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ABSTRACT 

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

face air quality problems associated with near-building exhaust stack 

placement and height, and the resulting concentration patterns·. The 

report consolidates availabl~ data and methods for estimating wake 

flow and effluent dispersion near isolated block-like.structures. 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 near~building concentr~tion. The 

influences of near-building source location and characteristics relative 

to the building geometry and orientatj.on,are considered.· Methods to 

estimate effective stack height, upper limits for concentration.due to 

fluHh roof vents,. and the effect of changes in rooftop stack height are 

swnmarized,. Current wake and wake cavity models are presented. Numerous 

graphs of important expressions have been prepared to.facilitate computa­

tions and quick estimates of flow patterns and concentration levels for 

specific simple buildings .. · Detailed .• recomm~ndations 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 est{mate 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 rooftop 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 
t.heir. 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 lit1:le 
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 Socie·ty 
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 fun~amental, emphasjzing 
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 
fic~lds 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 
ori~ntations; 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. 
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2.0 FLOW NEAR SIMPLE BUILDINGS 

2.1 General ~eatures 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 ls a "uisplacement zone" 
where the incident fluid is first influenced by the presence of the building. 
Within this ?nne, both wind opccd and directiuu aLe affected as ~he flow 
attempts to travel around and ovP.r t.he body. The exposed front surfaces of 
the obstacle will experience a pressure higher than ambient as t.hP. 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 fr6m 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 }.;;~yer 
separa~es trom the exposed surface at sharp edges (sides, roof) where the 
flow cannot follow the abrupt change iu 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 snrfarP ~PpPnd~ on a complicated 
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 .1s 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 occu.r. 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 to~n 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 uf the flow and turbulence characteristics 
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 lev~l. 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 thP nvPr~ll flnw fi~ld. 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 vortites 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 SH 
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 7 and Meroney.(1980a,b) seems very promising. More 
field data are vital, especially if th~ possible signifi.cancP. of vo.r.t.~x-type wakes 
is to be established. Hansen anq 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, e~en 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 velocit.y 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-dimensional) obstruction such as a fence. The important phenomena 
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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 o. 

0 

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 6/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 z/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 .theury is available (see llosker, 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 on the location and value of the 
peak pressure 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 experiment.ally observed flow patterns can be obtained. 
This may be useful for predicting the path of passive effluents released 
into the flow upwind. of simila:rly simple obstacles. The report by Bitte 
and Frost (1976) supplies suffi~ieul uetail 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 thQ incident wi nti prnfi 1 P, ;mrl the scale and inten~itv 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 
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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 pertl,lrbations in inc:i ciP.nt. rnnrPntntions 
profiies 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 
seems to be particularly important. For power-law profiles such that 
U ~ zn, 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), reattachment 
occurred at 0.53 H; for n ~ 0.23 (typical of rural areas), reattachment 
moved upward to 0.72 H; for. o ~ 0.30 (forested or urban areas), 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 d1tterent locations on these surfaces. Discussion here will be restrictP.rl 
to simple block-like structures where separation is geometrically inrlncPrl 
along the sharp leading edges. The nomenclature used is shown in Figure Sa, 
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-leyel centerline. . The incident turhnl Pnt. -"'tmospheric 
boundary layer velocity U(z) i.s a function only of height; the incident 
boundary layer depth o is assumed much greater than H. 

Consider a building which is rather thin in the alongwind dtre.c.tion, so 
that L/H < 1. For such a structure, the flow which separates from the wind­
ward eqges generally will not reattach to the roof or sides (see Hosker, 
1979, for a discussion).. Figure Sb 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 builrling and travels odtward 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 
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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 Sc 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 Sc. 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 th~se 
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 thP flow behavior can be made if information is available about the 
reattachment zones and the roof and side cavities they bound. Wilson (11J/9a,b) 
has developed a method for estimating the heigh~ 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 

H a distance x. from the upwind roof edge. A turbulent shear layer bounds 
c c . 

the roof cavity from above; the upper edge of this layer is denoted by z11 . 
Above the shear layer is the roof wake, whose uvv~r ~dge is indicated by 
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z111 . It is important to note that z
11 

and z
111 

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: ~et ~b be the smaller of the 

building face dimensions H and W, and let tb be the larger. The character­

istic length scale for the building is then given by 

R = t2/3 ~1/3 
"b -'b (2-1) 

For.relatively tall buildings where W/H < 1, we have tb =Wand tb = H, 
which leads to 

R/H = (W/H) 2/J , if W/H <1 . (2-2a) 

For squat buildings where W/H >1, ~b 7 Hand tb = W, and so. 

R/H = (W/H) 1/ 3 .f W/H >1 ' 1 . (2-2b) 

Figure 9 can be U$ed for quick esti.mat.es of the scah 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. 

For example, the cavity length ~long the roof centerline is given to within 
about ± 10% by 

L - 0.9 R 
c 

(2-3a) 

A plot of L /Has a function of W/H is given for convenience in Figure :Oa. 
Nnt . .- th<tt L cmu:.> L ut! ~::maller than L for reattachment Lo uccur, which 
pla~es a reitriction on the building dimensions for wide structures: 

L /H =:0.9 (R/H) = 0.9 (W/H) 1/ 3 < L/H, for W/H > 1. Thus for W/H ~ 1.38, 
c 

L/H must be greater than unity for reattachment to be possible; for 
W/H = 10, L/H > 1.94. Equation (2-~a) 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 

L /L- 0.9 (L/H)- 1 (R/H) 
c 
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or, using the relations for R/H, 

L /L ~ 0.9 (L/H)-l (W/H)p c .. (2-3b) 

where p = 2/3 for W/H < 1, and p = 1/3 for W/H > 1. This expression is'plotted 
in Figure lOb, wherE! the restriction that·L /L must be less than unity has 
been explicitly observed. This sketch can cbe used to estimate the centerline 
fraction of the roof length covered by a recirculating 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 

which occurs a distance 

H ~ 0.22 R., 
c 

X ~ 0.5 R 
c 

(2-4a) 

(2-4b) 

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

X /L ~ 0.5 (L/H)-l (W/H)p 
c 

(2-4c) 

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

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

(2-5a) 

whic~ can also be written as 

(2-5b) 

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 res L1:icti.on that W/11 must be less than 1. 38 if 
L/H = 1 has been obs~rved. · 
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The upper edge of the shear layer bounding the roof cavity, shown by z
11 in Figure 8, is appr9ximated by 

z11 ~ 0.27 R- 0.1 x c2-6a) 

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

c .. c s . . ... 
the roof a distance 2.7 R·from tpe ~pwind edge. In terms of the building 
geometric variables, 

x· /L - 2.. 7 (L/H) - 1 (W/H)p· 
s (2-6b) 

where p takes the values mentioned earlier, and the restriction on J./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 11a and the location of this maximum from Figure 11a or 
11b. The point of intersection x of the shear layer top with the roof 
plane can be obtained from Figure s13; a straight line is then drawn 
connecting the cavity top and the point x . · 

s 

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. 
One can only estimate the overall roo£ reattachment pattern from results 
ouch ao tho Be in Figure 6, which suggest J.'ea Lt-<H.:luuenl along Lhe roof sides 
occurs somewhere bet\ieen 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. Flow Near the ~ides. 

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 ~eattachment.zone near the roof edge is· about 30% 
of the distance from the upwind edge 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 fluctuations in the exte~t 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 (yMS) 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 

(2-7) 

where x is measured from the front face of the building, and c ~ 0.39. The 
"constant" c must actually 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 Patterns 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 ~he 
direction of the mean wind)~ and their centers are located about the same 

.distance behind the structure with the ~uter edges roughly in line with 
the building sides. The ground~level flow in these vortices is roughly 
parallel to the incident winrl 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. 
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Even the three-dimensional extent of the cavity 
Hosker (1979) examined the along-wind length x 
to the rear face of the building, and suggestea 

X 
r 

H = A·(W/H) 
1 + B·(W/H) 

zone is not very well-known. 
of the cavity relative 
the empirical relation 

(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 functio~s of L/H, 
where L/H must be greater than about O.I6i 

A= -2.0 + 3.7 (L/H)l/3 . 

D = -0.15 + 0.305 (L/H) 1/ 3 
(2-8b) 

If L/H is large enough (typically> 1, for structures of moderate W/H in the 
atmosphere) for reattachment 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 bu~lding surfaces; the shaded area was 
calculated using Equations (2-8a) and (2-8b) with L/H = 0.75 as a reasonable 
obstacl~ 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, Equ~tions (2-8a) and (2-8b) predict the cavity 
length ~ehind simple block-like obstacles without flow reattachment to within 
±SO% (see Hosker, 1982, fo~ 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-Ba,c) is somewhat better here; the 
predictions are within± 30%~f 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 th~ 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, (x /H) can be much rlarger (see Figure 15). 
The important point is that forrlar~~xbuildings, 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 Sa). 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 140m 
(roughly 460 ft) downwind rof 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 Hand 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 Figure3. 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 su:dace 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 t~rbulent sheaE1stresses both die out for this two-dimensional body approx­
imately as (x/H) . The decay of the mean velocity def~ct 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) 1/ 2 • A more detailed summary of the 
relevant theoretical and experimental literature can be found in Hosker (1982). 

The far wake of a truly three-dimens~onal 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. Howeve~, these may not be. 
a significant 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 lee-edge vortices apparently dissipate rather quickly under 
the action of strong ambient turbulence~ The wake is then essentially a 
pure !'momentum" wake of the t.ypP. commonly studied in aerodynamics. For 
such a building wake, the mean velocity defect is found to decay roughly 
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as (x/H)-p, where p is between 1.5 and 1.6, while the mean square turbulence 
intensity excess (i.e., the increase ove!2 what would be observed if the 
building were absent) dies off as (x/H) . The crosswind p~ofile of the mean 
velocity defect is approximately bell-shaped, with the maximum defect occurring 
along the wake centerline. Generally the wake will be indistinguishable t'rom 
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 fairly ~lowly, roughly as (x/H)-O.S 
(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 

very slowly, x- 0 ' 2 to x··0· 7 , again dep~nding on building shape. The temp­
erature wake for this stable case was thus more persistent than the velocity 
wake; turbulent velocity fluctuations ~ecayed to the background level between 
7.5 ·to 10 H, but the temperature excess extended to at lea~t 60 H downwind. 
The laboratory work generally suggests that a detectable wake of some sort 
may extend SO 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 
sugg~SLed 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 preceding description of the flow .fields generally expected around 
block-like obstacles provides a basis for at least a qualitative und7rstanding 
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of the concentration field near a building subjected to an isolated effluent 
plume. The sketches of Figures 2, 4b, Sb and c, 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 Ground-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 willprobably 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 horf!eshoe vortex as follows: t~e fron!al vortex has a 
diameter D related to the building geometry. Let ~ and U be the average 
concentration and the average axial mass transport speed wilhin one vortex 
arm, respectively. Entraiqment ~f the2 tot~l ·source emission within the 
frontal vortex means that Q ~ 2 Y (nD /4) U , or ·-v v v 

2Q 
2 -n D U 

v v 

Now consider the ground-level centerline concentration which would appear in 
thp ahsPn~~ of th~ building, 

xo = 
Q 

na a U (3-1) 
y z 

~ 00 

Therefore "" 2 ~!!.__ 
X . 2 
.0 D u 

(3-2) 

v v 

where the dispersion coefficients cry and oz are evaluated at xB' the loca1.ion 

of the building relative to the source, and U is the average w~nd _speed tJ:ans­
porting the plume. We can relate oz to the plume depth ZP' say, by Zp ~ :~.[f oz. 
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-1 J2
P -1 n · · Also, U = Zp U(z)dz ~ (n+1) UH(Zp/H) , if U behaves as a simple power 

0 . 

law (exponent n) with height. Finally, we.estimate the average material 
transport speed within a vortex arm as some fraction p of the incident wind 
speed near the building top: Uv ~ p UH. Then, si~ce Zp ~ Dv for plume 
capture by the vortex, we have the approximate upper bound 

1 cJ [ZP]n 
4P(l+n) ·~ II (3-3a) 

In a region with an aerodynamic surface roughness z ~ 10 em, n ~ 0.2 
(Davenport, 1965); under neutral atmospheric·· conditi8ns, o /o ~ 0. 6 (Briggs, 
1973). The value of ZP relative to His not very criticalzsiXce n is small; 
assume Zp/H = 2/3. Thus 

- . 
Y /x < o.32/P "V 0 ,., 

(3-3b) 

Laboratory data of Cook and Redfearn (1976) and Penwarden and Wise (1975) 
suggest that P = U /UH may be of order 0 .. 5 near the building corners, 
although this needX verification. If this is indeeq a reasonable estimate 
for p, we have 

(3-3c) 

i.e., the average (not peak) concentration ig 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 building 
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 str~cture, the plume may be deeper than the frontal vortex of the building. 
In.this case, material striking the obstacle ahove the eddy will be divet"ted 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 fa~e 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 ~ntrained 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: 

captured mass 
unit time· 

taking the plume half-width Yp ~ 2~ ay(xB) and the plume depth Zp ~ 2{:faz(xB). 

This reaches the previous result £or 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 ent~ained material is carried off in the two 
ground-level trailing vortices, so that 

~ - n D 
2~ fi erf [ ~p J erf [ ~:v] 
v v 

Using Equation (3-1), we have 

a a U 
~ 

D 
2 U . v v 

(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 distXnce is large, these factors ca~ significantly reduce the average 
in-vortex concentration, relative to the ground-level centerline v~lue, 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 previou~; discussion rP.g< vnrtex entrainment, plume diversion, 
and wake cavity ent:ry applies as wel 1aterial impinging on a building . 
from an isolated elevated source. Q: · :.ative confirmation of our general 
expectations has been provided by a nw. .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 plum~ emitted also at height H 
extended only about 1.3 H upwind of the building f~ce. 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 ~ocally by factor!) of two to· five over the "n·o-building'' 
values. As a useful rule of thumb, Wilson and ·Netterville (1978) suggested 
that the downwash effect generated 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 
t;oncentration 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, x
8

, can be carried out following Wilson and Netterville's suggestion; Xs 
is approximated by 

(3-5) 

where XGL 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 
x from ·the isolated stack. The Gaussian.plume formula is used to evaluate 
t~ese concentrations (e.g., Gifford, 1968): 

x(x-,y,z) = 
Q 

2na a U 
y z 

. [- 2 ]. { [ -(z-he)
2

] · [-(z+he)
2
]} exp ~ exp . 2 + exp 2 

· 2a . 2a 2a 
y ~ z 

(3-6) 

where the effective emission height h , which incorporates the effects of 
plume momentwu and buoyancy, may be c~leulated uslng the methods of Sec:t.ion 
3.1.4 or 3.2.1. Then 

Q 
na a u 

y z 

. [· '2 ]·.. [-h 2] 
exp :~ 2 exp 2cre2 

.y z . 

(3-7) 
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while 

(3-8) 

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

(3-9a) 

or (3-9b) 

Equation (3-8) supplies the requisite expression for xH/XGL or its inverse. 
Use of Equation (3-9a) or (3-9b) just amounts to the selection of a suitable 
normalizing concentration for x8 ; for a relatively short stack XGL 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/cr (xB) for 
effective emission heights h < H/2. For these short stacks,zif the source 
is close to the building (smlll xB) so that H/cr (xB) is greater than about 
10, the average concentration over the whole bufld1ng will be about SO% of 
the ground-level concentration expected at xB 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 xB)~ sp that H/cr(xB) is less than about 
O.S, effluent released from short stacks will produce an average building 
surf~ce concentration about 1.S 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 > O.S. For nearby sources, . e 
such that H/crz(xD) is great~r than about 10, Xs will be about SO% of the 

value expected at roof height H if the building were absent; for a distant 

elevated source such that H/crz(xB) is .smaller than 0.1, x8 will be about 

7S% of Xw At intermediate distances, x
8

/xH can approach 90% or more as 

he/H ~ O.S. Actually the somewhat unusual behavior at large H/crz for 

h /H = O.S in both Figures 17 and 18 is apparently due to mathematical 
sfngularities associated with the choice of a Gaussian plume format, and 
maynot 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 Xs seems 
to be largely based op. we>rk at a single rli st.';tnrP Y H an(! a single stack~ to- . 
building height ratio (h /H = 1). , 

e 

An upper bound on the concentration expected at ground level near the 
building can be established by following the second suggestion of Wilson 
and Netterville (1978), namely, that. t,his vdue should be. less than the 
maximum concentration intercepted by any point on the building surface. 
This can be estimated as follows. Let XGLB 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 ~re two possible cases; 
Suppose the effective stack height is smallerthan the building height, 
h < H. The maximum concentration incident on the building wl.ll be the 
c6ncentration at the center o:£ the plume,· Xct' which occurs at a height 
z = h < H. It is assumed that the building does not seriously change 
this econcentration, so that it can be approximated by its no-building 
value (see Bri~ter, Hunt, and ~uttock, 1976, for a discussion justifying 
this assumption). From Equation. (3-6), 

Q 
2na a U 

y z 
exp[~] 1 

2a · y . 

(3-10) 

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 = o, 

e 

. [ 2 ] 
XGLO • ii0~o2U exp ::

2

2 (3 .. 11) 

Then 

XGLO{ 1 [-z(::)]}' Xct - 0.5 + exp 

and so 

XGLB -: o.sf + cxp [,2(~)]} (3-12) 
XGLO 

The right-hand-side of Inequality (3-12) is plotted in Figure 19. When the 
source is close to the building (smali xB), h fa (xu) can be. large; when 

.e z n 

h fa (xB) is greater than about 1:5; the ground-level concentration near 
e z 

the building will be less than SO% of the concentration generated at that 
location by a ground-level release. Whe'n the source and building are far 
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enough apart that h /cr (xB) is less than about 0.1, the ground-level concen­
e z 

tration near the structure may be close to XGLO" 

Suppose on the other hand h > H. Then the maximum concentration intercepted 
by the building will be thateat the roof top, where z =H. In terms of XGLO' 

and so 

(3-13) 

Th~ 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/crz(x8 ) 

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 not being diverted down to the ground; this is increasingly true as 
he/H becomes large. For distant sources, XGLB ~ XGLO' depending on he/H. 

This. seems ·quite reasonable; . if the source is far enough upwind, the difference 
in ground-level concentrations due to elevated and ground-level em-issions 
should becqme 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 develc:>ped by L:ucas .(1972) and by Wilson 
and Netterville (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 reflected in the rules of thumb provided. For example, 
it is assumed that effluent will not be affected by surrounding structures 
if tite 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 h1 be a first approximation to the stack height. Estimate h1 
by using a standard open-terrain plum~ model (e.g., Equation 3-6) to 
dete'rmine the height required in the absence of neighboring buildings 
to insure that the maximum pr:edicted g·'round-level concentration is less 
than or equal to the safe and/or legal limit.for the particular effluent. 
Standard conservative practice should be followed. 

(2) List for the ith do~nwind bufiding (i = 1,2,3, ... ) its distance 
from the 3tnck x., its height II., and :its ~idth nonnal to the wiitd w

1 (if some buildin~s are smaller tn. both height and width than a closer 
build in~, they may be· ignored) ~ --

(3) For each building, lett. be the smaller of H. and W., and~- the 
1 1 1 1 

smaller of H. and W./2. 
1 1 

Calculate an effective wake height for each·building 

as Z . =H. + 1.5 t .. 
e1 1 1 

(4) In the set of all buildings fo~ which x./~. ~ 5, select the largest 
. 1 1 

value of Zei as ZeM· 

(5) Now consider the buildirigs for which ~ < ~-/~. ~ 10; i~nuLe Lhu~e 
. 1 1 

for .which Z . ~ Z M" 
el. e 

For· .the remainder· (i~ any), calculate the a~justed 

wake height Z . = Z M + (2.0-0.2x./~.)(Z .-z M)' and take the maximum value 
aJ. e 1 1 ·C1 c 

(6) Compare ZeM and ZaM; ~all the ~arger ZM. 

(7) Now consider the heights H. for those buildings where:x. ~ 5h1, ,, :!. 

and the reduced heights J. - H.-0.2 X.• for those buildings where 
J. l. l. 

5h1 < X. ~ 20h1; the largest of any of these values is taken to be ~· 1 

(8) Calculate the eorreeted phy~ical ~tack height using · 

(3-14) 

Lucas suggested that his technique is ,appropriate for stacks of 30 m or l~ss, 
but urged further comparison with experimental data to validate the methoL 
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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 mi~ing 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 XM· 
As indicated in Figure 21a, Z mis the height above. the surface of the 
isopleth of maximum allowablemconcentration.at a particular location x. 
This parameter is ~ 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 (Zm) to the surf~cesat some critical speed UA, say, and will 
then recede from the ground as U continues to increase. The procedure 
is to calculate Z by iteration u~ing an initial guess for the stack height 
h, a standard plWffie equation (e.g., Eq~ation 3-6) and an appropriate 
e~timate of plume rise if necessary, and plot Z as a function of downwind 
distance (Figure 21b). All stability categoriesmshould be considered. On 
this graph, indicate the locations and heights of downwind structures. If 
Z intersects any exi~ting buildings, or is too low to permit anticipated 
c~nstruction 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 m1n1mum stack height 
needed in open flat terrain to produce acc~ptable 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 stabi~ity category j, j = 1,2, ... ,6 ("1" 
corresponds to the usual .. "A" stability, "4"· ·to ;;ll 11

, and so on). Choose 
.the appropriate cu.rves or functional forms for the dispersion parameters 
a .(x) and .. cr .. (x). 

YJ · ZJ 

(3) Choose a particular .wind speed at stack height Uk, k = 1,2, ... 

(4) Using a suitable plume ris~ E;!Stimation formula (e.g., Briggs, 1975) 
and known or estimated eff.luent and.ambient characteristics, calculate the 
plume rise ~k for that wind speed. · 

(5) Solve the following equatio~ for Zjk at a number .of downwind distances 
x.Q., ..11. = 1,2 ... 
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[ 

(Z.k-hs-tili..)2] [ (Z.k+hs+tili..)2] 
exp - J J + exp - J J 

. 2 2 . ' ?. u • "L.cr • 
. . ZJ ZJ 

= 
2nxMuka .a . 

. YJ ZJ 
Q 

(3-15) 

.. 
. Noticethat for locations beyof!,d the "end of the plume" (xA in Figure 21a), 
ho real v~lues will be possible for Z.k' while for x£ < xA' a pair of values 
. . . J . 
will be obtained at each xQ. The smaller value in each pair represents 

. Zmjk(,~~.Q), Lhe minimum descenr. height tor stability category j and wind speed 

Uk at the location XQ. 

(6) Choose a new stack height wind speed Uk+1 , and repeat steps (4) 

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

(7) Examine, for each xQ, 

value is Z . (xn), the minimum 
mJ x-

category j at the location xQ. 

the entire set of values {Z .k}; the smallest 
mJ 

d~scent height for any wind speed in stability 

(0) Chuu:se a uew ~;Lability ca.r.egory, J + 1, say, and repeat steps (2) 
through (7) until all possible stability categories have been considered. 

(Y) Examine; for each x£' the entire set of vc:tlues {Zmj (x!)}; the 

smallest of these is Zm(xQ), the ifiifiifiitifil descent height at location XQ for 

any wind speed or stability category. 

(10) Plot Z as a function of downwind distance, together with the 
locations and h~ights of present and/or planned buildings (P.e., Figure 20b). 
If the curve l (x) contacts any of these structures, the selected stack height 
h is too low.m Increase the stack height and repeat steps (2) through (10) s . . . 
until satisfactory 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 mor~ within five stack heights of the source, 
but is within 2% mof the correct value for x/h ~ 20 or more .. This method, 
althoug4 not conservative, may be usefui ih ca~es where the buildings of concern 
are some distance away from the isolated stack, and may serve as a first approxi­
mation to· Z in any case. The original paper should be consulted for details. 

m 

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 a and a , since the extra dilution provided 
by the larger dispersion param~ters ch~racteristic of built-up areas supplies 
a safety factor. And finally, they noted that in practice the critical atmos­
pheric conditions for air poliution may be either an unstable atmosphere 
(e.g., looping plumes), or nocturnal plume trapping followed by morning fumi­
gation, whereas the minimum descent height curv~ 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 B~ilding; 
) 

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, Sb and c, 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 ~n the windward face closer to the building, but providing better 
ventilation at outlets iocat~d 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. I! 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 §ide, Effluent rlispersinn will v~ry ~~~ordingly. On 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 approximatfon 
for calculations (Vincent, 1977), although the likelthood 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 l,ee tace of 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 Shair, 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 tqe 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 
dccisl.ons. 

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 intera~tion with lnc~l flows. 
Effluents that are released too close to the structure and/or at too low 
an exhaust speed w will generally produce high concentrations near the 
building. Therefo?e, 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 serie~ 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 
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(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 cavity, 
thus preserving the entire useful height 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 w /U = 1. For 

e s 
w /U = 1.5, practically no downwash was observed.· The latter value has 

e s . . 
become rather widely used, but should be viewed as a lower bound for design 
·Work.-- i.e., w /U should be maintained greater than 1.5 whenever possible 

e s 
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, ,Jp /p' (e.g., Wilson, 1976a,b), · e a · 
and in many cases may have a rather modest effect on the value of w /U needed 

e s 
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 fami:)..iar "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, m,<~kP.s use of the rough approximation that the zone of in­
fluence of a hill or structure ~enerally 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 dilut.ion befQrP. 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 l.n 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. stb, where ~b ·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 Snyder and Lawson (1976) 
on neutrally-buoyant non-downwashing stack emissions have verified for a 
short wide building and a tall thin building that Brigg$' alternative to 
the "2\ times rule'-; is adequate to avoid buildi~g-ind~~ed .~ffects 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.S]d. 
s e s 1 

(3-16) 

'~ where d~ is the inside diameter of the stack of height h . The ratio h'/h 
has beet\ plotted for convenienc~ in Figure 22 as a functi~n of the exhaust s 
to wind speed ratio we/Us' over a range of possible stack diameter to height 
ratios d./h . 

~ s 

(2) Calculate the release height h" corrected for building aerodynamic 
effects. Let ~b be the smaller of the frontal building dimensions H or W. 

If h' > H + 1.S~b' the plume is above the region of building influence; set 

h" = h' and go to step (4). If h' < H, set 

h" : hI - 1. 5 ~b (3-17a) 

if h 1 is between H and H + 1.5 'b' set 

(3-17b) 

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 groun.d 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 ~b' 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 appropriat~ 
close to the source, where the plume may not have reached its f~nal 
rise height. 
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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" > 0.5~b' 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~ ~b2 . 
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 

is within 2 or 3°C of the ambient,' buoyancy is negligible and h = h"; . e 
go to step (5). Otherwise, determine the relative density difference of 
the plume using 

-m 'T 
6. 

e a 
-1 (3-18) = -.-

m T 
a e 

where subscripts "e" and "a" refer to ~ffluent 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, f., say·, of· each of the component gases 

- -1 ~- -1 
1 

through the relation m = m. f .. For many sources, the dominant 
e 1 1 - -component will be air, so that m ~ m . If the effluent contains water 

(liquid or vapor), evaporatibn or ~orideftsation may affect the buoyancy; 
see Briggs (1975). If 6. > O, 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. (lY /3), and in Meroney's (i979) 
excelle~t survey chapt«;r. If 6. < o,.the plume is buoyant. Evaluate the 

.buoyancy flux Fb = - gV 6./n, where V is the volume of effluent emitted per · e e 
unit time. Then ·calculate the buoyant plume rise 6.h using standard procedures 
(e.g., Briggs, 1969, 1975). Seth = h" + 6. h, and go to step (5). e . . 

(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 pllime 
clears the wake boundary ZIII 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 om of perhaps 0.1 radians 
(5.7°), which seems reasonable, although a values. greater 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 b~ ~dvisable fur 
some critical contaminants. In any case, the effluent to wind speed ratio 
w /U should be kept above about 1.5 to prevent stack-induced downwash. e s 

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 ~b/4 of the building, or within 3 ~b directly 
downwind of the structure. Provided the stack is located somewhere within 
these bounds, the calculated effective height is the same for all locations. 
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 different 
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 ~as 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 
~o wind speed ratio. Figure 27 displays the plumes trom ditferent stack 
locations when the wind is along the build~ng 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-lev~! 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 g~nerate. 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 pr9duced 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 locations, 
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 r'atio aQd 
stack to building height ratio, for several stack positions and two building 
orientations. Figure 30 shows the various ~odes of plume beh~vior 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 . s 
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 mil·i 
wake-induced downwash ("W")sor no building influence at all ("E"), dependi:1g 
on w /U . If the stack was at the center of the upwind roof edge, a full·r e ~ . . 
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.windspeedJ w /U = w /U(z =h) using a rough · e s e s 
power law approximation to Koga and Way's ~ind tunnel flow: U /U ~ s ~ 

0.76 (h /H) 0 "17 . 
s 

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 >tack 
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 flowe rate increases (1.5 ~ w /U ~ 2). From e ~ 

33 



the viewpoint of air contamination estimates, this is favorable; i.e., Equation 
(3-16) becomes increasingly conservative as the ratio w /U becomes larger. e oo 

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 arbitrary 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 iQcident 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 eff~ctive stack height .. · 

For thi:; discussion it is convenient to introduce the nonrlimP.n,:;ion:::~l 

co.ncE!ntration coefficient (e.g. , Hali tsky, i 961.): 

K- x;u A/Q (3-19) 

where X is concentration 7 Q is source strength 1 A is a characteristic ar~a 
(often A , t'he projected frontal area) of the obstacle under study, and U 
is wind pspeed at the effective release height. Note that K can take any 
non-negative value. 

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

K /K 
.e 

(3-20) 

where the subscript e denotes exit conditions. In any practical situation, 
D ~ 1; in fact, D will often assume v~ry 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 /UH' where UH is the wind speed at roof (vent) height .. The 
highest roof co~centrations naturally were obtained with the lowest tested 
value of w /UH' 0.5; a doubling of this value reduced the maximum values by a 
factor of tSo or three, depending on receptor location. A further doubling 
of w /UH' however, only reduced the concentration by a factor of 1.5 or less, 
withethe main effect being felt close to the exhaust. Comparison of Figures 
32a and 32d shows the rather 9ramatic 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 cQnsequently 
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 /UH ~ 0.3 to 0.4, compared to 1.0 for most of Halitsky's tests). 
Figure 33aeshows 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= t.o t.he 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 beha~ior 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 materia'l was evidently advec·ted 
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 hui 1 ni ng roof. A few Cltamplcs 
are shown in Figures 34; the original reports should be consulted for others. 
Additional building surface concentration data may be found in Li, 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 thee vent and the measurement site. He gave the 
relation, plotted in Figu~e 35, 

D ~ [a+ 0.11 ·c1 + ~/S)(s/~)] 2 

e 
(3-21) 

where s is the "stretched string" distance between the two points, A is 
the vent exit area, and a, a number between 1 and about 20, dependse on the 
specifi~ building/vent/atmospheric configuration. A lower bound on D is 
obtained by setting a= 1. This expression is based, however, on tests 
conducted in a uniform, low-turbulence flow, with an efflux to wind speed 
ratio w /UH = 1. Later, similar tests on a more complex building resulted 
in an eipression recommended by ASHRAE (1.974) which explicitly utilized 
this sp~ed ratio: 

D ~ ( ~.GG + 0.147 (s/~)] 2 (UH/w ). 
e e 

Wilson'~ (1Yl6a,b; 1977a) tests in boundary layers, on the other hann, used 
low values for w /UH, 0.1 to 0.3 (dependin~ on gas density), which might be 
more typical ofe vents with rain deflectors or louvers. He suggested a 
lower b9und to the dilution, for buildings normal to the wind, was 

; 2 
D . ·~ 0.11 K s /A. 

m1n e p 
(3-23) 

This expression cannot be quite correct since it does not reduce to the 
limit D . = 1 as s ~ 0~ it should hP ~nPquate, however, for receptors not 

m1n . 
very close· to the flurlh rnnf vent. Ey_ual.iun (3-23) is plotted ill E'i.gure 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 pconcentration coefficient at 
the vent exit K , can be determined. ' 

e 

For a flush roof vent, where Us = UH' 
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. 

K 
e 

where V is the volume flow rate of effluent, so that· e 

K 
e 

='UJtp 
wA 

e e 

(3-24a) 

(3-24b) 

Equ~tion (3-24a) is plotted in Figure 37 over a range of possi~le values of 
Ap/Ve, for likely wind speeds at building roof height UH. Given the building 

dimensions and the volume flow r~te 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 
oa dilution at.the receptor location, D .. 

m1.n 

Two alternate forms of Wilson's D . can be written: 
m1.n 

(3-25a) 

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

n . m1.n (J-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; 
selection 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 K /D . , which can now be calcu-e m1.n 
lated. Actually, if K and D . are of no real interes·~ in themselves, an 

e m1.n . . 
upper limit on the receptor concentratio.n· coefficient c m be obtained directly: 

D - K /K ~ D . 
e. ml.n 

use Equation (3-23) to get· 
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K ~ K ~ 9.1 A Js 2 
max p (3-26) 

K is shown for convenience in Figure 40; it depends only on the area of max 
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: 

2 -3 
x/Q ~ Cx/Q)max ~ 9.1/(UHs ) m (3-27) 

where UH and s are given in m/s and m, respectively. E'igure 41 sho~s Cx!Q)max 
as a ±unction of source to receptor distance along the building surface, for 
some likely values of ropf-top wind speed UH. 

Comparisons 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 communication) that Equation 
(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 specificaiiy 
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 a= 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+4~/n)- 1 , where~ 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 buildingr rather than the roof, 
Wilson (1977a) found that Equation (3~23) 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 D . = D . (Eq.31)/5. . m1n m1n 
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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 w /U and h /H. The experimental conditions must be 

e s s 
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 n~t 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 buildir:g 
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 bu~ less dramatic (factor of two, say). 

Suppose that the concentration patterns on a particular building .ne 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 ~uch as increases in stack height or effluent exhaust speed. Smith 
(1975, 1978) conducted detailed field expe~iments 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% increase in h /H caused a 67% decrease in roof co8centration, as well 
as a 25% reduction ~n concentration on the lee face. Smith also remarked 
on the varying sensitivity of the results to changes in other parameters. 
The m?st significant variables, after hs/H, are, in order of importance, 

the efflux velocity rati6 w /U , the angle of wind incidence a, t.he 
e s 

tnrhnl ence intensity a /U • and the atmospheric stability as cat€·gorized u s· 
by, say, the Richardson number. Smith observed roof concentrations nearlr 
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an order 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 
with 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 th~ vent, so that the wind seen by. the effluent 
is directed toward !he lee £dge~of the roof. A coordinate system is 
selected such that x = 0 = y = z at the stack base. The effluent centerline 
concentration on the roof is then estimated from a standard plume equation; 

e.g. X~ Q (na aU )-1exp(-h2;2a2), so that· the nondimensional concentration 
y z s z -1 ~2 . 2 

coefficient is given by K =xu A /Q ~A (n a a) exp(-h /2a ). For a flush 
~ s_p p y_ 1z · z 

vent., h = 0 and U = UH' so K ~ A .(n a a ) , where the subscript "r" s r p yr zr 
here indicates spreading appropriate to a roof-level rele~se, and A is 
the projected frontal area of t.he building. After some algebra, we psee 
that the concentration·coefficient relati•e to that for a flush roof vent 
is given by 

(3-28) 

where b' depends on the receptor location and the character of the turbulent 
dispersion o·ver the building. Equation (3-28)~can be £Sed to evaluate the 
relative effectiveness of two stack heights, h

1
, and h~, by forming the ratio 

of the concentration coefficient~ for each.~f the star~ height~: 

or, in terms of the dilution D - K /K, 
e. 

(3-29a) 

(3-29b) 

. K , the effluent exit concentration coefficient, is defined by Equ,ation (3-24a 
of b). Given the concentration coeffi~ient K1 or the dilution D1 produced 

by a stack of relative height h , compared to K or D for a flush roof vent, 
1 . r r 

the concentration coefficient K
2 

or dilution 02 produced by a st~ck of 
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"'"'-""--

"" relative height h
2 

can be calculated. The behavior of Equations (3-29a,b) is 

demonstrated in Figures 42a,b. Consider for example a short stack of relative 
"" height h1 , which produces a dilution D

1 
of, say, 800 compared to a dilution 

D of, say, 100 produced by a flush roof vent. If the stack height is 
r 

increased by~ say, SO% to h2 = 1.Shi, the D2/D1 ~ 13.4, or D2 ~ 10,800. 

However, if h1 only produces a dilunion D
1 

of, say, 200 compared to the 

flush vent value D = 100, then the same percentage increase in stack 
r 

height only gives Dz'D
1 

~ 2.4, or n
2 

~ 476. In 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 n

2 
if K1/Kr is not << 1, or if Drf~r is not >> 1. If values of K1/Kr or 

D1/Dr can be obtained from field or laboratory data for a particular 

building and relative 
relative stack height 
42a,b. A compilation 

stack height h1 , then the consequences of changes in 
can be explored using Equations (3-29a,b) or Figures 
of K1/K and D

1
/D ratios would be very helpful. 

r .. r 

Wilson (1979a) has recently improved the argument leading to Equation (3-28) 
to i~corporate any plume rise 6h due to effluent ~omentum and/or buoyancy. 
If the resulting effective relative stack height h + 6h 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[-(h2 + 2h ~)/2a 2 ] 
r z 

(3-30) 

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

a = a~4 , where a depends on the properties of the turbulence and q is 
z 

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 

(3-3Ja) 

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

(3-31b) 

41 



This result was found to agree well with data when the stack and receptor point 
were both well downwind (about 21 or more from the upwind roof edge, L given 
by Equations 2-3a,b and Figure lO)cof the roof r<wity .<~nn re<!ttat.::hment z8ne (Eee 
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 

r 
Figure 43 as a function of h2

/R0 · 5i 1 · 5 for a range of possible momentum or 
buoyan_sy-induced plume rises, Ah/h. ·Given the stack height rel~tive 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 distancesr i, and diffierent values 
of plume rise Ah. Once K/K has been evaluated for one stack height, the 
consequences of increasingr h can be explored using Figure 42a. Equation 
(3-26) or Figure 40 can then be used to place .<~n upper bound on K (and 
hence on K1 or K

2
) if Kr isopleths are not available for the particular 

building shape under study. If a very conservative upper limit on K is 
u~eded, as may be the case for certain dangerous or noxious material§, 
~alitsky's (1963a,b) value given in Equation (3-21) may be used, taking 
a= 1, to determine a new K in place of Equation (3-26). It should r max ' 
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 !:!: Q 
c U A 

(3-3:-!a) 
p 

or equivalently, 

K ~ 
1 
c 

(3-32b) 

where the coefficient c is given values between 0.5 and 5.0. The effluent 
is presumed to be entirely captured in t.he wake. Evidently K ~ constant, 
with valu~~ L~Lw~en 0.2 and 2.0. A glance at ¥igures 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 mLxLng 
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 Thuill~er and Mancuso (1980) have all 
observed this pheno~non 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, 
~b: ' 

KBRIGGS 
2 

- X U ~b /Q. (3-33) 

Consider the momentum and stack downwash-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 ~b' then 

KBRIGGS ~ 1 throughout the wake cavity. Conversely, if h' - H < 0.35 ~b' 

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

effluent source, where ~RIGGS can be quite large (100 or more). Smith 

(1978) supports Briggs' estimates to within about a factor of two . 

• 
A slightly more physicat 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 occnr 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 
V bounded by an active surface of area A. (Figure 44). Material is 
e~itted or entrained into this volume at ~- rate Q, is mixed more or less 
thoroughly to an average concentration i 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 w oi/on, where A is a turbulent mixing length, wt 
is a turbulent transporttvelocity, and n is the local normal to the 
surface A . The mass balance equation is 

c 

d 
ci v ) ~ Q •. A 

wt 1 ox dA 
dt c on 

c 
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where X is the ayerage concentration within the cavity. The integral is 
approximated by X A /6 , where 6 is the thickness of the cavity boundary c c c . . 
across which the concentration changes from its internal vaiue Cil to its 
external value (0). The equation becomes 

~ 
dt + !L 

v 
c 

where td is a characteristic time for turbulent mass transfer: 

(3-34a) 

(3-34b) 

Two cases can be immediately tl;'eated. Case (i.): r:nnst<tnt source. At 
t = 0, X = 0 and Q = constant. Then 

Qtd 
X ,., V [1 - e 

c 

-t/t .. d 
] 

Case (ii): initial puff. At t = O, X= x
0 

and Q = 0; then 

(3-35a) 

(3-35b) 

Note that the latter result provides a convenient means of evaluating td by 
injecti~g a known amount of material into the cavity, and plotti~g 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 i ~ Q tiV , so that the average cavity 
concentration coefficient K = i U A /Q is c · . p 

(3-36) 

This expression can be interpreted as the ratio of the volume of clean air 
intercepted by the building in time td t·o the volume ofpolluted air in 
the cavity. A more in~eresting interpretation is available·if the cavity 
volume is approximated by V ~ A x , where x is the cavity length; then 

c p r r 

*T~is may be most appropriate for flow that has reattached to the 
buildin? roof and sides. 
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K (3-37a) 

That is, the cavity concentration coefficient is a measure of the characteris­
tic_diffusion time td relative to t~e ch~racter~stic "flushing" time of the 
cav1ty, x /U. In terms of the nond1mens1onal t1me constant t = U td/H, 
the avera~e coefficient is 

t 
K "' X /H 

r 
(3-37b) 

This result may be more convenient to evaluate in some cases, since t and 
x /H may be available from experiments (e.g., Vincent, 1977, 1978) or from 
effipirical- 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 ../A:_ 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 
charac!eristic diffusion time td ~ 60 sec. Direct use of Equation (3-37a) 
gives K ~ 4.2, which seems somewhat large, though not unacceptable. If, 
~owever, we use t = Utd I $_ 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 x /H are needed to verify this. 

r 

It must be emphasized that this simple.model of mass transfer from a building's 
nP.Rr wRkP. i.s somewhat at odds with present understanding of the very complex 
advective and turbulent exchange processes which feed and drain recirculation 
zones (e.g., Section 2.1, and Figures 2 and 5b,c). Additional work is needed 
to e~ucidate 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 tHO 
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 clos~ly. They reporten snmPwhRt sm~ller 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 b~hind a long model ridge illustrates this effect~airly well. 
In particular, they noted that a stack height ratio h /H = 1.5 produced 
the highest. ObServed ground level concentrations near6 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 si~tiation 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. 

Downwinq 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 exampl~, for 
plumes emitted near 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 (Equat.ion 
3-6). Briggs suggests that if the downwash-corrected stack height h.' is less 
than.H + 1.5 tb, where tb is the smaller of H or W, and the release point is on 
the roof, or anywhere within roughly tb/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 lP.vel source with finite initial . 
dimensions. 

In cases of complete plume entrainment into the wake cavity, the methods 
generally used are based on simple modificati nns t.n t.h~ Gaussian plume eql,la,t;.ion 
for a ground source: 

X = Q 

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

K = A In cr cr 
p . y z 
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For example, one can account for the initial rapid m1.x1.ng 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 o ~ W /4.3 

yo 
and o ~ H /2.15 (e.g. Turner, 1969) representing the dispersion paramete_rs at zo 
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 o and o is probably appropriate for the · yo . zo 
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 o ~ 2W /4.3 and o ~ 2H /2.15 should be somewhat better yo zo 
approximations. Next, evaluate the virtual locations x and x (Figure 45) yo zo 
corresponding to those parameters such that o. (x ) = o and o (x ) = o y yo yo z zo zo 
Equations (3-1) or (3-38) are then used, taking o = o (x + x ) and y y yo 
o = o (x + x ), where xis the physical distance between the building lee 

z z zo . 
face and the receptor site. If x ~ x ~ x , say, then o and o can be yo zo o y z 
evaluated at the same distance x + x . In this case, the stability-dependent 

0 

curves of-the product o o from Turner's (1969) workbook can be used to compute y z . . 
K. 

A 
p 

Figure 46 
2 = 1000 m • 

shows this simplified solution of Equation (3-38) for the case 

The solution for any arbitrary building frontal area can be 

obtained simply by 11,1ultiplying these results by A 11000; once the virtual 
p 

source to receptor distance has been· ~alculated 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) fore 0 an elevated source is then used to 
calculate the concentration downwind of the cavity, taking h = h . Meroney . · · e eo 
suggested virtual source locations for a few stack or vent to building height 
ratios which provide upper and lower bounds on the estimated wake conc.entration; 
these are reproduced in Table 1. It is assumed in the table that x ·~ x ~ x . yo zo o 
The most negative value of x and the largest value of h in each case will 

o eo 
determine the lower bound on the concentration, while the leas·t negative x and 

0 
smallest h will establish the upper bound. eo . 

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 

Source 
type 

Point 

Point 

Line 

Flush 

Based 

roof vent 

Virtual source locations for estimates of maximum and 
minimum building wake concentrations using Equations (3-
Complete entrainment in the w~ke is assumed. 

Actual emission Virtual source Virtual source 
height h /H location x /H height h /H 

s 0 eo 

0.13 -5 ~ X /H ~ +0.5 0 
0 

0.88 -1·~ X /H ~ -0.5 0.8 ~ h /H ~ 0.55 
0 eo 

0.88 -1 ~ x /H ~ -0.5 0.8 ~ h /H ~ 0.55 
0 eo 

1.0 0 0.8 ~ h /H ~ 0.55 eo 

on Meroney (1979). 

X = Q (3-39a) (n a a 1 c A )U 
y z p 

In terms of the concentration coefficient, this is 

K-l = (n a a /A ) +· c 
y z p 

(3-39b) 

The constant c 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 c, say 
c = 1/2 to 1, to correspond to obstacles long enough for roof and side 
reattachment to occur; lar.ger c values"(2, or possibly as large ac 4) should 
be more appropriate for structures of smalL L/H where reattachment does not 
take place. Regardle~s of the value selected for c, the dispersion parameters 
can be obtained from the usual "Pasquill-Gifford" curve~ (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 c~nterline. Fig~re 47 shows the2quantity 

·na a /A . calculated from Turner's (1969) curves, w1th A = 1000 m. Values y z p . p 
for any other building frontal area can be computed by multiplying by 1000/A . . p 
To the value thus obtained, add an appropriate value for c; K is the reciprocal 
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 atmo~pheric 
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 tunneltests of simple buildings if the source 
was at ground level, using c = 1. Hatcher et al. (1978) found similar results 
downwind of a model of the EOCR site. However-,-Start et al. (1977, i980) 
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, Me·roney, and Peterka (1980) found similarly poor performance in 
their wind tunnel 'tests of the Rancho Seco site, .again with c = 1/2. 
Equation (3-39) does not reflect anyof 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 relatively 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: 

(3-40) 

This expression was deduced from early wind tunnel data (Halitsky et al., 1963) 
on a model of the EBR-II rounded con~i:linment building of diameter Db. -Equation 
(3-40) gives c ~ 0 ass/Db becomes small,.while c ~ 1/2 for large s/Db. 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 
tall~r 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 Cx/Q)max underpre.dicted; i.e., the Murphy-Campe approach 

seems to be nearly always conserva.tive, often by a considerable margin, in 
field tests involving complex_geometries. 

A third method for.wake concentration calculation introduces "total diffusion" 
parameters I and I (Gifford, 1968,. attributed to Davi'dson): y z . 
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where 

X= Q 
n L L y z u 

L = [a 2 
+ c A /n J 112 

y y p . 

(3-41a) 

(3~41b) 

The same values and comments regarding c app~y here as in the discussion 
following Equations (3-39). In terms·of K~ 

K = A In L I 
p y .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 atitiWJJeti LhaL, in any given hour, a .fract:ion f of t:he plume wiil be 
entrained. The average concentration over an hour is then given by 

(x/Q)ave = f (x/Q)entr + (l - £) (x/Q)elev· (3-43) 

Johnson et al. calculated the concentration for the entrained portion from 
Equation (3-42), assuming a Gaussian crosswind distribution, while the 
elevated concentration was computed from a standard GaU&$ian formulation 
(Equation 3-6) with an effective source height estimated from Briggs' (1973) 
procedure, given above. The entrainment fraction f actually dependn on 
parameters such as w /U , h /H, stack location, building geometry, atmospheric 
stability and turbul~nc~ i~tensity, and wind speed and ·direction. For the 
particular case of the Millstone nuclear reactor with a particular set of 
(fixed) geometric parameters, Johnso~ et al. (1975) found the dominant influence 
was w /U , arid suggested an empirical formfor f based on this; their result 
is vefy ~robably not appropriate, however~ for other sites. In fact, Thuillier 
and Mancuso (1980) observed poor agreement wl.th field data at the Duane Arnold 
Energy Center, using Johnson et al. 's form for L Koga and Way (1979a, b) have 
recently shown the strong dependence o~ partial entrainment on h /H and vent 
location, as well as w /U , for a simple block structure (see Fi~ures 30 and 
.31, for example). Exp~ri~ents such as theirs may eventually produce schemes 
to estimate f for a particular .set ()f conditions, but this capabiltty 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 a and a will probably provide significant overestimates of 
the concentration~ 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 th~ 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 a and a that better account for the effects of an obstacle on the concen­
tratioX field~ Huber and Snyder (1976) examined concentrations in the wake 
of a model building for various effluent release heights. They observed that 
emissjnns nrr11ring hP.tween ground level and roof height were di~persed 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 enhanc-ement 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 forms are, for a squat building; 

a' = 0.7(W/2) + 0.067 (x- 3 H) 
y 

a' = 0.7 H + 0.067 (x- 3 H) 
z 

while for x/H ~ 10, a virtual source model is used: 
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a' :;: a (x + x ) 
y y yo 

(3-lt4b) 

a' :;: a (x + x ) . z z zo . 

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

X:;: _n_a_,~Q~a~'-=u exp(-h: /2a~2 ) 
y z 

(3-45) 

The virtual source locations x and x 
yo zo are calculated by matching the 

dispension parameters at 10 building heights downwind: a'(10H) ~ . . y 

0./ (W/2) + 0.5 H:;: a (x + x ) , and a'(10H) ~ 1.2 H =a (x + x ) , 
y yo z z zo 

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 verti.cal dispersion is presumed (i.e., 
a~ and a~ are used). For release heights above 1.2 H, only enhancement 

of the vertical dispersion is assumed, so a and a' are used. Notice that 
y z . . 

atmospheric stability effects appear only for x/H ~ 10. Kothari (private 
c,ommunication) has pointed out that wakes with trailing vortices may inhibit 
the dispersion enough for the observed a to be smaller than the above dis­
cussion would suggest; see, e.g., Kothari~ 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 ~ 1 
were used in calculating a' . The maximum appropriate value of W/H is not known, 
but is probably 10 or less;yfor 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 expe.ct thP. smal] e.r. tHmensi..on 
W to then be the dominant influence, replacing H in the dispersion par.mamet.er 
estimates. For distances greater than 10 H, the virtual source relations· (3-44b) 
can be used with, say, Turner's (1969) curves of cr and a t.o generate the . y z 
dispersion parameters for the distant wake. Figure 49 displays a' and a' for y z 
three sample cases, to show the effetts.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 
t'.ransition to the normal curves, especially for neutral to stable atmospheric 
conditions where the wake influence is more persistent. 

The use of "handbook" plots of a and a to determine the virtual f!OUrce 
y z 

locations x and x and to then estimate a' and a' is straightforward, 
yo zo y z 
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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 CJ and CJ curves. For example, the "MPTER" diffusion code (Pierce and* 
Turner; 1980)zapprox·imates Turner's (1969) curves by the following algorithms 

CJ (x) = (465.116 x) tan S(x), 
y 

S(x) = (A' - B' £n x) I 57.2958, 

CJ (x) = C' z 
D' 

X 

(3-46a) 

(3-46b) 

(3-46c) 

In Equation (3-:46b), the quantities A' and B' depend only on the atmospheric 
stability c·ategory, while the terms C' and D' in (3-46c) depend on distance 
as well as on stability; CJ (x) is thus approximated in a piecewise fashion. 
Table 2, deduced from "MPTER"z (K. S_. Rao, private communication) gives the 
values and ranges of applicability ot 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 r~~ulting values of CJ and CJ are in metres. 

y z 

Using Equations (3~46) and Table 2,. a computational scheme can be devised 
to match Huber's (1977, 1979) expressions for cr' and cr' (Equations 3-44a) 
to Turner's (1969)i· curves a.t x = 10 H, to obtainythe vi~tual source locations 
x and x For example~ consider the matching yo zo 

where x - 10 H + x yo 

cr'(10.H) =· (465.116 i) tan S(i)~ 
. y . ' . 

This can be solve9 by successive approximations; evaluate 

= [cr'(10 H) I 465.116] cot sci.) y . 1 

where S(i.) = (A' - B' Qn i.) I 57.2958. The computation is repeated until 
1 1 

(ii+
1 

- ii)li~ is arbitrarily small, say 0.001. The .virtual source locatibn 

crosswind dispersion is then given by x = x.+1 - 10 H. The virtual ~ource . . yo 1 

for vertical dispersion is more straightforward: 

X zo 
1ID' = [cr' (10 H) I C' ] - 10 H, z 

*The author is indebted to Dr. K. S. Rao, NOAAIATDL, for this malerial. 
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Table 2 Factors required for approximation of the Turrier (1969) 
workbook curves of disper~ion parameters a and az, as in 
Equations (3-46), from "MPTER" (Pierce andyTurner, 1980). 

Stability class i'A". 

a (m): 
y 

a (m): 
z 

0.10 ~ 
0.15 ~ 
0.20 ~ 
0.25 ~ 

. 0.30 ~ 
0.40 ~ 
0.50 ~ 

A' = 24.167, 

X (km) 

X < 0!10 
X < 0.15 
X < 0.20 
X <. 0.25 
X < 0.30 
x·< 0.40 
X < 0.50 
X < 3.11 

For x ~ 3.11 km, use a = 5000 m. 
z 

Stability class "B". 

a (m): 
y 

a (m): 
z 

For x ~ 35 

Stability class "C". 

·a (m): 
y 

a (m): 
z 

0.2 
0.4 

km, 

A' = 18.333, 

X (km) 

X < 0.2 
~ X < 0.4 
~ X < 35 

use a = 5000 m. z 

A' = 12.50, 

X (km) 

all x · 
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B' = 2.5334. 

C' 

122~80 

158.08 
170.22 
179.52 
217.41 
258.89 
346.75 
453.85 

B' = 1.8096 

C' 

90.673 
98.483 

109.30 

B' = 1.0857 

C' 

61.141 

n•· 

0.9447 
1.0542 
1.0932 
1.1262 
1.2644 
1:4094 
1:7283 
2.1166 

D' 

0.93198 
0.98332 
1.09710. 

D' 

0.91465 



Table 2 (continued) 

Stability class "D". 

CJ (m): 
y 

CJ (m): 
z 

Stability class "E". 

cr (m): 
y 

0.3 
1.0 
3.0 

10 
30 

A' = 8.3333, 

X (km) 

X < 0.3 
~ X < 1.0 
~ X < 3.0 
~ X < 10 
~ X < 30 
~ X 

A' = 6.250, 

cr (m): x (km) 
z 

0.1 
0.3 
1.0 
2.0 
4.0 

10 
20 
40 

~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 

X< 0.1 
X < 0.3 
X < 1.0 
X < 2.0 
X < 4.0 
X < 10 
X < 20 
X < 40 
X 
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B' = 0.72382 

C' 

34.459 
32.093 
32.093 
33.504 
36.650 
44.053 

B' = 0.54287 

C' 

24.260 
23.331 
21.628 

. 21.628 
22.534 
24.703 
26.970 
35.420 
47.618 

D' 

0.86974 
0.81066 
0.64403 
0.60486 
0.56589 
0.51179 

D' 

0.83660 
0.81956 
0.75660 
0.63077 
0.57154 
0.50527 
0. 46713 
0.37615 
0.29592 



Table 2 (continued) 

Stability class "F". 

a (m): 
y 

a (m): 
z 

0.2 
0.7 
1.0 
2.0 
3.0 
7.0 

15 
30 
60 

A' 

X 

X 

~ X 

~ X 

~ X 

~ X 

~ X 

~ X 

~ X 

~ X 

~ X 

= 4.1667, 

(km) 

< 0.2 
<: 0.7 
< 1.0 
< 2.0 
< 3.0 
< 7.0 
< 15 
< 30 
< 60 I q! 

B' = 0.36191 

C' 

15.209 
14.457 
13.953 
13.953 
14.823 
16.187 
17.836 
22.651 
27.074 
34.219 

D' 

0.81558 
0.78407 
0.6846J 
0.63227 
0.54503· 
0.46490 
0.41507 
0.32681 
0.27436 
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 = x + 10 H, so 
that the correct values of C' and D' are used in the calculation~0 Both x and 
x must be non-negative to be valid virtual source locations. zo 

yo 

Figure 50 compares Huber's (1979) estimates of XU/ 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 hprizontal and vertical enhancement were assumed, while for release 
heights > H, only vertical enhancement was permitted. Notice that wake-induced 
enhancement produces lower concentrations everywhere ~~~y for a ground-level 
source. F'or 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 c = 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 
parti~lly 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 ~. 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 Hand 
30 ~downstream of a ground-level source near a building, a line through 

the data points will behave roughly as x-O.O Beyond 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 
var1ed 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 smokethroughout 
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 copcentration 
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 ~enter, usini either a flush vent or a 
short stack, or at the center of the rear ~ace. Higher ~oncentrations 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 conc~ntrations un the upwind 
face of the downwind structure. This escaping effluent was then car:.('ied 
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 procedures 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 Frasei.', 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) treated2 the data of Munn and Co~e ~1967a) 
in this manner, plotting their values of X x /Q versus U to get two d1.st1.nct 
curve~. The upper branch apparently corresponded to direct2 cavity en~rainment 
and followed the (probably site-specific) empirical form X x /Q ~ 9.013b 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 plfrme that remained elevated, even though U was larger than 
w in a few cases. For this branch, after a few simple assumptions, Lawson (1967) 
e~timated that the maximum ground-level concentration occurred at 

xM = 0.32 h U, and was given by X x 
2/Q = 0.00576 U, about one-half his 

cavity entr~inment value for a givenmwind 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), bu~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 an~-­
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 x113 , and that the mean 

velocity defect and turbulence intensity excess both decay as x-213 . 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 exceilent 
agreement in concentration patterns shown in Figure 54 was obtained. It may be 
that the present field data do not have SUfficient aCCUracy I reS01Uti,On 1 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, re~pectively, for neutral 
and unstable atmospheric conditions 1 while .Figure SSe 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 shnwn 
in Abbey's figures, found a decay ra~e of x to the -1.8 power with little 
dependence on stability. Halitsky's (1977) mathematical model for wake concen­
trat1on 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~ A /Q ~ S(x/H)-
1

· 3 
p 

at large values of x, where H is the containment vessel height. Under stable 

conditions, the field data in Figure SSe behave as x- 1 · 3 or so, while both 

laboratory results decay much more slowly, as x-0
· 7 . The "Islitzer" result 

iu Lhis 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 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 Sb,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 down~ind, produc­
ing maxima at locations of either side of the wake centerline. The model of 

*Bouwmeester, Kothari, and Meroney (1980), among others, have used 
t1me-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. 
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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 ~b 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 c = 1. If the plume remaifts 
aloft, he suggests X = 0 for short distances x such that a (x) < ~2/n h , 
while a > ./2/n h , · z e 

z e 

(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 dispersi~n 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 (Equation 3-44 and 3-45) is best applied 
to sources with he < H + 1.S~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 

K ~X UH H2/Q as a function of nondimcnsional stack height h /H, for max max s 
a range of stack locations downwind. Further study and field validation of 
these results are needed for a·variety of building shapes and orientations. 

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 rout~nely 
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 whe~ 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 we~l 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 presence 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 distances, and serve to transfer mater.ial 
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 di~:tance, 
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 constructed 
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 lsee Equations 3-1b through 3-lH, and the associated text). Un the 
other hand, if the building is long enough for roof reattachment to occur 
(Figur~ 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 1nteract1ons among the build1ng 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 I 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, Ko~hari, and 
Meroney. 1980). Generally, however, the K-patterns are not known! 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 ~tack 
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 h~ight 
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 oi vortex g~neration {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 concentrati.on 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 whete the concentrations c~n be expected to increase 
sharpiy (see, e.g.~ Wilson, 1977a, and Wilsorr 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 st.ack would probably result in better mixing and lower 
ground level concentrations. 

Downwind of t.he ravH.y, wake concentrations become decidedly nonuniform. The 
model of Kothari, Peterka, and Meroney (1980b) may be of use. If c&vity 
entrainment never occurs, one can also simply apply the point source model of 
Equat~on (3-6) after an effective stack height is estimated following Section 



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 condi.tions, 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 His determined entirely;by the building geometry; at greater 
distances, a virtual source approximation is matched to the initial spread. 
This mudel, E4uations (3•44) and (3-45), seem~ co *tree ta~rly WP].l with 
wind tunnel data behind simple buildings (see Figure 51), although the 
initial dilution model of Equation (3-39) does about as w~ll for ground-level 
releas.es. 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 cpanges 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 

-o 8 . 
diGtoncc, roughly x · , out to 30 H vr more. Building ~lusLer results 

sometimes. fall off more quickly (e.g., x '": 1 · 8 for Hatcher and Mer.oney' s 1977 
study). Field data were generally collected behind building clusters, which 
. h l 1 . h £ . 1 'd . d -1. 1 -l.S may e p exp a1n t e a1r y rap1 concentrat1on ecrease, x to x 
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 c~ose 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 co~only encountered. Nevertheless, 
the ensemble-average experimental results of Dickson, Start, and Markee 
(1969) appear amenable to mathematical modeling eff6rts, 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. I.f 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 simpl~ 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 following ques'tions must b.e 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 m6ve and behave with increasing 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 
~nd spread re.lated 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 velpcity components and the eddy scale adequately understood? 

It is also clear that systematic study of bu~lding 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 ~lacement 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-buildiiJ 
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 considerab~e resea·rch: 

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

Test Briggs' (1973) suggestions for the effect of building-induced 
downwash on effective release height, over a wide range of building 
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 
eslimate concentrations due to .intermittentiy entrained ~ffluent. 

Further verify predictions S\l.Gh as Eq\latiOI1S (3-23) or (3-25) for 
bUildifi~ surface concentrations produced hy flnsh 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-i9) for estimating the relative 
effect of changes in roof stack·height. 

Study wake cavity concentrations as functi·ons of building geometry 
anrl Pffluent 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 variety 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 char~cteristics. 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 stil.l unclear; 
field work would be particularly useful here because of the possible Reynolds 
number dependence of laboratory simulations 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 d~veloped. 
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Simplified early model of centerline flow near a sharp-edged building normal to a 
deep boundary layer wind (from ASHE, 1973). 
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·-Figure 2. Recent model of flow near a sharp-edged building normal to a deep boundary layer 
wind (based on Woo, Peterka, and Cermak, 1977, and Hunt et al., 1978). 
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Two-dimensional obstacles in a deep turbulent boundary layer wind 
(based on Counihan, Hunt, and Jackson, 1974). 
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Flow patterns near buildings of different L/H normal to boundary 
layer wind. (a) nomenclature; (b) L/H small enough that roof and 
side reattachment do not occur; (c) L/H large, so reattachment 
doe& occur. 
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Figure 6. Near-surface flow patterns and reattachment zones on various .. 
block-like buildings in turbulent boundary 'layer· wind. (based . 
on·Wilson, ~976a,b, and Gandemer, 1976); . • ·' 
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Surface flow patterns and reattachment zones for squat building with penthouse . 
at different locations (after Wilson, 1979a). 
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Flow near centerline of lo~g, flat building roof f~r wind normal to exposed 
building face (after Wilson, 1919a,b). 
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Wilson's (1979a,b) scale length R, relative to building height H, as 
function of building aspect ratio W/H. Valid only for L/H large 
enough to allow flow reattachment on roof. 
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Centerline roof cavity length L relative to (a) building 
height H, and (b) along-wind le~gth L, as function of 
aspect ratio W/H. 
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Figure 13. Point of intersection of roof cavity shear layer with roof plane, 
along centerline, as function of aspect ratio W/H, for several L/H. 
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Figure 14. Factors A and B as functions of L/H, for calculating 
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Figure 15. Wake cavity length data for structures where roof reattachment 
was not observed, compared to Equations 2-Ba,b ± 25%. Distances 
measured relative to lee building face. 
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Figure 17. Estimated average concentration over building surface due to upwind so'urce, 
relative to ground-level concentration without building, as function of 
H/az(xB)' for effective stack heights < 0.5 ·H. 
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Figure 18. Esti~ated 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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Figure 19. Upper bouad on ground-level concentration near building due to 
upwind source, relative to ground-level concentration produced 
by ground-level source with no building, as function of h /cr (xB)' 
for effective stack heights ~ H. e z 
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Figure 21. Definition (a), and sample computation result (b), for the "minimum 
descent he:lght" Z of the: maximum allowable concentration isopleth 
(after Wilson andm Netterville, 1976). 
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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, 
relative to building height, a~ function of stack downwash­
corrected emission height, for several building aspect ratios 
WH. . 
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(d) PLAN VIEW SHOWING STACK POSITIONS. 

· Figure 24. Plumes from roof-centerline-mounted stacks, with h = 
1.5 H, we= 1.2 Us (after Koga and Way, 1979a,b). s 
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(c) POSITION 6, LE:~ EDGE OF SIDE. 
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(d) PLAN VIEW SHOWfNG STACK POSITIONS. 

Figure 25. Plumes from roof-edge-mounted stacks, with h = 1.5 H, 
s w ~ 1.2 U (after Koga and Way, 1979a,b). 
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(a) CENTRAL STACK, h 5 /H: 1.5, we/U 5 :: L2. 

(b) CENTRAL VENT, h~JH;; 1.0, we/Us ~L3, 

(c) CENTRAL STACK, h5 /H = 1.5, we/U 5 ~ 2.4 .. 

1 FLOW 
• ----- ....... ----

(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 c) (after Koga and Way, 1979a,b). 
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(a) POSITION 7, CENTER. (b) POSITION 8, WINDWARD EDGE. 

~ (c) POSITION 9, LEE EDGE. (d) POSITION 10, SIDE. 

Figure 27. 

(e) PLAN VIEW SHOWING STACK POSITIONS. 

Plumes from roof-mounted stacks at various positions for wind at 45° to building, 
with h = 1.5 H, w ~ 1.2 U (after Koga and Way, 1979a,b). 

s e s 



l 
--t ., 

. , 
"' 

.. 
,. 

--~~ ·-
J 

·~ 
t. .• ~ ... 
(j lJ.1 r ~ ... ,. 
" 

""-.. : 

I ' 

•' -' 
·. 

(7;;/ ' -
~ ·- . ' 

.... . --: ··. ( .. , 
i,.... ,···"', ATDL-:-M 81/062 

(a) CCNTRAL STACK, 45" WIND! h9 /H = 1.5, we/Us= 1. 2. 

{b) CCNTRAL VENT, 4~ 11 WIND, hs/H- 1.0, w8 /Us =1.2. ; 

{c) CENTRAL STACK, 45° WIND, hs/H = 1.5, we/Us = 2.4. 
I -

FLOW 
---- .... 

(d) PLAN VIEW 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). 
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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 STAC.K OR VENT POSITIONS 

Figure 30. Modes of vlume 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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Figure 31. Modes of plume behavior for various stack positions, wind along 
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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(a) 

Figure 32. 

ATDL- M 81/034 

(d) 

Nondimensional concentrat_inn coefficient contours on simpl~ 
buildings, as measured in a non-boundary layer flow by Halitsky 
(1963a). (a) L/H = 1.0 = W/H, flush vent, we/UH ~ 1.0; (b) L/H 

= 1.0 = W/H, flush vent, we/UH ~ 0.5; ·cc) L/H = 1.0 = W/H, flush 

vent, we/UH !:!! 2.0; (d) L/II = 1.0 ::.;:: W/H, short stack O.lH above 

roof, we/UH ~ 1.0. 
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ATDL-M81/035 

. (e) (f) 

Fi~~re 32 (continued). (e) L/H = 3·.0 = W/H, flush vent, w/UH ~ 1.0; (f) L/H = 
0.33, W/H = 1.0, flush vent, w /UH ~ 1.0; (g) L/H = 1.0, . e 
W/H = 0.33, flush vent, w_/UH ~. 1.0. 
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ATDL-M 81/045 

,./"-... 

Figure 33. Nondimensional concentration coefficient contours and zones of 
roof and oide reattachment 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. 
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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 Wihuu (1976a,b) .. L/II = 0.67 ~ W/H, w/UH:: 0.3, for 
all cases. 
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Figure 35. Halitsk-y' s _(1963a, b) relation between dilution and "stretched string" distance s, 

for receptor locations on su:r:faces of simple~building fitted with flush roof 
exhaust vent:s. Minimum dilution occurs for a = 1. 
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Figure 36. 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. 

ATDL-M 81/039 

10- 1 10° 

Effluent exit concentratiofi K at a flush roof vent as function of building pro­
e 

jected area A and effluent volume flow rate' ·V , for several roof-level wind speeds. p . e . . 
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EXTRAPOLATED--FROM 
TESTS WITH 0.1 ~ We /UH ~ 0.3 

s/ VA; 
Figure 38: Wilson's (1976a,b; 1977a) lower limit ·on dilution~or 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. Wilson's (1976a, b; 1977a) lower limit on dilution, as function of source:-to-recep.tor 
distance and effluent volume flow rate, for several roof-level wind speeds. 
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Figure 40. Upper limit on cou~entration coefficient at points on simple building with 
flush roof vents, as function of vent-to-receptor distance and building size. 
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Figure 41 .. Upper limit on x/Q at p:>ints on simple building with flush roof, vents, as 
functioDJ of vent-to-rec~ptor d:::.stance, for several roof-level'wind· speeds. 
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Figure 42. 

2 4 6 10 12 14 

(b) 

Roof-top_·concentration coefficient K
2 

and dilution n2 produced by roof-mounted 

stack of relative height b
1

, as func~ion..of K1 (D1) relative to concentration Kr 

(Dr) due to a flush roof vent, for several ratios h2/h1 . 



ATDL -M 81/063 
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Figure 43. Wilson's (1979a) estimate of rooftop concentration K 
produced by a roof-mounted stack of relative height h 1 , 
relative to concentration K produced by a flush vent, 
as function of building scXle length R and stack-to­
receptor distance x, for various plume rises 6h. 
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INCREMENT OF NET FLUX ---.._'Ct dF = A.wt(a x /an) dA 
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Figure 44. Simple conceptual model of recirculating wake cavity with mass transfer 

via turbulent diffusion across bounding shear laye~. 
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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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ATDL-M 811047. 

K 

Figure 46. Nondimensional ground-level concentration K along wake 
centerline, calculated from virtual source model (common 

.horizontal and vertical virtual source location x ) as 
"function of downwind distance x, for various atmo~pheric 2 .stabilities, assuming building projected area A = 1000 m -· 

p 
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FOR AP 

ATDL-M81/048 

2 = 1000 m 

Plot of no a /1000 as function of distance, for various 
stabilities; zfor use in Gifford's (1960) initial dilution 
wake concentration model. Use with arbitrary building 
frontal area A by multiplying by 1000/A . 
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Figuro 48. Huber and Snyder's 0976) estimat• of dispersion parameters in 

building wake for 3 H ~ x ~ 10 H, for several building aspect 

ratios W/H. 
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Figure 49. Sample evaluation of Huber's (1977, 1979) recommended lateral and vertical wake- . 
enhanced dispersion paramete~s to demonstrate effect of changes in building height 
H (a and b), acd width W (b and c). Standard Pasquil1-Gifford values for a and a 

y z are shown as broken lines. 
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Figure 50. Huber's (1979) estimates of xU/Q using wake-enhanced dispersion coefficients 
(solid lines) compared to usual point-source Gaussian model results with no wake 
effect (broken lines). 
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Figure 51. Comparison of wind tunnel data with Huber's (1977, 1979) reco.mmended wake 
concentration model (dashed and solid lines), and with Gifford's (1960) 
initial dilution wake mo3el ([rom Huber et al., 1980). 
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Figure 52. Concentration isopleths of xU/Q, as negative powers of ten, for different wind 
directions at a reactor complex (from Start et al., 1977). (a) wind from 161° 
at 1.8 m/s, a6 ~ 32° at 10m, rooftop releas~ (b) wind from 100° at 1.7 m/s, 

a6 ~ 20° at 10 m, rooftop release. 
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CONTAINMENT BUILDING DURING INVERSION CONDITIONS. 

Figure. 5~. Ensemble-average isopleths of concentration coefficient K -. 

xUA /Q measured at EBR-II complex, with A = 665 m2 = projected 
p . . . . p 

area of containment building only (from Dickson, Start, and 

Markee, 1969). 
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Figure 54 .... Comparisons of observed (solid ·lines) and calculated (broken 
lines) ensemble-averag~ concentration isopleths b.ehind EBR-II 

·compiex (f~om Halitsky, 1977). (a) unstable tests; (b) stable 
tests. 
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Figure 55. Summary of far wake concentration decay with distance behind building clusters 
(from Abbey, 1976). 
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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). 

138 




