p o l l u t a n t s  a r e  drawn 
towards t h e  upstream wa l l  and then  p u l l e d  upward by t h e  s h e a r  f low 
near  t h e  canyon c e i l i n g .  The wider canyon followed t h e  same t r e n d s  a s  
t h e  s t anda rd  canyon ( W / H  = 1) b u t  had lower 
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Figure 31. Effect of different width/height ratios. 





concentrations throughout the canyon. By increasing the 
vehicle speed from 1 percent to 80 percent of the maximum, the 
concentration values drop significantly on the upstream wall 
and drop sfightly across the canyon and along the downstream 
wall (figure 33). The upstream drop resulted from increased 
mixing due to the vehicle speed in a relatively inactive flow 
region. 

SteDDed Confiqurations 

Effect of a Downwind Facing Step 

This test was designed to determine the effect of a downstream 
step, which is a typical urban configuration occurring along 
rivers, parks, and waterfronts (figure 3 4 8 ) .  In this case, the 
downstream block of a standard canyon was removed, leaving the 
downstream side of the canyon open. Concentrations peaked in 
the lower upstream corner and decreased sharply from the bottom 
to the top of the upstream wall (figure 3 5 ) .  Across the 
canyon, the concentrations peaked at mid-canyon and were lower 
on the upstream side than on the downstream side. These 
results suggest that the local flow does not develop a 
recirculating vortex, but that the pollutants are in a pocket 
of lower velocity air, causing lower receptor concentration to 
be high. When the vehicle speed was increased from 1 percent 
to 80 percent, all of the receptors recorded lower concentra- 
tions. Results are shown in figure 36. 

Figure 37 shows vertical concentration profiles made at two 
different distances, 1H and 4.43 H, downstream from the 
downwind facing step. As the receptor height increased, the 
concentration dropped sharply. When the distance from the 
upstream wall was increased to 4.43 H, the concentrations 
decreased greatly, as expected. The decrease of pollutants in 
the plume behind the downstream facing step is illustrated in 
figure 38. Immediately behind the step at Z/H = 0.714, a 
detailed profile shows there is an area of high pollutants 
within one height back from the wall. Additional data was 
unavailable at lower heights, but even higher concentrations 
are expected. 

Effect of an Upstream Facing Step 

This test (figure 34C) was designed to determine the effect of 
an upstream step. In this case, the upstream blocks of the 
standard canyon were removed, leaving the upstream side of the 
canyon open. Also, all the upstream canyons were removed, but 
the tunnel's roughness elements all remained in place. The 
results (figure 39) show that this configuration produced the 
lowest concentrations. Vehicle speed variation caused little 
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Figure 35. Effect of stepped terrain configurations. 
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e f f e c t  on t h i s  d a t a  because t h e  source  was l o c a t e d  i n  an  a r e a  of 
s t r o n g  non rec i r cu l a t i ng  flow. 

Open Highway 

The d i spe r s ion  downwind of an  open highway is shown i n  f i g u r e  40. The 
h ighes t  concent ra t ions  a r e  found a t  street l e v e l ,  w i th  q u i c k l y  
decreas ing  concent ra t ions  above t h e  roadway. The d i s p e r s i o n  plume 
becomes an even p r o f i l e  a t  7H downstream from t h e  first l i n e  source .  
These p r o f i l e s  a r e  a b a s e l i n e  t h a t  w i l l  b e  used i n  a  downstream f a c i n g  
s t e p  progress ion (Comparison of Open Highway and Stepped Highway). 

Uneven Heiaht Canvon 

E f f e c t s  of a  T a l l e r  Upstream Wall; Hl/H2 = 2 

Doubling t h e  he igh t  of t h e  upstream b lock  r e v e r s e s  t h e  concen t r a t i on  
t r e n d s  t h a t  a r e  f a m i l i a r  i n  t h e  s t a n d a r d  1:l canyon ( f i g u r e  4 2 ) .  I n  
f i g u r e  41b, t h e  flow v i s u a l i z a t i o n  shows t h e  v o r t e x  is  much weaker and 
r o t a t e s  counterclockwise.  The r e c e p t o r s  c l o s e s t  t o  t h e  l i n e  source  i n  
t h e  vor tex  path  show h ighes t  concen t r a t i ons .  

It  is of f u r t h e r  i n t e r e s t  t h a t  even w i t h  a n ' a p p a r e n t l y  weaker 
c i r c u l a t i n g  flow, t h e  maximum and minimum c o n c e n t r a t i o n  l e v e l s  a r e  
s u r p r i s i n g l y  c lo se  t o  those  i n  t h e  1:l s t a n d a r d  canyon. 

E f f e c t s  of a  T a l l e r  Downstream Wall; H2/HI = 2 

This  test was designed t o  determine t h e  e f f e c t  o f  a t a l le r  downstream 
a .  I n  t h i s  case ,  t h e  downstream w a l l  was twice  a s  h igh  a s  t h e  
upstream wal l  ( f i g u r e  41c) .  I n  comparison t o  t h e  b a s e l i n e  (W/H = 1) 
canyon, t h e  concent ra t ion  va lues  (shown i n  f i g u r e  4 2 )  were 
cons iderab ly  lower, wi th  t h e  s i g n i f i c a n t  changes r e s u l t i n g  throughout  
t h e  canyon. The t a l l e r  downstream w a l l  direc ted  more c l e a n  f low i n t o  
t h e  canyon, thus  i nc rea s ing  t h e  canyon v e n t i l a t i o n .  The mean f low 
speed a t  bottom c e n t e r  of t h e  canyon recorded  1 .7  t imes  t h e  v a l u e  
found i n  t h e  corresponding b a s e l i n e  ca se .  

When t h e  veh i c l e  speed is  increased  from 1 p e r c e n t  t o  80 pe rcen t  o f  
t h e  maximum speed, t h e  va lues  a long t h e  ups t ream w a l l  i nc r ea sed  
( f i g u r e  4 3 ) .  This  i n d i c a t e s  t h e  i n c r e a s e d  tu rbu lence  from t h e  
v e h i c l e s  d i s t u r b s  t h e  s t r o n g  flow i n  t h e  immediate r eg ion ,  t h u s  
t r app ing  more p o l l u t a n t s  without i n f l u e n c i n g  t h e  o v e r a l l  s t r o n g  v o r t e x  
flow. This  is thought t o  be a local e f f e c t ,  where the  flow 
immediately along t h e  upstream wa l l  is drawn up and o u t  b e f o r e  
r e c i r c u l a t i n g  . 











Isolated Tall Buildina above an Otherwise 2-D Block 

Figure 44 iklustrates the flow field near a tall building 
placed in the center of an otherwise baseline W/H = 1 canyon. 
figure 45 shows the test configuration and receptor location. 
The presence of such an isolated tall building greatly affects 
the pollution dispersion in nearby canyons. This is mainly due 
to the pressure gradients along the building's surface. Behind 
the building, air is drawn out of the downwind canyon into the 
building's wake, while on the front (upwind) side of the 
building, the pressure gradient has the opposite sense, and 
clean air is driven down into the upwind canyon. 

In the downstream canyon, where the pollutants are being drawn 
into the tall building's wake, the concentrations'decreased 
along the downstream wall (see figures 46 and 4 7 ) .  A slight 
increase of concentration occurs along the upstream wall, and 
the mid-canyon receptors show an increase, since it is actually 
in a small stagnated zone created by the merging of 
along-canyon flows being induced by the "suction" of the tall 
building's wake. Thus, there is a hot spot directly downwind 
of the isolated tall building (figure 47). 

At a 30' wind direction (figure 481, the stagnation pocket did 
not fully develop behind the building wake possibly due to the 
destabilizing lateral flow component. The concentration levels 
decreased dramatically in the center recegtbrs behind the 
building. The suction along the downwind side of the building 
adds to the lateral flow component approaching the building and 
opposes it as the lateral flow passed the building. The high- 
est concentration levels occur just before the building center. 
The clashing of flows past the building caused a greater mixing 
of flows and the concentration levels to be more evenly dis- 
tributed. 

Figure 49 illustrates the test configuration and the receptor 
locations. By sloping the walls of a canyon, the canyon is 
better ventilated (figure 5 0 ) .  For both 0 and 30' wind direc- 
tion, concentration levels dramatically decreased. As the 
sloping canyon is widened, more fresh air is directed into the 
canyon and the concentration levels further decrease. In the 
case of the Katy Freeway Model (base/H = 7.0, top/H = 14.1), 
the ventilation is greater than the open highway case. This 
shows that sloping walls can effectively decrease the 
concentration levels. 
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C. Summary of 2-D Straight Canyon Results 

I n  t h e  fo l lowing  s e c t i o n ,  t h e  e f f e c t  of  s tepped c o n f i g u r a t i o n s  and 
s l o p i n g  w a l l s  is d i scussed ,  a s  we l l  a s  a  comparison of  h o t  s p o t s  and 
averages  i n  13 d i f f e r e n t  2-D canyon geometr ies .  The fo l lowing  
h i g h l i g h t s  of  t h e  2-0 canyon t e s t s  should be kept i n  mind when 
reviewing d a t a  from t h e  more complex con f igu ra t i ons .  

The s imp le s t  2 - D  f low i n  t h e  s t anda rd  canyon ( W / H  = I ) ,  i s  
c h a r a c t e r i z e d  by a  s t r o n g  r e c i r c u l a t i n g  vo r t ex  roughly cen te red  
i n  t h e  canyon. 

Canopies i nc r ea sed  concen t ra t ion  l e v e l s  below t h e  canopy near  t h e  
canyon c e n t e r  by approximately one- and one-half t imes  t h e  
b a s e l i n e  con f igu ra t i on  ( W / H  = 1) .  

S l o t t e d  wa l l  bu i l d ings  i nc r ea se  t h e  l l f l u id  t r a n s f e r "  between 
a d j a c e n t  canyons. More f l u i d  t r a n s f e r s  from t h e  downwind canyon 
t o  t h e  upwind canyon, and h igher  p o l l u t a n t  l e v e l s  a r e  found i n  
t h e  upwind canyon. 

By adding an i s o l a t e d  t a l l  bu i l d ing  above t h e  s t anda rd  canyon, a  
h o t  s p o t  developed i n  t h e  leeward canyon near  t h e  base  o f ' t h e  
b u i l d i n g .  

The upstream f ac ing  s t e p  causes  s t r o n g  d e f l e c t e d  flow wi th  a  
sma l l  h igher  v e l o c i t y  r e c i r c u l a t i n g  zone near  t h e  base  of t h e  
wa l l .  The downstream f ac ing  s t e p  produces a  l a r g e  pocket of  
s t agnan t  a i r  i n  i ts  wake and a  r e c i r c u l a t i n g  zone r each ing  
approximately  4.H h o r i z o n t a l l y  from t h e  downwind f a c e .  Th i s  
r e s u l t s  i n  t h e  lowest  concen t ra t ions  near  t h e  upstream f a c i n g  
s t e p  and ve ry  high concen t ra t ions  behind t h e  downstream f a c i n g  
s t e p .  

Doubling t h e  he igh t  of t h e  upstream block r e v e r s e s  t h e  d i r e c t i o n  
and weakens t h e  canyon vor tex .  I n  c o n t r a s t ,  doubl ing t h e  h e i g h t  
of  t h e  downstream wal l  reduces t h e  concen t r a t i ons  by i n c r e a s i n g  
t h e  flow i n t o  t h e  canyon and i n c r e a s i n g  t h e  vo r t ex  s t r e n g t h .  

A s  t h e  canyon dimensions narrow o r  widen, a  canyon vo r t ex  appears  
when t h e  geometr ic  bounds al low; r a r e l y  does t h e  v o r t e x  e longa t e .  

Comparison of  "Hot Spots"  and "Averages" 

Figure  51  i l l u s t r a t e s  t h e  h ighes t  and average concen t r a t i on  l e v e l s  f o r  
t h e  d i f f e r e n t  2-D geometries d i scussed  i n  Analysis  of S e l e c t e d  2-D 
S t r a i g h t  Canyons. The "averages" and "hot 
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Figure 51. Comparison of 'hot spotsn and 'averagesm i n  d i f f e r e n t  2-D canyon 
configurations. 



spots" were determined using only the receptors location presented 
in this document; therefore, the position and number of receptors 
is critical to proper interpretation of figure 51. To determine 
more comprehensive hotspots and averages, the appropriate database 
and data file should be reviewed. The points taken to calculate 
the average concentration values in figure 51 represent a 
characteristic sampling of each canyon, thus providing a base from 
which a comparison can be drawn. A vehicle source was used in 
Cases 3, 7, 11, and 13; therefore, correction factors had to be 
introduced in order to convert to the corresponding line source 
values. These correction factors were determined by comparing the 
"hot spot1' and "averages" for standard canyon line source with a 
standard canyon vehicle source. 

The data clearly illustrates that the basic trends of the 
"averages" closely follow the ''hot spot" curve. For the first 
nine cases, the "average" values are within 45 percent to 65 
percent of their "hot spots," but the llaverages" drop to roughly 
35 percent for Cases 10, 11, and 12. Note: Slotted upstream 
refers to the case where the line source is located upwind of the 
slotted building. Slotted downstream refers to the case where the 
line source is located downwind of the slotted building. 

Comparison of Vertical and Sloping Walls 

One of the most dramatic impacts on canyon concentration levels is 
sloping the canyon walls (figure 52). Figure 53 demonstrates 
that, the "hot spot" is reduced by 40 percent of its vertical 
walled counterpart, while the 'laverage" concentration in the 
canyon dropped four to five times. By replacing vertical with 
sloping walls, the flow patterns dramatically change. Vertical 
walled canyons are characterized by stagnant air pockets and/or 
recirculating flow. In contrast, the mean flow over the sloping 
canyon drops into the canyon without establishing recirculating 
patterns, or causing areas of stagnation. 

Trends of Different Width-to-Height Ratios 

A clear pattern develops which can be used as a rough estimation 
of expected concentration levels for different width-to-height 
ratio canyons (figure 54). As the canyons change size, the flow 
patterns also change; therefore, it is difficult at this point to 
make general statements. For example, the deep canyon is 
- 

characterized by a large pocket of height, whereas recirculating 
flow has a less steep concentration gradient and lower peaks. 

- 









s t a g n a n t  a i r ;  whereas a s t r o n g  c e n t r a l  vo r t ex  dominates t h e  s t a n d a r d  
canyon ( W / H  = 1 ) .  

Figure  54 should be used wi th  c a r e f u l  c o n s i d e r a t i o n  of  t h e  sou rce  
p o s i t i o n  and f low s t r u c t u r e  t o  e f f e c t i v e l y  p r e d i c t  concen t r a t i on  
l e v e l s  ( r e f e r  t o  f low v i s u a l i z a t i o n  drawing, f i g u r e s  28 and 29 i n  
Analys i s  of Se l ec t ed  2-D S t r a i g h t  Canyons). For example, t h e  s t a n d a r d  
canyon and deep canyon bo th  were t e s t e d  u s ing  a l i n e  source  l o c a t e d  a t  
t h e  canyon c e n t e r ,  b u t  t h e  l o c a t i o n s  of  r e c e p t o r s  used were somewhat 
d i f f e r e n t  due t o  t h e  geometr ies .  For t h e  wide canyon, a v e h i c l e  
sou rce  a t  1 pe rcen t  v e h i c l e  speed was l o c a t e d  0.286H upwind of  t h e  
canyon c e n t e r ,  whereas t h e  downstream f a c i n g  s t e p  had a v e h i c l e  sou rce  
l o c a t e d  0.214H downwind of t h e  downwind f a c i n g  s t e p .  Once aga in ,  t h e  
l o c a t i o n  of r e c e p t o r s  v a r i e d  s l i g h t l y  due t o  t h e  c o n f i g u r a t i o n .  
Therefore ,  two major v a r i a b l e s  must be  cons idered  when us ing  f i g u r e  
54. F i r s t ,  where i s  t h e  sou rce  l oca t ed ,  and what t y p e  of sou rce  i s  
be ing  used? Second, a r e  t h e  s e l e c t i o n  r e c e p t i o n s ,  due t o  t h e  l i m i t e d  
number involved i n  t e s t i n g ,  a f a i r  r e p r e s e n t a t i o n  of t h e  "hot s p o t "  
and 'laveragesV1? The v a l u e s  p l o t t e d  i n  f i g u r e  5 4  must be  j u d i c i o u s l y  
used a s  a r e f e r e n c e  and no t  a s  an  a b s o l u t e  guide.  

Comparison of  Open Highway and Stepped Highway 

The downstream f a c i n g  s t e p  i s  o f t e n  t h e  predominant geometr ic  
c h a r a c t e r i s t i c  t h a t  a f f e c t s  p o l l u t i o n  d i s p e r s i o n .  A d e t a i l e d  s t u d y  
wi th  d i f f e r e n t  height .downstream f a c i n g  s t e p s  r e v e a l s  two s e p a r a t e  
mechanisms f o r  d i s p e r s i o n  behind t h e  s t e p s :  f i r s t ,  t h e  wake 
immediately behind t h e  s t e p  and second, t h e  d i s p e r s i o n  plume f u r t h e r  
downstream ( f i g u r e  5 5 ) .  The v e r t i c a l  a x i s  i n  f i g u r e  55 r e p r e s e n t s  t h e  
l o c a t i o n  of t h e  r ake  of  r e c e p t o r s ,  each  s e t  o f  r e c e p t o r s  be ing  a t  t h e  
same h o r i z o n t a l  d i s t a n c e .  

Immediately behind t h e  s t e p s ,  t h e  concen t r a t i ons  appear  t o  be 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  volume of  a i r  behind t h e  s t e p s .  
Consider t h e  r e c i r c u l a t i n g  f low d i scus sed  i n  Stepped Conf igu ra t i ons :  
t h e  volume/length of t h e  a i r  involved  i s  roughly 4 ~ ' .  Fu r the r  from t h e  
s t e p s ,  t h e  p o l l u t a n t s  mix i n t o  a downstream d i s p e r s i o n  plume a s  i n  t h e  
openhighway.  The downstream f a c i n g  s t e p  develops  an a r e a  of lower 
v e l o c i t y  a i r  d i r e c t l y  behind i t s  wake which e f f e c t i v e l y  t r a p s  
p o l l u t a n t s  i n  a s t agnan t  a i r  pocket .  The q u a n t i t y  of p o l l u t a n t s  
caught  behind t h e  s t e p  i s  g r e a t e r  t han  t h o s e  found i n  t h e  open highway 
d i s p e r s i o n  and t h e  s t r o n g  r e c i r c u l a t i n g  flow of s t a n d a r d  canyon 
geometr ies  ( f i g u r e  5 6 ) .  The shaded r eg ions  i n  f i g u r e  56b and c a r e  
t r u n c a t e d  because a d d i t i o n a l  d a t a  were no t  a v a i l a b l e  above and below 
t h e s e  r e c e p t o r  l o c a t i o n s .  Downstream f a c i n g  s t e p s  a r e  c h a r a c t e r i z e d  
by a s h a r p l y  dec reas ing  concen t r a t i on  w i th  i n c r e a s e d  



height, whereas recirculating flow has a less steep concentra- 
tion gradient and lower peaks. 
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4. OBSERVATIONS AND RESULTS RELATED TO DISPERSION IN STRAIGHT 
CANYONS WITH CROSSCUTS AND INTERSECTIONS 

A. Overview 

The 2-D geometries described in section 3 were modified to 
simulate the effects of crosscuts and intersections. The 
emphasis was upon flow visualization to try to identify 
features which governed the dispersion phenomena at the 
intersection and upon obtaining trends which show the 
"correctionN factor for intersections as compared with their 
2-D canyon counterparts. 

Table 7 summarizes the geometries tested and the data taken or 
observations made for each. The detailed data are all 
contained in Data Base 2, part 2 to this volume 11. 

B. Analysis of Selected Crosscut Casas 

In this section variations on crosscut canyons axe considered 
and concentrations graphed in the standard canyon format. Xn 
addition, the data will often be presented in a lateral 
concentration format in order to identify hotspots and trends. 
The source canyon as well as the upstream canyons are crosscut 
with intersections varying in widths of C/W = 0.5, 1, 2. 
Vehicles were run in the C/W = 1 case and cross winds were 
tested for C/W = 2.. A VW intersection was'mada by eliminating 
the cross cut - from the downstream wall of the source canyon. 

2-0 Canyons With Crosscuts 

Figure 57 illustrates the basic configurations studied. 

With the wind direction parallel to the crosscut, figure 58 
shows that the average pollution concentration is 40 percent 
lower in the canyon near the crosscut, compared to the 2-D 
canyon. Further from the intersection, the concentration rises 
and at four canyon widths from the intersection, the downstream 
and upstream wall concentrations are equal to the corresponding 
2-0 (nonintersected) canyon. 

The flow visualization shows that the vortex flow is completely 
re-established for the intersection. The visualization also 
shows at each corner a vortex with a vertical axis located 
immediately adjacent to the crosscut. Figure 58 illustrates 
that these vertically-oriented corner vortices cause the 
average concentrations, immediately adjacent to the crosscut to 
be 70 percent of the corresponding standard canyon concentra- 
tions. Furthermore, the airflow that washes into the canyon 
reduces the concentrations about 1.5 canyon widths from the 



Table 7. Data file cross reference for data from 
crosscut and intersection tests. 

Headings : pollution flow 
wind concentration visualization 
angle W/H data file test # tape 

I l'T1l Intersection 
I Equal width canyons 0 1 FHA3-57, 32 
C/W = I 59 B-231 
Equal Width canyons 30 1 FHA3-55 
c/w = 1 

Narrow intersection 0 1 
c/w = 1/2 

Wide intersection 0 1 
c/w = 2 

4-Way Intersection 

Narrow intersecting 0 1 FHA3-61, 34 
canyon - c/w = 1/2 67 B-251 
I Narrow intersecting 45 1 
canyon - c/w = 1/2 

Narrow intersecting 90 1 
canyon - c/w = 1/2 

Wide intersecting 0 1 FHA3-63, 3 5 B-26 
canyon - c/w - 2 65 

Wide intersecting 45 1 FHA3-69, 38 
canyon - c/w = 2 71,73,75 

B-29~ 

I Wide intersecting 90 0 
canyon - c/w = 2 



Figure  57.  Flow visualization of an intersected canyon 
w i t h  crosscut twice the canyon height and 
width, C/H 2.0. 





i n t e r s e c t i o n  t o  o n l y  30 p e r c e n t  o f  t h e  s t a n d a r d  c a n y o n  v a l u e s  
f o r  both t h e  u p s t r e a m  a n d  downstream walls.  

N o t e  t h a t  t h e  r e d u c t i o n  o f  c o n c e n t r a t i o n s  n e a r  a n  i n t e r s e c t i o n  
a re  a t t r i b u t e d  t o  t h e  d i l u t i o n  o f  c a n y o n  p o l l u t a n t s  r a t h e r  t h a n  
t h e  c a n y o n  v o r t e x  w a s h i n g  o u t  i n t o  t h e  i n t e r s e c t i o n .  

I n f l u e n c e  o f  V e h i c l e  S ~ e e d  

I n  t h i s  case, t h e  v e h i c l e s  are  moving t o w a r d  t h e  i n t e r s e c t i o n  
a g a i n s t  t h e  f l o w  component  f rom t h e  c r o s s c u t  (C/W = 1 ) .  Very  
n e a r  t h e  i n t e r s e c t i o n  t h e  v e h i c l e  speed h a d  l i t t l e  e f f e c t  o n '  
c o n c e n t r a t i o n .  On t h e  downs t ream wall, t h e  c o n c e n t r a t i o n  
decreased f o r  80 p e r c e n t  v e h i c l e  speed a t  t h r e e  w i d t h s  f r o m  
t h e  i n t e r s e c t i o n  ( f i g u r e  59b). On t h e  u p s t r e a m  wall ,  t h e  
c o n c e n t r a t i o n  v a r i a t i o n  w i t h  v e h i c l e  s p e e d  is  i l l u s t r a t e d  i n  
f i g u r e  59a .  

A t  f o u r  w i d t h s ,  t h e  c o n c e n t r a t i o n  l e v e l s  o n  t h e  u p s t r e a m  a n d  
d o w n s t r e a m  wall approach t h e  s t a n d a r d  c a n y o n  v a l u e s .  By 
c o m p a r i n g  f i g u r e s  59 a n d  60 ,  t h e  r e s u l t s  show t h a t  v e h i c l e  
s o u r c e  i n c r e a s e s  t h e  amount o f  p o l l u t a n t  r e m a i n i n g  i n  t h e  
c a n y o n  w h i c h  may be t h e  r e s u l t  o f  t h e  v e h i c l e  d i r e c t i o n  i n t o  
t h e  c r o s s c u t .  

E f f e c t  o f  C r o s s c u t  Width  

F i g u r e s  60a  a n d  60b show t h e  l a t e r a l  c o n c e n t r a t i o n  p r o f i l e  f o r  
t h e  u p s t r e a m  a n d  d o w n s t r e a m  walls a t  s treet  l e v e l  h e i g h t  o f  
z/-h = 0.143.  Data show t h a t  t h e  w i d t h  o f  t h e  c r o s s c u t  s l i g h t l y  
a f f e c t s  t h e  c o n c e n t r a t i o n s  a l o n g  t h e  u p s t r e a m  wall ,  b u t  n o t  t h e  
downwind wall .  F i g u r e s  61a a n d  61b show t h e  c r o s s - s e c t i o n  
c o n c e n t r a t i o n  p r o f i l e s  f o r  t h e  downs t ream a n d  u p s t r e a m  walls as 
w e l l  as  c a n y o n  c e n t e r .  C o n c e n t r a t i o n s  f o r  t h e  u p s t r e a m  wall 
are s imi la r  n e a r  t h e  c r o s s c u t ,  b u t  t h e  c a n y o n  w i t h  a n a r r o w  
c r o s s c u t  (C/W = . 5 )  b u i l d s  u p  c o n c e n t r a t i o n s  a l o n g  t h e  u p s t r e a m  
wall  more r a p i d l y  t h a n  t h e  c a n y o n  c u t  w i t h  a wider c r o s s c u t .  

E f f e c t  o f  C r o s s  F lows  o n  C r o s s c u t  I n t e r s e c t i o n s  

A s  t h e  f l o w  a p p r o a c h e s  t h e  i n t e r s e c t e d  c a n y o n  f r o m  4 5 '  
( f i g u r e  621, t h e  f l o w  s t r u c t u r e  i n  t h e  c a n y o n  is  complex .  The 
" s t a n d i n g n  c o r n e r  v o r t i c e s  t h a t  were d i s c u s s e d  i n  t h e  p r e v i o u s  
s e c t i o n  are b r o k e n  down b y  t h e  l o n g i t u d i n a l  v e l o c i t y  componen t  
of w i n d  k e . ,  a l o n g  t h e  c a n y o n  a x i s ) .  T h e  c o r n e r  v o r t i c e s  are  
r e p l a c e d  w i t h  r a n d o m l y  i n t e r a c t i n g  v o r t i c e s  a t  e a c h  b u i l d i n g  
c o r n e r .  T h e r e  i s ,  however ,  o n e  r e g u l a r ,  v e r y  t i g h t ,  v e r t i c a l  
ax i s  c o r n e r  v o r t e x  t h a t  a p p e a r s  o n  t h e  u p s t r e a m  c o r n e r  o f  t h e  
i n t e r s e c t i o n .  F i g u r e  62 shows  a " h o t  s p o t "  i n  t h a t  l o c a t i o n .  
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Figure 62. Concentrations in a 2-D canyon at 45' 
wind direction near a crosscut. 



The receptor across from the "hot spot" experiences very low 
concentrations. 

Despite the seemingly random character of the flow, there is a 
distinct trend of concentration from downwind lateral side of the 
intersection to upwind lateral side. This appears to be due to the 
fact that the average flow of pollutants moves out of the upwind 
lateral side of the canyon into the intersection and continues to 
accumulate in the downwind lateral side of the canyon. 

The pollutant levels increase for a distance of three canyon 
widths from the intersection and then stabilize. The pollutants 
maintain a concentration 25 percent greater than the corresponding 
nonintersecting canyons. In contrast, the upwind lateral side of 
the canyon has very low concentrations, 20 percent of the 
concentration of the downwind lateral side of the canyon. 

At one canyon width back from the intersection, the pollutant 
concentrations along the downstream wall are 43 percent of those 
on the upstream wall for both upwind and downwind sides of the 
intersection. This is precisely the same ratio we observed between 
the upstream and downstream walls of the baseline, W/H = 1, 
nonintersected canyon. This shows a ccnsistent trend far from the 
intersection at distances three canyon widths and greater. Closer 
to the intersection, there are very different concentration 
trends. Although there is not a clear explana-ix evident from the 
flow visualization, it is interesting to note the monotornic 
increase of pollutants along the upstream wall from the 
lateral to downwind lateral side. 

upwind 

Effect of Three-way ("TI') Intersections 

only in 
canyons 

The three-way ('IT") intersection consists of a crosscut 
the upwind block and a parallel wind direction with the 
upwind being full crosscuts. By blocking the parallel flow from 
passing through the intersection, a large quantity of flow is 
directed into the canyon, thereby increasing the dilution of 
pollutants. 

The receptors w e x  lxated on both sides of the intersection. The 
concentration levels were lower than these found in t h e  standard 
canyon due to the additional "clean" flow channeled into the 
canyon by the intersection (figure 63). By comparing cross 
sections, figure 64a shows that the flow is very sensitive to this 
configuration. 
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When the wind direction has changed to 30', the concentrations 
rose throughout the canyon (figure 64b). Upwind of the inter- 
section in the lateral component direction, the upstream wall 
concentration levels were evenly distributed, and a dramatic 
increase occurred throughout the canyon (figure 6 5 ) .  In the 
downwind side of the intersection, concentration levels rose 
significantly on the upstream face and increased in the canyon 
center and on the downstream face. With a three-way intersec- 
tion, the flow traveling down the crosscut was less for the 30' 
wind direction, thus decreasing ventilation and increasing 
concentration levels because the channel created by the cross- 
cut is off angle with the wind direction. 

C. Suxmnary of Crosscut Results 

Cross cutting a 2-D canyon results in the dilution of 
pollutants near the intersection when the wind is blowing at an 
angle to the canyons ( 45'1, that is along the crosscut; the 
concentrations recorded in the downwind lateral side of the 
intersection exceed the level in the baseline configuration 
(W/H = 1 )  at 3 0 ' .  The air flow is driven into the 2-D canyon 
flow rather than washing out the end. This implies that for a 
"city block," the length between crosscut streets needs to be a 
minimum distance apart of eight canyon heights before 2-D flow 
dominates the dispersion process. For shorter distances 
between intersections there are interactions between the flows 
from the building sides and roof resulting in complex 3-D 
flows. 

Narrow cross cuts cause establishment of 2-D-like concentration 
values nearer to the intersection than the wider cross cuts. 
The three-way intersections produce a large exchange of fluid 
air that results in a well-ventilated intersection, and 
attendant low concentrations. 

The effect of vehicles appears to be due to the velocity 
component generated by the vehicles that mixes with the lateral 
flow component introduced into the canyon by the crosscut. The 
crosscut horizontal velocity components are further increased 
by crosswind situations. Although with crosswinds the flow 
structures in intersections are complex, there is a distinct 
trend of concentrations increasing downstream along the source 
canyon across the intersection. 





5. OBSERVATIONS AND RESULTS RELATED TO DISPERSION 
IN CURVED CANYONS 

A. Overview 

Curved canyons are of interest since they occur in many 
congested areas, such as around alrport terminals. The 
dispersion characteristics of several generic curved canyons 
were tested using a point source which was moved throughout the 
canyon. The configurations tested are summarized in table 8 
and sample configurations illustrated in figure 66. Table 3 
lists the x, z coordinates for the cross sections which are 
directly at the apex of the curved canyon. All cross sections 
are the same relative distance from the radius of curvature 
(canyon center) but rotated with respect to the tunnel 
centerline, as noted ( 5 ,  30, and 60' counterclockwise). 

Receptors in the curved canyons were grouped at three cross 
sections: one cross section at the apex of the curve offset 
S o ,  one cross section at 30', and one cross section at 60'. 
Samples for each curved canyon were taken with the point source 
located at three different street-level locations. These three 
point source locations were at the apex of the curved canyon. 
A wind direction of 0 '  as defined to describe cases where the 
flow first approaches the curve apex and the cases in which 
flow approaches fram the opposite direction defined the 1 8 0 '  
wind direction ( f lgure 67 ) . 
B. Analysis of Selected Curved Canyon Data 

The flow characteristics in the curved zanyons were strongly 
influenced by wind direction and geometry. Thus, no universal 
trends were established. The data for these cases are 
contained in data base 3. To assist in gaining insight into 
curved canyon flows, a discussion of four major situations is 
provided below. Figures 68 through 71 provide detailed concen- 
traticn information for three different cross sections. For 
each wind direction and canyon configuration, the figures 
illustrate the effect of source location on concentration 
distribution. 

Narrow Curved Canyon ( W / H  = 1 . 0 ) :  Wind Direction 

At the curve apex, a strong vortex develops similar to the 
vortex observed in the standard 2-D canyon (W/H = 1.0) with a 
stagnation point on the downstream wall. Downwind from the 
apex, the vortex elongates in the direction of the curve 
(figure 7 2 A )  and a tightly wrapped spiral vortex filament 
develops. 



Table 8. Data file cross reference 
curved canyon configurations. 

H e a d i n g s  : r i n d  W/H v e l o c i t y  p o l l u t i o n f l o w  
a n g l e  d a t a  c m c .  v i s u a l i z a t i o  

I t e s t  # t a p e  #I 

Curved Canyons 

Large r a d i u s  c u r v e s  
c u r v e s  1 & 2 

L a r g e  r a d i u s  c u r v e s  
c u r v e s  1 & 2  

L a r g e  r a d i u s  c u r v e s  
c u r v e s  t & 3 

L a r g e  r a d i u s  c u r v e s  
c u r v e s  1 61 3 

Medium r a d i u s  c u r v e s  
c u r v e s  2 6 4 

Medium r a d l u s  c u r v e s  
c u r v e s  2 & 4 

S m a l l  r a d i u s  c u r v e s  
c u r v e s  3 61 4 

I S m a l l  r a d i u s  c u r v e s  
c u r v e s  3 6 4 

Curved Canyons with Slotted Airport Terminal 

C u r v e s  2 & 4 - 0 2 . 2 9  FHA1-95 FHA2-61, 26  
c u r v e  4 s l o t t e d  63,65,67, 

6 9 , 7 1  

C u r v e s  2 6 4 - 1 8 0  2 . 2 9  FHA1-93 FHAZ-53, 25 
c u r v e  4 s l o t t e d  55,57,59 

Note: T h e  medium r a d i u s  c u r v e s  a r e  i d e n t i c a l  t o  t h e  a i r p o r t  
t e r m i n a l s  w i t h o u t  s l o t s .  



Table 9. Table of x , z  coordinates for curved canyon test configuration(s) 
curve&.canyon height (H) = 3.50 in. 

NARROW CURVE 1 w/H = 1-00 
WIDE CURVE 
W/H = 2.43 

AIRPORT 
TERMINALS 

W/H = 2.29 

I I Canyon kentar R e c e p t o r .  I 



CURVE 1 AND 3. WIC CONFIGURATION 

CURVES 3 A N 0  4 .  GENERIC CONFIGURATION 

L CURMI CURVE 3 

F i g u r e  66 .  Plan view of  d i f f e r e n t  curved canyon 
configurations a t  0'. 
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Figure 68. Concentrations in a curved canyon, W/H = 1.0, 
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Figure 69. Concentrations in a c.urved canyon, W/H = 1.0, 
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canyon width = 8.5 in 
diameter 2 times radius 

Figure 70. Concentrations in a curved canyon, W/H = 2.43, 
wind azimuth = 0' 
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Figure 72. Flow visualization for narrow and wide curved canyons at 0' wind direction. 
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When the pollutants are introduced at the three different point 
source locations, the concentration distribution remains simi- 
lar, but the magnitudes are different. The concentration 
levels are similar when the point source is located near the 
upstream corner or canyon center. A significant drop occurs 
when the point is moved near the downstream wall, due to lat- 
eral flow away from the stagnation point. 

In all cases, the center receptors show the highest concentra- 
tion level, demonstrating that the spiral vortex filament pulls 
the pollutants along the canyon. As expected, the concentra- 
tion levels decrease as one proceeds along the curve (away from 
the source), due to the increasing lateral spiral component and 
the mixing of clean flow into the canyon. 

Narrow Curved Canyon (W/H = 1.0): 180' Wind-Direction 

The narrow curved canyon, with wind from 180°, has a flow 
characterized by mixing of flows from the two legs. Figure 72a 
shows strong wall flows that collide at the apex of the canyon, 
where there is also a weak vortex. The flow then migrates 
along the center of the canyon away from the apex, between and 
in the opposite direction of the lateral wall flows. The 
mid-canyon flow continues until the 60' cross section, where it 
collides with the free stream flow and washes out of the 
canyon. 

When the source is located along the upstream wall, the disper- 
sion profiles are similar to the straight ( W / H  = 1 )  canyon 
vortex flow. With the source moved to the downstream wall, the 
concentration rises near the point source, but remains the same 
along the upstream wall. In both cases, the pollutants are 
trapped in the region near the apex where the two strong wall 
flows collide. The receptors at the 30 and 60' cross section 
detected little or no tracer gas concentrations. 

wide Canyon (W/H = 2.43): 0' Wind Direction 

As a curved canyon widens, the ability to form strong vortices 
and spiral flows diminishes. At the curve apex, a weak vortex 
develops on the downstream side of the canyon (figure 72b), and 
a pocket of lower velocity flow develops on the upstream side. 
The flow is drawn towards the upstream wall and then is pulled 
around the curve, mixing with the flow coming over the canyon 
walls. 

At the 5 '  cross section, 
the upstream wall. The 
point source locations, 
drawn toward the pocket 

higher concentrations were found along 
same trends occurred for all three 
showing that most of the pollutants are 
of lower velocity air along the 



upstream wall near the apex. The lower concentrations along the 
downstream wall show that the flow is directed away from the 
downstream wall, and an extremely weak recirculation occurs. 

As the flow passes the 30 and 60" cross sections, the flow has no 
coherent rotational velocity component. This flow is a turbulent 
mixing flow which causes greater dispersion along the 
upstream wall, thereby creating a more uniform dispersion across 
the canyon. 

Wide Curved Canyon (W/H = 2.43): 180' Wind Direction 

There is no evidence of a coherent vortex in the wide curved 
canyon with wind from the 180' direction (figure 73). There are 
distinct hot spots at the apex of the curve, both at the base of 
the upstream and downstream walls. These hot spots appear only 
when the source is located near the receptor location and do not 
appear when the source is located at mid-canyon. When the source 
is located at mid-canyon, the only significant pollutants observed 
are at the 60' cross section. 

At the 30' cross section, there are also changes in the dispersion 
profiles as the source location is changed. This cross section 
and the apex cross section are both sensitive to the source 
location, due to the variation in the local flow characteristics 
and direction along the canyon. This is confirmed by the flow 
visualization which illustrates the downwind direction of the 
canyon center flow and the upwind direction of the flow along both 
walls. The insensitivity of concentrations to source location at 
the 60° cross section can be attributed to the full mixing of the 
along-canyon flows, and the upstream wall and downstream wall 
flows with the oncoming free stream flow. 

It is interesting to note that the hot spot at the base of the 
upstream wall at the apex has the same C* value as in the case of 
the 180' narrow curved canyon. 

C. Comparison of Curved Canyon Results 

Effect of Canyon Width: O0 Wind Direction 

By increasing the canyon width from 1.0 to 2.43, figure 74 
indicates that the concentration levels decrease throughout the 
canyon. Due to a weak vortex near the apex, a dramatic drop 
occurred along the downstream wall in the wider canyon. As the 
width increases, the flow pattern changes from being mostly driven 
by shear flow across the canyon ceiling to being 
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dominated by t u r b u l e n t  mixing  p lung ing  i n t o  t h e  canyon. T h i s  r e s u l t s  
i n  more c l e a n  a i r  b e i n g  p u l l e d  i n t o  t h e  canyon and lower  c o n c e n t r a t i o n  
l e v e l s .  

E f f e c t  of  Canyon Width: 180° Wind D i r e c t i o n  

The narrow ( W / H  = 1) and wide ( W / Y  = 2 . 4 3 )  canyons produce  two 
e x t r e m e l y  d i f f e r e n t  t y p e s  of  f l s w  when t h e  wind d i r e c t i o n  i s  180'. 
The narrow canyon develops  a  v o r t e x  a t  t h e  apex w i t h  s t r o n g  w a l l  f low 
towards  t h e  apex and a r e v e r s e  f low a l a n g  t h e  curved  canyon c e n t e r .  
I n  d i r e c t  c o n t r a s t ,  t h e  wide canyon deve lops  no apex v e r t e x .  Both 
upwind and downwind w a l l  f lows  t r a v e l  away from t h e  apex,  and s t r c n g  
canyon c e n t e r  f lows  t r a v e l  toward and c o l l i d e  a t  t h e  apex .  

For t h e  c a s e  of a  p o i n t  s o u r c e  l o c a t e d  a t  t h e  b a s e  of  t h e  ups t r eam 
w a l l ,  f i g u r e  7 5  demons t r a t e s  t h a t  t h e  wide canyon w i t h  f lows  a t t a c h e d  
t o  t h e  ups t ream w a l l  cause  h i g h  ups t ream w a l l  c o n c e n t r a t i o n s  and 
a lmos t  n o t h i n g  on t h e  downstream w a l l .  The narrow canyon p roduces  
s i g n i f i c a n t  c o n c e n t r a t i o n  l e v e l s  n e a r  t h e  apex i n  t h e  r e g i o n  where 
v o r t e x  cou ld  be i d e n t i f i e d  and l i t t l e  e l s e w h e r e .  

t h e  

E f f e c t  of  S l o t t e d  A i r p o r t  Terminal :  ------.- 0°  Wind D i r e c t i o n  

An i d e a l i z e d  a i r p o r t  t e r m i n a l / p a r k i n g  g a r a g e  c ~ n f i u u r a t i o n  was modeled 
' w i t h  a  s l o t t e d  p a r k i n g  ga rage  as t h e  i n n e r  w a l l  ~f t h e  cu rved  canyon. 
Comparing t h e  s l o t t e d  a i r p o r t  t e r m i n a l  d a t a  t o  t h e  n o n s l o t t e d  curved  
canyon s e t u p ,  no s i g n i f i c a n t  changes i n  c o n c e n t r a t i o n  a r e  obse rved  
( f i g u r e  7 6 ) .  The f l u i d  t r a n s f e r  t h rough  t h e  qa rage  s l o t s  observed  i n  
t h e  s t r a i g h t  2-D s l o t t e d  zanyzr? i s  n o t  p r ~ d e n t .  A p ~ a r e n t l y ,  t h e  d e p t h  
and  shape  of t h e  s l o t t e d  ga rage  produces  t h e  p r e s s u r e  g r a d i e n t s  which 
a r e  d i f f e r e n t  from t h o s e  whizh d r c v e  t h e  f l u i d  t r a n s f e r  t h rough  t h e  2- 
D s l o t t e d  canyon. With t h e  curved a i r p o r t  t e r n i n a ; ,  t h e r e  i s  
e s s e n t i a l l y  no net f low through t h e  g a r a g e .  

E f f e c t  of S l o t t e d  A i r p o r t  Terminal :  180° Wind i3irectior-i 

Comparing t h e  s l s t z e d  t o  t h e  ncnslot:ed a i r ~ c r z  r e r m i n a l  g a r a g e  
( f i g u r e  7 7 ) ,  t h e  ave rage  c o n c e n t r a t i o n s  a t  t h e  30 and 60° c r o s s  
s e c t i o n s  a r e  lower i n  t h e  canycc w i t h  t h e  s l o t t e d  g a r a g e .  A t  t h e  
apex,  c r o s s  s e c t i o n  B,  t h e  h i g h  v a l u e s  a r e  n o t  a s  hicjh and t h e  low 
v a l u e s  n o t  a s  low f o r  t h e  s l o t t e d  c a s e .  Along t h e  ups t ream w a l l ,  t h e  
c e n t e r  r e c e p t o r  c o n c e n t r a t i o n s  a r e  i n c r e a s e d  t o  t h e  v a l u e  o f  t h e  w a l l  
r e c e p t o r s .  T h i s  i n d i c a t e s  more mixing a t  t h e  canyon apex  and weaker 
l a t e r a l  f l ows  due t o  t h e  s l o t s  i n  t h e  ga rage .  
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Figure 7 5 .  Concentrat ion  mapping 
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Figure 76.  Concentration mapping for slottod and 8olfd walled 
airport terminals at 0 '  wind direction. 
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canyon width - 8.0 in 
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canyon width - 8.0 in 
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Figure 77. Concentration mapping for slotted and solid walled 
airport terminals at 180' wind direction. 



D. Summazy of Curved Canyon Results 

The following section summarizes the effect of canyon width and 
slotted walls. As previously discussed, curved canyon flows 
are best understood by considering the 0 and 1 8 0 '  wind direc- 
tions separately. The 0' wind produces diverging flows with 
the apex vortex behaving similarly to the 2-0 straight canyon 
counterpart. In contrast, the 1 8 0 '  curves produce converging 
flows and lower concentrations. For the 0' wind direction 
case, slotted airport terminals/parking garages have little 
effect on concentration level and produce small amounts of 
fluid transfer between its faces. For the 1 8 0 '  wind direction 
case, more mixing occurred at the apex, and a more uniform 
distribution of pollutant was observed. 



6. OBSERVATIONS AND RESULTS RELATED TO DISPERSION IN 
SPECIFIC URBAN SITES 

A. Overview of Tests on Nonspecific Urban Sites 

Three sites were modeled in detail. Scale models were 
fabricated at scales ranging from 1/384 to 1/400 and tested with 
a line source located on a specific street. Wind directions 
were chosen with reference to the perpendicular line source - 0, 
30, and 180 degrees. Receptors were placed at locations where 
full scale measurements had been made, as well as at other key 
locations. The concentrations were normalized using a reference 
length of 3.5 inches (8.89) cm), the same as in the idealized 
models. 

B. Analysis of Urban Sites 

These three cityscapes include examples of wide canyons, deep 
canyons, intersections, tall buildings, etc. Diagrams of the 
urban sites illustrate the contrast in building sizes. St. 
Paul, MN has long city blocks with 2-3 story buildings (figure 
78). Syracuse, NY has buildings and streets that result in 
close variations of the W/H = 1 canyon (figure 79). In 
contrast, New York, NY is a series of tall buildings with 
frequent intersections (figure 80). 

Table 10 summarizes the sites tested and identifies the data set 
which can be found in data base 4 of volume 11. 

University Avenue, St. Paul. Minnesota 

The area of St. Paul, around University Avenue, is characterized 
by low buildings and wide streets. Receptor locations are 
illustrated in figure 81 as well as concentration levels 
recorded for two different wind directions. Table 11 lists the 
canyon cross sections at the point locations, wind direction 
relative to the line source, and other geometric parameters that 
are helpful in identifying the probable classification of the 
local flow. 

This table lists the 10 highest concentrations observed on this 
site. The six highest are located at the base of the upstream 
wall in the wide canyons with W/H between 6.6 and 7.8. The 
remaining four points are located downstream from the line 
source in areas where the configurations resemble parking lots 
or open intersections. 
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Figure  7 8 .  P e r s p e c t i v e  view of U n i v e r s i t y  Avenue, 
St. P a u l ,  MN. 



FROM WARREN ST LlNE SOURCE FACING WEST 
FHA3-121 
DATE OF TEST: JUNE 16, 1987 
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F i g u r e  7.9, P e r s p e c t i v e  v i e w  of Warren S t r e e t ,  
S y r a c u s e ,  N Y .  
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Figure 80. Perspective viar of Park Avenue, New Y o r k ,  N Y .  
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SCALE 
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1-1 DWG = 207.36' ACTUAL 

Figure 81. Plan view of St. Paul, MN with receptor concentrations 
and  location. 



Table 10. Urban city configurations. 

refeience Test 
Description Locat ion 

St. Paul, MN 

Line source along University Avenue 
11 11 11 11 1 t  

Line source along Snelling Avenue 
11 11 11 11 91 

Syracuse, NY 

Line source along Warren Avenue 
11 11 11 11 11 

New York, NY 

Line source along Park Avenue 
11 11 11 1 )  ( 1  



Table 11. University ;venue site, St. Paul, MN (10 highest concentrations). 

D i r ,  2 
Degrees 

Cross Section 

'wind direct ion with respect  t o  0 degree northerly wind 
2 ~ i n d  direct ion with respect  t o  the  perpendicular of t h e  l i n e  source 

Note: C* was determined using the same characteristic 
length as the idealized canyon, 3.5 in (0.0889 m). 

W = Canyon width 
L = Length from point to nearest intersection 
0 - City block length 
H = Height of wall at point of interest HP - upstream wall 

= Downstsream wall 
;2= Height of point above street 



The S t .  Paul s i t e  s t udy  shows t h e  s i g n i f i c a n c e  of 2-D canyons which 
a r e  i s o l a t e d  from 3-D e f f e c t s .  With B/H between 18 and 24, a  f u l l y  
developed 2-D flow i s  i l l u s t r a t e d  by comparing two r e c e p t o r s ,  one near  
an  i n t e r s e c t i o n  and one i s o l a t e d  from t h e  e f f e c t s .  The first p o i n t ,  
Number 3, has  t h e  h ighes t  concen t r a t i on  measured, C* = 91. Po in t  
Number 4 ,  which is wi th in  t h e  3-D e f f e c t  of t h e  corner ,  has  a  
concen t r a t i on  on ly  43 percen t  of Po in t  3. This  dec reas ing  t r e n d  
ag rees  w i th  t h e  r e s u l t s  from t h e  i d e a l i z e d  i n t e r s e c t i o n  model, 
p r ev ious ly  d i s cus sed  i n  Analysis  of Se l ec t ed  Crosscut  Cases.  

Other  p o i n t s  o f  i n t e r e s t  t h a t  r e f l e c t  t h e  t r e n d s  of t h e  prev ious ly-  
d i s cus sed  2-D models i nc lude  t h e  open park ing  l o t  ( P o i n t s  16, 17, 18, 
19,  20) which resemble t h e  open highway con f igu ra t i on ,  and Poin t  1 4  
which resembles an upstream fac ing  s t e p .  

Warren S t r e e t  S i t e ,  Syracuse, New York 

The c i t y  b locks  a long Warren S t r e e t ,  between Onondaga S t r e e t  and 
Washington S t r e e t  i n  downtown Syracuse, were t e s t e d  a t  a  model s c a l e  
of 1/226 f o r  p o l l u t i o n  concen t r a t i ons  at 34 d i f f e r e n t  l o c a t i o n s  
( f i g u r e  8 2 ) .  The l eng th  of t h e  c i t y  b lock  B/H range is  between 3.9 
and 19; t h e  ma jo r i t y  of t h e  b locks  be ing  wi th in  t h e  minimum B/H > 6,  
de sc r ibed  i n  s e c t i o n ,  2-D Canyons wi th  Crosscu ts ,  which a l l ows  2-D 
flow t o  develop between t h e  c ros scu t s .  

The 10 h i g h e s t  concen t r a t i ons  measured on t h i s  Syracuse s i t e  a r e  
l i s t e d  i n  t a b l e  12.  Of t h e  10 p o i n t s ,  8 a r e  l o c a t e d  a long  t h e  base  of 
t h e  upstream wal l .  The h ighes t  concen t r a t i on  recorded i n  Syracuse is 
Poin t  10 l o c a t e d  near  an i n t e r s e c t i o n .  This  "hot spo t "  i s  thought  t o  
be caused by t h e  combined 3-D e f f e c t s  of a  t a l l  b u i l d i n g  and an  
i n t e r s e c t e d  2-D canyon. 

The second h ighes t  concent ra t ion ,  Po in t  24, i s  a t t r i b u t e d  t o  t h e  
leeward s u c t i o n  of a t a l l  b u i l d i n g  above a  2-D canyon. Po in t  24 a l s o  
r e c o e e d  t h e  t h i r d  h ighes t  concent ra t ion ,  showing a  r educ t ion  of  
p o l l u t a n t s  due to a  30' wind d i r e c t i o n  and a t r u e  wind azimuth of 
North-Northwest 330°, which produces a  l a t e r a l  f low component i n  t h e  
canyon. Th i s  l a t e r a l  flow component d i s p e r s e s  t h e  canyon p o l l u t a n t s  
a s  d i s cus sed  i n  s e c t i o n  I s o l a t e d  T a l l  Bui lding above an o therwise  2-D 
Block. 

For t h e  North-Northwest wind, r e c e p t o r s  near  t h e  upwind end of t h e  
l i n e  source  should be  excluded due t o  t h e  decrease  of p o l l u t a n t s  near  
t h e  l i n e  source  end. This  would omit r e c e p t o r s  10 ,  11, 12, 21, 22, 
23, s i n c e  t h e  source  t e rmina t e s  near  Washington S t r e e t .  
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Figure 82. Plan view of Syracuse with receptor 
concentrations and location. 





Park  Avenue and 52nd S t r e e t  S i t e ,  Manhattan, N e w  York 

The p o l l u t i o n  d i s p e r s i o n  s t u d y  i n  Manhattan was a l o n g  Park  Avenue, 
between 48 th  and 5 6 t h  S t r e e t s ,  u s i n g  a model s c a l e  of  1 /384.  Tab le  1 3  
shows t h a t  8  o f  t h e  1 0  h i g h e s t  c o n c e n t r a t i o n s  a r e  found a l o n g  t h e  b a s e  
o f  t h e  ups t ream w a l l s .  F igure  83 i l l u s t r a t e s  t h e  r e c e p t o r  l o c a t i o n s .  

I n  c o n t r a s t  t o  t h e  o t h e r  s i t e - s p e c i f i c  s t u d i e s ,  t h i s  s e c t i o n  of  
Manhattan c o n s i s t s  ma in ly  of  t a l l  b u i l d i n g s .  With s h o r t  b l o c k  l e n g t h s  
r e l a t i v e  t o  b u i l d i n g  h e i g h t s  and B/H r a n g e  between 0 . 3  and 1 . 5 ,  t h e r e  
i s  l i t t l e  o p p o r t u n i t y  f o r  2-D f low t o  deve lop .  F u r t h e r  i n h i b i t i n g  t h e  
e v o l u t i o n  o f  2-D f lows  i s  t h e  v a r i e t y  of  b u i l d i n g  h e i g h t s  and t h e  
r e l a t i v e  c l o s e  p r o x i m i t y  o f  b u i l d i n g  c o r n e r s  w i t h  L/H r a n g i n g  between 
0 .17  and 0 . 3 .  

The f low f i e l d  i n  t h i s  s e c t i o n  of  Manhattan may b e  c h a r a c t e r i z e d  by 
t h e  i n t e r a c t i o n  of  3-D f low f i e l d s  c r e a t e d  by f low around t h e  many 
b u i l d i n g s .  T h i s  makes i t  d i f f i c u l t  t o  i d e n t i f y  any s p e c i f i c  i d e a l i z e d  
geometry t h a t  c a u s e s  many of t h e  h i g h  c o n c e n t r a t i o n s  obse rved  i n  t h e  
Manhattan model.  D e s p i t e  e x t e n s i v e  mixing i n  t h e  h o r i z o n t a l  and 
v e r t i c a l  p l a n e s ,  "hot  s p o t s f f  s t i l l  remain on t h e  leeward s i d e  of  many 
b u i l d i n g s .  

C .  Summary of Trends i n  Dispersion Measurements at Urban S i t e s  

F i g u r e  84 i l l u s t r a t e s  t h e  r e l a t i v e  o v e r a l l  d i s p e r s i o n  c h a r a c t e r i s t i c s  
of t h e  u rban  sites compared w i t h  some o f  t h e  i d e a l i z e d  canyon 
g e o m e t r i e s .  The ave rage  c o n c e n t r a t i o n s  shown i n  f i g u r e  84 were 
c a l c u l a t e d  by s e l e c t i n g  e q u a l  numbers of p o i n t s  on b o t h  s i d e s  of t h e  
s t ree t  canyons i n  which t h e  l i n e  s o u r c e  was e m i t t i n g  t r a c e r  g a s .  
These n e a r - s t r e e t - l e v e l  c o n c e n t r a t i o n s  were ave raged  t o  e s t a b l i s h  a 
r e l a t i v e  p o l l u t a n t  c o n c e n t r a t i o n  f o r  e a c h  s i t e .  

I n  t h e  t h r e e  urban s i t e s  shown i n  f i g u r e  84, t h e  wind d i r e c t i o n  
was always p e r p e n d i c u l a r  t o  t h e  s t r e e t  i n  which t h e  l i n e  s o u r c e  
was c e n t e r e d .  I n  t h e  2-D c a s e s  shown, t h e  wind d i r e c t i o n  was a l s o  
p e r p e n d i c u l a r  t o  t h e  canyon b u t  t h e  p o s i t i o n  and t y p e  of s o u r c e  
v a r i e d .  The Katy Freeway ( s h a l l o w  s l o p i n g  c u t )  had a  l i n e  s o u r c e  
l o c a t e d  a t  wid th /$  from t h e  bottom o f  t h e  upwind s l o p e .  The 
t a l l  b u i l d i n g ,  s t a n d a r d  canyon (W/H = I ) ,  and t a l l e r  ups t ream 
b u i l d i n g  (H1 /H2  = 2 )  c o n f i g u r a t i o n s  had l i n e  s o u r c e s  l o c a t e d  a t  
t h e  c e n t e r  o f  t h e  canyon. The wide canyon ( W / H  = 2 )  and t a l l e r  
downstream b u i l d i n g  ( H z / H l =  2 )  c o n f i g u r a t i o n s  had v e h i c l e  s o u r c e s  
l o c a t e d  a t  0.286H upwind of t h e  canyon c e n t e r .  The downstream- 
f a c i n g  s t e p  was t e s t e d  w i t h  a  v e h i c l e  s o u r c e  l o c a t e d  0.214H from t h e  
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CASE 
1 
2 
3 
4 
5 
6 
7 

8 
n 

DESCRI P T M  (FIGURE # 
Tall building in midblock (Fig. 44) 
Downstream Pacing step (Fig. 34) 
Standard, W/H = 1.2-D canyon (Fig. 19) 
Wide canyon, W/H = 2 (Fig. 30) 
Taller upstream bldg, H1/H2=2 (Fig. 41) 
Taller downstream bldg, H2/H1=2 (Fig. 41 ) 
Katy Highway, Houston, Texas 

Shallow sloping cut (Fig. 49) 
St. Paul, Minn. sib (Fig. 78) 
Syracuse, N.Y. site (Fig. 79) 
Manhattan, N.Y. site (Fig- 80) 

CASE 

Urban Sites 

F i g u r e  84. Comparison of  c o n c e n t r a t i o n  h o t  s p o t s  and  
a v e r a g e s  i n  2-0 canyons  a n d  u r b a n  sites. 





face of the step. The table 10 (tables 11-13), averages and 
"hotspot" calculated for vehicle sources were normalized by using 
the ratio of values obtained from the standard canyon 
configuration with line source and vehicle source. 

Intersections and varied building heights of the cityscapes 
increase the 3-D mixing and result in lower concentrations than 
the 2-D idealized canyons. There is also a wider range between 
average and "hot spot" concentrations in the urban sites than in 
the idealized configurations. As in the 2-D models, the trends of 
the average concentrations in the urban sites generally correspond 
to the trends of the "hot spots". Furthermore, the site which had 
the greatest tendency toward 2-D flow situations - St. Paul, MN - 
also showed the highest concentrations. 

can be 
With respect to specific "hot spots," the following observations 

made from an examination of table 14: 

The three concentration "hot spots " with the highest 
values are located in three different cities: 
-St. Paul C* = 91. 
-Syracuse C* = 77. 
-Manhattan C* = 74. 

The distribution of the top 10 "hot spots" are: 
-Manhattan 5 Points. 
-St. Paul 3 Points. 
-Syracuse 2 Points. 

Along the base of an upstream wall near street level, 8 of 
the top 10 and 22 of the top 25 "hot spots" are located. 

With winds perpendicular to the line source canyon, 7 of 
the top 10 occurred. 

The remaining 3 of the top 10 occurred at wind direction of 
30°, and two of these were at a location which was listed 
in the first seven for wind directions perpendicular to the 
line source. 

In addition to the "hot spots," many other concentrations along 
the upstream walls are higher than the downstream walls. This is 
clear in each of the cityscapes with the wind direction 
perpendicular to the source canyon. The concentrations along the 
source canyon are plotted in figures 85 (St. Paul), 8 6  (Syracuse) , 
and 87 (Manhattan). The discontinuities in the 
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upstream wall curves (Points 35 and 31 for Manhattan, and Point 
27 for Syracuse) are attributed to tall or unusually shaped 
buildings that affect the wind locally, so as to reduce the 
concentrations at those specific locations. In all three 
cities, the areas along the upstream walls show higher 
concentrations, and the concentrations are reduced with a 
30' relative wind (figures 85b, 86b, 87b) in each case. 
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The lowes t  c o n c e n t r a t i o n s  were recorded i n  geomet r i es  which channeled 
c l e a n  a i r  i n t o  t h e  canyon. The most e f f e c t i v e  geomet r i es  i n c l u d e d :  
t a l l e r  downstream b u i l d i n g s ,  upstream f a c i n g  s t e p s ,  and s l o p e d  wa l led  
canyons. By i n c r e a s i n g  t h e  downstream b u i l d i n g  h e i g h t ,  t h e  ups t ream 
f low is  f o r c e d  i n t o  t h e  canyon and i n c r e a s e s  t h e  d i l u t i o n  of 
p o l l u t a n t s .  The same effect is observed on t h e  upst ream f a c e  of  a  t a l l  
b u i l d i n g  where t h e  p r e s s u r e  g r a d i e n t  d r i v e s  t h e  f low below t h e  
s t a g n a t i o n  p o i n t  downward i n t o  t h e  canyon. Upstream f a c i n g  s t e p s  
d e f l e c t  f low o v e r  t h e  b u i l d i n g  and develop a  s t r o n g ,  s m a l l  v o r t e x  n e a r  
t h e  b a s e  o f  t h e  b u i l d i n g .  The volume o f  c l e a n  a i r  mixing w i t h  
p o l l u t a n t s  i s  l a r g e  and t h e r e f o r e  c o n c e n t r a t i o n  l e v e l s  are low. 

One of t h e  most e f f e c t i v e  methods t o  i n c r e a s e  v e n t i l a t i o n  i s  by 
s l o p i n g  t h e  canyon w a l l s .  I n  comparison t o  i ts  v e r t i c a l  w a l l e d  
c o u n t e r p a r t s ,  a  s l o p e d  w a l l  canyon reduces  c o n c e n t r a t i o n  l e v e l s  on t h e  
o r d e r  o f  60 p e r c e n t  f o r  *'hot s p o t s t t  and a  75 t o  80 p e r c e n t  r e d u c t i o n  
i n  o v e r a l l  c o n c e n t r a t i o n  measurements. 

There fo re ,  i n t r o d u c i n g  a  s l o p i n g  w a l l  t o  t h e  downstream f a c i n g  s t e p  
geometry would s u b s t a n t i a l l y  reduce  p o l l u t a n t  l e v e l s .  The h i g h e s t  
c o n c e n t r a t i o n  zones a r e  l o c a t e d  i n  t h e  lower v e l o c i t y  f low a r e a s ;  t h u s  
methods f o r  e n e r g i z i n g  f low a c t i v i t y  i n  t h e s e  a r e a s  s h o u l d  be 
i n c o r p o r a t e d  i n t o  t h e  des ign  c o n s i d e r a t i o n s .  

Below a r e  l i s t e d  h i g h l i g h t s  of each s e c t i o n  i n  a  condensed form. 

2-D Flow C o n f i a u r a t i o n s  

S tandard  canyon is t h e  most s i m p l i f i e d  2-D f low w i t h  a  s t r o n g  
c e n t r a l  v o r t e x  and weaker secondary  c o r n e r  v o r t i c e s .  

Concen t ra t ion  l e v e l s  and d i s t r i b u t i o n  depend upon s o u r c e  l o c a t i o n  
w i t h i n  t h e  canyon. 

Maximum c o n c e n t r a t i o n s  occur  i n  t h e  lowes t  v e l o c i t y  zones,  such 
a s  n e a r  t h e  street l e v e l  on t h e  upwind s i d e  o f  t h e  canyon. 

R e c i r c u l a t i n g  f low p a t t e r n s  produce lower c o n c e n t r a t i o n  g r a d i e n t s  
t h a n  lower v e l o c i t y ,  t u r b u l e n t  f low.  

Canopies on t h e  upstream b u i l d i n g  i n c r e a s e  c o n c e n t r a t i o n  l e v e l s  
n e a r  t h e  canyon c e n t e r .  L a t e r a l  wind components r educe  
c o n c e n t r a t i o n s  i n  p r o p o r t i o n  t o  t h e  s t a n d a r d  canyon, 
approx imate ly  e q u a l  t o  t h e  c o s i n e  of  t h e  wind a n g l e .  



The p r e s e n c e  o f  a  s l o t t e d  ( o r  p o r o u s )  w a l l  o r  b u i l d i n g  on t h e  
ups t ream o r  downstream s i d e  o f  a  l i n e  s o u r c e  l e a d s  t o  
l'comrnunicated" p o l l u t a n t s  through t h e  s l o t t e d  b u i l d i n g ;  more 
p o l l u t a n t s  t r a v e l  from t h e  downstream canyon t o  t h e  ups t r eam 
canyon t h a n  v i c e  v e r s a .  By super imposing  c o n c e n t r a t i o n s  f o r  a  
d u a l  s o u r c e  c o n f i g u r a t i o n ,  t h e  ups t ream canyon c o l l e c t s  more 
p o l l u t a n t s  t h a n  t h e  s t a n d a r d  canyon, whereas t h e  downstream 
canyon i s  more v e n t i l a t e d .  

Width-to-height  r a t i o  has  a  profound e f f e c t  on c o n c e n t r a t i o n  
l e v e l s  and d i s t r i b u t i o n .  F ive  g e n e r a l  c a t e g o r i e s  of f low p a t t e r n s  
e x i s t  : 

- Deep canyon ( W / H  < 1) :  upper  zone v o r t e x  w i t h  lower zone 
s t a g n a n t  pocke t .  

- S t a n d a r d  canyon ( W / H  * 1 ) :  s t r o n g  c e n t r a l i z e d  v o r t e x  w i t h  
i n t e r m i t t e n t  secondary  c o r n e r  v o r t i c e s .  

- Wide canyon ( W / H  > 4 ) :  weaker downstream zone v o r t e x  and 
ups t ream zone s t a g n a t i o n  pocke t .  

- Downstream f a c i n g  s t e p :  weak c i r c u l a t i n g  f low between 
approx ima te ly  2 . 5  and 4 . H  away from ups t ream f a c e ,  l a r g e  
s t a g n a n t  pocke t  ups t ream zone. 

- Upstream f a c i n g  s t e p :  s t r o n g  d e f l e c t e d  f low w i t h  s m a l l  
r e c i r c u l a t i o n  zone. 

Downstream-facing s t e p s  t r a p  p o l l u t a n t s  i n s i d e  a  lower  v e l o c i t y  
zone i n  t h e  b u i l d i n g  wake. Upstream-facing s t e p s  r e s u l t  i n  a  h igh  
v e l o c i t y ,  low c o n c e n t r a t i o n  zone. 

Downstream b u i l d i n g s  which a r e  t a l l e r  t h a n  t h e i r  ups t ream 
ne ighbors  channe l  more f r e s h  a i r  i n t o  t h e  canyon and t h u s  g i v e  
r i se  t o  lower  c o n c e n t r a t i o n  l e v e l s .  I n  comparison t o  t h e  s t a n d a r d  
canyon ( W / H  = I), upstream b u i l d i n g s  which a r e  t a l l e r  t h a n  t h e i r  
downstream ne ighbors  r e v e r s e  t h e  d i r e c t i o n  and weaken t h e  v o r t e x ;  
c o n c e n t r a t i o n  t r e n d s  a r e  o p p o s i t e  t h a t  of  t h e  s t a n d a r d  canyon. 

An i s o l a t e d  t a l l  b u i l d i n g  i n  a n  o t h e r w i s e  2-D canyon creates a 
"hot  s p o t "  a t  t h e  base  o f  t h e  downwind s i d e ,  and m i t i g a t e s  
c o n c e n t r a t i o n s  i n  t h e  upwind canyon n e a r  i t s  f a c e .  For +/- 30°, 
t h e  "hot  s p o t "  i s  s u b s t a n t i a l l y  reduced,  and t h e  suc t ion - induced  
f low caused  downwind s i d e  p r e s s u r e  g r a d i e n t  adds  and s u b t r a c t s  
from t h e  l a t e r a l  f low component i n  t h e  downwind canyon. 



Sloping canyon (or cut) walls create substantial 
ventilation of the canyon, leading to large reduction in 
concentration levels. 

The "average" concentration levels were approximately 50 
percent of the "hot spotfr for most 2-D flows; better 
ventilated flow configurations produced concentration 
averages which were a smaller percentage of the "hot spot" 
values. 

The highest "hot spots" and averages were the deep canyon 
(W/H = 0.25), isolated tall building, and downstream step, 
respectively. 

3-D Flow Configurations 

Intersections are better ventilated than their 2-D 
counterparts, and thus have lower normalized concentration 
levels. 

The effect of an intersection on the concentrations in the 
canyon is detected for a distance of approximately four 
canyon widths back from the intersection in a 90' crosswind 
in nonperpendicular crosswinds; the effect on the 
intersecting canyons is more-complex but still substantial. 

The three-way (or "Tw) intersection has better ventilation 
near the cut than the full crosscuts; the downwind wall 
records much lower concentration than the upwind wall. 

Semicircular (Airport Terminal/Parking Garages) Flow 
Configuration 

0 and 180° wind direction have distinct differences in flow 
patterns, and must be considered as distinct cases. 

2-D vortices (similar to the standard canyon) appear at the 
apex in 0 and 180° narrow curved canyons; a vortex similar 
to the 2-D wide canyon appears at the apex in the O0 wide 
curved canyon; no vortex developed in the 180' wide curved 
canyon. 

Wider curved canyons provide greater ventilation than 
narrow curved canyons, and thus lower concentration levels. 



Concentration levels are highly dependent upon source 
locations and local flow characteristics. The 0' case 
comentration levels are less affected by source location 
than the 180' cases. 

Slotted inner curves (airport garage model) transmit 
little pollutants because the depth and shape of the 
curved building eliminates the sharp pressure gradients 
that drive the fluid transfer in the 2 - 0  slotted canyon. 

Urban Site Results 

Katy Freeway, Houston, Texas, has an open sloping wall 
cut section and experiences low pollution levels relative 
to vertical walled sections. 

St. Paul, Minnesota is characterized by wide canyons 
with downwind facing steps. The city blocks are long 
with relatively few crosscuts. The concentration "hot 
spots" occur in areas where 2-D-like flow occurs. 

Syracuse, New York is characterized by variations of the 
W/H = 1 canyon with height ratios among buildings in the 
0.5 to 1 . 5  range. The canyons have relatively long 
blocks which promote local 2-D flow behavior, and 
associated concentration patterns. The "hot spots" are 
created by corner vortices of an intersection and taller 
upstream building configurations. 

Midtown Manhattan, New York, is characterized by tall 
buildings and "slab" buildings with frequent crosscuts; 
the city blocks are relatively short, which reduces the 
extent of 2-D flows and promotes 3-D flow. The majority 
of "hot spotsw are found at the base of the downwind side 
of buildings. This is thought to be the result of corner 
vortices, suct:on on the downwind face of tall buildings, 
and deep canym effects. 

Approximately 85 percent of the "hot spots" are located 
along the base of upstream wall. 

The "hot spots" track the "averages" calculated near the 
source at street level, that is, the road site with the 
highest "hot spotw has the highest "average." 
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