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ABSTRACT

In most air pollution problems it is often the case that either the
source or the receptor (or both) will be near buildings. In this paper
we consider the building surface concentration and, by implication, the
concentration in any air intakes located there as a result of (i) upwind
sources, (ii) surface sources, (iii) downwind sources in the near wake
recirculating region, and (iv) short roof-mounted stacks.

A qualitative description of the relevant dispersion mechanisms is
first given and then some semianalytical and experimental results are
presented.

Simple methods of estimating reasonable upper bounds to the surface

concentrations are suggested.
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NOMENCLATURE

A - surface area of wake recirculation region, mz
A - projected building frontal area, m2

B, B BZ’ B3 = emfi;%cal constants

CM ' - maximum building surface concentration at a fixed

distance r from the source, kg/m3

CMAX - global maximum concentration at the roof plane from a

stack on the roof, kg/m3

Ce = contaminant concentration in the gas at the source,
kg/m3

c : > 3

o - spatially averaged near wake concentration, kg/m

Cr - roof level concentration from a stack of height hs

above the roof, kg/m3

C - roof level concentration for zero stack height with

__— 3
same release conditions, kg/m

Ds - smaller of building height or width, m
DL - larger of building height or width, m
hS - stack height above roof level, m
Ah - plume rise above stack exit, m
H - building height, m
ic - RMS intensity of isotropic turbulence
Ke - normalized concentration at source, see (15)
L - JA length scale for flow and diffusion, m
m - mass transfer rate across recirculating wake
boundary, kg/s .
4, - volume flow from source m3/s
Q - mass release rate of contaminant, kg/s
Q! - mass release rate per unit length of line source kg/sm
E - shortest distance between source and building receptor

measured along the surface, m
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length scale for flow and diffusion, see (1), m
wake ventilation time constant, s
time average windspeed, m/s

windspeed at the point of emission, m/s

.uniform windspeed far upwind from an obstacle, m/s

mean plume convection velocity through plume crosswind
section, m/s

mean convection velocity between source and building,
m/s

windspeed at roof level for upwind of the building, m/s
exit velocity from a surface vent, m/s

volume of the wake recirculation region, rn3

width of the upwind building face, m

distance from upwind building face to upwind source
position

distance from the downwind building face to the
reattachment point of the near wake recirculation

region

roughness length, m

entrainment constant for recirculation region

plume spread normal to trajectory in isotropic
turbulence, m

crosswind plume spread, m
vertical plume spread, m
density of ambient air, kg/m3

2
density of emission gas at the source, kg/m”



1.0 SCOPE OF THE STUDY

While the maximum ground-level concentration from a pollution
source may only rarely effect humans, the concentration on the surface
of the building is[fq;jmore likely to affect people by being injested
into building air intakes, through open windows, or by direct contact
with people leaving or entering the building. The fundamental question
that a designer must answer is whether an unacceptable high level of
concentration is likely to exist on a building surface from a particular
emission source. What is required to answer this question is a set of
simple explicit computational methods that set reasonable upper bounds
on building surface concentrations. The objective of the present study
is to review existing theoretical models and experimental data to
determine these required design procedures.

Only surface concentrations on isolated buildings caused by point
sources of contaminant will be considered. Four different situations

will be examined:

1. Plume impingement from a source upwind of the building.
2. Sources from surface vents on the building.

3 Downwind sources in tﬁe near wake recirculation region.
4, Sources from short roof mounted stacks on the building.

Emissions from roof mounted stacks also qualify as a source on the
building, but because they are designed specifically to avoid building
surface concentrations, stacks will be . considered separately £rom

surface wvents.

1(a) Computational Models

The computational methods that we seek should be  physically

realistic, and exhibit the effects of the relevant variables such as



wind speed, source strength, distance, and building size in a
dimensionally  consistent way. However, the experimental data
correlations used to develop models typically has an uncertainty factor
of two to five for gqncgntration. This is due mostly to the sensitivity
of receptor concentratién to small shifts in the trajectory from a point
source. The error in predicting local concentration may be a factor of
ten or more when the influence of nearby structures and local terrain
irregularities are included. With this level of uncertainty, it is not
necessary to develop complicated models for the interaction of the
building with the surrounding flow, and simple diffusion models will
usually be sufficient for design purposes.

The time over which concentration measurements are averaged is also
an important factor. All the data used to support the predictions in
this study are from wind-tunnel simulations, or short-term full-scale
measurements, both of which exclude the slow variations in crosswind
turbulence that are perceived as wind direction shifts in the full-
scale. Thus, the concentrations predicted will represent averaging
times in the full-scale from about one to ten minutes, and can probably
be considered as typical of three-minute averages.

If must be emphasized that the purpose of this study is not to
provide a comprehensive review of all previous work, but rather to
develop proven design methods for evaluating building surface
concentrations. For recent literature rev%ews the reader may refer to

Meroney (19) and Hosker (9).

1(b} Flow Patterns over Buildings

Figure 1 shows the divergence of streamlines caused by the flow

deceleration as is approaches the upwind face of a building, the



subsequent vortex formation and flow separation from sharp upwind edges,
followed by reattachment if the building is sufficiently long in the
flow direction. The complex surface flow patterns shown in Figure 2
were determined using _flow visualization in a water channel with a
turbulent flow approaching the model buildings. These patterns are
caused by the effect of the ground plane and the variation of wind speed
with height in the approach flow. With wind perpendicular to the upwind
face, the surface flow pattern in Figure 2 suggests a stagnation point
on the rear face about one-third of the building height up from the
ground plane. This observation is consistent with the descriptions by
Peterka, Meroney, and Kothari (22) who discuss how the conventional
notion of a single closed near-wake recirculation bubble is probably not
realistic due to the influence of the ground plane and upwind velocity
profile. Indeed for a three-dimensional object, pollutants may enter
and escape the separation cavity by convection through interaction with
horseshoe vortex circulations near the ground, steady arch-shaped vortex
circulations behind the building, and intermittant "washing out" of the
cavity by large turbulent gusts. However, we will see later that the
concept of a closed recirculatibn volume in which wake contaminants are
trapped will be a convenient model of diffusion from downwind sources.
It is easy to see from the flow patterns in Figure 2 how uncertainty
factors of two to five in concentration can be induced by a shift in
plume trajectory. There are three basic_receptor-source conditions:

L. The plume from the source to the receptor is always in the

same unseparated flow.



2. The plume is emitted from and the receptor is located in a
recirculation zone.
3. The plume passes through a recirculation zone but either the
source or;;ecgptor or both are in unseparated flow.
Each of these situation; might be expected to produce different rates of

plume diffusion.

1(c) Length Scales for Flow and Diffusion

For a plume passing over a building several turbulence scales can
be identified. The first set of these are the turbulence scales in the
approach flow, which influence plume dispersion for sources upwind of
the building. However, once the flow begins to interact with the
building, it is the building itself that determines turbulence scales
caused by flow separation patterns around it. The simplest length scale
L for flow around a building, is formed from the projected frontal area
L =JA . However, this approach is not realistic for long slender
structures where most of the flow passes around the smallest dimension,

making this the dominant scale length. Wilson (34) found that the roof

recirculation zone and the wake above the roof had a length scale

0.67 0.33

B= DS DL (1)

which is dominated by the smallest building dimension Ds' However, for
buildings with aspect ratios of 5:1 or less, the two length scales L
and R will differ by less than 30 percent. Keeping in mind the high
levels of uncertainty in concentration, the simpler form for the length
scale L will be used here. However, for long slender structures the
length scale R is more appropriate and the reader may make this

- y 2
substitution of R for A whenever necessary.



2.0 PLUME IMPINGEMENT FROM UPWIND SOURCES

As a plume approaches a building its spreading rate will increase
due to streamline divergence as the flow decelerates approaching the
stagnation point 0@-th§ upwind face of the building. This increased
spreading, accompanied.by a decreased plume advection velocity is shown
schematically in Figure 3. Lucas (18) suggested, without much
theoretical or experimental justification, that the building surface
concentration will be approximately equal to the concentration at the
same point in space in an undisturbed plume. The recent experimental
and theoretical study of Britter and Hunt (1) showed that when the plume
centerline impinges directly on a building, the building surface
concentration will always be less than the maximum concentration on the
undisturbed centerline.

Simply, this may be explained as a result of a lower average
convection velocity in the presence of a building while the rms
turbulent velocities remain constant. A line source impinging on a
two-dimensional obstacle reduces the <concentration very little.
Elaborate and rigorous analvses which include sources off and on the
stagnation line may be found iﬁ the review by Hunt, Britter and Puttock
(11), in Puttock and Hunt (29), and Britter and Hunt (1).

The prediction that the maximum surface concentration will always
be less than the axial concentration in the undisturbed plume is
confirmed by the experimental results shown in Figures 4 and 5. All of
these experiments were carried out with a two-dimensional cylinder
suspended without a ground plane in grid generated turbulence. In this
case flow symmetry makes the cylinder radius, a, the appropriate length

scale for normalizing distance. Figure 4 confirms that the maximum



surface concentration from a point source on the stagnation line of a
circular cylinder is always less than that measured in the undisturbed
flow with the obstacle removed. The data also shows that the source
must be very close ;O'Fhe obstacle, at about xS/a < 2 for the surface
concentration to be significantly less than the undisturbed plume axis
concentration. The measurements in Figure 5 for a line source on the
stagnation line of a two-dimenstional cylinder also confirmed the
prediction that the reductions in concentration will be less than those
for point source. For both point and line sources located off the
stagnation line, Puttock (24) and Britter and Hunt (1) observed that the
maximum surface concentration was also reduced below the maximum axial
concentration, but was located near the edge of the cylinder rather than
on the stagnation line.

Wilson and Netterville (36) measured the building surface
concentration around a rectangular model building in a simulated
atmospheric boundary layer. The source was located at roof level about
4.6 building heights upwind. Using the projected frontal area to form a
length scale, the source was located at XS/JKH = 5.7 for the upwind
face normal to the wind, and x;fJﬁ_ = 4.0 for the building at 45° to
the wind. These measurements are summarized in Figures 6 and 7, using
the concentration at the position of the upwind roof edge in the
undisturbed plume as a normalizing value. Within the experimental
uncertainty of about 5 percent, the maximum building surface
concentration was found to be identical to the concentration on the
undisturbed plume axis, in agreement with the observations at similar

xqfa values shown in Figures 4 and 5.



Caldwell and Goldie-Scott (1976, unpublished) measured the
concentration on the face of a rectangular block with the height twice
the width and four times the depth. Their data with a ground plane and
highly turbulent and shgared approach flow confirmed the observations of
Wilson and Netterville {36). Their experiments showed that maximum
concentration on the building surface was equal to the axial
concentration in the wundisturbed plume, within an experimental
uncertainty of 10 percent.

The increased plume spreading shown in Figure 3, and predicted by
the simple analysis, is alsoc readily apparent in the measurements in
Figures 6 and 7. As the plume is decelerated in the flow approaching
the building, the diverging streamlines cause the concentration to
remain high over a larger area than in the undisturbed plume. Because
the mass flux through any cross section of the plume remains constant,
the lower velocity and approximately unchanged centreline concentration
requires higher concentrations to occur in the outer edges of the plume,
as shown is Figures 6 and 7. Thus, although the maximum concentration
on the building surface is the same as that in the undisturbed plume,
the area covered by this maximum concentration is much larger,
indicating a proportionately larger risk of exposure when a building is

present.

2(a) Design Procedure for Plume Impingement

The experimental data and theoretical arguments show that Lucas
(18) was essentially correct in assuming that the maximum surface
concentration on the building is equal to the maximum concentration in
the undisturbed plume at the same downwind location. . For design

purposes it is suggested that a conservative estimate of the



concentration on the building surface from an impinging plume be taken
as uniform and equal to the maximum undisturbed plume concentration
intercepted by the projected frontal area, A, of the building.

For groups of buildings, an wupper limit to the surface
concentration will be.ﬁge undisturbed plume maximum intercepted by the
building closest to the plume axis. The effect of upwind and downwind
buildings and terrain irregularities can only be determined with any

certainty by performing a wind-tunnel model study.

3.0 SURFACE VENT SOURCES ON THE BUILDING

The complex flow patterns shown in Figure 2 and discussed by
Peterka et al. (22) make it virtually impossible to predict the detailed
trajectory of the plume from a surface release. Wind-tunnel model
studies are required to determine the effect of building orientation and
vent location. Halitsky (7, 8) was the first to carry out a systematic
study of the effect of vent and receptor location for various shapes and
orientations. Using a nonturbulent uniform approach flow his
measurements show the effect on diffusion of building turbulence alone.
Later studies by Wilson (38, 39) and Li and Meromey (16, 17) used a
simulated turbulent atmospheric-boundary layer with a vertical velocity
power of 0.23 and 0.19 respectively as the approach flow. The
combination of atmospheric and building-generated turbulence caused
increased diffusion which produced surface concentrations about a factor
of three less than those observed by Halitsky. Wilson's data  with
a low source momentum vratio JE;?E'VE/UH = 0.11 and Li and
Meroney's data with a value of 0.07 are characteristic of surface
vents with louvers or rain caps that produce little momentum rise of the

source jet.



All of these studied present concentration isopleths for various
building shapes and vent locations. These diffusion measurements
confirm what is apparent from Figure 2: that surface flow patterns
isolate the upper two-thirds of a structure from the lower one-third.
This suggests that good design practice should be to locate vents in the

upper portion of the structure and intakes in the lower portion.

3(a) Predicting Maximum Concentration

From a designer's point of view, the most wuseful piece of
information is the maximum concentration expected at a fixed receptor
from a given source location. This will occur for the specific wind
direction where the complex surface flow patterns cause the maximum
concentration on the plume axis to pass over the receptor.

As the simplest model of this process, consider a Gaussian plume is

isotropic turbulence where 0 =0 0,5 with image source reflection

y
which doubles surface concentration. The maximum CM on the plume axis
is given by
By = _Q_2 (2)
n UC o

Receptors on the building should be close enough to the source for
plume spread O to be a linear function of travel time. Taking the

travel time as r/U where r is the shortest distance along the

C’

building surface between the source and receptor
T . (3)

where is the turbulence intensity normal to the plume axis, formed

iC,

using the local mean convection velocity U Using the approach wind

c
speed UH at building roof height as the scaling velocity, (2) and (3)

combine to produce
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Q UC moi2 (4)

Wilson (38, 39) found that the combination of variables on the right

side of (4) was a constant, BO, for most source and receptor locations,

so that

i - (5)

While the changes in UC and i, should compensate, with UC low and

C

iC high in wake recirculation regions, and the reverse in unseparated

flow, it is none the less remarkable that the product Ucig remains

virtually constant, leading to (5).
The data in Figures 8 to 12 are presented in terms of the dilution
factor C/Ce, using the concentration Ce of contaminant in the vented

gas at the source. Using Q = Ceq , (5) can be rearranged in the form

e

of the minimum dilution Ce/CM,

c, X t
o B (6)
CM BOA
where
€ 0.4
@ o= e N (7)
e 9.

Note that the diffusion length scale L = A is not a parameter in
(5), and cancels from (6) and (7). This is because L affects only the
length scale of turbulence, which is not a factor close to the source
where ¢ depends only on the turbulence intensity ic’ and distance r.

The data for roof, side and rear vents summarized in Figures &, 9
and 10, produce the same constant Bo = 9.0 for the minimum dilution

(or maximum surface concentration). The data for sources on the upwind
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face of the building, summarized in Figure 11, do not follow this simple
correlation. Wilson (38) found that higher upwind face concentrations
were for sources on the lower one-third of the building upwind face, and
receptors on the lower one-third of the building sides. One plausible
explanation for these higher concentrations is that emissions on the
lower one-third of the upwind face are trapped in the upwind vortex
system and carried by it around the sides of the building with less
dilution. These higher concentrations could be accounted for by
changing the constant in (5) to BO ~ 30

Orientation of the building to the approach wind strongly affects
building surface concentrations. Li and Meroney (16) found that the
roof vortices found at orientations of 45° resulted in much higher
surface concentrations near the ground as noted by comparing Figures 12
and 13. One can adjust for this fact by defining a new constant B0 as
Bé = Bo(l + 48/n) where © 1is the approach angle in radians.

Because a point source model was used for plume diffusion, it
unrealistically predicts CM > Ce, the contaminanf concentration in the
vented gas. In fact, the experiments showed that for distances greater
than a few source diameters froﬁ the vent, the back and forth meandering
of the plume caused high intermittency which led to average concentra-
tions that were always less the 10 percent of the vent gas contaminant
concentration Ce.

It is interesting to see what plume, turbulence intemsities are

implied by the observed values of Bo' Comparing (4) and (5)

L8]
B =(—H)_1_ | (8)
o U 2
C fl: 1 :

C
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For roof vents BO = 9.0, and taking UH/UC ~ 1.0 this implies

iC ~ 0.19. Using Drivas and Shair's (3) estimate of UH/UC ~:g.0 T 3.0

in the near wake, rear vents with B =9.0 implies i, ~ 0.46. Both

C
these estimates for turbulence intensity seem reasonable, increasing our

confidence in (5).

3(b) Design Procedure for Building Surface Sources

Using the previous results, a conservative but realistic procedure
for estimating the maximum building surface concentration at a distance
r from a surface vent is:

1. When the receptor is closer than three source diameters to the

vent assume CM = Ce, the vent gas contaminant concentration.

2. VWhen r 1is greater than three source diameters from the vent,

assume plume '"flapping" produces at least a factor of ten

dilution so the C, = 0.1 Ce'

M
32 Keeping constraints 1 and 2 in mind, use (5) with B0 = 9.0 or
(9.0 + 36.00/m) to compute CM’ unless both the source and

receptor are on the lower third of the same or adjacent walls,

in which case use B0 = 30.

4.0 SOURCES IN THE NEAR WAKE RECIRCULATION REGION

Immediately downstream of the building the flow recirculates, with
streamlines pointing upwind at ground level for about two to six
building heights downwind from the rear face. Hosker (9) correlating
the experimental data of several wind-tunnél studies found the distance
Xf from the downwind face to the point of reattachment

1.75 WH

R T T+ 025w (9)
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Virtually all the data used in this correlation were for buildings with
W > H. For this case the <correlation may be approximated within

* 15 percent by the simpler form

Xo o~ L.6A T - o)

over the practical range 1 < W/H < 15. The gases from sources released
in this region will be carried upwind to produce contamination of the
building surface. The very high turbulence intensity in the near wake,
combined with the flow recirculation there, cause the plume from the
source to be mixed to a uniform concentration after traveling a short
distance. Most wake recirculation models, such as those of Gifford (5),
and Vincent (33) assume a uniform concentration across the entire near
wake region.

However, the studies of Wilson (38) and Kothari, Meroney and
Peterka (14) show that an emission from the rear face of a building into
the recirculating region produces a diffusing plume for considerable
distance from the source. This spatially varying concentration is shown
in Figure 14 for release from the center of the downwind building face.
Kothari et al. (14) measured the plume as it traversed through the
cavity and downwind. The perturbation method discussed in Peterka,
Meroney and Kothari (22) effectively predicts plume concentrations after
the gases leave the immediate wake/cavity region. The maximum
concentration found by Wilson is shown in Figure 10 to follow (5), the
same decay law for releases on roof and other building surfaces. What
is required then is a composite diffusion model for near wake releases
which accounts for self-entrainment of the plume far from the source,
but which allows the plume near the source to diffuse as any other

surface release.
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4(a) Wake Ventilation Model

Let us first examine the asymptotic case where the receptor is far
enough from the source that the plume is dominated by self-entrainment,
and has a uniform _cqncentration through this region of the wake.
Gifford (5) proposed a?diffusion model aimed essentially at predicting
concentrations downwind of the near wake. This model was the first to
suggest that the projected frontal area A was the appropriate
diffusion length scale of a near wake, and proposed the often quoted
range of uniform wake concentrations 0.5 < CWUHA/Q < 2.0. Reviewing
more recent data Gifford (4) proposed that the upper limit of 2.0 is
probably the most reasonable choice.

Vincent (32, 33) characterized the wake diffusion by the time
constant t for the decay rate of the spatially averaged near wake
concentration. The advantage of this approach seems to be that a
suitably normalized wake ventilation time constant is less dependent on
building geometry than the concentration itself. Vincent (32) carried
out specific studies where the angle of building incidence té the wind
was changed to clearly demonstrate that the building projected frontal
area A is the appropriate scaling factor for the ventilation time
constant.

ta Yy
i

- 3, {11

where, for a surface mounted cube at various angles of incidence and
varying approach flow turbulence B1 = 6.8 * 1.5 with the lower value
corresponding to higher freestream turbulence levels. Full-scale

experiments of Drivas and Shair (3) for a ground level source in the

recirculaticn region behind a building 12 m high and 64 m wide gave a
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time constant of td = 60 s for a wind speed of UH ~ 2.5 m/s. This
result corresponds to B2 ~ 5.4 which agrees very well with the high
approach flow turbulence range of Vincent's wind-tunnel data.

Following Fack;el;: and Robins (28), the time constant can be
related to the unifﬁrm wake concentration by modeling the recirculation
zone as a closed cavity with a surface area Aw' The mass flux m

across this wake boundary is expressed in terms of an entrainment
constant «
m = U, oA - C 12
W H W(CW m) (12)
Taking the approach flow concentration C_ =0 a mass balance for a
source emission rate @ into the wake gives

de 3 Q- UH Aw CW

dt v
W

(13)

where Vw is the effective wake volume occupied by the uniform

dC
concentration Cw. The steady state solution of (11) when HEE =0 is
Q
C = ——— 14
wooa A U L2147
wo i
and the decay time constant for a suddenly stopped source is
"
Y4 @A U (15)
w H

Using (11) in (15) we find

VW
QAW = — (16)
b, VA
and combining this with (14) yields
EE_HH A_ g, 5312 (17)
Q 1V !

W
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For a building that is not too wide, say W/H <4 the uniform
concentration Cw should occupy the entire wake volume, which we assume

scales with projected frontal area A

o= BA (18)

If the effective wake volume is approximated as Vw = AXR, then

(10) implies B2 ~ 1.6. Because the wake recirculation region is not
really a closed volume, some of the source emission will be 'pumped "
out of the near wake by the unsteady fluctuations of wake reattachment.

This will make the effective mixing volume larger, increasing 32 so

that 1.5 < B, < 3.0 1is a reasonable expected range. Combining (17) and

(18) and defining B3 = BlfB2

= B (19)

where from the range of values for B1 and B2 we expect

1.75 = B3 < 5.5. It is interesting to note that neither the entrainment

constant «® or the surface area Aw of the wake recirculation appear
in this final equation for concentration. Using the mean value for Bg’

the suggested design equation for the uniform wake concentration is

=3.06% 2.0 (20)

How does this compare to other estimates of 83? Using the full-scale

data of Drivas and Shair (3) to evaluate wake volume with their observed
reattachment three building heights downwind, and their value of

B, = 5.4, we find 83 ~ 4.0. Halitsky (7) and Meroney and Yang (20)

both find for the near wake the constant B3 ~ 1.0. Later full-scale

data for release near a group of nuclear reactor buildings,
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Halitsky (6) shows that close to the source x < 100 m, B3 ~» 2.0 is in

agreement with Gifford's (4) suggested value. Wind-tunnel data of

Robins and Castro (26, 27) produce values of B ranging from about 1.0

3
to 3.0 for releaseslfrpﬂ the building surface and ground level receptors
in the aear wake f#r..r/JK" > 1.5. Kothari, Meroney and Peterka (14)
measured near wake concentrations behind a wvariety of cylindrical,
cubical and hemispherical shaped model buildings for releases from flush
roof vents. Maximum vlaues of B3 varied from 0.5 to 2.0 in the near
wake for r/JA > 1.0. These values are probably reasonable for our
situation of interest, where source and receptor positions are reversed.

Both Thompson and Lombardi (30) and Li and Meroney (17) for a
release from a flush roof vent into the recirculation region found the
maximum near wake ground level concentration occurs when the building is
at 45° to the wind causing strong wake downwash. For this situation

they found B, ~ 3.0 - 3.5 at r/JA ~ 1.8 - 2.0. Although this is not

3
a true wake release the values are in agreement with (20).

However, it was pointed out that for a considerable distance near
the source, the wake concentration follows (5), with concentration
varying as distance r-2 (see ﬁilson (38)). Robins and Castro (26, 27)
found releases from the rear face of a cube near the ground produced
ground level near wake concentrations up to five times higher than a
release near roof level. This observation also supports a non-
homogeneous concentration model for sources released within the near
wake. The uniform wake concentration Cw in (20) must be regarded as

an asymptotic value observed far enough from the source for self-

entrainment to deminate the plume. Equations (20) and (5) produce equal
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concentrations at r/JA = 1.73 and this is taken as the lower limit
of distance at which (20) is valid.

All  concentration  estimates to  this point assume mean
concentrations averﬁgedwover a period of three to ten minutes. When an
exhaust gas contains toxic, flammable, bacteriological and odorous
material ~ one is also interested in the concentrations instantaneous
magnitude and associated probability distributions. Wilson (40) and Li
and Meroney (17) have examined instantaneous concentration fluctuations
in building wake regions. Near the ground centerline behind the model

building wupper limits to the peak-to-mean concnetration ratios are
X <
(prx)gg% 3.0,
(xp}x)gs% < 2.5 -and (21)
(xp/x)go% %% 20

4(b) Design Procedure for Sources in Recirculating Wake

In the absence of a single theory to account for diffusion near the
source as well as uniform wake concentrations far from the source:
I For distances from the source measured along the building
and/or along ground level of r/JA < 1.73 use (5) with
Bo = (9.0 + 36.0 8/m)
2. For distances r/JA > 1.73 use (19) with By = 3.0.

These two equations are shown in Figure 10 for a surface release on the

-

rear of the building and ©§ = 0°.



19

5.0 SHORT STACKS ON FLAT ROOFED BUILDINGS

The basic purpose of a vent gas stack is to limit building surface
concentration to safe levels. Because the present concern is for
building surface coqcenFrations, and not ground level concentrations far
downwind of the buildiﬁg, a stack that meets the requirements for lower
building surface concentration may simply shift the unacceptable
concentration maximum to some downwind ground level location, although
this will not concern us here. To determine the effect of the building
wake on ground level concentration the reader is referred to the
systematic studes of Snyder and Lawson (29), Huber and Sanyder (10), Koga
and Way (13), Kothari, Peterka, and Meromey (15), and to review by
Hosker (9).

There are two situations of interest: predicting the effect of
varying stack height on building surface concentrations, or specifying a
stack of sufficient height so that the plume avoids all contact with

building surfaces.

5(a) Effect of Stack Height on Roof Concentration

For flat roofed buildings it is possible to estimate the effect of
stack height on concentrations at roof level receptors. Using the
Gaussian plume model with stack height hs above the flat roof, and
plume rise Ah, the roof level concentration is

(hs 2 &h)z 2

_ Q _ .

e T Moo X 5 2 (22)
ol AR 20 20
Z ¥

Setting hs = 0 this equation gives the concentration Cro for a
surface wvent. The ratio of these two concentrations, assuming the
convection velocity UC and plume spread Uy and o, are not a

function of stack height is, for both on- and off-axis receptors,
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Cr (hz + ZhS Ah)
at = 5 (23)
ro 202

Wilson (35) carrieg out wind-tunnel measurements on 24 flat roofed
building configuratiéﬁéFeach with &4 stack heights and a surface vent.
The approach flow simulated a turbulent atmospheric boundary laver with
a 0.23 power law velocity profile. Using (22) to correlate roof level

concentrations, the vertical plume spread was found to be

0.25 X0.75

a_ = 0.21 R (24)

where R 1is the building length scale from (1). For a typical full-

scale building 10 m high and 40 m wide, R = 15.8 m and o, = 0.42 XO'TS m.

This 1is about one-third higher than the spread @, = 0.46 X0'68
recommended by Pasquill (21) for rough terrain, z = 100 cm.

Figure 15 shows the concentration reductions for one typical
building configuration with wind perpendicular to the upwind face. The
data correlation is satisfactory, considering that both on- and off-axis
receptors are included, making the reductions very sensitive to small
crosswind displacements of the plume axis with varying stack height.

Unfortunately, there are ﬁany‘ situations where simple diffusion
theory cannot be applied to short roof mounted stacks. Figure 16 shows
one such case, with the wind at 45° to the building faces and the stack
near the building edge close to the roof edge vortex system (see
Figure 2). In this case there is almost, no correlation between the
stack height and reduction in surface concentration. The simple
diffusion theory on which (22) is based is only reasonable if the stack

does not lie in or near a roof edge vortex zone. As shown in Figure 2

these zones lie near the roof edges each with an included angle of about
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20° from the upwind roof cornmer. Wilson (35) found evidence of these
roof vortex patterns when the acute angle between the wind and any
building face lay in the range from 30 to 60 degrees. Li and Meroney
(16) also detected spch_vortex patterns at 22.5°.

Varying stack héights caused no consistent or predictable
concentration reduction when the stack lay within a roof recirculation
region, shown in Figure 1. Wilson (34) found that this recirculation
zone had its maximum dimensions when the wind direction was
perpendicular to the upwind face. The height and the attachment length

of this recirculation cavity was found by flow visualization to be

H = 0.22R

c
Xc = 0.5R (25)
L =0.9R

c

For typical buildings Hc from (24) agrees well with the U.S.E.P.A.
(31) recommendation that Hc = 0.5 Ds' By determining the extent of the
roof recirculation region and roof edge vortices, the stack can be
located to provide maximum benefit from its height. As pointed out by
Wilson (34), and Robins and Fackrell (28), the best location for a stack
is usually in the center of the roof where it is most likely to avoid
these problems. When a stack must be located in a recirculation or
vortex zone it should be considered as a surface vent, or made high

enough for the plume to completely avoid the building.

5(b) Stack Design to Avoid Building Interaction

To avoid excessive building surface concentrations, the simplest
method is to select a stack height so the plume will not contact any
building surface. This is a much less stringent requirement than

avoiding all interaction with downwind building wake, which led to the
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2.5 H rule for building stacks, see for example Snyder and Lawson (29).
Wilson (34) proposed a graphical design procedure based on flow
visualization studies over flat roofed buildings. Essentially, the
procedure consists ;oﬁjwusing Figure 1 and (32) to construct the flow
recirculation cavitf oﬁ the upwind edge of the roof. Then, a high
turbulence zone boundary is constructed with a downwind slope of 1:10
from the top of this recirculation cavity. Where this boundary crosses
the downwind roof edge, the edge of the plume, taken at a 1:5 slope, is
projected back upwind over the building. All stack heights should be
located above this plume edge boundary to avoid high surface
concentrations on the roof. Alternate procedures are suggested by
Wilson (34) to account for multilevel roofs and more complex building

shapes.

5(c) Entrainment of Stack PLumes into the Recirculating Wake

Even when the stack is designed so that the plume clears the
downwind edge of the roof, it may become entrained in the wake
recirculation and cause high concentrations on the downwind wall of the
building. Puttock and Hunt (25} deveioped an analytical model for
sources outside the wake recirculation region which predicts that a
uniform concentration will exist within the wake due to entrainment
across the boundary of the recirculation region. Moreover, this uniform
wake concentration w is approximately equal to the average
concentration over the surface of the recirculation region. These
predictions were confirmed by the experiments of Puttock (24), for

sources passing over a two-dimensional cylinder and being entrained in

the near wake.
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If we approximate the wake boundary as a horizontal plane extending
downwind from roof level, these results indicate that an upper bound on
concentration, both on the roof and within the recirculation cavity, is
simply the global  maximum concentration at the roof plane. For a
Gaussian plume with ;urface reflection and vertical and crosswind

spreads proportional to one another, this global maximum is simply

Q 2
C ~ — (26)
Taking Gy/Uz ~ 1.25 this upper bound becomes
2
C U, (h Ah)
MAX "H Qs + ~ U1 (27)

This upper bound is perhaps the simplest method for specifying the
height of short roof mounted stacks. If (27) predicts what appears to
be an excessively high stack, then wind-tunnel model studies may be

required for a refined design.

6.0 CONCLUSIONS

In the preceding sections recent wind-tunnel studies and a few
full-scale tests have been used to develop design procedures for
predicting building surface concentrations. In each case, an attempt
has been made to provide conservative but realistic design equations for
sources upwind, on the building surface, and in the recirculating wake.
The most important result of this review was that a suitably modified
simple Gaussian plume theory could be used to describe much of the
complex interaction between a plume and a building. For simple building
shapes, only a few equations are required to define all the important
situations. It is only in the area of stack design that some difficulty

arises in accounting for the effects of building recirculation zones and
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roof edge vortices on surface concentrations. However, these problems
can be largely avoided by making the stack high enough to avoid
significant interaction with the building.

Up to the presenp;uthe design of short stacks on buildings, and the
estimation of building surface concentration has been largely by guess
work, or by laborious and expensive model studies. The experimental
data correlations and simple theoretical models in this paper should
‘allow estimates to be made of surface concentrations in many situations.
It is only when such simple estimating procedures are available that

these concentrations will be considered in routine design calculations.



25

REFERENCES

1.

w

10.

1d...

12,

13

Britter, R. E. and Hunt, J. C. R. (1981), "Diffusion from Sources
Upwind of Bluff Obstacles in Grid Turbulence,'" Manuscript in
preparation.

Britter, R. E., Hunt, J. C. R. and Mumford, J. C. (1979). '"The
Distortion of Turbulence by a Circular Cylinder," Jour. Fluid
Mechanics 92, pp. 269-301.

Drivas, P. J. and Shair, F. H. (1974), "Probing the Air Flow within
the Wake Downwind of a Building by Means of a Tracer Technique,"
Atmos. Environment 8, pp. 1165-1175.

Gifford, F. A. (1976), "Turbulent Diffusion Typing Schemes: A
Review," Nuclear Safety 17, pp. 68-86.

Gifford, F. A. (1960), "Atmospheric Dispersion Calculation Using
the Generalized Gaussian Plume Model," Nuclear Safety 1, Mar.
pp. 56-69.

Halitsky, J. (1977), "Wake and Dispersion Models for the EBR-II
Building Complex," Atmos. Enviromment 11, pp. 577-596.

Halitsky, J. (1968), "Gas Diffusion near Buildings," Sec. 5.5 in
Meterology and Atomic Energy--1968, D. H. Slade (ed.) USAEC Report
T1D 24190 pp. 221-255.

Halitsky, J. (1963), '"Gas Diffusion near Buildings," A.S.H.R.A.E.
Trans. 69, pp. 464-484.

Hosker, R. P. (1981), "Flow and Diffusion near Obstacles," Chap. 7
in Atmospheric Sciences and Power Production (in press).

Huber, A. H. and Snyder, W. H. (1976), "Building Wake Effects on
Short Stack Effluents," Proc. Third Sym. on Atm. Turbulence,
Diffusion and Air Quality, Raleigh, North Carolina; Am. Met. Soc.,
pp. 235-242.

Hunt, J. C. R., Britter, R. E. and Puttock, J. S. (1978),
"Mathematical Models of Dispersion of Air Pollution around
Buildings and Hills," Proc. Conf. on Math. Modeling of Turbulent
Diffusion in the Environment. Liverpool University, Sept. 1978,
Academic Press, pp. 145-200.

Hunty J. €. R.y Abell; €. J.4 PeterEa, J: A: and Yooy H. €. Gu
(1978), "Kinematical Studies of the Flows around Free or Surface
Mounted Obstacles, Applying Topology to Flow Visualization," Jour.
Fluid Mech. 86, p. 179.

Koga, D. J. and Way, J. L. (1979), "Effects of Stack Height and
Position on the Dispersion of Pollutants in Building Wakes,”
I1linois Inst. of Technology Fluids and Heat Transfer Report R79-2,
Chicago, TI11.



14.

150

16.

17

18.

19.

20.

Z L,

23:

24,

25.

26.

26

Kothari, K. M., Meroney, R. N. and Peterka, J. A. (1981), '"Nuclear
Power Plant Building Wake Effects on Atmospheric Diffusion:
Simulation in Wind Tunnel," EPRI Report NP-1891, Project 1073-2,
June 1981, p. 110.

Kothari, K. M., Peterka, J. A. and Meroney, R. N. (1979), "The Wake
and Diffusion Structure behind a Model Industrial Complex," Nuclear
Regulatory Report’ NUREG/CR-1473, p. 60.

Li, W. W. and Meroney, R. N. {198la), "Gas Dispersion near a
Cubical Model Building, Part I: Mean Concentration Measurements,"
Submitted to Jour. of Ind. Aerodynamics and Wind Engineering, Fall,
1981, p. 86.

Li, W. W. and Meroney, R. N. (1981b), "Gas Dispersion near a
Cubical Model Building," Part II: Concentration Fluctuation
Measurements," Submitted to Journal of Ind. Aerodynamics and Wind
Engineering, Fall, 1981, p. 26.

Lucas, D. H. (1972), "Choosing Chimney Heights in the Presence of
Buildngs," Proc. Int. Clean Air Conference, Melbourne University,
pp. 47-52.

Meroney, R. N. (1979), "Turbulent Diffusion near Buildings,"
Chap. 11 in Engineering Meteorology, E. J. Plate (ed.).

Meroney, R. N. and Yang, B. T. (1970), "Gaseous Plume Diffusion
about Isolated Structures of Simple Geometry," Proc. 2nd Int. Clean
Air Congress, Washington, Dec. 1970, Academic Press (1971),
pp. 1022-1029.

Pasquill, F. (1974), Atmospheric Diffusion, 2nd Ed., Halstead
Press, pp. 373-375.

Peterka, J. A., Meromey, R. N., and Kothari, K. M. (1981), "Wind
Flow Patterns about Buildings," (this journal issue).

Plate, E. J. and Loeser, J. (1980), "Wind-Tunnel Evaluation of
Ventilation Problems," Proc. 4th Collog. on Ind. Aero., Aachen,
June 1980, Part 2, pp. 83-93.

Puttock, J. S. (1979), '"Turbulent Diffusion near Obstacles with
Separated Wakes--Part II Concentration Measurements near a Circular
Cylinder in Uniform Flow," Atmos. Environment 13, pp. 15-22.

Puttock, J. S. and Hunt, J. C. R. (1979), "Turbulent Diffusion from
Sources near Obstacles with Separated Wakes--Part I An Eddy
Diffusivity Model," Atmos. Environment 13, pp. 1-13.

Robins, A. G. and Castro, I. P. (1977a), "A Wind-Tunnel
Investigation of Plume Dispersion in the Vicinity of a Surface
Mounted Cube: Part I Flow Field," Atmos. Environment 11,
pp. 1291-298.



27

28.

29.

30.

31.

32

38

34.

o

36.

37

38.

395

40.

27

Robins, A. G. and Castro, I. ©P. (1977b), "A Wind-Tunnel
Investigation of Plume Dispersion in the Vicinity of a Surface
Mounted Cube--Part II The Concentration Field," Atmos. Environment
11, pp. 299=511.

Robins, A. G. and Fackrell, J. E. (1980), 'Laboratory Studies of
Dispersion near . Buildings," Central Elect. Gen. Board, Memo.
MM/MECH/TF 235.

Snyder, W. H. and Lawson, R. E. (1976), '"Determination of a
Necessary Height for a Stack Close to a Building--A Wind-Tunnel
Study," Atmos. Environment 10, pp. 683-691.

Thompson, R. S. and Lombardi, D. J. (1977), "Dispersion of Roof-top
Emissions, from Isolated Buildings, A Wind-Tunnel Study," U.S.
Environmental Protection Agency Report EPA-600/4-77-006.

U.S. EPA (1978), "Technical Support Document for Determination of
Good Engineering Practice Stack Height," U.S. Env. Protection
Agency, Research Triangle Park, North Carolina.

Vincent, J. H. (1978), '"Scalar Transport in the near Aerodynamic
Wakes of Surface Mounted Cubes," Atmos. Environment 12, pp. 1319-
1322,

Vincent, J. H. (1977), '"Model Experiments on the Nature of Air
Pollution Tramsport near Buildings," Atmos. Environment 11,
pp. 765-774.

Wilson, D. J. (1979a), "Flow Patterns over Flat Roofed Buildings
and Application to Exhaust Stack Design," A.S.H.R.A.E. Trams. 85,
Part 2, pp. 284-295.

Wilson, D. J. (1979b), "Height and Location of Exhaust Stacks to
Reduce Recirculation to Air Intakes," Final Report A.S.H.R.A.E.
Research Contract RP-204.

Wilson, D. J. and Netterville, D. D. J. (1978), "Interaction of a
Roof Level PLume with a Downwind Building," Atmos. Environment 12,
pp- 1051-1059.

Wilson, D. J. (1977a), "Effect of Vent Stack Height and Exit
Velocity on Exhaust Gas Dilution," A.S.H.R.A.E. Trans. 83, Part I,
pp. 157-166.

Wilson, D. J. (1977b), "Dilution of Exhaust Gases from Building
Surface Vents," A.S.H.R.A.E. Trans. 83, Part I, pp. 168-176.

Wilson, D. J. (1976a), '"Contamination of Air Intakes from Roof
Exhaust Vents," A.S.H.R.A.E. Trans. 82, Part I, pp. 1024-1038.

Wilson, D. J. (1976b), "Contamination of Building Air Intakes from
Nearby Vents," Report No. 1, Dept. of Mech. Engineering, Univ. of
Alberta.



28

LIST OF FIGURES

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1

10

11

13

Flow Over a Building Roof for Wind Normal to the Upwind
Face (from Wilson (1979a))

Surface Flow Patterns on Tall Flat Roofed Buildings with
Wind -at 90° and 45° to the Upwind Face (from Wilson
(19792))

Impingement of a Plume from an Upwind Source on the
Building Stagnation Line

Concentration at the Stagnation Point of a Circular
Cylinder in Grid-Generated Turbulence from a Point Source
at Varying Upwind Positions on the Stagnation Line (from
Britter and Hunt (1980))

Concentration at the Stagnation Point of Circular
Cylinder in Grid Turbulence from a Line Source on the
Stagnation Line (from Britter and Hunt (1980))

Normalized Concentration of Building Surface Locations
with Building (Solid Outline) and without Building
(Dashed Outline) for Wind Normal to Building Face.

Source at X /JA = 5.7 (from Wilson and Netterville
(1978))

Normalized Concentrations at Building Surface Location
with Building (Solid Line) and without Building (Dashed
Qutline) for Wind 45° to Building Face Source at

XS/JE_ = 4.0 (from Wilson and Netterville (1978))

Dilution Factor Correlation, Roof Vents (from Wilson
(1976))

Dilution Factors, Side Vents (from Wilson (1977b))
Dilution Factors, Rear Vents (from Wilson (1977b))
Dilution Factors, Front Vents (from Wilson (1977b))

Concentration Coefficient Isopleths on a Cubical Model
Building (8 = 0°, Central Roof Vent Release) (from Li and
Meroney (1981a))

Concentration Coefficient Isopleths on a Cubical Model
Building (8 = 45°, Central Roof Vent Release) (from Li
and Meroney (1981a))

Normalized Concentration CUHA/Q Isopleths for Rear

C Ué&H

Q

Center Vent, = 16,600 {(from Wilson (1977b))



29
Figure 15 Concentration Reduction due to Stack Height Wind
Perpendicular to the Upwind Face
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