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- ABSTRACT

This report is intended as an interim guide for those who routinely

face air quélity problems associated with near-building exhaust stack
placement and height, and the résultingfconcentration pétterhs} The
report consolidates a?ailablé data and methods for estimating wake

flow and effluent dispersion near isolated bloCk-like,structu:es.' The
near-building and wake flows are described, and quantitative estimates
for frontal eddy size, height and extent of roof and wake cavities, and
far wake behavior are provided. Concentration calculation methods for
upwind, near-building, and downwind pollutant sources are given. For an
upwind source, it is possible to-estimate the required stack height, and
to place upper limits on the likely near4ﬁuilding concentration. The
influences of near-building source location and characteristics relative
to the. building geometry and orientatioﬁ;are considered. - Methods to
estimate effective stack height,-upper limits for concentration due to
flush roof vents, and the effect of changes in rooftop stéék height are
summarized. Current wake'and‘wake cavity models are presented. Numerous
graphs of important ekpfesSions have Been preparéd to facilitate computa-
tions and quick estimates of flow,pattérns and concentration levels for
specific simple buildings. Defailedirecommendations for additional work

are given.
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EXECUTIVE SUMMARY

This report attempts to consolidate available information and provide simple
estimation methods for wake flow and effluent dispersion near isolated block-
like buildings. It is intended as an interim guide for those who routinely
face air quality problems associated with near-building exhaust stack place-
ment or height, and estimation of the resulting effluent concentrations.
However, it should be explicitly recognized that the techniques described
apply only to idealized isolated structures located in a flat, homogeneous
landscape free of hills, river valleys, shorelines, or other perturbing
influences; in more complicated circumstances the user is on shaky ground,
and should proceed accordingly. In particular, detailed evaluations of
complex sites and building clusters are generally beyond the scope of these
methods, although the techniques may be useful for crude assessments and
identification of potential trouble spots.

The report is organized around two major components: a description of the flow
patterns near simple buildings, and methods to estimate the pollutant concen-
trations generated by these patterns. The flow section provides means for
quantitative estimates of the frontal eddy size, the height and extent of the
recirculating roof and wake cavities, and the behavior of the far wake. The
intent of the section is to provide information useful for selecting good
exhaust stack or air intake locations, as well as to convey some understanding
of the very complex flow phenomena which are found near even simple buildings
exposed to the turbulent atmosphere. The concentration calculations deal with
sources upwind, near, and downwind of an isolated structure. For the upwind
source, it is possible to estimate the stack height needed to avoid objectionable
pollutant levels near the building, or to place upper limits on the concen-
trations likely to be experienced. When the source is close to the obstacle,
its exact location, height, and emission characteristics are important in
evaluating concentrations appearing in the complex local flows. Methods

to estimate effective stack height are given, along with a discussion of

the influence of roéoftop stack position. Upper limits on the near-building
concentrations produced by flush roof vents are suggested, and a way of
accounting for roof stack elevation is described. Current wake and wake
cavity concentration models are presented, along with some discussion of

their agreement with the limited data available. Numerous graphs of

important expressions are included to facilitate calculations and quick,
estimates. A summary of the most relevant procedures and recommendations

for future work conclude the report. Additional research is needed to

fill significant gaps in the data set available for simple building concen-
tration model development and testing. Data from a variety of building

shapes and stack locations are needed to assess the fluctuating entrainment
problem. Basic information on fluid flow near rudimentary arrays of
structures is necessary before plausible semi-empirical models can be
developed for concentrations close to a building cluster.
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1.0 INTRODUCTION

The behavior of effluent plumes near buildings is a concern common to .
architects, regulatory agencies, and air pollution meteorologists. Reliable
answers to the questions of whether a pollution problem exists and, if so,
how frequently it may occur, are difficult to obtain. This is particularly
true in the nuclear industry, where the possible paths, concentrations,

and effects of radioactive plumes must be assessed for both routine and
emergency release situations. Despite the need, there is relatively little
guidance available in an easy to apply format; instead, one must usually
delve into the technical literature. For example, the U.S. Environmental
Protection Agency's (1978) Guideline on Air Quality Models simply refers
the reader to several articles on '"aerodynamic downwash'; no explicit
modeling recommendations are made. Turner (1969) and the American Society
of Mechanical Engineers (1973) treat only the case where material emitted
from a source on a building is fully entrained into the building wake.

An exception is the excellent article by Meroney (1979), which suggests
calculation methods for a variety of cases often encountered in practice.

This report is an attempt to consolidate the information and calcu-

lation methods presently available for wake flow and effluent dispersion
near and downwind of simple block-like buildings. The flow field observed
around such structures is presented in some detail, since it will generally
be impossible to explain or predict effluent concentration patterns near
buildings without some understanding of the aerodynamic processes responsible.
The flow description is broken into five sections: an overall flow field
summary, followed by more detailed descriptions of the upwind influence of
a building, the flows and recirculation zones along its roof and side, the
near wake, especially the recirculating cavity region, and the turbulent
far wake. The viewpoint in these sections is rather fundamental, emphasizing
the physical phenomena, their (often complex) theoretical explanations, and
some "rules of thumb" for estimation purposes; this mode of presentation
reflects the method of study commonly encountered in the fluid dynamics
literature. The question of effluent dispersion in these complicated flow
fields is then addressed, but in a more applied fashion, again reflecting
the traditional approach of the relevant literature. The discussion covers
plumes approaching a building from upwind;_those emitted on or near a
structure, and those released downwind. "Rules of thumb'" and formulas are
presented for estimating such things as appropriate stack heights and
concentrations near buildings. It must be remembered, however, that such
"rules" generally are valid only for quite specific building shapes and
orientations; even rather small changes in these parameters may drastically
alter the flow field and the resulting dispersion patterns. The user
therefore must try to visualize all the flow patterns possible for the
structure under study; in particular, the changes accompanying different
angles of wind incidence must be explored. Guidance for cases involving
even mildly complex geometry or winds. along the building diagonal will
often not be available; recourse to field or laboratory tests may then

be necessary. In particular, fluid modeling of the situation may prove
quite useful and inexpensive, if executed properly. A recent report by
Snyder (1981) may be helpful in this regard. ‘



2.0 FLOW NEAR SIMPLE BUILDINGS

2.1 General Features of the Flow.

Consider a typical deep turbulent atmospheric boundary layer normally
incident on a simple building. Until fairly recently, the generally accepted
conceptual model of the main flow patterns was rather simple, as shown in
Figure 1. While the sketch does demonstrate some of the principal phenomena,
it also neglects a few important features. A more accurate model, indicated
‘in Figure 2, has emerged during the last decade or so from work by Morkovin
(1972) and his colleagues, by Britter, Hunt, and Puttock (1976), by Woo,
Peterka, and Cermak (1977), and by Hunt et al. (1978). The main features of
the flow are as follows: upwind of the obstacle there is a "displacement zone'
where the incident fluid is first influenced by the presence of the building.
Within this znne, both wind opced and directiun are affected as the flow
attempts to travel around and over the body. The exposed front surfaces of
the obstacle will experience a pressure higher than ambient as the approaching
air decelerates. Since the incident wind speed diminishes with decreasing
height, a downward-directed pressure gradient will be established as the flow
decelerates near the upwind face. This gradient drives a downward-directed
flow along the front surface; at the ground, this flow moves out from the
building, causing the approach flow to separate from the ground some distance
upwind. The result is a standing eddy in front of the lower portion of the
building. The exact upwind separation location depends on the building width
to height ratio, the upstream surface roughness, and the approach flow charac-
teristics relative to the building. The behavior of the frontal eddy is
discussed below. '

Above this eddy, the incident flow strikes the building face, moving upward
and/or sidewards depending on its proximity to the roof or side edges. On
block-like structures, the resulting viscosity-induced boundary layer
separateés trom the exposed surface at sharp edges (sides, roof) where the
flow cannot follow the abrupt change in direction. On rounded obstacles,
separation occurs when fluid within a boundary layer encounters a region

of increasing pressure and has insufficient momentum to successfully cross
this zone of adverse pressure gradient. In this situation, the exact place
where Lhe fluid adjacent to the building surface is decelerated to zero velo-
city and is then diverted outward from the surface depends on a complicatcd
aerodynamic force balance. Factors such as building surface roughness,
wind speed shear, and the incident turbulence characteristics are important,
In this report, however, attention will be focused on the simpler case of
sharp-edged buildings, where flow separation is generally limited to the
roof and side edges.

The separated boundary layers move out into the surrounding fluid as free
shear layers. If the obstacle is sufficiently long, the flow may reattach
to the building surface at some downstream location, and eventually will
separate again at the end of the body. If the obstacle is not long enough,
reattachment does not occur. In either case, the separated layers curve
inward toward the wake axis, feeding into a "cavity'" or recirculation
"bubble" immediately downwind of the body. The cavity zone is
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characterized by low mean speed, high turbulence intensity, recirculation
with relatively large residence times of fluid particles "trapped" within
the bubble, and low, rather uniform pressure. The exact flow characteristics
within this zone depend on the peculiarities of the boundary layers shed by
the particular obstacle, and on the details of the turbulent mixing within
the free shear layers; these are difficult to predict in any general way.
In cases where the flow clings to or reattaches to the building sides and
roof, the wake cavity may be further complicated by the presence of
vertically-oriented vortices behind the lee side edges. These vortices
interact with the main flow near roof level and bend over, streaming off
downwind as an elevated counter-rotating vortex pair.-

Meanwhile the turbulent shear layer above the wake cavity thickens as it
diffuses into the ambient flow. Its behavior has been studied most closely
for the two-dimensional case (e.g., Bradshaw and Wong, 1972), where the layer
forms the cavity's upper boundary. In this case, when the layer finally
strikes the ground to "close'" the cavity, it divides; some of its fluid enters
the cavity, and the remainder moves off downwind into the turbulent wake. The
portion diverted into the cavity balances the cavity fluid lost to entrainment
by the cavity boundary shear layer. Immediately downwind of the two-dimensional
cavity closure, the scale (eddy size) of the near-surface turbulence present
is small because of the splitting of the shear layer from which it arises; in
effect, the eddies within the layer are torn in two by the process. However,
a new boundary layer flow dependent on the local surface characteristics and
scaling to height above the surface immediately begins to develop. Above this
"surface" or "wall" layer is a mixing zone whose upper edge forms the top of
the turbulent wake. At least some of the fluid within this zone originates from
the split shear layer. The fluid above the wake mixing zone is ambient air,
somewhat perturbed and displaced by the presence of the building and the lower
portion of the associated wake, but basically dependent on the characteristics
of the incident flow field and upwind fetch. Figure 3 (Counihan, Hunt, and
Jackson, 1974) is an idealization of the situation behind a very wide
(two-dimensional) simple structure. The three-dimensional case is consider-
ably more complex, since fluid traveling along the separation streamline
actually enters the cavity region, rather than simply bounding it (see

Figure 2), while the lee-edge vortices serve to remove fluid from the

cavity. Detailed studies of the flow and turbulence charactcristics
associated with the boundary of a three-dimensional cavity are apparently
unavailable. Furthermore, since the turbulent shear layers leaving any
obstacle interact with each other, with the lee-edge vortices, and with

the turbulent incident flow, the cavity will in reality fluctuate in size.
Consequently the descriptions just given of cavity phenomena are appropriate
only in some time-averaged sense.

While the shear layer shed by the building is undergoing these changes,
the frontal eddy is also interacting with the incident flow near the sides
of the structure, wrapping about the obstacle and trailing off downwind

on either side near ground level. Viewed from above, this vortex rather
resembles a horseshoe, from which it takes its name. Although Figure 2
shows the horseshoe vortex as a system of alternating-rotation vortices
(as many as seven have been seen in laboratory work), only a single

vortex seems to have been observed in field studies. Since the separation
point on the ground upwind of the building and the reattachment location
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on the exposed building face are determined by aerodynamic force balances
rather than by geometry, their locations and the frontal eddy they bound
will fluctuate with perturbations of the overall flaw field. Such pertur-
bations can be introduced by ambient turbulence or unsteadiness in the
approach flow, and by the feedback of turbulence generated in the obstacle
wake. Hence the upwind vortex can be expected to be unsteady. Fluctuations
in its strength and location will affect the trailing arms of the horseshoe
vortex system, perturbing the wake flow; these can subsequently feed back
to the frontal eddy. Prediction of the location and characteristics of
this vortex-wake interaction will probably be possible only in a time-
averaged sense.

The far wake of a building immersed in the atmospheric boundary layer is

quite complex, since the presence of potentially persistent longitudinally-
oriented vortices generated by the body can strongly influence the flow

far downwind. For example, a trailing counter-rotating vortex pair can
transport higher velocity air from above the wake down into the slower-

moving central portions of the wake, producing a sort of velocity "overshoot';
i.e., the measured speeds in the wake are higher than would be found at that
same location if the obstacle were not present. This is likely to be important
if the building is at an angle to the incident flow, since the upwind edges of
the roof then generate a strong vortex pair quite similar to the wingtip
vortices of an airplane (e.g., Hansen and Cermak, 1975). Such phenomena may be
most significant primarily at distances greater than 10 or 12 building heights

H downwind, where ordinary momentum deficit-type wake effects have begun to die
away, although vortex effects can be observed at much shorter distances, 3 to 5H
downwind, say, particularly when the wind is at an angle to the building or when
the flow is stably stratified. In any event, quantitative evaluation of this

far wake region has largely been confined to laboratory studies, although theore-
tical work by Kothari, Peterka, and Meroney . (1980a,b) seems very promising. More
field data are vital, especially if the possible significance of vartex-type wakes
is to be established. Hansen and Cermak (1975) showed that wake vortex meander
due to ‘ambient turbulence and general flow unsteadiness results in an apparently
weak and rapidly decaying vortex as detected by a fixed sensor, even though the
actual vortex may be quite strong and persistent. . This means that vortices may
be difficult to observe in the field in the wakes of buildings; their presence
may have to be inferred from evidence such as velocity overshoot in the wake at
large distances downwind (e.g., Colmer, 1970). Furthermore, vortices can
probably be expected to rise from ground level and spread from the wake center-
line with increasing downwind distance; hence measurements confined to the

ground surface and wake centerline may not be very useful. :

Additional discussion of the various phenomena associated with flow about
obstacles and an extensive listing of the pertinent literature may be found
in Hosker (1982).

2.2 Estimates of Frontal Eddy Size and the Zone of Upwind Influence.

Consider a deep boundary layer flow approaching a very wide (i.e.,
two-dimgnsional) obstruction such as a fence. The important phenomena



found upwind of the fence are sketched in Figure 4a. The undisturbed
incident wind is indicated by the profile U(z); the fence height is H.

The displacement zone may extend as much as 5 to 10 H ahead of the
obstacle, judging from measurements near dense windbreaks (van Eimern et al.
1964), although some laboratory work has found flow perturbations to only

4 H (Souster and Lee, 1975). The distance probably depends to a great
extent on the characteristics of the approach flow and on the ratios of

the fence height H to surface roughness z, and boundary layer depth 6.

Strong turbulent mixing would tend to suppress the obstacle's influence
until quite close to the fence, while a tall fence would present a more
significant obstruction to the flow, and its influence would therefore

be felt further upstream. Unsteadiness in the approach.flow will also
affect this distance. The main flow separates from the ground about

1 or 2 H upwind to pass above the frontal eddy, according to laboratory
data (Baines, 1963; Good and Joubert, 1968; Arie et al., 1975). The

exact location again seems to depend on parameters such as 8/H, the degree
of flow unsteadiness, and probably on the shape of the incident wind profile
as well (e.g., Corke and Nagib, 1976). Upwind of the separation line the
- flow near the ground is directed toward the fence; downwind of the line
the surface flow is away from the fence. The separation line is a region
of near-zero wind speed; consequently material suspended in the flow, such
as snow flakes or dust particles, will tend to deposit on the ground along
this line, as pointed out by Baines (1963).

On the face of the two-dimensional wall, the main flow will reattach

above the frontal vortex at a height 2/H between 0.5 and 0.8, with values
near 0.6 being the most commonly cited. Above this line the flow adjacent
to the fence is directed upward; below the reattachment line the fence is
subjected to the locally downward motion of the eddy. Effluents released
with little momentum or buoyancy from flush vents will therefore be carried
up over the fence if the vent is above the reattachment line, but will be
transported toward the ground, trapped within the frontal vortex, and
recirculated there, if the vent location is below the reattachment line.

A semi=empirical theory is available (see Hosker, 1982, for a summary

of the relevant literature) to predict the flow patterns and pressure distri-
butions upwind of simple two-dimensional walls. The method is not entirely
predictive, since information is required om the location and value of the
peak pressiure on the exposed face, the exact separation location and pressure
at the top of the wall, and the length of the wake cavity. <Given these data,
excellent agreement with experimentally observed flow patterns can be obtained.
This may be useful for predicting the path of passive effluents released

into the flow upwind of similarly simple obstacles. The report by Bitte

and Frost (1976) supplies sufficieul detail to apply the theory.

Figure 4b shows the comparable situation for flow approaching a tlree-
dimensional block-like obstacle. The location and extent of the displace-
ment zone again will depend on factors such as 6/H, the degree of curvature
of the incident wind prnfile, and the scale and intensity of the oncoming
turbulence. Unsteadiness can also result from the turbulent wake, with the
horseshoe vortex serving as a means of communication. The building width



to height ratio W/H also is important. In any event, the displacement zone
will cover just a few building heights upwind. For example, Wilson and
Netterville (1978) observed perturbations in incident. concentrations’
profiles to occur only 1.3 H in front of a model building. Separation .

of the incident flow from the ground will occur even closer, although
exact predictions are not yet feasible. For a fairly wide building,

Frost and Shahabi (1977) observed separation at 0.9 H upwind; As in the
two-dimensional case, particle deposition can be expected along this
dividing streamline.

Reattachment of the mean flow to the building face also depends on

the flow and building variables mentioned earlier. The actual wind profile
seemsnto be particularly important. For power-law profiles such that

U x g, Corke and Nagib (1976) observed the dividing point between upward
and downward directed flow on the building centerline depended on n: for

n = 0.11 (coresponding to very smooth and flat upwind terrain), reattachnment
occurred at 0.53 H; for n = 0.23 (typical of rural areas), reattachment
moved upward to 0.72 H; for n = 0.30 (forested or urban arcas), reattachment
took place near 0.77 H. Evidently the diameter of the frontal vortex, which
contacts the building face below this.point, increases with increasing
upwind surface roughness. For buildings much taller than they are wide,
reattachment can be expected at a height roughly equal to the building

width W (Baines, 1963).

2.3 Estimates of Flow Near Building Roof and Sides.

2.3.1 General Characteristics.

The peculiarities of flow near the roof and sides of a building are

due primarily to flow separation (and sometimes subsequent reattachment)

at ditterent locations on these surfaces. Discussion here will be restricted
to simple block-like structures where separation is geometrically induced
along the sharp leading edges. The nomenclature used is shown in Figure 5a,
where H, W, and L are the building height, crosswind width, and alongwind
length, respectively. The alongwind coordinate x is measured from the
upwind building face; y and z, the crosswind and vertical coordinates, are
measured from the ground-level centerline. The incident turbhulent. atmospheric
boundary layer velocity U(z) is a function only of height; the incident
boundary layer depth & is assumed much greater than H.

Consider a building which is rather thin jn the alongwind direction, so
that L/H < 1. For-such a structure, the flow which separates from the wind-
ward edges generally will not reattach to the roof or sides (see Hosker,
1979, for a discussion). Figure 5b indicates the resulting flow patterns.
The air immediately adjacent to the roof and sides moves forward toward the
leading edges, where it separates from the building and travels outward and
rearward. On the lee face of the structure the flow is mostly upward near
the center, and sideward near the vertical edges. In this case of small L/H,
the recirculating cavity contacts the entire roof, side, and rear faces of
the building. Air pollutants emitted with little buoyancy or momentum from
flush vents anywhere on these surfaces will tend to be retained within and



mixed throughout the cavity, eventually contaminating all of the surfaces
"wetted" by the cavity. However, if the pollutants are very buoyant, are
ejected at high speed, or are emitted from sufficiently tall stacks, they
may partially or completely escape entrainment into the cavity. Methods
to estimate this are discussed in Section 3.

Figure 5c¢ illustrates the situation when the building extends far enough

in the alongwind direction for flow reattachment to take place on the roof
and sides. The reattachment location depends on the local aerodynamic force
balance and so varies with position and with fluctuations in the flow field.
The resulting unsteady '"zone'" of reattachment is suggested by the shaded
pattern in Figure S5c. The portions of the building between the windward
edges and the reattachment zone are exposed to recirculating cavities; the
direction of flow adjacent to the surface within these cavities tends toward
the upwind face. Pollutants released into these regions will be well mixed
within the local cavity but can reach rather high concentrations because of
the limited possibility of air exchange. Here again, strong buoyancy, high
exit velocity, or the use of stacks can reduce or eliminate entrapment of
effluents. Downwind of the fluctuating reattachment zone, the near-surface
flow is basically toward the lee edges. Pollutants emitted into this flow
will tend to travel off downwind, although some turbulent entrainment into
the wake cavity is quite likely. At the edges of the rear face the flow
separates again; the resulting turbulent free shear layer curves inward

and downward to enter as well as more or less enclose the wake cavity.
Effluents emitted from the rear face may initially travel upward near its
center or outward near its sides, but will soon become well-mixed and
recirculated to any location exposed to the wake cavity.

Figures 6a,b,c,d (based on drawings by Wilson, 1976a,b, and 1979a,b, and by
Gandemer, 1976) show the approximate :directions of near-surface flow for
several building shapes. Zones of fluctuating reattachment are indicated
by shading. The reader is cautioned not to be too precise in applying these
estimates to specific cases, since seemingly small changes in the basic
geometry can significantly modify the flow patterns. For example, Figures
7a,b,c,d (Wilson, 1979a) illustrate the effect on the flow over a squat
building of a rather small penthouse placed at different locations.

2.3.2 Roof Phenomena.

In very simple cases, such as those of Figure 6, reasonable estimates

nf the flow behavior can be made if information is available about the
reattachment zones and the roof and side cavities they bound. Wilson (1Y/9a,b)
has developed a method for estimating the height and extent of the cavity

and high turbulence zones above a roof. Figure 8 illustrates the flow
patterns along the centerline of a flat-roofed building on which reattachment
occurs. The roof cavity length is Lc’ and the cavity has a maximum height

HC a distance X, from the upwind roof edge. A turbulent shear "layer bounds

the roof cavity from above; the upper edge of this layer is denoted by ZII'
Above the shear layer is the roof wake, whose upper edge is indicated by



ZIII' It is important to note that ZII and ZIII are not streamlines, so

that material may be transported from one region to another both by the
mean flow and by turbulent diffusion.

Wilson's (1979a,b) method is as follows: let §b be the smaller of the
building face dimensions H and W, and let §b be thellarger. The character-
istic length scale for the building is then given by

For relatively tall buildings where W/H < 1, we have Cb = W and §b = H,
which leads to _

R/ = w33 e wm <1 .  (2-2a)
For squat buildings where W/H >1, Cb = H and gb = W, and so.
_ 1/3 . '
R/H = (W/H) "™ , 1f W/H >1. (2-2b)

Figure 9 can be used for quick estimates of the scale length R, given H and
W/H. Two restrictions must be met: the ratio L/H must be at least unity
or larger if roof reattachment is to occur, and the ratio W/H must not be
too large (< 10 at most) or reattachment to the roof may be delayed. The
roof cavity dimensions can all then be expressed in terms of the scaling
parameter R. ' i B

For example, the cavity length along the roof centerline is given to within
about * 10% by

0.9 R (2-3a)

£
1}

A plot of LC/H as a function of W/H is given for convenience in Figure  Qa.
Note that L “mustl be esmaller than L fér reattachmeint Lo vcceur, which
places a restriction on the building dimensions for wide structures:

Lc/H =0.9 (R/H) = 0.9 (W/H)I/3 < L/H, for W/H > 1. Thus for W/H > 1.38,

L/H must be greater than unity for reattachment to be possible; for

W/H = 10, L/H > 1.94. Equation (2-3a) can be rewritten in terms of the
alongwind building length L to facilitate estimates of roof cavity length
using a scaled side view of any given building. Thus

t

L /L =0.9 L/ (R/H)
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or, using the relations for R/H,
L /L2 0.9 (L/M) WP © (2-3b)

where p = 2/3 for W/H < 1, and p = 1/3 for W/H > 1. This expression is plotted
in Figure 10b, where the restriction that L /L must be less than unity has

been explicitly observed. This sketch can “be used to estimate the centerline
fraction of the roof length covered by a rec1rculat1ng cavity when the building
geometry ratios W/H and L/H are known.

Within experimental scatter, Wilson found the maximum height of the roof cavity
to be '

o
IR

0.22 R , o (2-4a)
which occurs a distance

0.5 R (2-4b)

H
14

from the upwind roof edge. : These expressions are nondimensionalized with
respect to building height in Figure 11a. Equation (2-4b) can be rewritten
in terms of the building length as well, giving

x /L= 0.5 (/W) (/mP (2-4¢)

where p = 2/3 for W/H < 1, and 1/3 for W/H > 1. This result is shown in
Figure 11b for several building geometries. '

The roof'wake bqundary ZIII’ shown in Figure 8, is fitted fairly well by

~ 1/3 ) _
ZIII/R 0.28 (x /R) , ' (2-5a)
which can also be written as
/H = 0.28 (L/H)1/3 ®/m23 /3, (2-5b)

III

which gives the wake height as a function of distance along the roof. Equa-
tions (2-2) have been used with (2-5b) to generate the typical wake boundary
curves of Figure 12; the reslLriction that W/Il must be less than 1.38 if

L/H = 1 has been observed. :
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The upper edge of the shear layer bounding the roof cavity, shown by Z

in Figure 8, is approximated by I

ZII Z20.27 R - 0.1 x o o (2—632

which is just the equation for a straight line connecting the point of.
maximum cavity height H located at x = x 'to a point X, in the plane of

the roof a distance 2.7 R from the upw1nd edge. In terms of the Building
geometric variables, 4 : :

.x‘B/L 2.7 @wm! wm? ., i (2-6b)

where p takes the values mentioned earlier, and the restriction on L/H and
W/H applies to insure roof reattachment. Equation (2-6h) is shown in Figure
13. One can therefore estimate the location of the upper edge of the shear
layer on a side view of a simple building by reading the maximum cavity-
height from Figure 1la and the location of this maximum from Figure 1lla or
11b. The point of intersection X of the shear layer top with the roof
plane can be obtained from Figure 13 a stralght line is then drawn
connectlng the cavity top and the point X, -

The above discussion applies to conditions along the roof centerline of the
building, as noted in Figure-8. As the lateral edges of the roof are
approached, the reattachment location moves forward, as shown in Figures
6a, b, d. Unfortunately, an empirical expression for the cavity length
close to the roof edges of even a simple building is not yet available.

Une can only estimate the overall roof reattachment pattern from results
such as those in Figure 6, which suggest reallaclment along the roof sides
occurs somewhere between 0.35 H and 0.5 H from the upwind roof edge. The
breadth of the fluctuating reattachment zone appears to be between 10% and
20% of H. These estimates, based only on Wilson's:-(1979a,b) sketches, must
be regarded as highly tentative; more.data are sorely needed. :

2.3.3. TFlow Near the Sides.

The phenomena observed near the side faces of a building normal to the
wind are rather similar to those on the roof: separated flow near .the upwind
edge, with the possibility of reattachment if the building is long enough.
However, no quantitative expressions for features such as the reattachment
length or the recirculating cavity thickness presently exist. Once again,
sketches such as those of Figure 6 provide the only guidance available.
The maximum cavity length along the side is perhaps 1.3 to 1.4 R, and the
width of the fluctuating reattachment.zone near the roof edge is' about 30%
of the distance from the upwind edgeé to the roof edge reattachment point.
'In at least some cases (see Figure 6d), the side reattachment zone width
can be quite large, indicating significant fluctuatlons in the extent of
the side wall recirculating cavity.
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Some of the curvature and breadth of the side wall reattachment zone

may be due to the influence of the horseshoe vortex which wraps about the
structure, and is itself a highly variable phenomenon. The path of this
vortex relative to the building sides is of considerable practical interest,
since strong winds and intense turbulence accompany the vortex. However,
information on the behavior of the horseshoe vortex even close to the
building is rather sparse. Ogawa (1973) and Frost and Shahabi (1977)
performed a limited amount of flow visualization work during their field
experiments; their results only verified the presence of organized vorticity
near the edges of obstacles, but did not provide data on its path, velocity,
or persistence. Colmer's (1970) field measurements were also suggestive of
such vortex structure in the wake. There was some indication in Colmer's
(1970) work that the wake effectively rose off the ground as it moved down-
wind. Similar behavior has been reported in wind tunnel tests (Lemberg,
1973; Hansen and Cermak, 1975). Penwarden and Wise (1975) studied the.

line of maximum wind speed (y,,.) due to the horseshoe vortex wrapping
around a rather thin (small L) "model building; relative to the wake center-
line, their data agree fairly well with the relation

Yyus/W £ 0.5 + c(x/w) /2 (27
where x is measured from the front face of the building, and ¢ 2 0.39. The
"constant'" ¢ must actnally depend on H and L, especially when L is large
and the flow reattaches to the sides, but not enough data are available to
determine this dependence. The behavior and persistence of the horseshoe

vortex require further study, expecially with regard to its interactions
with the atmosphere and the flow patterns along the building sides.

2.4 Estimation of Flow Pattefns in the Near Wake.

The wake '"cavity" found behind any bluff obstacle experiencing separated

flow is a zone of very complex motion, as suggested in Figures 2 and 5b,c,
and described in Section 2.1. Quantitative information is generally sparse.
For example, little is known about the elevated vortex pair produced by the

. interaction of the vertically-oriented lee-edge vortices with the mean flow
‘near roof level (Figure 2). Colmer's (1970) field measurements and the smoke
releases of Frost and Shahabi (1977) indicate the presence of these vortices,
as do wind tunnel experiments (e.g. Counihan, 1971). However, even qualitative
descriptions of their behavior and interactions with the mean and cavity flows
and with the trailing horseshoe vortex are not yet available. Laboratory
flow visualizations (e.g., Castro and Robins, 1977; Hatcher et al., 1978)
suggest that, close to ground level, these lee-edge vortices are perhaps

30% of the building width in "diameter" (strictly speaking, their cross-
section is probably closer to ‘an ellipse, with the elongation in the
direction of the mean wind), and their.centers are located about the same
.distance behind the structure with the outer edges roughly in line with

the building sides. The ground-level flow in these vortices is roughly
parallel to the incident wind along the outer edges, and toward the lee
building face on the innermost edges. Material which enters these vortices
will spiral upward from near ground level to travel off downwind within the
elevated vortex pair. :

13



Even the three-dimensional extent of the cavity zone is not very well-known.
Hosker (1979) examined the along-wind length x_of the cavity relative
to the rear face of the building, and suggesteé the empirical relation

e A-(W/H)
H =71 + B-(W/H) (2-8a)

For a building where L/H is small, so that the flow does not reattach to
the building roof and sides, the factors A and B are weak functions of L/H,
where L/H must be greater than about 0.16:

>
1]

-2.0 + 3.7 (wm/3

(2-8b)
B = -0.15 + 0.305 (L/B)Y/3 .

If L/H is large enough (typically > 1; for structures of moderate W/H in the
atmosphere) for rcattachment to occur, A and B are constants:

A=1.75,

. (2-8c)
B = 0.25

The behavior of these factors is sketched for convenience in Figure 14.
Figure 15 shows laboratory and field data on cavity length for cases where
the tlow was not reattached to the building surfaces; the shaded area was
calculated using Equations (2-8a) and (2-8b) with L/H = 0.75 as a reasonable
obstacle thickness ratio. Agreement with the data is only fair; the

scatter is probably due to the effects of the many different incident flow
fields. In most cases, however, Equations (2-8a) and (2-8b) predict the cavity
length behind simple block-like obstacles without flow reattachment to within
* 50% (see Hosker, 1982, for additional discussion). Figure 16 shows cavity
length data for cases where the flow was observed to reattach to the building
surfaces. The comparison to Equations (2-8a,c) is somewhat better here; the
predictions are within % 30% of all the data, and are generally within * 15%
(see Hosker, 1982). Evidently the exact nature of the incident flow field

is less important to the physics of wake cavity formation when the building
is long enough for the flow to first reattach to the roof and sides.

Notice that the maximum predicted cavity length occurs as W/H becomes
large. For the case where reattachment occurs, (x_/H) ».7; however, if
reattachment does not occur, (xr/H)max can be much r1arger (see Figure 15).
The important point is that for large buildings, such as those commonly
found at nuclear power plants, the wake cavity region of actual flow recir-
culation can be quite extensive. Consider, for example, a hypothetical but
perhaps. typical turbine building about 35 m high, 185 m wide, and 75 m long
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(nomenclature of Figure 5a). Since L/H £ 2.1, we can expect reattachment

to the building roof and sides to occur under most wind conditions. Since
W/H = 5.3, we can use Equations (2-8a,c) or Figure 16 to estimate a cavity
recirculation zone length x /H £ 4; i.e., the cavity extends about 140 m
(roughly 460 ft) downwind Tof the lee building face. Personnel or buildings
anywhere within this rather large distance may be subjected to possibly high
concentrations of effluents released with low momentum from the turbine
building into the wake cavity.

Quantitative data on other cavity dimensions are sparse. If reattachment

to the building roof and sides does not occur, the cavity maximum height can
be somewhere between 1.5 H and 2.5 H above ground (see Hosker, 1982, for a
summary); roof slope will strongly influence this parameter. Very limited
laboratory data suggest that in this non-reattached case the maximum cavity
width is approximately 1.1 W + 1.7 W exp(-0.55 W/H); however, this relation
needs field validation. If flow reattachment does occur, the situation is
much simpler; the maximum cavity height and width are' given by the building
dimensions H and W, respectively.

2.5 Estimation of Far Wake Behavior.

The turbulent far wake of a very wide obstacle behaves somewhat like a
developing boundary layer, as described in Section 2.1 and sketched for a
two-dimensional obstacle in Figure 3. Within the "wall" layer which develops
downwind of the wake cavity, the mean velocity depends in the usual logarithmic
manner on height and local surface roughness, and the turbulence is similarly
dependent on the underlying surface characteristics. The flow in the "mixing"
layer above this region is "self-preserving" in the sense of many wake and
boundary-layer flows (e.g., Schlichting, 1960). Within this mixing layer, the
mean velocity "defect" (the difference between the velocities observed at a
‘given location with and without the obstacle in place) and the perturbations to
the turbulent sheaglstresSes both die out for this two-dimensional body approx-
imately as (x/H) ~. The decay of the mean velocity defect and stress perturba-
tions is more rapid than this in the wall layer close to the ground. The overall

wake height increases roughly as (x/H)l/z, A more detailed summary of the
relevant theoretical and experimentgl literature can be found in Hosker (1982).

The far wake of a truly three-dimensional obstacle, such as a building,
can be considerably more complex because of the presence of potentially
persistent longitudinally-oriented vortices, as mentioned in Section 2.1.
These are important from the dispersion point of view since elevated
pollutant plumes can be swept from above the wake down to near ground
level by the action of such trailing vortices. However, these may not be.
. a sighificant problem in many cases of interest. For example, with a block-
like building at right angles to the wind in a well-mixed. atmosphere, the
horseshoe and lée-edge vortices apparently dissipate rather quickly under
the action of strong ambient turbulence: The wake is then essentially a
pure '"'momentum" wake of the type commonly studied in aerodynamics. For
such a building wake, the mean velocity defect is found to decay roughly

15



as (x/H)-p, where p is between 1.5 and 1.6, while the mean square turbulence
intensity excess (i.e., the increase ovegé what would be observed if the
building were absent) dies off as (x/H) . The crosswind profile of the mean
velocity defect is approximately bell-shaped, with the maximum defect occurring
along the wake centerline. Generally the wake will be indistinguishable from
the background (ambient) turbulence within 10 to 20 H of the building, although
this distance probably depends on the building aspect ratio W/H, as well as on
the ambient turbulence characteristics. However, when organized vorticity
becomes important in the wake, as may occur for rounded obstacles such as hemis-
pheres, or for block buildings at an angle to the wind, or for block buildings
normal to the wind in a stable atmosphere, the far wake can be dramatically
changed in character and persistence. For example, the vortices may advect the
relatively high-momentum air aloft down toward the ground level wake centerline,
producing a mean velocity excess, instead of the usual deficit. Mean velocity
defects here appear outboard of the vortices, well off the centerline. Similarly,
a wake centerline pollutant excess can be generated if the vortices interact
with an otherwise elevated effluent plume, and a wake centerline temperature
excess can appear if the incident flow is stable. The persistence of these
features seems to vary with the characteristics of the obstacle and the

ambient flow, at least in laboratory studies. For example, the mean velocity

excess behind a hemisphere decays fairiy slowly, roughly as (x/]-[)-o'5
(Hansen and Cermak, 1975), while that for a block building in a stable atmos-

phere drops off as (x/H)-p, with p ranging between 0.9 and 2.1, depending on
building geometry (Kothari, Peterka, and Meroney, 1980a). It is possible
that flow reattachment (or its absence) to the building's roof and sides

may influence this result. The mean temperature excess observed for this
same case initially increased out to roughly 8 to 15 H, and then decayed

. - 2 ! R .
very slowly, x 0.2 to x 0'7, again depending on building shape. The temp-

erature wake for this stable case was thus more persistent than the velocity
wake; turbulent velocity fluctuations decayed to the background level between
7.5 to 10 H, but the temperature excess extended to at least 60 H downwind.
The laboratory work generally suggests that a detectable wake of some sort
may extend 50 to 100 H downwind of an obstacle, depending on ambient turbu-
lence level, atmospheric stability, and building shape. A more detailed
summary may be found in Hosker (1982). It may be somewhat difficult to
detect wake vortices in the field because of their probable meander in the
ambient turbulence, and because the vortices may also rise upward and

spread outward from the centerline with 'increasing downwind distance. As
suggested in Section 2.1, their presence will probably have to be inferred
from evidence such as mean velocity excesses in the wake far downwind (e.g.
Colmer, 1970), and it may be necessary to utilize remote-sensing instruments,
towers, or tethersondes to determine such ‘conditions above ground level and
off the wake centerline. :

3.0 CONCENTRATION CALCULATIONS

3.1 Effluent Source Upwind of a Building

The precedlng description of the flow fields generally expected around
block-like obstacles provides a basis ‘for at least a qualitative understanding
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of the concentration field near a building subjected to an isolated effluent
plume. The sketches of Figures 2, 4b, 5b and ¢, 7, and 8 are particularly
relevant here. Some detailed discussion is presented below. In many cases,
however, it may be sufficient to observe that the overall effect of a build-
ing, as viewed from a distance, is to induce a rapid enlargement and dilution
of the incident plume. Near the building, ground-level concentrations will
be higher than would be observed in its absence, but further downwind the
concentrations will generally be lower.

3.1.1 A Nearby Grbund-Level Source

Consider-a low-momentum, non-buoyant pollutant released at ground level directly
upwind of a simple building. If the source is close enough to the structure for
the plume depth to be less than about (2/3) H for a wide building, or less

than about W for a tall building, then the portion of the plume striking

the building's upwind face will be largely entrained into the frontal vortex,
and carried off on either side of the obstacle within the arms of the horse-
shoe vortex. Not too much of the effluent will be transferred into the

wake cavity zone, where the resulting concentration will therefore be rather
low; the highest concentrations will probably be found along the outer edges

of the wake. Hinds (1969) describes such a situation in field experiments.

A rough mass-balance can be written to estimate the average concentration
within an arm of the horseshoe vortex as follows: the frontal vortex has a
diameter D: related to the building geometry. Let and U. be the average
concentratyon and the average axial mass transport speed within one vortex

arm, respectively. Entrainment of the2 total source emission within the

frontal vortex means that Q & 2 iv(an /4) ﬁv’ or
- ~ . 29 '
L
nD U
v v

Now consider the ground-level centerline concentration which would appear in
‘the ahsence of the building, ‘

_ - Q -
Xo "o au - , (3-1)
Yy z
X oG
- Therefore E! & 2f—X4§ g— y (3-2)
*o D70
. v v

where the dispersion coefficients oy and o, are evaluated at Xps the locat.ion

of the building relative to the source, and U is the average wind speed. tians-
&y

porting the plume. We can relate UZ to the plume depth ZP’ say, by ZP =RMND) 02.
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A o
Also, U = ZPI./~ P U(z)dz 2 (n+1) 1UH(ZP/H)n, if U behaves as a simple power
(3) .
law (exponent n) with height. Finally, we estimate the average material
transport speed within a vortex arm as some fraction B of the incident wind
speed near the building top: U = B U,. Then, since Z, £ Dv for plume
capture by the vortex, we have the approximate upper bound

iv | oA z. 1" ‘

e W] s ] I  (3-3a)

X 4(1+n) o_| H

o z

In a region with an aerodynamic surface roughness zo 210 cm, n 2 0.2 .
(Davenport, 1965); under neutral atmospheric conditions, oz/o = 0.6 (Briggs,
1973). The value of Z_ relative to H is not very critical sifice n is small;
assume ZP/H = 2/3. Thus

X,/X, < 0.32/8 . I (3-3b)

Laboratory data of Cook and Redfearn (1976) and Penwarden and Wise (1975)
suggest that B = UV/U may be of order 0.5 near the building corners,
although this needs verification. If this is indeed a reasonable estimate
for B, we have

X, /X, £ 2/3 5 - , (3-3c)

i.e., the average ( not peak) concentration in either vortex arm near the
. building corners should be less than roughly two-thirds of the ground-
level centerline concentration that would be produced at the huilding
location if the structure were absent. Experimental data are essential
before this result can be characterized as anything more than a crude
estimate. : '

3.1.2 A Distant Ground-Level Source.

If the same low-momentum, non-buoyant material is released farther upwind of
the structure, the plume may be deeper than the frontal vortex of the building.
In this case, material striking the obstacle ahove the eddy will be diverted up-
ward or sideward to pass around the building. As indicated in Figures 2

and 5b,c, some of this pollutant will probably enter the wake cavity.

. Pollutant that enters the cavity zone from the sides or from above will

be fairly thoroughly mixed in that region, so that concentrations over the
rear faée of the building will be rather uniform. If the building is
sufficiently large in the along-wind direction (i.e., large L/H), the flow
that has separated from the upwind roof edge may reattach, bringing the
effluent closer to roof level and possibly inducing high concentrations
there. However, if L/H is small the roof-level flow will not reattach, and
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the incident plume will be deflected above the roof level. Concentrations
on the roof then will be similar to those found on the rear face. Estimates
of the wake cavity concentrations resulting from this mode of pollutant
transfer cannot presently be made from basic principles; empirical results
must be relied upon (see Section 3.1.3, below).

The effluent incident on the building at heights less than the frontal
vortex size will probably be mostly entrained within that vortex and swept
around the building corners to travel off downwind, as outlined previously.
A crude estimate of the quantity of material captured in the horseshoe
vortex system can be obtained by integrating the mass flux due to an
unobstructed plume over the projected area of the vortex:

W/2 (D .
captured mass
unit tlme f [ x U dydz
w/2

(o]

W 2 Dv
= Q erf[Y_' erf —'Z—'] s
r L P

taking the plume half-width YP = 2J§'oy(xB) and the plume depth ZP = ZJE‘UZ(XB).

This reaches the previous result for total capture, Q, when the source is so
close to the building that the plume dimensions are much smaller than those
of the structure. Again, this entrained material is carried off in the two
ground-level trailing vortices, so that

S oo U [u 2D
i"—=2—u:'—;erf|:§i§—] erf[—z] : (3-4)

This expression is similar to Equation (3-2) for a source close to the body,
except for the error functions involving the ratios of building to plume
dimensions (D (2/3) H for H/W <1, and = W for H/W >1). If the source to
building d1stche is large, these factors can significantly reduce the average
in-vortex concentration, relative to the ground-level centerline value, from
its nearby source value whose upper bound was estimated by Equations (3 -3).
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3.1.3 An Elevated Upwind Source.

Much of the previous discussion regi @ - vortex entrainment, plume diversion,
and wake .cavity entry applies as wel - aterial impinging on a building .
from an isolated elevated source. Q..  ":ative confirmation of our general

expectations has been provided by a nu. .r of authors. For example, Wilson
and Netterville (1978) found the influe :e of a building of height H on the
concentration profiles due to an upwind plume emitted also at height H
extended only about 1.3 H upwind of the building face. Just downwind of
the structure they observed quite uniform concentrations and an elevated
plume maximum about 1.1 H above the ground. Ground-level concentrations
were increased locally by factors of two to five over the "no-building"
values. As a useful rule of thumb, Wilson and Netterville (1978) suggested
that the downwash effect generatéd by the building might be approximated

by assuming that the concentration on all building surfaces is uniform and
equal to the average of the concentrations expected at roof and ground
levels with no building present. They also remarked that, at least for

an incident plume released at the height of the "target" building, the
voncentration at ground level near the building may conservatively be taken.
equal to the maximum concentration intercepted by any point on the building
surface. ‘

Estimation of the average concentration over the whole building surface,
XS’ can be carried out follow1ng Wllson and Netterville's suggestion; Xg
is approximated by

Xg = 0.5 (Xop * %) (3-5)

where X6r, and XH are the concentrations due to an elevated plume expected

at ground level and at height H in the absence of the building at a distance
from the isolated stack. The Gaussian.plume formula is used to evaluate _
tEese concentrations (e.g., Gifford, 1968):

Cn e 2 2
: 2 ~(z-h ) ‘ -(z+h )
. S ¢ A e e -
x(x,y,2) = e o T exp [ 2] exp | 2 + exp > (3'6)
y z 20Y ‘ 20z 20z

where the effective emission height hF, which incorporates the effects of
plume momentum and buoyancy, may be calculated using the methods of Sec¢tion
3.1.4 or 3.2.1. Then

X(x5,v,0) = Xop = — 9 exp| X | exp = , (3-7)
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while

. [ _
X(xB,y,H) = Xy = 2 Xor €xP| —3 cosh | —— , (3-8)

Equation (3-5) can be written in either of two ways:

2 0.5 X (1 + Xg/Xgy) | (3-9a)

X
w
IR

R

or Xg ,O'S'XH(I + XGL/XH)‘ (3-9b)

Equation (3-8) supplies the requisite expression for ¥,/X or its inverse.
Use of Equation (3-9a) or (3-9b) just amounts to the selection of a suitable
normalizing concentration for ¥X_.; for a relatively short stack ¥ is
probably appropriate, while XH is more suitable for a tall stack.

Equation (3-9a) is plotted in Figure 17 as a function of H/o (x,) for
effective emission heights h < H/2. For these short stacks,z1f the source
is close to the bu11d1ng (small X,) so that H/o _(X,) is greater than about
10, the average concentration over the whole bu%ldlng will be about 50% of
the ground-level concentration expected at x_, from the same source if the
building were not present. This is at least consistent with the earlier
discussion of Section 3.1.1, which treated the capture of a ground-level
plume by the frontal vortex, with subsequent transport of the pollutant
around the building sides into the far wake, producing relatively little
transfer into the wake cavity region. If the source is far upwind of the
building on the other hand (large x_ ), so that H/0o(x,) is less than about
0.5, effluent released from short stacks will produce an average building
surface concentration about 1.5 times greater than the no-building ground-
level concentration. Again, this is consistent with the notion of a down-
ward advection of plume material in front of the building, and a rather
thorough mixing of effluent from aloft into the wake cavity region; both
processes should raise concentrations along the building surfaces.

Equation (3-9b) is plotted in Figure 18 for h /H > 0.5.  For nearby sources,
such that H/o (x ) is greater than about 10, XS W111 be about 50% of the
value expected at roof height H 1f the building were absent; for a dlstant
elevated source such that H/o (x ) is smaller than 0.1, XS will be about
75% of Xy At intermediate dlstances, xs/xH can approach 90% or more as
he/H > 0.5. Actually the soméwhat unusual behavior at large H/oz for

h /H = 0.5 in both Figures 17 and 18 is apparently due to mathematical
sfngularities associated with the choice of a Gaussian plume format, and
may not be too significant physically. In any case, the curves of Figures
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17 and 18 should be regarded as rough approximations in need of validation,
particularly since Wilson and Netterville's (1978) suggestions for X. seems
to be largely based on work at a single d1qranrp ¥y and a single stack~to=-

building height ratio (h /H=1).

An upper bound on the concentrat1on expected at ground level near the
building can be established by follow1ng the second suggestion of Wilson
and Netterville (1978), namely, that this value should be. less than the
maximum concentration intercepted by any point on the building surface.
This can be estimated as follows. Let ¥ be the concentration at ground
level near the building, which is supposed to be less than the maximum
concentration incident on the building face. There are two possible cases.
Suppose the effective stack height is smaller than the building height,

h < H. The maximum concentration incident on the building will be the
COnCentratlon at the center of the plume,  YX.,, which occurs at a height

z = he < H. It is assumed that the building does not seriously change
this “concentration, so that it can be approximated by its no-building
value (see Brittér, Hunt, and Puttock, 1976, for a discussion justifying
this assumption). From Equation (3- 6),

2
Q Bl Pe '
XL =360 Pz | 1rex|-2 & ' (3-10)
y z 20& ‘ : z

We choose the ground-level concentration due to a ground-level source as a
convenient normalizing value, call this XGLO From Equation (3-7), with
h =0,

e

. )
0. B s A . an-

X6Lo © o o U ¢*P 5 | - (3-11)

. y z 20

z

A Then | . ‘ r he 9 -
XCI. = 0.5 ‘x'G'LO 1 + exp —2(;—) -
. b z Jd.
and so
X ; |
_CLB v 0.541 #% eup -2((:) . (3-12)
X6Lo |\,

The right-hand-side of Inequality (3-12) is plotted in Figure 19. When the
source is close to the building (small xB), he/nz(xB) can be large; when

he/oz(xB) is greater than about 1.5; the ground-level concentration near

the building will be less than 50% of‘fﬁe concentration generated at that
location by a ground-level release. When the source and building are far
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enough apart that heloz(xB) is less than about 0.1, the ground-level concen-

tration near the structure may be close to XGLO'

Suppose on the other hand h > H. Then the maximum concentration intercepted
by the bu11d1ng will be that® at the roof top, where z = H. In terms of XgLo®

_HZ he' : -H2 he 27\
XH = 0.5 XGLO eXp| — 3 (1 - ﬁ_>' + exp ——fz <1 + ﬁ_> ;
. 20 , 20
and so
X [ .2 /n 2] 2 /h 2
S8 < 0.5 {exp _1{_2 (H—e -'*1) | + exp %(f + 1) . (3-13)
- XgLo 20 2\ ] 20

The right hand side of Inequality (3-13) is plotted in Figure 20 for a range of
possible he/H values. For sources close to the building, such that H/oz(xB)

is large, the ground-level concentration near the building will be vanishingly
small compared to XgLo* Physically, .the material is simply passing over the

roof and net being divefted down ‘to the grdund; this is increaéingly true as
h /H becomes large. For distant sources, Xers ~ XgLo’ depending on h /H.

This seems quite reasonable; 1f the source is far enough uPW1nd the difference
in ground level concentrations due to elevated and ground-level emissions
should become small, and the distance at which this occurs must depend on the
height of the release.

3.1.4 Stack Design for Upwind Sources.

Techniques to estimate the required height for an isolated stack so that
hazardous or legislated effluent concentration limits are not exceeded on

or near downwind buildings have been developed by Lucas (1972) and by Wilson
and Netterv111e (1976).

Lucas' (1972) method requires a preliminary estimate of required source
height using an appropriate open-terrain model, such as Equation (3-6).

The height, width, and distance from, the source of each downwind structure

are also needed; a large number of buildings can be accomodated. Little
explicit use is made of the known aerodynamic flow fields, although their
consequences are refle¢ted in the rules of thumb provided. For example,

it is assumed that effluent will not be affected by surrounding structures
if the stack is more than 2.5 times higher than all of the neighboring
buildings. Also, it is assumed that the turbulent wake of a building can

rise to 1.5 times the building width or length, whichever is less, and extends
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downwind with gradually decreasing effectiveness to 10 building heights or
half-widths, whichever is less. The original paper should be consulted for
full details.

Lucas' (1972) recommended procedure is as follows:

(1) Let h, be a first approximation to the stack height. Estimate h
by using a standard open-terrain plume model (e.g., Equation 3-6) to
determine the height required in the absence of neighboring buildings
to insure that the maximum predicted g}ound-level concentration is less
than or equal to the safe and/or legal limit for the particular effluent.
Standard conservative practice should be followed.

1

(2) List for the itp downwind building (i = 1,2,3,...) its distance
from the stack x. i’ its he1ght II., and :its width HULMdl Lu the wind W
(if some bu11d1ngs are smaller in both height and w1dth than a closer
building, they may be ignored).

(3) For each building, let Ci be the smaller of Hi and Wi, and ny the
smaller of Hi and Wi/2. Calculate an effeqtive wake height for each building
as 2, TH +1.5¢.. - '

(4) In the set of all buildings for which x, /n 5, select the largest
value of Z ei 25 Z eM" :

(5) Now consider the buildings foi which 5 < x, /n % 10; ignvre Lhose
for which Zei < ZeM' For the remainder'(if any), calculate the adjusted

wake height Zai = ZeM + (2.0-0.2xi/ni)(zcl-z , and take the maximum value

eM).
in this asct as Z .
aM

(6) Compare Z and zaM; call the larger Z

eM M*

(7j Now consider the heights Hi for those buildings whérefxi s 5h1;

and the reduced heights J. = H.-0.2 x, for those buildings where

5h1 < x; S 20h1, the largest of any of these values is taken to be HM.

(8) Calculate the ecorrected physical stack height using -

3 I '
h, = B, +-h (1- z, ) . . G

Lucas suggested that his technique is.appropriate for stacks of 30 m or 1l:ss,
but urged further comparison with experimental data to validate the method.
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A somewhat similar scheme has been suggested by Wilson and Netterville (1976).
They remarked that the most important effect of downwind buildings on an
incident effluent plume is the mixing of the plume downward to produce a
fairly uniform concentration between roof level and the ground. Hence for
design purposes the concentration at roof level should be maintained below
the allowable limits, regardless of the location of effluent receptors
such as building air intakes. To insure this, they introduced the concept
of "minimum descent height" Z of the maximum permissible concentration Xy
As indicated in Figure 21la, Z Pis the height above the surface of the
isopleth of maximum allowable™concentration at a particular location X.

This parameter is a function of the wind speed, since the .lower plume
boundary will be high above the ground in very light winds, while stronger
winds will bend the plume over more sharply. However, strong winds also
improve dilution, reducing concentrations in the plume. Consequently the
isopleth of allowable concentration will first approach the ground as the
wind speed at stack height U_increases, will reach a height of closest
approach (Z ) to the surfacesat,some,critical speed U,, say, and will

then recede from the ground as U_ continues to increase. The procedure

is to calculate Z_ by iteration using an initial guess for the stack height

h , a standard plﬂme equation (e.g., Equation 3-6) and an appropriate
estimate of plume rise if necessary, and plot Zm as a function of downwind
distance (Figure 21b). All stability categories should be considered. On
this graph, indicate the locations and heights of downwind structures. If

Z intersects any ex1st1ng buildings, or is too low to permit anticipated
construction on the site, then the stack height should be increased, and the
procedure repeated. Alternately, the method may be used to estimate maximum
permissible building heights for new construction downwind of existing stacks.

The actual calculation is tedious:

(1) Take, as a first approximation, h equal to the minimum stack height
needed in open flat terrain to produce acczptable air quality levels at all
downwind surface locations. All possible atmospheric stabilities and wind
speeds should be considered in this computation.

(2) Select an atmospheric stability category j, j = 1,2,...,6 ("1"
corresponds to the usual."A" stability, "4" to "D", and so on). Choose
.the appropriate curves or functionallforms for the dispersion parameters
o .(x) and.o..(x). :

A zy

(3 Choose a particular wind speed at stack height‘Uk, k=1,2,...
(4) U51ng a suitable plume rise estimation formula (e.g., Briggs, 1975)
and known or estimated effluent and ambient characterlstlcs, calculate the

plume rise Ahk for that wind speed.

(5) Solve the following equatlon for Z, ik at a number of downwind distances

Xgs 2 =1,2.
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(3-15)
: > 2anUko o 1
T N Q

Notlce that for locations beyond the ' 'end of the plume" (xA in Figure Zla),
no real values will be possible for Z, ik’ while for X, < Xys @ pair of values

will be obtained at each X The smaller value in each pair represents

ijk(xz), Lhe minimum descent héight tor stability category j and wind speed

Uk at the location xz.

(6) Choose a new stack height wind speed U __ ., and repeat steps (4)

k+1
through (6) until the entire wind speed range expected in selected stability
category j has been covered. .

the smallest

(7) Examine, for each x,, the entire set of values {Z

o) mjk}; _
value is ij (xz), the minimum descent height for any wind speed in stability
category j at the location X,. '
(8) Chuvuse a uew sLability categoty, j + 1, say, and repeat steps (2)
through (7) until all possible stability categories have been considered.
(Y) Examine, for cach x

the entire set of values {Z the

2 my Xl

smallest of these is Zm(xz), the minimum déscent height at location X, for

any wind speed or stability category.

(10) Plot Z as a function of downwind distance, together with the
locations and helghts of present and/or planned buildings (e.g., Figure 20b).
If the curve Z (x) contacts any of these structures, the selected stack height
h is too low. ™ Increase the stack helght and repeat steps (2) through (10)
until satlsfactory results are obtained.

The above procedure is obviously best carried out on a computer. Wilson and
Netterville (1976) also presented a simpler approximate procedure that tends

to overestimate Z (x) by 20% or more within five stack heights of the source,

but is within 2% Mof the correct value for x/h 2 20 or more. This method,
although not conservative, may be useful in cages where the buildings of concern
are some distance away from the isolated stack, and may serve as a first approxi-
mation to'Zm in any case. The original paper should be consulted for details.

Wilson and Netterville (1976) made several useful comments about their procedure
First, and perhaps most important, they remarked on the uncertainties inherent
in all air pollution calculations. They recommended that the usual '"rural"
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dispersion curves be used for 0 and 0©_, since the extra dilution provided
by the larger dispersion parathers characteristic of built-up areas supplies
a safety factor. And finally, they noted that in practice the critical atmos-
pheric conditions for air pollution may be either an unstable atmosphere
(e.g., looping plumes), or nocturnal plume trapping followed by morning fumi-
gation, whereas the minimum descent height curve is usually closest to the
ground under neutrally stable conditions. In other words, the stack designer
must consider the full range of possibilities of effluent behavior, and not
rely entirely on the technique just outlined. .

3.2 Effluent Source Near A Building.

Here again the flow patterns described in Section 2 provide a qualitative
understanding of the concentration fields generated by an effluent source
close to or on an isolated simple building. Important flow features are
the frontal eddy which becomes the horseshoe vortex, the roof and side
cavity zones, the regions of flow reattachment, the lee-edge vortices, the
wake cavity, and the downwash-inducing curvature of the turbulent shear
layer above the wake cavity. -The sketches of Figures 2, 3, 5b and ¢, 6, 7,
and 8 are pertinent here. . :

Consider for example the flows induced by the frontal eddy and horseshoe
vortex. Low-momentum, non-buoyant effluent released from surface vents at
mid-height or below on the windward face of a building will be carried
downward to ground level, and eventually swirled past the building sides.
Some of this material will be advected and diffused into the cavity region,
but much of it will be transported past the cavity to the far wake (Hinds,
1969; Meroney and Yang, 1970). On the upper one-third or so of the structure,
flow will be directed upward and sideward, separating in the case of sharp-
edged obstacles from the windward edges of the roof and sides, and carrying
passive effluent from face vents on the upper portion of the obstacle out
and away from other building surfaces.

If the along-wind length of the obstacle is sufficiently large, the edge-
separated flow will reattach to the roof and sides, carrying effluent from
vents on the windward face closer to the building, but providing better
ventilation at outlets located in these reattached areas (see Figures 6 and 7).
Wilson (1976a; 1977a) noticed that side vents close to the ground produced a
somewhat higher effluent concentration at a given distance from the source
. than did more elevated vents, probably'because of the lower wind speed closer
to the ground. Flow that has ‘reattached to the sides and top eventually
separates again from the lee edges of those surfaces. If passive effluents
are released within the separated areas of the sides or roof, the subsequent
ineffective ventilation and flow recirculation can lead to locally high
pollutant concentrations. If the air intake system for the building also
happens to be within the separated zone, a.potential health/safety hazard is
created, since the high concentrations may then be readily circulated through-
out the structure. If devices such as heat exchangers are located in these
zones of separations and recirculation, they will be prone to self-contamina-
tion (plume reingestion) that can seriously degrade their performance and life
expectancy. ‘
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If the building is at an angle to the wind, the flow will remain attached to
the most exposed face, but may or may not separate and reattach on the less
exposed windward side. Effluent dispersion will vary accordingly. Oan the
roof, a counter-rotating vortex pair will be generated near the upwind corner;
these vortices will transport the (possibly clean) high-momentum air aloft
down to roof level. A roof cavity will not occur, and effluents from roof
vents will be swept away quickly, keeping rooftop concentrations relatively
low. However, these vortices may serve to transport entrained effluent to
sensitive locations elsewhere on the building or in the wake.

Behind the structure, the notion of a more or less "closed" recirculating
"bubble" bounded by a turbulent shear layer may remain a useful approximation
for calculations (Vincent, 1977), although the likelihood of direct advection
to and from this highly turbulent region must be recognized --i.e., a "leaky"
bubble must be allowed. The cavity seems to be rather nonstationary in both
atmospheric (Frost and Shahabi, 1977) and laboratory (Huber et al., 1980)
flows, and may even intermittently collapse (Meroney, 1979). Flow adjacent
to the lee tace ot the obstacle will be more or less upward. Material
released within the cavity will be rapidly mixed throughout its volume;
contamination of any surfaces contacting the flow is therefore quite

likely (e.g., Meroney and Yang, 1971; Drivas and Shair, 1974; Huber and
Snyder, 1976). In particular, for the case of buildings that are thin in

the along-wind direction (small L/H), the separated flow from the windward
edges of the top and sides becomes part of the cavity; consequently effluents
can be expected to appear on the building's roof and sides as well as on its
downwind face. Releases somewhat above ground level within the cavity will
be mixed more rapidly throughout the region than emissions close to the
ground (Drivas and Shaiy, i974).

The curvature of the turbulent shear layer above the cavity induces downwash

of the "outer" flow, especially near the bubble closure. Material released
above the cavity but subject to this flow can be advected close to the ground,
producing higher concentrations than would be expected if the building were
absent. . This process has important implications for stack height and placement
dccisions.

3.2.1 Estimation of Effective Stack Height.

Concentration patterns near an obstacle are intimately related to the charac-
teristics of the effluent discharge and its interaction with lacal flows.
Effluents that are released too close to the structure and/or at too low

an exhaust speed LR will generally produce high concentrations near the
building. Therefore, successful stack or vent design must take account of
building and chimney aerodynamics and effluent buoyancy. Some recent work
incorporating such effects is outlined below. The reader is also referred

to comprehensive survey reports by Wilson (1976a) and Meroney (1979), and

a series of papers by Wilson (1977a,b; 1979a,b) for additional information.

In any Stack design methodology, some attention must be directed toward the
aerodynamic effect of the stack itself on the plume. Sherlock and Stalker

28



(1941) described the production in strong wind of vertically-oriented vortices
shed by the stack, as well as a longitudinally-oriented counter-rotating
vortex pair generated at the stack outlet. These latter vortices serve

to transfer emitted material downward into the stack wake, resulting in

a lower effective release height for the material, and producing features

such as the commonly observed blackening of chimney tops. Scorer (1968)
mentioned the use of flat horizontal disks installed at the stack mouth.

If the diameter of these plates is roughly equal to three stack diameters,
they will prevent effluent from being drawn down into the stack wake cav1ty,
thus preserving the entire useful he1ght of the stack

Downwash behind the stack is probably best avoided by keeping the efflux
momentum significantly higher than that of the ambient flow. Sherlock
and Stalker (1941) observed downwash distances of only one stack diameter
or so for an efflux to stack-height-wind speed ratio of we/US = 1. For

we/US = 1.5, practically no downwash was observed. The latter value has

become rather widely used,'buﬁ should be viewed as a lower bound for design
work. -- i.e., we/Us should be maintained greater than 1.5 whenever possible

to prevent downwash and increase the momentum rise of the effluent plume (e.g.,
Turner, 1969; ASME, 1973). The effluent density enters the problem as the
square root of its ratio to the ambient density, Jpe/pa (e.g., Wilson, 1976a,b),

and in many cases may have a rather modest effect on the value of we/US needed

to avoid downwash. Of course the density may be important for very hot or cold
and high or low molecular weight effluents.

It has been recognized for many years that the best way to avoid plume inter-
ference by the aerodynamic flow field around an obstruction is to release the
material via a tall stack. ' The familiar "2 and 1/2 times" rule, stating that
the stack outlet should be 2.5 times the height of neighboring flow obstacles
above the ground, makes nuse of the rough approximation that the zone of in-
fluence of a hill or structure generally reaches less than 2.5 H from the
surface. Hence material emitted above this height is ejected into a more

or less unperturbed flow, permitting reasonable travel distances and signi-
ficant plume dilution hefore the effluent diffuses to the ground. Three
things limit across-the-board use of this rule of thumb: economics,
aesthetics, and the fact that it is in many instances needlessly conservative.
In particular, concentrations are often low enough at the stack exit that

the maximum amount of dilution possible is unnecessary to avoid objectionable
levels of contamination, or the actual zone of disturbance above the obstacle
may be significantly lower than the rule would suggest. ‘This latter point

is commonly realized for tall thin structures (e.g., Snyder and Lawson, 1976).
The U.S. Environmental Protection Agency (1980) now recommends a stack height
hS = H + 1.5§b, where Cb'is the smaller of the building face width or height,

as good engineering practice.

Briggs (1973) has outlined a procedure for estimating effective emission height
which considers an individual building's geometry and the resulting perturba-
tions of the flow. Corrections for stack downwash and buoyancy effects are
also included. The method applies to buildings where the flow does not
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reattach to the roof and sides. Model studies by Snydef and Lawson (1976)

on neutrally-buoyant non-downwashing stack emissions have verified for a
short wide building and a tall thin building that Briggs' alternative to

the "2% times rule" is adequate to avoid building-induced effects on effluent
concentration. The procedure is as follows:

(1) Compensate for stack-induced downwash by calculating a corrected
release height h': if the stack outlet is not vertical, set h' = h ; if
the outlet is vertical, S

h' = h, +2 [(w/U) -1.5]4; , (3-16)

where d. is the inside diameter of the stack of height h h. The ratio h'/h
has beeil plotted for convenience in Figure 22 as a functidn of the exhaust

to wind speed ratio w /U , over a range of p0551b1e stack diameter to height
ratios d. /h .

(2) Calcﬁlate the release height h" éorrected for building aerodynamic .
effects. Let Cb be the smaller of the frontal building dimensions H or W.

If h' > H + 1.5§b, the plume is above the region of building influence; set
h" = h' and go to step (4). If h' < H, set

h" = h' - 1.5 & ; (3-17a)
it h' is between H and H + 1.5 Cb’ set
h" — 2h" - (H + 1.5Cb) (3-17L)

and go to step (3). Equation (3-17a) is based on the idea that when h' < H,
the effluent will be at least partially entrained within the wake cavity;
however, complete capture and recirculation down to ground level is unlikely
for tall (W/H < 1) buildings unless h' is quite small, as discussed in Step (3).
For intermediate values of h' between H and H + 1.5 {,, the plume is just
displaced downward ("downwashed") by the building flow field. For convenience,
the results of Step (2) have been plotted in Figure 23 for several building
aspect ratios W/H. The figure may be used as follows: determine h'/h

from Equation (3-16) or Figure 22 using known or estimated stack and Sefflux
characteristics. Multiply the result by the stack to building height ratio

to find h'/H. Locate this value on Figure 23; move upward on the graph

until the line of appropriate W/H is intersected. Read the corresponding
value of h"/H at the left. The lower boundary line below which h"/H is
undetermined corresponds to complete plume capture within the wake cavity,

*The factor of 2 preceding the momentum-induced plume rise is a
conservative value; factors as large as 3 have sometimes been used
(e.g., Briggs, 1975). The value 2 may be especially appropriate
close to the source, where the plume may not have reached its final
rise height.

30



and is determined in Step (3). Notice that Equations (3-17a,b) can lead to
negative values for h'"; this is not really a problem since h" is merely an
computational parameter subject to further tests (in Step 3) of its ability
to represent the physical situation. This is clear from Figure 23, where
the lower boundary line insures that all "allowed" values of h'" are positive.

(3) The plume may remain aloft or may be entrained into the wake cavity,
essentially becoming a ground level source. If h" > O.SCb, the plume remains
elevated; go to step (4). On the other hand, if h" <-0.5§b, the plume is
trapped in the cavity and mixed down to ground level. It therefore is
treated as a ground source of initial plume cross-sectional area Z cbz.

A virtual source location may be determined to facilitate plume calculations.
Go to step (5).

(4) Compensate for plume buoyancy by calculating the effective height
of emission he' If the effluent is mostly (>. 98%) air and its temperature
ts within 2 or 3°C of the ambient, buoyancy is negligible and he = h";

go to step (5). Otherwise, determine the relative density difference of
the plume using

T .
-1, , (3-18)

Bllmsl :

-2

T
a e

where subscripts "e'" and "a" refer to gffluent and ambient, respectively, T

is temperature in degrees Kelvin, and m denotes the molecular weight

(28.8 gm/mole for air). The mean molecular weight of the effluent is

determined from the mass fraction, fi’ say, of each of the component gases

i
component will be air, so that m =m . If the effluent contains water
(liquid or vapor), evaporation or Condefisation may affect the buoyancy;

see Briggs (1975). If A > 0, the plume is denser than air. A comprehensive
treatment of the behavior and resultant concentrations of dense plumes may
be found in Hoot, Meroney, and Peterka (1Y/3), and in Meroney's (1979)
excellent survey chapter. If A < 0, the plume is buoyant. Evaluate the
‘buoyancy flux Fb = - gVeA/n; where Ve is the volume of effluent emitted per

unit time. Then calculate the bubyaht plume rise Ah using standard procedures
(e.g., Briggs, 1969, 1975). Set he = h" + A h, and go to step (5).

through the relation ﬁe-1.= E ﬁ._lfi. For many sources, the dominant

(5) Calculate downwind concentrations using standard plume dispersion
formulations (e.g., Equation 3-6); wherever a source height is required, use
he, the effective height of emission.

As mentioned above, Briggs' (1973) method applies only to buildings which
are sufficiently short in the alongwind direction (i.e., small L/H) that
reattachment of the edge-separated flow to the building roof and sides does
not occur. Often, however, reattachment will take place. In such cases,
Wilson's (1979a,b) suggestions may prove useful for avoiding contamination
of air intakes or other critical locations by effluent from a stack mounted
somewhere along the roof centerline. The approximate size and position of
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the roof cavity and the boundary shear layer above it have been described in
Section 2.3.2 (Equations 2-1 through 2-6) and Figure 8. If the stack is high
enough that the effluent plume's lower edge remains above the shear layer
(zone II of Figure 8), contamination of the roof is unlikely; if the plume
clears the wake boundary Z as well, there is no danger of contamination.

The required height depends on the rate of plume spread. Wilson suggested
that it is generally adequate to draw an indicator line of slope 0.2 in the
upwind direction from a point on either the zone II or zone III boundary
(depending on the safety margin needed) immediately above the air intake

or other critical receptor closest to the lee edge of the roof. The effective
stack exit should then lie above this line. This slope corresponds to a
standard deviation of wind vertical fluctuation angle. 0, of perhaps 0.1 radians
(5.7°), which seems reasonable, although o values gregter than 0.3 (17.2°)
have been observed over open country under¢some conditions (Lumley and Panofsky,
1964). Whether this value is appropriate to flow over a roof is therefore.
uncertain. An indicator line of slope steeper than 0.2 may be advisable for
some critical contaminants. In any case, the effluent to wind speed ratio
we/Us should be kept above about 1.5 to prevent stack-induced downwash.

Neither of the above techniques deal adequately with the effect of stack
placement. The Briggs' (1973) method makes no allowance at all for the
effect of different stack locations; it requires only that the stack be on
the roof, or anywhere within { /4 of the building, or within 3 {, directly
downwind of the structure. Provided the stack is located somewhere within
these bounds, the calculated effective height is the same for all locationms.
The Wilson (1979a,b) approach can account for roof stack placement provided
the stack is somewhere along the roof centerline; additional empirical infor-
mation on the roof cavity and shear layer reattachment characteristics would
be necessary to extend the technique to arbitrary locations on the roof.
Nevertheless, stack placement can have an important impact on the effective
stack height and resulting concentration patterns because of the very dlfferent
flow fields encountered by the exiting effluent at various stack locations.

Koga and Way (1979a,b) studied in a wind tunnel the consequences of different
stack locations on the roof of a squat simple building (L/H = W/H = 2) for a
range of stack to building height and efflux velocity to wind speed ratios.
The effect of wind incidence angle was also examined. Figure 24 demonstrates
the dissimilar plumes resulting from three stack positions along the building
centerline when the wind is normal to the structure, while Figure 25 shows
the same situation but with the stacks along the roof side edge. Figure

26 shows the consequences of eliminating the stack or of increasing the efflux
to wind speed ratio. Figure 27 displays the plumes trom ditterent stack
locations when the wind is along the building diagonal, while Figure 28
illustrates the changes induced by eliminating the stack or by increasing

the efflux velocity. Koga and Way examined many of the possible combinations
of these parameters; their reports should be consulted for details. They
found that a combination of stack height and position could strongly affect
(average factor of three) the ground-level- concentrations behind the building.
For example, if the emission takes place at the lee edge center, a flush

roof vent produces much higher ground-level concentrations than a stack

would generate. On the other hand, a stack at the upwind edge center also
induces high concentrations behind the structure, apparently because of the
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downwash produced by the curved shear layer over the roof and wake cavity

zones. Building orientation relative to the wind is also an important

factor; wind along the diagonal produced concentrations a factor of three

more than those observed for flow at normal incidence to the building, probably
because of downwash induced by the vortices generated at. the upwind roof corner.

Koga and Way (1979a,b) also presented a very useful (but limited) guide to
the behavior of plumes released from roof-mounted stacks at various locatioms,
depending on the exit velocity to wind speed ratio and the stack to building
height ratio. Figure 29 defines their four classes of plume behavior: "E"
denotes a plume which is essentially unaffected by the building's flow field
and "escapes' from the vicinity. A plume which is somewhat influenced by
the near-building flow but is mainly just washed downward a bit is indi-
cated by "W"'. A plume which is substantially influenced by the building,

and may be partially or intermittently captured in the wake cavity, is denoted
by "D-W". Some plumes are completely downwashed and entrained into the wake
cavity, and these are designated "D". Using these categories of plume
behavior, Koga and Way developed transition lines separating the different
plume behavioral regimes as functions of efflux to wind speed ratio and

stack to building height ratio, for several stack positions and two building
orientations. Figure 30 shows the various modes of plume behavior for stacks
or vents on the roof of a squat building (W/H = L/H = 2) placed normal to

the wind. Consider the roof center position, Figure 30a. All four modes

of plume behavior were observed for this case; a flush vent (h_/H =1) and

low efflux velocity can lead to a fully downwashed plume (category '"D"),
while taller stacks, with h_/H between 2.0 and 3.5, can lead to either mili
wake-induced downwash ("W")sor no building influence at all ("E"), depending
on w /Um. If the stack was at the center of the upwind roof edge, a fully
downwashed mode '"D" was not observed; stacks at the center of the lee edge
produced only categories "W'" or "E", as did stacks at the center of the

side edge. Figure 31 shows the results of similar experiments for wind along
the building diagonal; the main features of interest here are that complete
downwash and wake cavity entrapment (mode "D") were possible for all the
stack positions tested, and that a complete escape from building influence
(mode "E") was not possible for a stack on the upwind corner (position 8),
regardless of stack height or efflux speed. The efflux to freestream wind
speed ratio which appears in these figures can be converted to the more usual

ratio based on stack-height .windspeed, w /U =w /U(z = h ) using a rough

114

power law approximation to Koga and Way's w1nd tunnel flow U /U

0.76 (n_ /H)o 17

Koga and Way offer a few conclusions: they recommend the center of the ro>f as
the best general site for a stack if the ambient wind direction is unknown or
highly variable; this agrees with the findings of Wilson (1979b). If the stack
must be placed near a building edge because of engineering or architectural
constraints, it should be at least 1.5 times the building height at the lee-
ward edge. If the leeward edge is not readily apparent, a stack of 2 to 2.5 H
should be adequate for any rooftop location. Finally, they suggest that the
Briggs' (1973) method of compensation for stack-induced downwash (Equation 3-16)
works fairly well at low flow rates (w /U £ 1), but increasingly underestimates
the effective stack height as the flow rate increases (1.5 £ w /U £ 2). From
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the viewpoint of air contamination estimates, this is favorable; i.e., Equation
(3-16) becomes increasingly conservative as the ratio we/Um becomes larger.

The reader is cautioned to remember, however, that the work of Koga and Way
(1979a,b) was confined to a wind tunnel study of a single building shape;
changes in obstacle geometry will probably result in substantial modifications
of Figures 30 and 31. In particular, one should not generalize the results
from this simple case where L/H = W/H = 2 to an arbltrary block-like structure;
only the general trends are likely to be similar. Li, Meroney, and Peterka
(1981) have recently reported tests on a simple cube. It would be very helpful
for design purposes if such work were extended to a much wider range of
building geometries and types of incident flow field.

3.2.2 Concentrations on Building Roof and Sides

At this time it is not possible to calculate in any general way the concen-
tration patterns generated on the roof and sides of an arbitrary stack or
vent located on or very close to the structure. Instead, one must largely
rely on empirical data, mostly from wind tunnel experiments. Only certain
combinations of building shapes and stack characteristics have been explored,
and our ability to generalize these is severely restricted. However, it does
seem possible to at least place upper bounds on the anticipated concentrations
at a point some given distance from the source, and to examine in a limited
way the changes in concentrations expected as a consequence of changes in
important parameters such as effective stack height.

For this discussion it is convenient to introduce the nondimensional
concentration coefficient (e.g., Halitsky, 1961):

= x:UA/Q , (3-19)

where X is concentration, Q is source strength; A is a characteristic arca
(often ‘A , the projected frontal area) of the obstacle under study, and U
is wind “speed at the effective release helght Note that K can take any
non-ncgative value.

Another useful quantity is the dilution D, given by the ratio of the concen-
tration at the effluent exit point to the concentratlon at any arbitrary
location:

D =x/x=XKJ/K, (3-20)

where the subscript e denotes exit conditions. In any practical situation,
D 2 1; in fact, D will often assume very large values.
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Halitsky (1963a,b) published an extensive study of concentrations on building
side and roof surfaces for a variety of flush vent locations and exhaust
conditions. Figures 32a,b,c show the effects of changes in the effluent
velocity ratio w_/U , where U  is the wind speed at roof (vent) height. The
highest roof concentrations naturally were obtained with the lowest tested
value of w /U_., 0.5; a doubling of this value reduced the maximum values by a
factor of two or three, depending on receptor location. A further doubling
of we/U , however, only reduced the concentration by a factor of 1.5 or less,
with the main effect being felt close to the exhaust. Comparison of Figures
32a and 32d shows the rather dramatic changes, especially above roof level,
induced by installation of a relatively small stack. The modification
reduced peak concentration by a factor of almost five, while the values over
the whole roof became much more uniform. The reasons for this reduction are
discussed in more detail below. Figures 32e,f,g show the effects of different
building geometry. Notice that in all but Figure 32g, the rooftop concen-
tration maxima are found upwind of the vent location. This result is due

to the strong reverse flow within the roof cavity of these .models; the
incident flow separated at the windward roof edge and apparently never
reattached to the surface. The flow close to the roof was consequently
directed toward the upwind building edge, and carried effluent from

flush vents toward the front of the roof. The long, tall building of

Figure 32g, on the other hand, experienced flow reattachment to the roof
somewhere near the vent, greatly reducing the quantity of material trans-
ported in the upwind direction.

Halitsky's (1963a,b) experiments were conducted in a uniform, low-turbulence
flow not very typical of the atmosphere. His results should therefore be
compared with those of Wilson (1976a,b), whose work was accomplished in a
simulated atmospheric surface layer. Figures 33 reproduce some of Wilson's
(1976a,b) data. Zones of observed flow reattachment are indicated on the
building surfaces. Upwind of the reattachment lines the near-surface flow

is directed more or less toward the front of the structure, while the flow
after reattachment is predominantly parallel to the incident wind direction
(see Figures 6). The K values shown in these figures are significantly higher
than those cited by Halitsky (1963a,b). Tests by Wilson (1976a; 1977b) suggest
that this result is due largely to the much lower efflux velocity ratio used by
Wilson (w /U_. = 0.3 to 0.4, compared to 1.0 for most of Halitsky's tests).
Figure 33a®shows reattachment on the roof of the building, a feature commonly
observed in turbulent boundary layer winds, as discussed in earlier sections.
However, since reattachment took place considerably behind the vent, effluent
was carried forward, generating patterns quite similar to those in Figures
32a,b,c. The rather squat building in Figure 33b, on the other hand, experi-
enced reattachment close to the upwind roof edge; hence the vent was subjected
only to a rearward flow. The concentration pattern may be compared to that of
Figure 32e where reattached flow did not occur. Rather similar behavior is
apparent in Figure 33c; the reattachment line was not given for this structure,
but the isopleth pattern suggests it’'lies ahead of the exhaust location. Figure
32f is the no-reattachment counterpart of this example.. Finally, Figure 33d
shows reattachment just behind the vent; some material was evidently advected
toward the front of the roof, although most was carried toward the lee edge.
This case may be compared to Figure 32g which also had flow reattachment
somewhere near the vent -- but probably a bit further back, judging by the
concentration patterns.
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Wilson (1976a,b) also reported tests of a variety of flush roof vent
locations. These data are potentially quite useful since exhausts often
cannot be installed in the exact center of a hnilding roof. A few cxamples
are shown in Figures 34; the original reports should be consulted for others.

Additional building surface concentration data may be found in L1, Meroney,
and Peterka (1981)

Halitsky (1963a,b) may have been the first to suggest that, for a flush-
vent-type source and a receptor somewhere on the surface of the same
building, the dilution D = K /K is proportional to the square of the
shortest distance between the  vent and the measurement site. He gave the
relation, plotted in Figure 35,

[ & +0.11°( + &/5) (s/E)]T? - (@3-21)

where s is the "stretched string" distance between the two points, A_ is
the vent exit area, and «, a number between 1 and about 20, depends on the
specific bu11d1ng/vent/atmospher1c configuration. A lower bound on D is
obtained by setting @ = 1. This expression is based, however, on tests
conducted in a uniform, low-turbulence flow, with an efflux to wind speed
ratio we/UH = 1. Later, similar tests on a more complex building resulted
in an eXpression recommended by ASHRAE (1974) which explicitly utilized
this speed ratio:

D[ 4.66 + 0.147 (s/JK;)]z U/ ). (3-22)

Wilson's (1Y/ba,b; 1977a) tests in boundary layers, on the other hand, used
low values for w /U 0.1 to 0.3 (depending on gas density), which might be
more typical of® vents with rain deflectors or louvers. He suggested a
lower bound to the dilution, for buildings normal to the wind, was

D . = 0.11 K s2/A_. (3-23)
: e® 'fp |

This expression cannot be quite correct since it does not reduce to the
limit Dmin =1 as s »> 0; it should he adequate, however, for rcccptors not

very close to the flush raaf vent. Equalion (3-23) is plotted in Figure 36;
given the shortest distance s between the roof vent and some critical
receptor, and the building's projected area A_, one can estimate the lower
bound on the dilution at the receptor if the Pcon¢entration coefficient at
the vent exit Ke’ can be determined. :

For a flush roof vent, where Us = UH,"
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K = XGUHAP = UHAP

e .
Q ’ ~Ye

, | (3-24a)

where Ve is the volume flow rate of effluent, so that-

.u A
K =*—EﬁR . ‘ ' (3-24b)

Equation (3-24a) is plotted in Figure 37 over a range of possible values of

Ap/Ve’ for likely wind speeds at building roof height UH. Given the building

dimensions and the volume flow rate of the effluent exhaust system, K can
be estimated at various wind speeds. If the effluent exhaust to wind espeed
ratio is known, it may be more convenient to use Equation (3-24b) to determine
K . In either case, Figure 36 may then be used to estimate the lower bound

e’ .. . g
on dilution at the receptor location, Dmin'

Two alternate forms of Wilson's Dmin can be written:

o -1, 2 :
Dmin = 0.11(we/UH) (s /Ae), (3-25a)

which has the same variables as Halitsky's expression (Equation 3-21), ana

~. 2 ¥ -
noE 0.1 U(sT/Y) (3-25h)

Equation (3-25a) is shown for convenience in Figure 38, while Equation (3-25b)
is given in Figure 39. -Equations (3-23) and (3-25a,b) are entirely equivalent;
s€lection of a particular form simply hinges on the information available

in a particular design or evaluation problem.

The concentration coefficient K at a receptor point somewhere on the building
surface must then be less than or equal to Ke/Dmin’ which can now be calcu-

lated. Actually, if Ke and Dﬁin are of no real interes* in'thémsélves, an

upper limit on the feceptor concentration coefficient cin be obtained difectly:

o
n

, 5 .
Ke/K = Dmin '

use Equation (3-23) to get
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K

IA

~ 2 -
Kmax = 9.1 Ap/s . (3-26)

Kmax is shown for convenience in Figure 40; it depends only on the area of

the windward building face and the shortest distance between the receptor
and the flush roof vent.

The definition of K (Equation 3-19) can be combined with Equation (3-26) to find
the upper bound on the concentration to source strength ratio X/Q for a
flush roof vent:

X/Q S (W % 9.1/Ws) n, (3-27)

where U, and s are given in m/s and m, respectively. Figure 41 shows (x/Q)
as a tunction of source to receptor distance along the building surface, for

some likely values of roof-top wind speed UH

ma

Comparlsons of Equations (3~21) and (3-23 ~-- or its variants) with data from
several experiments indicate (Li, Meroney, and Peterka, 1981; Wilson, 1976a,b,
1977a; Wilson and Britter, 1981; Halitsky, private communlcatlon) that Equatlon
(3-21), with a = 1, is a very conservative lower bound on dilution. On
block-like structures it may be an order of magnitude smaller than actual
measurements. In this instance Equation (3-23) provides somewhat less conser-
vatism, providing a lower bound to the data in most situations. However it
overpredicts (Halitsky, private communication) dilutions for block-like buildings
at an angle to the wind, and for a non-idealized structure (Clinical Center of
the National Institute of Health in Bethesda). Equation (3-22) was specifically
developed for this latter site. Overall, it appears that Equation (3-23) is
probably an adequate lower bound to dilution for most cases, particularly those
involving mere nuisance contaminants (e.g., odors).. If the effluent is especially
troublesome, however, an extra margin of safety may be available using Equation
(3-21), with ¢ = 1. More data, particularly from field tests, would be helpful
in validating this guideline. If the building is at an angle to the wind, Li,
Meroney, and Peterka (1981) recommend that the minimum dilution estimated from
Equation (3-23) be decreased to account for building orientation; they suggest

multiplying the right-hand side of the equation by (1+4a/n)-1; where o is the
wind approach angle (in radians) relative to the normal of the building tace.
Consult their report for further details.

If the vent is somewhere on the sides of the building, rather than the roof,
Wilson (1977a) found that Equation (3f23) was still a good lower bound to the
dilution, except when the effluent emerged on the front of the structure

and subsequently contaminated an air intake close to the ground on the
building side. To compensate for this, Wilson suggested that the calculated
minimum dilution be further reduced by a factor of five if any potential
receptors were located at or below H/5 above the ground; i.e., if the
receptor height z £ H/5, set Dmin = Dmin(Eq.31)/5.
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For more exact work, on-building concentration coefficients K can be found
in the literature (e.g., Halitsky, 1963a,b, 1968; Smith, 1975, 1978;
Wilson, 1976a,b; and many others). The results are often but not always
for very specific building configurations, such as a particular nuclear
reactor. Nevertheless, a great deal of general guidance can be obtained-
from a careful study of these results and their variation with important
parameters such as we/Us and hs/H. The experimental éonditions must be

cautiously examined however, particularly for laboratory work, to assess
the degree of validity of the data. For example, many early wind tunnel
studies were conducted in uniform speed, low turbulence flows not very
typical of the atmosphere; consequently important phenomena such as flow
reattachment to the building roof or sides did not occur, and the resulting
concentration patterns were probably considerably in error. A compendiwn
of these data, together with a discussion of their general applicability
and accuracy, would be most helpful.

In the meantime, one can only say that quite large K values can be expected
on building surfaces very close to an effluent source of negligible momentum,
buoyancy, and height. For example, Wilson (1976a,b; see Figures 33 and 34)
observed isopleths of K.as large as 500 close to roof-mounted vents with

low efflux to wind speed ratio, although maximum K values closer to 100

were common, and maxima as low as 50 were found, depending on the buildirg
geometry and the vent position. On the other surfaces of the building,

well away from the roof vent, the maximum K value is generally about 5,
although values greater than 10 can occur if the effluent plume is deflected
toward the surface -- as may happen on the lee building face, for example.
If the material is ejected with significant momentum or buoyancy, or is
emitted from a stack, the concentrations on the surface nearest the source
(e.g., the roof) can be considerably decreased (perhaps a factor of ten)
from the flush vent values, while the concentration reductions on the other
surfaces will be noticeable but less dramatic (factor of two, say).

Suppose that the concentration patterns on a particular building are known
for some given stack height, efflux to wind speed ratio, and buoyancy.

The sensitivity of these patterns to variations in the parameters which
determine the effective stack height is then of considerable interest,
particularly with regard to the cost-effectiveness of engineering modifi-
cations such as increases in stack height or effluent exhaust speed. Smith
(1975, 1978) conducted detailed field experiments on a small building fitted
with a variable-height stack at the roof center; he determined concentrations
on the roof, sides, and within 5 H downwind for a variety of source and
atmospheric conditions. The most prominent feature of his results is the
strong dependence of roof concentrations on the ratio h /H. For example,

'a 10% increcase in h /H caused a 679% decrease in roof concentratiom, as well
as a 25% reduction In concentration on the lee face. Smith also remarked

on the varying sensitivity of the results to changes in other parameters.
The most significant variables, after hS/H, are, in order of importance,

the efflux velocity ratio we/Us; the angle of wind incidence o, the
turhulence intensity ou/Us, and the atmospheric stability as categorized

by, say, the Richardson number. Smith observed roof concentrations nearly
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an orde; of magnitude lower than the lee face concentration for all stack
heights except flush vents. This suggests that roof-mounted air intakes
will generally be better than side-mounted inlets if the stack height and/or

efflux velocity are large enough to keep the emissions from direct contact
w1th the roof.

Wilson (1976a, '1977b) has prepared a simple argument to demonstrate the
sensitivity of roof concentrations to vent height. Effluent is emitted
with negligible momentum and buoyancy from a short stack of height h
relative to the roof (i.e., h_ = h + H). Reattachment of the flow is
assumed to occur upwind of the vent, so that the wind seen by the effluent
is directed toward the lee sdge~bf the roof. A coordinate system is
selected such that x = 0 = y = z at the stack base. The effluent centcrline
concentration on the roof is then estimated from a standard plume equation;

e.g. X 2Q (noyozUs) exp( h /20 ), so that the nondlmen51onal concentration
coefficient is given by K = xU A /Q Ap(n oy 0 ) exp( h /20 ). For a flush

. vent, h =0 and U = UH’ so K & A (n oy o ) where the subscript i

here indicates spreadlng approprlate to a roof level release, and A_ is

the projected frontal area of the building. After some algebra, we Psee

that the concentration coefficient relative to that for a flush roof vent
is given by ‘

K/K_ = exp(-b' §/20 %) , (3-28)

where b' depends on the receptor location and the character of the turbulent
dispersion over the building. Equation (3-28)~can be used to evaluate the
relative effectiveness of two stack heights, hl’ and h?, by forming the ratio

of the concentration coefficients. for each of the stack heights:

o NN RS
K,/K) = (K /K) (3-29a)
or, in terms of the dilution D = Ke/K,
= &,/8%
D,/Dy & (D/D) (3-29b)

K , the effluent exit concentration coefficient, is defined by Equation (3-24a
or b). Given the concentration coefficient K1 or the dilution D1 produced

by a stack of relative height ﬂl’ compared to Kr or Dr for a flush roof vent,
the concentration coefficient K2 or dilution D2 produced by a stack of
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relative height EZ can be-caléulated. The behavior of Equations (3-29a,b) is
demonstrated in Figures 42a,b. Consider for example a short stack of relative
height Kl’ which produces a dilution D1 of, say, 800 compared to a dilution
Dr of, say, 100 produced by a flush roof vent. If the stack height is
increased by, say, 50% to h2 = 1.Shi, the D2/D1 % 13.4, or D, = 10,800.

2
However, if h1 only produces a dilution D1 of, say, 200 compared to the

- flush vent value Dr = 100, then the same percentage increase in stack
height only gives D2/D1 z 2.4, or D2 = 476. 1In other words, a modest
increase in stack height produces really significant decreases in roof-
level concentration only if the stack being improved upon was already high
enough to cause much more dilution than a flush vent. Major increases in

stack height are necessary to achieve significant improvements in K2 or D2

if Kl/Kr is not << 1, or if Dl/Dr is not >> 1. If values of Kl/Kr or
‘Dl/Dr can be obtained from field or laboratory data for a particular

building and relative stack height h , then the consequences of changes in
relative stack height can be exploréd using Equations (3-29a,b) or Figures
42a,b. A compilation of K1/Kr and D1/Dr ratios would be very helpful.

Wilson (1979a) has recently improved the argument leading to Equation (3-28)
to incorporate any plume rise Ah due to effluent momentum and/or buoyancy.
If the resulting effective relative stack height h + Ah is not too large,

so that the plume spreading rates and plume rise at the stack are not very
different than those for a flush roof vent, then

K/K_ = exp[-(i{2 + 2h Ah)/2022] ) (3-30)

The vertical dispersion parameter oz can be approximated as a power law in
terms of downwind distance of the roof-level receptor from the stack base,

Oz = ax , where a depends on the properties of the turbulence and q is

typically between 0.5 and 1.0. The characteristic building scale R,
defined by Equation (2-1), can be used to nondimensionalize all lengths.
Equation (3~30) then becomes »

K/ = exp[-b(BZ + 2 B AR)/R%7293%9) (3-31a)

Wilson (1979a) found q = 0.75 and b 11 for his wind tunnel concentration
data; i.e.,

IR

0.5~1.5
x 7).

K/K_ = exp[-11(R% + 25 Ah)/R © (3-31b)
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This result was found to agree well with data when the stack and receptor point
were both well downwind (about 2L _ or more from the upwind roof edge, L given
by Equations 2-3a,b and Figure 1Q)cof the roof cavity and reattachment zone (cee
Figure 8). Agreement was also improved when the stack and receptor were not
close to any of the building edges. Neither of these limitations are surprising
in view of the assumption of essentially unperturbed plume spread underlying
Equations (3-28) and (3-31). Equation (3-31b) for K/K has been plotted in

Figure 43 as a function of h /Ro 3z1.3 for a range of p0551b1e momentum or

buoyancy-induced plume rises, Ah/h - Given the stack height relative to the
roof, h, and the building dimensions, 'the rooftop concentration coefficient K
(relative to that produced by a flush roof vent, K ) can be estimated from
Figure 43 for various stack-to-receptor dlstancesr X, and dlfﬂerent values
of plume rise Ah. Once K/K_ has been evaluated for one stack helght, the
consequences of increasing h can be explored using Figure 42az. Equation
(3-26) or Figure 40 can then be used to place an upper bound on K_ (and

hence on K1 or KZ) if Kr isopleths are not available for the partfcular

building shape under study. TIf a very conservative upper limit on Kr is
needed, as may be the case for certain dangerous or noxious materials,

Halitsky's (1963a,b) value given in Equation (3-21) may be used, taking
o = 1, to determine a new Kr max in place of Equation (3-26). It should

be noted that if the stack is located close to the building edges, or
within the. roof cavity (ahead of the roof reattachment zone), or near
regions of vortex generation, the above analysis will not be valid. In
such cases, empirically obtained values for K are the only recourse; special
field or laboratory tests of that particular building-stack-atmosphere
configuration may be necessary.

3.2.3 Concentrations in the Wake Cavity
As pointed out by Barry (1964) and more recently by Meroney (1979), most

of Lhe expressions proposed for concentration estimates within the cavity
proper take the form

X% g (3-32a)
P
or equivalently,
K1 ' (3-32b)
e ' , *

where the coefficient c¢ is given values between 0.5 and 5.0. The effluent
is presumed to be entirely captured in the wake. Evidently K £ constant,
with values belween 0.2 and 2.0. A glance at Figures 32, 33, and 34,
where the concentrations on the lee face should be fairly representative
of the cavity as a whole, indicates that these are indeed reasonable
values. Little understanding of the physical mechanisms that generate
this result is conveyed, however, and, in particular, there is nothing to
suggest why the result might vary from one building to another. Actually,
wake cavity concentrations are probably not really constant (e.g., Koga
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and Way, 1979b; Li, Meroney, and Peterka, 1981; Wilson, 1977a); the mixing
process is not rapid enough to overcome the nonuniformities resulting from
advection of pollutant into and from the cavity region. This is particularly
likely to be true when intermittent downwash of an elevated plume occurs
(Koga and Way's (1979b) case "D-W"; see Figure 29 and Section 3.2.1). Lawson
(1967), Johnson et al. (1975), and Thuillier and Mancuso (1980) have all
observed this phenomenon in field experiments. Its influence on peak concen-
trations within the wake cavity region cannot be quantified at this time;
however, the average values observed in these cases must implicitly include the
downwash contribution. Intermittent downwash is further discussed in Section
3.2.4, below.

Briggs' (1973) recommendation takes at least some account of the effective
stack height and building size. He defined the concentration coefficient
for the cavity in terms of the smaller of the upwind face building dimensions,

%

_ 2 .
Kpr1es = X U & /Q- A (3-33)

Consider the momentum and stack doﬁnwash—compensated effluent release height
h', given by Equation (3-16); the pollutant is emitted above the building roof
a distance h' - H. If h' - H is greater than about 0.35 Cb’ then

< . . v <
KBRIGGS < 1 throughout the wake cavity. Conversely, if h H 0.35 Eb’

KBRIGGS is typically 1.5, and perhaps as large as 3.0, except close to the

effluent source, where KBRIGGS can be quite large (100 or more). Smith
(1978) supports Briggs' estimates to within about a factor of two.

A slightly more physical hypothesis is based on Vincent's (1977, 1978)

ideas. As detailed in earlier sections, the cavity '"bubble" is not, strictly
speaking, a closed zone of recirculation with material transfer possible

only across the turbulent shear layer bounding the region. Advection into
and from the cavity can occur as well (see Figures 2 and 5b,c). Vincent's
(1978) experiments suggest, however, that much of the material transfer

may be conducted by turbulent exchange across the cavity boundary, with

only relatively minor contributions from direct advection. The cavity

can therefore be modeled, at least to a first approximation, as a volume

VC bounded by an active surface of area A_ (Figure 44). Material is

emitted or entrained into this volume at a rate Q, is mixed more or less
thoroughly to an average concentration X by the circulation within the
bubble, and is finally lost from the region because of turbulent transfer
through the active surface._ The net. flux of matter through the boundary
is approximated by A we 9X/dn, where A is a turbulent mixing length, w
is a turbulent transport velocity, and n is the local normal to the
surface Ac' The mass balance equation is

. .

d_ s , ax
E{(XV)EQ A"wt on dA

(o
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where X is the average concentration within the cavity. The integral is
approximated by X A /6 , Where 6 is the thickness of the cavity boundary

across which the concentration changes from its internal value (x) to its
external value (0). The equation becomes

&R
+

ﬁixl
114

Q .
V_ » (3'348)
c

o

where ty is a characteristic time for turbulent mass transfer:

6

< <

A AT
c

<

=1 (3=
t. = o (3-34b)

d.

Two cases can be immediately treated. Case (i): constant source. At
=0, x =0 and Q = coustant. Then - _

_ Qtd -t/td
X =5 [1-e ] (3-35a2)
c
Case (ii): initial puff. At t =10, X = io and Q = 0; then
xzx et (3-35b)

Note that the latter result provides a convenient means of evaluating t, by -
injecting a known amount of material into the cavity, and plotting the
logarithm of. the resulting concentrations versus time. This procedure was
carried out in field measurements by Drivas and Shair (1974). The steady-
state limit of Equation (3-35a) is just X = Q t /V , so that the average cavity
concentration coefficient K = X UA /Q is

‘K » APU td/vc . (3-36)

This expression can be interpreted as the ratio of the volume of clean air
intercepted by the building in time t, to the volume of polluted air in

the cavity. A more ingeresting interpretation is available-if the cavity
volume is approximated by VC ~ Apxr’ where X is the cavity length; then

*This may be most appropriate for flow that has reattached to the
building roof and sides.

44



(3-37a)

That is, the cavity concentration coefficient is a measure of the characteris-
tic diffusion time t, relative to the characteristic "flushing" time of the
cavity, x_/U. In terms of the nondimensional time constant T = U td/H,

the average coefficient is

(3-37b)

This result may be more convenient to evaluate in some cases, since T and
xr/H may be available from experiments (e.g., Vincent, 1977, 1978) or from
empirical- formulations such as Equation (2-8). For a tall thin building or
a short wide structure, the height H may not be the dimension most charac-
teristic of the structure; in such cases JA_ or Wilson's (1979a,b) R should
probably be substituted for H in the above Pexpressions. For example, in
the field work of Drivas and Shair (1974), W/H = 5.3 and L/H = 1.4, not
counting the penthouse on the roof. The velocity U was about 2.5 m/sec, the
cavity reached about 3 H (36m) from the lee face of the building, and the
characteristic diffusion time t 6 = 60 sec. Direct use of Equation (3-37a)
gives K 2 4.2, which seems somewhat large, though not unacceptable. If,
however, we use T = Utd / JA_ for this rather wide building, T = 5.2 and so
K = 1.7, which appears quitepreasonable. Before Equations (3-36) and (3-37)
can be used routinely, they must be checked. experimentally. For example,
direct evaluation of K using the limited data of Vincent (1978) and Equation
(3-37b) gives a concentration coefficient roughly a factor of three larger
than those cited by Barry (1964).. A suitable adjustment factor may be
required to compensate for the approximations implicit in the model and

for the liberties taken with the turbulent flux parameterization. Direct
measurements of K, t, and xr/H are needed to verify this.

It must be emphasized that this simple model of mass transfer from a building's
near wake is somewhat at odds with present understanding of the very complex
advective and turbulent éxchange processes which feed and drain recirculation
zones (e.g., Section 2.1, and Figures 2 and 5b,c). Additional work is needed
to elucidate the significance of the advective components in particular. In
the meantime, the simple scheme just outlined must be regarded as highly
tentative.

Some useful estimates have recently been made of the peak-to-mean concentration
ratios that may be expected at building roof or lee face receptors due to
effluent emitted with negligible momentum and buoyancy from flush roof vents.
Wilson (1967a) assumed the probability density function for concentration to

be log-normal (e.g., Csanady, 1973), and suggested that the concentration
fluctuations would exceed the local mean value by more than a factor of two
only about 10% of the time or less, by a factor of five about 5% of the time

or less, and by a factor of ten only 1% of the time or less. Meroney (1979)
deduced an empirical expression relating the intensity of the concentration
fluctuations to the distance of the particular receptor from the source. Li,
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Meroney, and Peterka (1981) conducted additional measurements behind a simple
cube, and verified that the log-normal probability distribution was indeed
followed fairly closely. They reported sompwhat smaller peak values than
those of Wilson; their fluctuations exceeded the local mean by a factor of
two less than 10% of the time, by a factor of two and a half less than 5% of
the time, and by only a factor of three less than 1% of the time. The indivi-

dual reports should be consulted for details. Further configuration tests
would be most useful. "

One last comment should be made about locating sources within the cavity:
use of a stack roughly equal to the local cavity height can lead to
surprisingly high concentration levels. The work of Huber et al. (1976)
on stacks behind a long model ridge illustrates this effect fairly well.
In particular, they noted that a stack height ratio h /H = 1.5 produced
the highest obsérved ground level concentrations near the point of cavity
closure. Evidently the effluent was caught in the upper portion of the
recirculation pattern and carried fairly directly to the ground. This is
one situation where a shorter stack may provide lower concentrations than a
tall one. Some understanding of the local flow patterns and their likely
consequences can be particularly helpful in such cases.

3.2.4 Concentrations Downwind of the Wake Cavity.

Downwind of the cavity zone, the wake concentration is no longer even
approximately uniform. A number of techniques to compute the decay of wake
concentration with distance have evolved over the years. For example, for
plumes emitted necar buildings, but not entrained completely in their wakes,

the method of Briggs (1973), outlined in Section 3.2.1, above, can be used

to estimate an effective stack height for the release. This height is then
used in the standard Gaussian plume expression for an elevated source (Equation
3-6). Briggs suggests that if the downwash-corrected stack height h' is less
than H + 1.5 Qb, where { is the smaller of H or W, and the release point is on
the roof, or anywhere within roughly { /4 of the building, then the plume

is within the zone of building influence, and should be treated as discussed
earlier (see Equations 3-17 and following). In particular, the plume may under
some circumstances behave much like a ground level source with finite initial
dimensions.

In cases of complete plume entrainment into the wake cavity, the methods
generally used are based on simple modifications to the Gaussian plume equation
for a ground source:

Q

X = no o U
y 2

along the plume centerline (Equafion 3-1). In terms of the concentration
coefficient, ‘ :

K=A/nao a . (3-38)
Py z
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For example, one can account for the initial rapid mixing of the effluent
into the wake by introducing a virtual source at some location upwind of the
actual vent. A binormal distribution of material is assumed, with oyo W /4.3

and %6 = H /2.15 (e.g. Turner, 1969) representing the dispersion parameters at

the building. Notice that the Turner method does not distinguish between cases
of flow reattachment and no reattachment to the building roof and sides, even
though the initial broadening of the wake is determined by this. Strictly
speaking, the Turner appraisal of‘cyo and %0 is probably appropriate for the

case where flow has reattached. For buildings of small L/H, where reattachment
does not occur, the wake cavity dimensions. are roughly twice those of the
building; therefore oyo = 2W /4.3 and %6 = 2H /2.15 should be somewhat better

approximations. Next, evéluate the virtual locations xyo and X, (Figure 45)
corresponding to those parameters such that oy(x =0 and 0 (x ) =0

yo yo z "zo zo’
Equations (3-1) or (3-38) are then used, taking Uy = Oy(x + xyo) and

g = oz(x + xzo)’ where x is the physical distance between the building lee

z
face and the receptor site. If x = x % x , say, then 0 and O_ can be
yo zo o y z

evaluated at the same distance x + X - In this case, the Stability-dependent
curves of. the product oyoz from Turner's (1969) workbook can be used to compute

K. Figure 46 shows this simplified solution of Equation (3-38) for the case
Ap = 1000 mz. The solution for any arbitrary building frontal area can be
obtained simply by multiplying these results by AP/IOOO; once the virtual

source to receptor distance has been calculated for the building under study.

Meroney (1979), using Robins' (1975) data, found it best to also allow for a
virtual effective emission height, h__, when the near-building source was not
at ground level. Equation (3-6) for ©%an elevated source is then used to
calculate the concentration downw1nd of the cav1ty, taklng h = h . Meroney

suggested virtual source locations for.a few stack or vent to bu11d1ng height
ratios which provide upper and lower bounds on the estimated wake concentration;
these are reproduced in Table 1. It is assumed in the table that xyo o X0 = X, -

The most negative value of X and the largest value of heo in each case will

determine the lower bound on the concentration, while the least negative x _and
. . : o
smallest heo will establish the upper bound.

A second method, introduced by Gifford (1960) utilizes the idea (attributed
to Fuquay) of the building wake providing an initial plume dilution propor-
tional to the product of wind speed and projected building area. Ground-
level concentrations along the plume centerline are then given by
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Table 1 Virtual source locations for estimates of maximum and
minimum building wake concentrations using Equations (3-
Complete entrainment in the wake is assumed.

Source Actual emission Virtual source Virtual source

type - height hs/H location xo/H height heo/H
Point 0.13 -5 S x_/H £ +0.5 0
Point 0.88 C-1g x /HS -0.5 0.82h_ /HZ0.55
Line ' 0.88 -1 £x /H £ -0.5 0.8z h /H 2 0.55
. . o eo "
Flush roof vent 1.0 ' 0 0.8 2 heo/H 2 0.55

Based on Meroney (1979).

_ Q )
X" o o tca )U (3-39a)
y z p '
In terms of the concentration coefficient, this is
k! = (Mo, o /A) +c . | (3-39b)
y z.p

The constant ¢ was estimated on intuitive grounds (e.g., Gifford, 1975) to

be between 1/2 and 2, with the smaller value being the more conservative, as
well as providing fairly good agreement with assorted test results (see
Gifford, 1975, 1976). Here again no distinction is made between instances

of reattached and nonreattached flow, although the initial plume dilution
must depend on this. One would expect the smaller values of ¢, say

c = 1/2 to 1, to correspond to obstacles long enough for roof and side
reattachment to occur; larger ¢ values (2, or possibly as large as 4) should
be more appropriate for structures of small L/H where reattachment does not
take place. Regardless of the value selected for ¢, the dispersion parameters
can be obtained from the usual "Pasquill-Gifford" curves (e.g., Gifford, 1968,
or Turner, 1969) as functions of the distance x between the building lee face
and some receptor site on the wake centerline. Figure 47 shows the; quantlty
‘noon/Ap. calculated from Turner's (1969) curves, with Ap = 1000 m~. Values

for any other building frontal area can be computed by multiplying by IOOO/A .

To the value thus obtained, add an appropriate value for c; K is the rec1proca1
of this sum. It is clear from the figure that the initial wake broadening
introduced through the quantity c is significant in the calculation of K only
for x less than a few hundred meters, depending on A_ and the atmospheric
stability condition prevailing. P
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Huber and Snyder (1976) and Huber et al. (1980) reported that Equation (3-39)
performed fairly well for wind tunnel tests of simple buildings if the source
was at ground level, using ¢ = 1. Hatcher et al. (1978) found similar results
downwind of a model of the EOCR site. However, Start et al. (1977, 1980)
observed that this simple model did not correlate well with concentrations
behind the Rancho Seco and EOCR reactor complexes, at least with c = 1/2.
Allwine, Meroney, and Peterka (1980) found similarly poor performance in

. their wind tunnel tests of the Rancho Seco site, again with ¢ = 1/2.

Equation (3-39) does not reflect any of the complexity of the flow patterns
expected at. these reactor sites, so its inadequacy under these conditions

is understandable. Hatcher, Smith, and Schulman (1979) remark that:field
studies by Martin (1965) and Smith (1975, 1978) suggest that c = 1/2 is
appropriate for the near wake behind relatlvely simple buildings.

Murphy and Campe (1974) modified this method to allow c to depend on the .
distance s between the building and the receptor location: :

c=1{2+3 (Dblé)lf'a]_l . ' (3-40)

This expression was deduced from early w1nd tunnel data (Ha11tsky et al., 1963)
on a model of the EBR-II rounded containment building of diameter D_ Equatibﬂ
(3-40) gives c¢ > 0 as s/D, becomes small, while c¢ = 1/2 for large s/D . The
U.S. Nuclear Regulatory Commission has' used this equation as part of an

interim methodology for estimating concentrations near leaking containment
.buildings, regardless of the actual building geometry. However, as Halitsky
(1968) points out, one can raise serious questions as to whether the modeled
flow patterns were adequate representations of the real situation; in particular,
the separation points on the model yielded a wake which was probably wider and
taller than that of the prototype. Furthermore, extrapolation of wake data
from a rounded structure to a block-like one is generally improper because

of the very different flow characteristics.  Finally, the data on which the
Murphy-Campe relation is based were obtained over the fairly narrow range

0.5 < s/DB < 3; use of Equation (3-40) outside these distances represents

yet another extrapolation. In short, the combination of Equations (3-39)
and (3-40) should probably be restricted to use in the immediate lee of

- rounded structures, and may not be totally correct even there. Sagendorf
et al. (1980) found that Equation (3-39) and (3-40) predicted maximum x/Q
values only within a factor of 10 in field work at the EOCR site, and within
a factor of 100 at the Rancho Seco reactor complex. .In only one case (out
of forty-three) was (x/Q) ' underprédicted; i.e., the Murphy-Campé approach

'seems to be nearly always conservat1ve, often by a con51derab1e margin, in
field teste involving complex ‘geometries.

A third method for. wake concentration calculation introduces "ﬁotal diffusion"
parameters Zy and Zz (Gifford, 1968, attributed to Davidson):
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XTRELET (3-41a)
y "z ' -

where
2 5[02 +cA/rt]1,/2 ,
y P
(3-41b)

3 5[02+'cA/n]1/2 .
z z P -

The same values and comments regardlng c apply here as in the d1scu851on
following Equations (3-39). In terms of K,

= AP/n Zy Z_Z , (3-42)
which is quite similar to Equation (3-38).

As mentioned earlier, in many practical cases the effluent plume will be
neither completely elevated nor entrapped by the building wake; instead, a
fluctuating partial entrainment may occur, in which portions of the plume

are intermittently captured by the wake (e.g., Section 3.2.1). Johnson et al.
(1975) introduced the so-called "split-h" model to account for the two
different effective release heights generated by this intermittency. The
mudel assumes Lhat, in any given hour, a fraction f o0f the pliime will be
entrained. The average concentration over an hour is then given by

Qe = F WOt - ) (X/Q) (3-43)

elev’

Johnson et al. calculated the concentratlon for the entrained portion from
Equation (3-42), assuming a Gaussian crosswind distribution, while the
elevated concentration was computed from a standard Gaussian formulation
(Equation 3-6) with an effective source height estimated from Briggs' (1973)
procedure, given above. The entrainment fraction f actually depends on
parameters such as w /U , h_/H, stack location, building geometry, atmospheric
stability and turbuléncé intensity, and wind speed and direction. For the
particular case of the Millstone nuclear reactor with a particular set of
(fixed) geometric parameters, Johnson et al. (1975) found the dominant influence
was w_/U_, and suggested an empirical form for f based on this; their result

is very probably not appropriate, however, for other sites. In fact, Thuillier
and Mancuso (1980) observed poor agreement with field data at the Duane Arnold
Energy Center, using Johnson et al.'s form for f. Koga and Way (1979a,b) have
recently shown the strong dependence of partial entrainment on h _/H and vent
location, as well as w /U , for a simple block structure (see Figures 30 and
31, for example). Expgr1gents such as theirs may eventually produte schemes

to estimate f for a particular set of conditions, but this capab111ty is

not presently available.
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All of these methods have two potential drawbacks, as pointed out by Gifford
(1975, 1976). The first, which is not really the fault of the model, is

that the dispersion parameters generally used do not provide an adequate
representation of the plume meander typically observed under light-wind

stable conditions. In these circumstances, use of standard expressions

or curves for o _ and O0_ will probably provide significant overestimates of
the concentrationy Use Zof site-specific values for the dispersion parameters
would alleviate this unwarranted conservatism. The second shortcoming of

the methods is inherent in their assumption that the dispersive characteristics
of the atmosphere are unaltered by the presence of the building, which serves
only to introduce some initial dilution.- Far downwind the building effect is
assumed negligible. This may or may not be true since, as described earlier,
wakes under some conditions display a pronounced vortex character far downwind.
This is particularly apt to occur for buildings at an angle to the wind. These
highly persistent vortices typically exhibit rather low swirl velocities,
considerable meander, and tend to rise away from the ground with increasing
downwind distance. Material entrained within them will not spread in the normal
fashion, and may wind up as an elevated plume. Concentrations, especially aloft,
may then drop off much more slowly with distance than the simple Gaussian formu-
lation would predict. It is conceivable, then, that the Gaussian predictions
will not be conservative under certain circumstances (e.g., buildings at an
angle to the wind, or rounded buildings), predicting concentrations lower than
those actually available. Kothari, Cermak, and Greenway (1982) have in fact
observed such behavior downwind of a power plant model. There is a real need
for field programs to attempt the detection of such organized vorticity in the
wake of isolated structures and to assess its effect on concentration patterns.
If significant vorticity effects are detected downwind of buildings then it will
be necessary to utilize more complex models for wake diffusion which account for
the effects of vortex flows on the concentration pattern (e.g., Kothari, Peterka,
and Meroney, 1980a). .

Some attention has been devoted recently to development of "improved" expressions

for o and o_ that better account for the effects of an obstacle on the concen-
tratioh field?> Huber and Snyder (1976) examined concentrations in the wake

of a model building for various effluent release heights. They observed that
emissions arenring hetween ground level and roof height were dispersed rapidly
in both the vertical and crosswind directions, while releases above roof level
experienced only enhanced vertical dispersion, at least for wakes without signi-
ficant organized vorticity. On the basis of this work, Huber (1977, 1979)
recommended forms based on the concept of spread enhancement generated first

by the building cavity and secondly by the decaying turbulence excess produced
by the building (Huber and Snyder, 1976). For 3 £ x/H £ 10,

these forme are, for a squat building,

0.7(W/2) + 0.067 (x - 3 H)

Q
I

(3-44a)

o' =0.7H + 0.067 (x - 3 H)

while for x/H Z 10, a virtual source model is used:
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0; = oy(x + xyo)
(3-44b)
o' =0 x+x ) i

z z zZOo

Huber uses these in the Gaussian plume model, which along the ground-level
centerline is a simpler version of Equation (3-7):

2

X = exp(—hz /20; ) . _(3-45)

nmo' o' U
Yy 2

The wvirtual source locations xyo and X,o are calculated by matching the
dispension parameters at 10 building heights downwind: o' (10H)
0.7 (W/2) + 0. = + ' 1. = +

0.7 (W/2) 0.5 H oy(x xyo) , and OZ(IOH) 1.2 H Uz(xl xzo) ’
where x is measured from the lee building face. If the unmodified "P-G"
parameters are larger than those suggested in Equations (3-44), as usually
happens in unstable conditions, for example, then the standard curves are
used directly. When the effective stack height is < 1.2 H, wake-induced
enhancement of both the lateral and vertical dispersion is presumed (i.e.,
0; and 0; are used). For release heights above 1.2 H, only enhancement

IR

of the vertical dispersion is assumed, so Oy and Ué are used. Notice that

atmospheric stability effects appear only for x/H 2 Kothari (private
communication) has pointed out that wakes with tralllng vortices may inhibit
the dispersion enough for the observed 0_ to be smaller than the above dis-
cussion would suggest; see, e.g., Kothar;? Cermak, and Greenway (1982).

Figure 48 illustrates Equations (3-44a) over the range 3 £ x/H £ 10; since the
relations were determined only for squat obstacles, only aspect ratios W/H 2 1
were used in calculatlng 0' The maximum appropriate value of W/H is not known,
but is probably 10 or less, for wider buildings probably only the height H

is significant in the dispersion modification. Similarly, if the relations
(3-44a) are extended to tall buildings, one would expect the smaller dimension

W to then be the dominant influence, replacing H in the dispersion parmameter
estimates. For distances greater than 10 H, the virtual source relations' (3-44b)
can be used with, say, Turner's (1969) curves of Gy and O_ to generate the

dispersion parameters for the distant wake. Figure 49 displays 0; and 0; for

three sample cases, to show the effects.of a change in H (Figures 49a and b), and
a change in W (Figures 49b and c). The overall result of Huber's (1977, 1979)
recommendation is an initial enhancement of diffusion with a rather slow
transition to the normal curves, especially for neutral to stable atmospheric
conditions where the wake influence is more persistent.

The use of "handbook' plots of oy and o, to determine the virtual source

locations xyo and X0 and to then estimate 0; and 0; is straightforward,
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but quite tedious. However, the procedure can be accomplished on a desktop
computer or programmable calculator by using best-fit approximations for

the o and o, curves. For example, the "MPTER" diffusion code (Pierce and
TurnerY 1980)% approximates Turner's (1969) curves by the following algorlthms :

0 (x) = (465.116 x) tan 8(x),  (3-46a)

6(x) = (A' - B' %n x) / 57.2958,  (3-46b)
| o | | |

oz(x) =C' x . S B (3-46c)

In Equation (3-46b), the quantities A' and B' depend only on the atmospheric
stability category, while the terms C' and D' in (3~46c) depend on distance

as well as on stability; o_(x) is thus approximated in a piecewise fashion.
Table 2, deduced from "MPTER"? (K. S. Rao, private communication) gives the
values and ranges of applicability of A', B', C', 'and D' to accurately approxi-
mate Turner's (1969) curves. In this table and in Equations (3-46), distance x
is given in kilometres, while the resulting values of Uy and oz are in metres.

Uéing Equations (3-46) and Table 2, a computational scheme can be devised
to match Huber's (1977, 1979) expressions for o' and ¢' (Equations 3-44a)
to Turner's (1969)i curves at x = 10 H, to obtain’the virtual source locations

xYo and X" For example, consider the matching

o;(lO_H) =" (465.116 x) tan 6(x),
where x = 10 H + x;o.' This can be solVed by successive approximations; evaluate

Xip = [oy(lo H)»/ 465.116] cot e(xi) ,

where 6(;i) = (A' - B' £n ;i) / 57.2958. The computation-is repeated until

(X541 - .
crosswind dispersion is then given by xyo = X4 " 10 H.: The virtual source

for vertical dispersion is more straightforward:

- ;i)/;i is arbitrarily small, say 0.001. The virtual source location

]l/D'

= [ 1 - .
x,, = [0} (10 g)./ C 10 H,

{

#lhe author is indebted to Dr. K. S. Rao, NOAA/ATDL, for this malerial.
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Table 2

Factors required for approximation of the Turner (1969)

workbook curves of dispersion parameters 0 and o,, as in

Stability class "A".

A;

= 24.167, -

Equatlons (3-46), from "MPTER" (Pierce and” Turner, 1980).

qyl(m): B' = 2.5334.
'oz (m): x (km) C' D"
x < 0,10 122.80 0.9447
0.10 £ x < 0.15 158.08 1.0542
0.15 £ x < 0.20 170.22 1.0932
0.20 S x < 0.25 179.52 1.1262
0.25 £ x < 0.30 217.41 1.2644
+0.30 £ x:< 0.40 - 258.89 1.4094
0.40 £ x < 0.50 346.75 1,7283
0.50 € x < 3.11 453.85 2.1166
For k Z 3.11 kn, use o_ = 5000 m.
Stability class "B".
o, (m): A' = 18.333, B' = 1.8096
o, (m): x (km) c' D'
X < 0.2 90.673 0.93198
0.2 $x<0.4 98.483 0.98332
0.4 £ x < 35 109.30 1.09710°
For x 2 35 km, use 0, = 5000 m.
Stability class '"C".
Fcy (m): A' = 12.50, B' = 1.0857
a, (m): x (km) c' D'
all x | 61.141 0.91465
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Table 2 (continued)

Stability class "

_ oy (m): A' = 8.3333, B' = 0.72382
oz (m): x (km) c' - D
x < 0.3 34.459 0.86974
0.3 £x<1.0 - 4 32.093 0.81066
1.0 £ x < 3.0 32.093 0.64403
3.0 £ x<10 33.504 0.60486
10 £ x < 30 36.650 0.56589
30 £ x 44.053 0.51179
Stability class "E".
oy (m): - ' A' = 6.250, - B' = 0.54287
o, (m): . x (km) c' D'
x < 0.1 24,260 0.83660
0.1 £x<0.3 23.331 0.81956 -
0.3 £x<1.0 21.628 0.75660
1.0 £ x< 2.0 -21.628 0.63077
2.0 £ x < 4.0 22.534 0.57154
4.0 £ x <10 24.703 0.50527
10 £ x < 20 26.970 0.46713
20 £ x < 40 35.420 0.37615
40 £ x 47.618 0.29592
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Table 2 (continued)

Stability class "F".

o, (m): A' = 4.1667, B' = 0.36191
o, (m): X (km) c' D'
x < 0.2 15.209 0.81558
0.2 £x<0.7 14.457 0.78407
0.7 £x <1.0 13.953 0.68465
1.0 £ x<2.0 . ©13.953 0.63227
2.0 <x < 3.0 14.823 0.54503
3.0 x<7.0 16.187 0.46490
7.0 £x <15 . 17.836 0.41507
15 £ x < 30 22.651 0.32681
30Sx <60, 27.074 0.27436
60 £ x 34.219 0.21716

Table provided by K. S. Rao, NOAA/ATDL (private communication),
based on U.S. EPA's "MPTER" diffusion code.

although one must be careful to choose the proper range of X = X0 + 10 H, so
that the correct values of C' and D' are used in the calculation. Both x o and
X0 must be non-negative to be valid virtual source locations. y

Figure 50 compares Huber's (1979) estimates of X U / Q for the single case of
W/H =2, H= 25 m, using wake-enhanced dispersion parameters, to those calculated
using a standard point source Gaussian model. For effective stack heights £ H,
both horizontal and vertical enhancement were assumed, while for release

heights > H, only vertical enhancement was permltted Notice that wake-induced
enhancement produces lower concentrations everywhere only for a ground level
source. For all elevated sources considered, the enhanced dispersion model
produced higher maximum ground-level concentrations at locations closer to

the stack. The effects diminished with decreasing stability and decreasing
stack height.

The agreement with Huber et al.'s (1980) wind tunnel data is fairly good
(Figure 51), especially for source heights h £ 1.5 H. Notice that the simple
initial dilution model (Equation 3-39) also Sdoes quite well for a ground
level source, using ¢ = 1. However, Hatcher et al. (1978) found that
concentrations close behind a model reactor complex were underpredicted by

the Huber method for elevated effluent releases, although ground-level
releases were again estimated fairly well. The discrepancy may be at least
partiélly due to the influence of surrounding structures on the wake of the
main reactor building, with subsequent modification of the rates of wake
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spread and decay. Agreement with field data seems to range from poor to
good on a case by case basis (see Huber, 1979, for individual comparisons).
Part of the difficulty is that virtually all of the field work has involved
clusters of buildings; it is therefore difficult to determine appropriate
single building heights and widths for use in the model, and the wake
behavior may differ from that of an isolated obstacle. Also, the presence
of other buildings between the source and receptor locations in some of
these experiments may have diverted material to other -regions. Finally,
none of the field studies determined the vertical plume height; only
ground-level measurements of the horizontal spread were made. It is
impossible to say at this time, therefore, whether or not the model assump-
tions (i.e., enhancement in both parameters for low sources, but for the
vertical parameter only for higher sources) are verified in the field. As
remarked before, field studies which determine both horizontal and vertical
dispersion characteristics are urgently needed.

Concentration measurements behind simple isolated buildings in the field
are rather rare, and seem to have been restricted largely to the near-wake
region (e.g., Smith, 1975, 1978). The work of Hinds (1969) appears to have
been conducted to greater distances downwind than any other, and even it
reached only to about 5 A_. Since the tracer material in his tests was
released on the windward Pside of the building, the near-wake region was
not very well mixed (as shown by his isopleth patterns), and the resulting
rapid change of concentration with distance is probably not at all typical
of that behind a building with a cavity-entrained plume.

Meroney and Yang (1970, 1971) examined the concentrations behind a cubical
model to 30 or more building heights downwind. For ground level releases,
their concentration coefficient K decreased roughly as x to the -0.6 to
-0.7 power. This decrease represents a much slower decay rate than would
be estimated from the open terrain Gaussian model, which would predict
powers of ~-1.3 to -1.6, depending on stability. Examination of Huber

et al.'s (1980) data in Figure 51 indicates that between, say, 10 H and

30 H downstream of a ground-level source near a building, a line through

the data points will behave roughly as X-O.B. Be&ond 30 H, however, the
wake-enhanced Gaussian model appraoches a -1.3 power. Meroney and Yang (1971)
on the other hand carried out measurements to more than 50 building heights
downwind with no sign of a similar increase in decay rate. Meroney and

Yang (1971) hypothesized that the latter result was due to a very persistent
horseshoe vortex that restricted lateral spread of the wake, but the detailed
flow measurements needed to confirm this explanation were not available. Symes
and Meroney (1970) reported concentration measurements behind a short cylinder
and a sequence of cone frustrums of various tapers. The isopleth patterns
varied somewhat with the body shape, but the centerline ground-level con-
centrations beyond x/H £ 10 were all quite similar, decaying as x to the

-0.8 to ~-1.0 power. The measurements extend to about 35 H downwind; a

trend to more rapid change with distance is not evident in the data.
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3.2.5 The Building Cluster Problem

Nearly all field studies of diffusion in building wakes actually have involved
clusters of structures, typically at major industrial sites such as power
stations. It is consequently often difficult to separate general trends

from special effects generated by site-dependent flow interactions among

and behind the obstacles. Such complicated flows may be at least partially
responsible for the observed variations in far wake behavior in particular;
such speculation can only be confirmed or repudiated by further measurements.
Only a brief discussion of the available data is possible at this time.

Fortunately, much of the field work accomplished in the near wake region

of building clusters is probably equally applicable to single building wakes,
since flow visualizations (smoke) and effluent releases are usually carried
out on or immediately adjacent to some dominant structure such as a reactor
containment vessel. For example, Abbey (1976) and Start et al. (1977)
described the rather similar strong vertical mixing of smoke throughout

the cavity of two quite dissimilar reactor buildings. During low wind

speed stable conditions in particular, the building wake acts to convert a
ground-level source into an effectively elevated one; the plume concentration
maxima appear aloft downwind of the primary obstacle.

Preliminary experiments with a pair of single cubes placed in tandem along
the mean wind direction in a simulated atmospheric boundary layer have been
described by Meroney, Peterka, and Kothari (1980). Effluent was emitted
from the upwind cube at the roof center, using either a flush vent or a
short stack, or at the center of the rear face. Higher concentrations were
observed on the lee face of the downwind building than were found on its
windward face. The effluent was apparently lifted up and out of the recircu-
lation zone behind the upwind cube, reducing the concentrations vun the upwind
face of the downwind structure. This escaping effluent was then carried

into the wake cavity of the downwind cube through the shear layer generated
by this structure, giving high concentrations on the lee face. Further
experiments of this type, combined with flow visualization proceduies to

help elucidate the very complex flow patterns, are needed to provide a
better understanding of the general building cluster problem. Variations

in building size, shape, and relative orientation should be treated. The
more or less spatially homogeneous repetitive building array typical of an
urban area has been studied by numerous investigators; see Hosker (1982)

and Meroney (1979) for surveys of the relevant literature.

A number of investigators have noted "critical' windspeeds in building clusters
above which stack or roof-emitted effluents were downwashed into the wake

cavity (e.g., Davies and Moore, 1964; Martin, 1965; Munn and Cole, 1967a,b;
Rodliffe and Fraser, 1971). A bimodal state is often postulated for such

cases, such that the plume remains aloft for low wind speeds, but is fully
entrained for others. Lawson (1967) treated, the data of Munn and Cole (1967a)
in this manner, plotting their values of x x°/Q versus U to get two distinct
curves. The upper branch apparently corresponded to direct2 cavity entrainment
and followed the (probably site-specific) empirical form ¥ x7/Q = 0.0136 U.
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In all cases corresponding to this high concentration line, the wind speed U

was greater than W the effluent velocity. The lower branch seemed to

correspond to a plume that remained elevated, even though U was larger than

LR in a few cases. For this branch, after a few simple assumptions, Lawson (1967)
eStimated that the maximum ground- 1eve1 concentration occurred at

= 0.32 he U, and was given by X X /Q 0.00576 U, about one-half his
cav1ty entrainment value for a given Mwind speed. The wind tunnel work of
Meroney, Cermak, and Chaudhry (1968), among others, demonstrated that the
downwash was actually first intermittent, as U neared a critical speed, and
then became permanent as U increased further. Attempts to utilize a simple
model such as Lawson's (1967) for long-term dose estimates would require
use of the wind speed frequency distribution for the specific site to assess
the percentage of time spent in either the high or low concentration state.
The intermittency model of Johnson et al. (1975) requires rather similar
information (see Equation 3-43), but estimates concentrations in a slightly
different way.

Downwind of the cavity behind the structure where effluent is released, but
still within or close to the building cluster as a whole, observed concentra- -
tion isopleths display widely varied behavior, especially when other large
obstacles are present in the cluster. For example, Figures 52 illustrate
patterns produced during individual tests when effluent impinged on large
cooling towers a short distance downwind of the release site (Start et al.,
1977). Figures 52a and b were obtained for quite similar release and
atmospheric conditions, but with different wind directions, while Figures
52c and d resulted from test runs with similar wind and stability conditions
but using two different release points. Generalizations are obviously risky.
However, signs of significant wake behavior behind the cooling towers appear
in all of these examples. In particular, small zones of concentration
maxima are visible in the immediate lee of the towers, perhaps reflecting
strong mixing of initially elevated effluent down to the ground in the

tower wake cavities. Some evidence of strong dilution between the cooling
towers may be seen in Figures 52b and d; a possible explanation is flow
"jetting" between the towers. It is clear that individual test results

will vary widely from case to case, changing significantly with modest
changes in wind characteristics and source location. Strong site-dependence
is inevitable. Allwine, Meroney, and Peterka (1980), Hatcher and Meroney
(1977), and Thuiller and Mancuso (1980) reported a similar sensitivity to
test conditions in their wind tunnel and field studies of various reactor
complexes. Mathematical modeling of near-field behavior for such sites on
an episode by episode basis will be extremely difficult, if not impossible.

On the other hand, Dickson, Start, and Markee (1966) presented average
concentration isopleths for lapse and inversion conditions, for an ensemble
of 15 tests (Figure 53). These patterns are much more like those of a
classical isolated plume, although there has obviously been significant
initial broadening. Simple modeling efforts may be effective for predicting
such ensemble average behavior (e.g., Huber's (1979) work discussed above),
which is significant for the chronic exposure problem. :
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Halitsky (1977) has developed a moderately complicated mathematical model
for a building complex and applied it to the EBR-II site studied by Dickson,
Start, and Markee (1969). The model, based on measurements of unbounded
uniform flow past a flat plate normal to the wind, predicts that the wake

boundary grows in the horizontal and vertical as x1/3, and that the mean '

velocity defect and turbulence intensity excess both decay as x-2/3. These
predictions do not agree with those made' by Counihan, Hunt, and Jackson (1974)
for the wake behind an isolated building, which seems somewhat more appropriate
to the problem. However, Halitsky's (1977) mean velocity defect prediction
appears to agree well with at least Dickson, Start, and Markee's (1969) data. By
adjustment of a free parameter related to the size of the complex the excellent
agreement in concentration patterns shown in Figure 54 was obtained. It may be
that the present field data do not have sufficient accuracy, resolution, and

density to permit distinguishing between theoretical formulations for wake
behavior.

Abbey (1976) has summarized the observed decrease of concentration with down-
wind distance in the far wakes of building clusters. Figures 55a and b show
the results of field tests and wind tunnel studies, respectively, for neutral
and unstable atmospheric conditions, while Figure 55c combines the field

and laboratory data for stable conditions. Beyond a few hundred meters down-
wind, a power-law dependence on distance is evident. For field tests under
neutral and unstable conditions, the power-law exponent ranges between -1.1
and -1.8. The wind tunnel tests, on the other hand, have exponents between
-0.3 and ~1.9. A laboratory study by Hatcher and Meroney (1977), not shown
in Abbey's figures, found a decay rate of x to the -1.8 power with little
dependence on stability. Halitsky's (1977) mathematical model for wake concen-
tration seems to decrease as x to the -1.2 power, agreeing rather well with

Dickson, Start, and Markee's (1969) field value of K = x U AP/Q ~ 5()(/1-[)-1'3
at large values of x, where H is the containment vessel height. Under stable

conditions, the field data in Figure 55c behave as x-l'3 or so, while both
laboratory results decay much more slowly, as x-0'7. The "Islitzer" result
in this figure decays very rapidly, as x-3, but Abbey (1976) remarks that it
is due to only a single test, and may therefore not be too reliable.

The reasons for such serious discrepancies between wind tunnel and field
building cluster far wake data are unknown, although some speculation is
possible. For example, under stable light wind conditions, wind '"meander"

is well known as an important contributor to plume dilution. Start et al.
(1977) noted wind direction fluctuations so large that lateral plume “spreading
induced by the building complex being studied was nearly obscured. Other
examples are common in the literature. Such meander is virtually impossible
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to duplicate.',r in the laboratory, a fact that may help to account for the
relatively slow decrease of concentration with distance that is observed

in the wind tunnel studies. It may also be true that persistent vortex-
containing wakes are more significant in the laboratory than in the field;
if so, the resulting slow spread of the wake would inhibit plume dispersion,
producing a lower concentration decay rate than would be observed in field
experiments. The possible enhanced importance of such vortex phenomena in
laboratory work could be due to many factors, such as lower Reynolds number,
incomplete simulation of the turbulence properties of the incident wind, and
improper scaling of the model buildings relative to the incident boundary
depth, turbulence scales, and other properties (see Snyder, 1981, for a

good discussion of the possible pitfalls of laboratory modeling). Additional
study to resolve this dilemma is needed; in the meantime, wind tunnel data
on far wake concentration patterns behind building clusters must be inter-
preted with some care.

3.3 Effluent Source Downwind of a Building

Relatively little guidance is presently available for estimating the concen-
trations produced by a source located some distance downwind of an isolated
building, so this section is necessarily somewhat speculative. Suppose the
source is located some distance behind the structure, but still within the
wake cavity. If it is a low or ground-level vent, then the effluent will
travel toward the building's lee face, and be well stirred throughout the
cavity in the process. However, a higher stack at this same location may

have its effluent transported fairly directly to the surface by the downwind
curving shear layer above the cavity (see Figures 2 and 5b,c). If the

cavity is fluctuating or collapsing, these building wake effects will be
intermittently important. If the source is off the wake centerline, and

if the horseshoe vortex system does not break down rapidly in the ambient
turbulence, then effluent may be entrained in one of the vortices (e.g.,
Figure 2) and be carried off downwind, possibly rising from the surface. If
an elevated vortex pair is important, as may be true for buildings at an

angle to the wind, then vortex entrainment and transport may be observed

for an elevated source as well. In this case one might find effluent reaching
the surface far downwind of the structure. Similar arguments may be appropriate
for sources downwind of the cavity closure. For a simple building normal

to the wind, one generally expects the enhancement to turbulent diffusion by
the building wake to be the dominant effect, so that effluent from an elevated
source will be mixed to the ground fairly rapidly; consequently, concentrations
far downwind are lower than if the building were not present. If organized
vorticity is present in the wake, however, it may be able to transfer rather
concentrated material aloft to the surface at large distances downwind, produc-
ing maxima at locations of either side of the wake centerline. The model of

*Bouwmeester, Kothari, and Meroney (1980), among others, have used
time-weighting of wind tunnel data to reproduce the effect of meander on
average concentrations, with promising results. Laboratory data correspond-
ing to the stability conditions and wind directions encountered onsite are
necessary; these are weighted according to their relative contributions to
concentrations in the field. Adjustments for wind speed and profile, source
strength, and building reference area are also feasible. Their report should
be consulted for details.

61



Kothari, Peterka, and Meroney (1980a) may be able to deal properly with such es.

Briggs (1973) suggested that his method of incorporating building wake effects
into the effective stack height should be confined to cases where the stack
is within 3§b downwind of the building, where Cb is the smaller of H or 'W.

That is, the stack is still within the cavity zone. His recommended model
for computing downwind concentrations if the effective stack height h is
zero is essentially Equation (3-39a), with ¢ = 1. If the plume remaifs
aloft, he suggests ¥ = 0 for short dlstances X such that o, (x) < 42/n h ,
while 0 > J2/n h , :

X = 9 T
n oy (oz’+ J2/n he)U

(3-47)

That is, dispersion behind the building is enhanced only in the vertical for
an elevated release; this assumption is similar to that of Huber (1977, 1979).
No building contribution to dispersion is allowed by Briggs if the source is
more than 3§b downwind. Huber (1977, 1979) commented that the Huber and

Snyder dispersion enhancement model (Equétion 3-44 and 3-45) is best applied
to sources with he < H + 1.5§b, located within, 2 H of a building. No

recommendation was made for more distant sources.

In fact, there seems to have been rather little study of the concentration
field produced by a source located downwind of the cavity zone of a building
or building cluster, despite its practical importance. Barrett, Hall, and
Simmonds (1978) studied the case of a single model building at an angle to
the wind for a range of stack heights and downwind locations. They remarked
that examination of just the velocity and turbulence. profiles behind the
structure would suggest that the wake is virtually dissipated by x/H & 8,
yet the effects of the building on the concentration field can be observed
out to at least 24 H downwind. They attributed this result to downwash
along the wake centerline induced by. a persistent trailing horseshoe vortex.
Figure 56 shows their maximum ground-level concentration coefficient

Knax = *maxUH
a range of stack locations downwind. Further study and field validation of
these results are needed for a variety of building shapes and orientations.

H2/Q as a funétion of nondimcnsional stack height hS/H,'for

4.0 SUMMARY AND RECOMMENDATIONS
4.1 Caveats.

This document is intended as only an interim guide for users in the archi-
tectural, industrial, nuclear, and regulatory fields who must routinely
deal with air quality problems associated with near-building exhaust stack
placement and height, and the resulting concentration patterns. Two decades
of research have supplied methods to at least approximately answer such
needs -- but only for very simple cases. Even for an isolated block-like
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structure our predictive abilities are somewhat less than satisfactory,
largely because of our incomplete understanding of the very complex fluid
dynamic processes which occur when the turbulent atmosphere is obstructed

by a building. In more complicated cases, such as building clusters, or in
the presence of major perturbations like hills, river valleys, or shorelines,
the air quality specialist still stands on very shaky ground. However, rough
assessments and identification of potentially troublesome situations may be
possible in mildly complex cases, especially if additional information on
the local flow is available. In questionable cases, it will generally be
wise to resort to experiment. Properly executed laboratory modeling may
often be of considerable assistance at reasonable cost.

4.2 Flow Summary.

The most significant phenomena encountered in flow near a simple building

at right angles to the incident wind are illustrated in Figures 2 through

5, and described in detail in Section 2. The features which determine the
paths and concentrations of effluent plumes include deflection of the mean
flow, vortex production, flow separation or reattachment, zones of recircu-
lation, and the turbulent wake. These phenomena vary with the characteristics
of the atmospheric boundary layer, and with the geometry of the individual
building. Even small changes in the structure may significantly alter the
flow field (e.g., Figure 7). Quantitative generalizations are therefore
difficult for all but the simplest shapes, for which empirical results are
available. Even these cases require additional experimental validation for
certain geometric ranges.

For the simplest cases, one can presently estimate the region of downwash on
the windward building face, the length and maximum height of the recirculating
roof cavity which occurs if the building geometry permits flow reattachment,
and the length of the wake cavity. However, the behavior of the flow near
ground level and along the building sides is not very well known. Flow
patterns within the wake cavity are also not well understood. Although it

has become clear over the last few years that material may enter or leave

the wake cavity by advection as well as turbulent diffusion, it is not yet
possible to assess the cavity mass balance in a general and quantitative

way. Downwind of the cavity, building-induced wake effects generally seem

to disappear after a distance of 10 or 20 building heights, at least at

ground level. However, the pfesence under some circumstances of organized
vorticity in the wake, possibly as an elevated counter-rotating vortex pair,
may significantly alter the far wake -- at least in laboratory work. Such
vortices seem to persist to great distahces, and serve to transfer material
between the surface and regions aloft. Whether such vortices are significant
in the real atmosphere is still unclear; if they occur, they may be difficult
to detect with normal ground-level instruments since the vortices probably
rise up and outward from the wake centerline with increasing downwind distance,
and meander about under the influence of ambient turbulence.

4.3 Summary of Concentration Estimation Procedures.

When an isolated point source is located some distance upwind of a building,
the structure acts mainly to induce a rapid enlargement and dilution of the
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impinging effluent plume. Close to the building, the ground level concentra-
tion will be larger than if no building were present, but farther downwind tl
concentration will be smaller than the no-building case. Equations (3-5)
through (3-13) provide quantitative limits on the concentrations likely

near the building; Figures 17 through 20 provide computational aids. If

one must estimate the minimum height needed for a new stack to be comstructed
upwind of an existing building, or, alternately, must calculate the maximum
permissible height for a new structure to be located downwind of an existing
source, two reasonable methods (Lucas, 1972; Wilson and Netterville, 1976) are
described in Section 3.1.4. In critical cases, a prudent designer would apply
both techniques, and then use the higher of the two calculated stack heights
or the smaller of the possible building heights. It should be recognized,
however, that certain meteorologically-induced phenomena such as looping
plumes or morning fumigation may serve to transfer initially elevated pollutants
quite directly to the ground, largely negating the benefits of using a stack.
In other words, the designer must remember that the near-building aerodynamic
flow field may not be the main influence on a plume under some circumstances,
even close to the structure.

If effluent is released from stacks or vents on or close to a structure, the
complex near-building flow patterns can yield objectionably high local con-
centrations, or can entrain sufficient pollutant into the wake to affect
sites some distance downwind. The first aerodynamic influences encountered
by a plume are generally the tip vortices and wake of the stack itself; the
effluent momentum should be maintained at least 1.5 times larger than the
momentum of the surrounding air to avoid downwash into the stack wake. The
flow about any nearby structures also acts to decrease the effective stack
height. If the building is short enough in the along-wind direction so that
reattachment of the edge-separated roof and side flows does not occur (Figure 5b),
then Briggs' (1973) suggestions can be used to estimate the effective release
height (see Equations 3-16 through 3-18, and the associated text). Un the
other hand, if the building is long enough for roof reattachment to occur
(Figure 5c), then Wilson's (1979a,b) approximations of the near-roof flow
field can significantly assist stack height selection and placement, as

long as the stack can be located somewhere along the roof centerline. When
roof-mounted stacks are not close to the centerline, the plume paths and
concentrations will depend in a very complicated and largely unpredictable
way on the interactions among the building geometry, the atmosphere, and

the stack characteristics and location. Experiments like those of Koga and
Way (1979a,b; see Figures 24 through 31) are badly needed for guidance on
the likelihood of plume downwash or wake entrainment. In most cases,
quantitative estimates are not yet possible for the resulting effective
stack height, or even for the time fraction that the plume is downwashed

or trapped in the building wake.

Near-building concentration estimates are straightforward in the unfortunately
rare instances when nondimensional isopleths of K = X U A / Q have been deter-
mined for a specific architectural configuration. Such data should be quite
reliable when properly adjusted to account for differences in sampling time
(e.g., see Allwine, Meroney, and Peterka, 1980, or Bouwmeester, Kothari, and
Meroney. 1980). Generally, however, the K-patterns are not known a priori.

If the effluent is released with negligible momentum and buoyancy from a flusl
roof vent into a zone of reattached flow not too far off the roof centerline,
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then it is at least possible to place an approximate upper bound on the °
concentrations which may occur at arbitrary locations on the building surfaces
using Equations (3-23) through (3-27), and Figures 36 through 41. If the
pollutant is particularly worrisome, a more conservative limit can be obtained
using Equation (3-21) and Figure 35, with a = 1. If a similarly placed stack
replaces the flush vent, Equations (3-28) or (3-30) through (3-31b) and

Figure 43 can provide estimates of rooftop nondimensional concentrations
relative to those produced by the flush vent. Once this ratio K/K_ is
evaluated for some stack height, the consequences of a change in hgight

can be explored with Equations (3-29) and Figures 42a and b. However, if

the flush vent or stack is located near the roof edges, or within the
recirculating roof cavity, or near regions of vortex generation (such as
upwind corners), the methods described are not applicable. No alternate
analyses are presently available. In such cases the designer will usually
have to conduct special tests of the individual building-stack-atmosphere
configuration. '

It is often necessary to estimate concentrations at points away from the
building surfaces, but still within the wake cavity region. Most published
formulations for a fully entrained plume give K £ 1/c (Equation 3-32), where
the constant c depends (at least) on the building and atmospheric character-
istics; i.e., the concentration within the cavity is assumed uniform. One
can also treat this case using a rough mass transfer analysis of the cavity.
The cavity concentration turns out (Equations 3-35 to 3-37) to be a measure
of the characteristic time for effluent removal by turbulent transfer (and
possibly by advection) relative to the time required for the mean flow to
"flush" a similar volume; this ratio will usually be larger than 1. The.
parameters needed to apply this result can be measured fairly easily;
available semi-empirical estimates (e.g., Equations 2-8) may also be useful.
However, the technique requires further validation and 'calibration' before
it can be considered reliable. Furthermore, if the effluent is emitted

from a stack, not all of the material may be captured within the wake cavity.
Briggs' (1973). recommendations, described in Equation (3-33) and the corres-
ponding text, can be used to approximate the consequences of stack-tip and
building-induced downwash, depending on the stack height relative to the
building. The user should bear in mind that the uniform cavity concentrations
assumed by all of these schemes are unlikely to be found in practice, parti-
cularly near the source where the concentrations can be expected to increase
sharply (see, e.g., Wilson, 1977a, and Wilson and Britter, 1981). No general
method to account for such in-cavity nonuniformities presently exists, although
very close to the source a plume-like distance-dependent model may apply.

It should also be recognized that moderately tall stacks located within the
wake cavity zone may lead to rather high ground level concentrations near

the end of the cavity. This occurs when the pollutant is emitted close to
the top of the cavity, so that it can be transported rather directly to

the surface by the curved shear layer above the cavity. Under these condi-
tions. a shorter stack would probably result in better mixing and lower
ground level concentrations.

Downwind of the cavity, wake concentrations become decidedly nonuniform. The
model of Kothari, Peterka, and Meroney (1980b) may be of use. If cavity

entrainment never occurs, one can also simply apply the point source model of
Equation (3-6) after an effective stack height is estimated following Section
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3.2.1. However, cavity entrainment is likely to be intermittent in many case
The Johnson et al. (1975) model, Equation (3-43), seems suitable, although

their empirical estimate of the time fraction during which entrainment occurs

is almost certainly site-specific and inappropriate for locations other than
the Millstone reactor. Generally, specialized tests will be necessary if
intermittent wake capture is expected to be a problem.

Under continuing severe downwash conditions, the source will effectively

be at ground level. Simple modifications to the usual Gaussian model

are then generally proposed for the far wake concentration. A virtual
source location determined from the building dimensions is feasible, as

are modifications based on an initial plume dilution keyed to building

size, followed by turbulent diffusion characteristic of an unmodified
atmosphere. A more recent method postulates that turbulent diffusion out

to about 10 H is determined entirely:by the building geometry; at greater
distances, a virtual source approximation is matched to the initial spread.
This moudel, Eyuations (3<44) and (3-45), seems to agree tairly well with
wind tunnel data behind simple buildings (see Figure 51), although the
initial dilution model of Equation (3-39) does about as well for ground-level
releases. Both of these models apply to cases where organized wake vorticity
is unimportant. The far wake results behind building complexes are not as

satisfactory, probably because of the substantial site-dependent changes in the
flow field. It is also difficult to select an appropriate ''equivalent building"

height and width for a group of structures, although this information is
needed to evaluate initial plume spread. In the far wake, wind tunnel data
behind single obstacles suggest a rather slow concentration decrease with

diatancc, roughly x-0.8’ out to 30 H vr mure. Building clusler results

sometimes fall off more quickly (e.g., x.-l'8 for Hatcher and Merbney's 1977
study). Field data were generally collected behind building clusters, which

may help explain the fairly rapid concentration decrease, x_l'1 to x_l's,

not much different than a Gaussian far wake model would predict.

Generally speaking, the building cluster problem remains intractable. Many
of the phenomena associated with isolated buildings can be found close to
individual structures within the complex. However, mutual aerodynamic
interferences can severely distort the expected flow pattern, producing
unusual concentration distributions. Zones of strong convergence ("jetting'")
and modifications of wake structure are commonly encountered. Nevertheless,
the ensemble-avérage experimental results of Dickson, Start, and Markee
(1969) appear amenable to mathematical modeling efforts, suggesting that it
may be possible to attack at least the chronic exposure problem downwind of
building clusters. Episodic releases will probably have to be addressed
experimentally on a case by case basis.

Very little precedent exists for making concentration estimates when the
source is downwind of a building. If the stack is still within the wake
cavity zone, and the effective stack height is small, one can follow Briggs'
(1973) suggestion of a ground level source model with some initial ‘dilution
(Equation 3-39a). If the plume does remain aloft, then the ground level
concentration is negligible until the effluent has traveled far enough to
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diffuse down to the surface; after this point, the concentration is calculated
by assuming some enhancement of the vertical dispersion (Equation 3-47).
Barrett, Hall, and Simmonds (1978) reported perturbations to concentrations

for stacks as much as 24 H downwind of a cubical model; the structure was at an
angle to the wind, however, and the persistent wake influence may be due to
organized wake vorticity. No quantitative guidance is available; the designer
must appeal to what may be known of the fluid dynamics of a particular wake to
estimate effluent dispersion from downwind sources.

4.4 Recommendations.

For calculations of flow and dispersion near simple block-like buildings,

the techniques described in the text and summarized above are generally
helpful, although subject to uncertainties. Considerable additional research
is required to improve this situation. A major obstacle to the development
of better predictive techniques is our still inadequate understanding of the
detailed flow patterns near buildings of different geometry and orientation.
The follow1ng questlons must be answered

Under what conditions can reattachment of the initially separated
roof and side flows be expected? What are the flow patterns along
and near the roof and sides with and without reattachment?

How persistent is the horseshoe vortex in the real atmosphere, and
how does it move and behave with 1ncrea81ng downwind distance?

How large and intense are the lee-edge vortices; how do they interact
with the wake cavity and with the mean flow?

What are the wake cavity dimensions under different circumstances,
and how does material enter and. leave this region? How significant
are turbulent, diffusion and direct advective transport in the cavity
mass balance?- : :

How strong and persistent are the vortices generated at the windward
roof corner of a building at an, angle to the wind? How are their size
and spread related to building geometry and atmospheric characteristics?

How well do present mathematical models predict the vertical and
horizontal spread and decay of a turbulent wake in the real atmosphere?
Are the behavior with increasing downwind distance of the mean and
turbulent velocity components and the eddy scale adequately understood?

It is also clear that systematic study of building clusters is needed; this
should probably begin with small groups (i.e., 2, 3, or 4 structures) of
buildings to examine the mutual aerodynamic interferences and flow patterns
as functions of building geometry, relative size, spacing, and orientation.
Reliable, quantitative, and general models of building cluster wake behavior
probably cannot be developed until the fluid dynamics of these simple cases
are better understood. If laboratory data are used to answer these questions,
field validation of the work is imperative. The laboratory results may be
doubly valuable in this regard, since they can provide information on the
types and placement of instruments needed in the field measurement program.
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Additional work is also needed on the spatial distribution of concentrations
near isolated simple buildings of different geometries. Data on near-buildin_
concentrations produced by upwind sources with stack heights between 0 and,
say, 3 H are needed for various stack-to-building distances to check and
improve the estimation procedures suggested by Lucas (1972) and Wilson and
Netterville (1976,1978).

The complex and practically important problem of effluents released on or
close to a structure also requires considerable research:

Verify equations such as (3 16) which compensate effluent
release height for stack-lnduced downwash and efflux momentum.

Test Briggs' (1973) suggestions for the effect of building induced
downwash on effective release height, over a wide range of bu11d1ng
geometries and effluent release position and heights.

Check Wilson's (1979a,b) results for roof cavity and wake behavior
over a range of building shapes and atmospheric stabilities, to
facilitate placement and height selection for roof-mounted stacks.
Extend this work to locations off the roof center-line, so the
whole roof flow field is adequately understood.

Generate quantitative data:on plume path, degree of entrainment,
and frequency of wake capture, for a wide range of building
geometries and release positions, heights, and momenta. Combine
these data with models such as that of Johnson et al. (1975) to
estimate concentrations due to .intermittently entralned effluent.

l
Further verify predictions. such as Equations (3-23)_or (3-25) for
building surface concentrations produced hy flush roof vents. Map
out non-dimensional concentration (K) isopleths for a large variety of
building and vent configurations and orientations, using an adequately
simulated atmospheric boundary layer.

Check estimates such as Equations (3-28) or (3-31) for the rooftop
concentrations produced by a roof-mounted stack at various locations.
Examine the adequacy of Equation (3-29) for estimating the relative
effect of changes in roof stack height.

Study wake cavity concentrations as functions of building geometry
and effluent release location to elucidate cavity mass balance
mechanisms, and to clarify the uniformity of concentration that

can be anticipated within the cavity under different circumstances.
Test the adequacy of Equations (3-33) and (3-36) or (3-37) over

a range of building geometries. Provide. theoretical and/or empirical
estimates of wake cavity characteristic diffusion time to permit usc
of expressions such as (3-37) on a routine basis.

Examine the influence of vortex generation near upwind roof corners

on effluent concentrations close to buildings for a var1ety of stack
or vent locations.
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Data behind isolated simple buildings is especially important for evaluating
far wake models, since clusters of buildings may have quite different wake
flow characteristics. Given these data, the relative accuracy of concentra-
tion models such as Equations (3-39), (3-41), and (3-44) can be assessed. ,
The influence of organized vorticity in the far wake region is still unclear;
field work would be particularly useful here because of the possible Reynolds
number dependence of laboratory s1mu1at10ns of the phenomenon

Finally, the problem of a source downwind of a building does not seem.to
have been adequately addressed. The influences of building geometry and
orientation must be examined, and concentration models such as Equation
(3-47) must be checked, extended, and improved. Separation distance, .
stack and building size, and atmospheric stability must all be considered,
so.that reliable models can be developed.
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Figure 1. Simplified early model of centerline flow near a sharp-edged building normal to a

deep boundary layer wind (from ASME, 1973).
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measured relative to lee building face.
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Figure 17. Estimated average concentration over building surface due to upwind source,
relative to ground-level concentration without building, as function of
H/oz(xB), for effective stack heights < 0.5 H.
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Figure 18. Estimated average concentration over building surface due to upwind source,
relative to concentration at height H without building, as function.of

H/OZ(XB}, for effective stack heights > 0.5 H.
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for effective stack heights £ H.
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Figure 22. Effluent emission height corrected only for stack-induced tip
downwash, relative to physical stack height, as function of

exhaust to wind speed ratio, for several stack internal
diameter to height ratios.
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Figure 23. Emission height corrected for building aerodynamic effects,
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corrected emission height, for several building aspect ratios
W/H. : - : '

103



: ATDL-M 81/058

' 7
77
' | 1 A’////;/}é -.
(c)POSITION 3, CENTER OF LEE EDGE. :
3 1 2 FLOW
——] (l—— -— .

(¢) PLAN VIEW SHOWING STACK POSITIONS.

- Figure 24. Plumes from roof-centerline-mounted stacks, with h
1.5 H, w, = 1.2‘US (after Koga and Way, 1979a,b).
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(d) PLAN VIEW SHOWING STACK POSITIONS.

Figure 25. Plumes from roof-edge-mounted stacks, with h_ =
w =

e 1.2 US (after Koga and Way, 1979a,b).
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(¢) CENTRAL STACK, hg/Hz= 1.5, w,/U =2.4." |

—

(d) PLAN VIEW SHOWING STACK OR VENT POSITION.

Figure 26. Plumes from roof-center stack or vent, showing effects
of different stack heights (a and b), and different
efflux velocities (a and ¢) (after Koga and Way, 1979a,b).
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(e) PLAN VIEW SHOWING STACK POSITIONS.

Figure 27. Plumes from roof-mounted stacks at various positions for wind at 45° to building,
with hs = 1.5 H, v 1.2 Us (after Koga and Way, 1979a,b).
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(0’) PLAN V|EW OF STACK OR VENT POSITION.

Figure 28. Plumes from roof-center stack or vent, showing effects
of different stack heights (a and b) and different
efflux velocities (a and c¢), for wind at 45° incidence
(after Koga and Way, 1979a,b).

108



‘PARTIALLY-DOWNWASHED PLUME

FULLY DOWNWASHED PLUME

Figure 29. Koga and Way's .(1979b) categories of plume behavior
for effluent emitted from roof~top stacks or vents.
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(e) PLAN VIEW OF STACK OR VENT POSITIONS

Modes of plume behavior for various stack positions, wind normally
incident on squat building, as functions of stack to building
height ratio and efflux to freestream wind speed ratio (after

Koga and Way, 1979a,b).
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diagonal of squat building, as functions of stack to building
height ratio and efflux to freestream wind speed ratio (after
Koga and Way, 1979a,b).
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Figure 32 (continued).
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e

Figure 33. Nondimensional concentration coéfficient contours and zones of

roof and cide rcattachment on simple buildings, for roof-center
vents, as measured in a simulated atmospheric. boundary layer by
Wilson (1976a,b). (a) L/H = 0.67 = W/H, we/UH = 0.3; (b) L/H =
4.0 = W/H, we/UH = 0.39; (c) L/H = 0.33, W/H = 0.67, we/UH = 0.29;
(d) L/H = 0.67, W/H = 0.33, we/UH = 0.29.

114



ATDL-M 81/036 .

Figure 34.

Nondimensional concentration coefficient contours and zones of
roof and side reattachment on simple buildings, for off-center

roof vents, as measured in a simulated atmospheric boundary
layer by Wilsou (1976a,b). .L/M = 0.67 = W/H, we/UH ¥ 0.3, for
all cases. :
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Figure 35. Halitsky's (1963a,b) relation between dilution and "st.retched st;:ing" distance s,

for receptor locations on surfaces of simple building fitted with flush roof
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Wilson's (1976a,b; 1977a) recommended lower bound on dilution along sur-~
faces of buildings with flush roof vents as a function of shortest source-

to-receptor distance, for several effluent exit concentration coefficients -
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Figure 37. Efffuent exit concentration Ke at a flush roof vent as function of building pro-

[

jected area Ap and effluert volume flow rate“@e, for several ropf-level.wind speeds.
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Figure 38. Wilson's (197%a,b; 1977a) lower limit on dilution for locations on surfaces
of simple buildings with flush roof vents, as function of source-to-receptor
distance, for several effluent to wind speed ratios.
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Figure 39. ’W%lSon's (1976a,b; 1977a) lower limit on dilution, as function of source-to-receptor
distance and effluent volume flow rate, for several roof-level wind speeds.
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Figure 41. Upper limit on Xx/Q at p>ints om simple bnilding‘with flush roof vents, as
function of vent-to-reczptor d:istance, for several roof-level wind speeds.
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Figure 43. Wilson's (1979a) estimate of rooftop concentration K _
produced by a roof-mounted stack of relative height hl’
relative to concentration K produced by a flush vent,
as function of building scale length R and stack-to-
receptor distance x, for various plume rises Ah.
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Figure 44. Simple conceptual model of recirculating wake cavity with mass transfer
via turbulent diffusion across bounding shear layer.
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Figure 45. - Schematic of horizontal and vertical virtual source
locations and height for simple model of wake-entrained
"effluent dispersion.
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function of downwind distance x, for various atmospheric 9
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Figure 48. MHuber and Snyder's.(1976) estimate of dispersion parameters in
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Figure 51. Comparison of wind tunmel data with Huber's (1977,1979) recommended wake ‘
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initial dilution wake model
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Figure 52.

Concentration isopleths of XU/Q, as negative powers of ten, for different wind
directions at a r=actor complex (from Start et al., 1977). (a) wind from 161°
at 1.8 m/s, 0, = 32° at 10 m, rooftop release; (b) wind from 100° at 1.7 m/s,
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STABILITY . INVERSION

(6) K-MEAN ISOPI.F THS OF EFFLUENT RELEASED FROM
CONTAINMENT BUILDING DURING INVERSION CONDITIONS.

Figure 53. Ensemble-average isopleths of concentration coefficient K =.
‘xUAp/Q‘qeasgred at EBR-II pgmplex,,with Ap = 665 m? = projected
area of containment building only (from Dickson, Start, and
Markee, 1969).
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OT\PLUME AND WAKE AXIS

. / OBSERVED K
(o) K ISOPLETHS AT GROUND LEVEL AS ! !

OBSERVED (MFAN OF IINSTARLE TESTS) /
AND CALCULATED (NEUTRAL STABILITY).  /
i NEUTRAL STABILITY
T WAKF BOLINDARY
CALCULATED K= 0~ 4

600 m

400 m

RELEASE POINT . BOT TOM, DOWNWIND
WIND. SW, 6.3 m/s
STABILITY . INVER3ION

(4) K ISOPLETHS AT GROUND LEVEL AS
OBSERVED ( MEAN OF STABLE TESTS) o
AND CALCULATED (NEUTRAL STABILITY).

Figure 54.. Comparisons of observed (solid lines) and calculated (broken
lines) ensemble~average concentration isopleths behind EBR-II
: "complex (from Halitsky, 1977). (a) unstable tests; (b) stable
, tests. C .
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Figure'SS.
(from Abbey, 1976).
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Summary of far wake concentration decay w1th distance behind building clusters
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Figure 56. Maximum ground-level concentration as function of stack height,
for stack at various distances downwind of building at 45° to
incident wind (from Barrett, Hall, and Simmonds, 1978).
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