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CHAPTER 14 

AIR FLo·w AROUND BUILDINGS 
NATURE OF AIRFLOW CONDITIONS: Streamlines and Flow Patterns; Wind Surface Pressures; Dilution of Building 

Exhaust Gases; METEOROLOGY AND MICRO-METEOROLOGY AFFECTING BUILDING AIR FLOW: 
Meteorological Air Flow; Downslope Flow; Air Flow Factors Related to Rare Occurrences of Very 
Strong Winds; WIND EFFECTS ON SYSTEM OPERATION: Pressure Conditions; Building and 

Building Area Pressure and Flow Control; Inlet and Outlet Design/or Weather and Dust 
Protection; DESIGN TO MINIMIZE REENTRY,· Ventilation and Air-Conditioning 

Inlets and Outlets; Stack Design; Heat Rejection Equipment; Corrosion; 
PHYSICAL MODELING AND FULL-SCALE MEASUREMENTS: 

Physical Modeling; Full-Scale Testing 

A IR flow around buildings affects (1) worker safety, 
health, and efficiency; (2) process and building 

equipment operation and efficiency; (3) equipment and 
product corrosion; (4) weather and pollution protection at 
inlets; and (5) ability to control the environmental factors of 
temperature, humidity, air motion, and contaminants. This 
chapter contains information for evaluating flow conditions, 
estimating effluent dilution, and solving problems caused by 
ambient building air flow and, most importantly, con
taminant reentry from exhausts. 

Related information may be found in Chapters 11, 13, 22, 
and 24 of this volume; in Chapters 13 and 15 of the 1978 
APPLICATIONS VOLUME; in Chapters 11, 16, 21, and 26 of the 
1979 EQUIPMENT VOLUME; and in Chapter 22 of the 1980 
SYSTEMS VOLUME. 

Air flow around a building is complicated and erratic. Me
teorologists can determine probable wind and weather condi
tions, and micro-meteorology; and industrial hygienists can 
determine the importance of contaminant exposures and limi
tations (thus required dilution rates). 

Tests by laboratory models or full scale tests of existing 
buildings may be needed to determine the flow conditions 
around a building because of its shape and the influence of 
nearby buildings and topography. 

PART I: NATURE OF AIRFLOW 
CONDITIONS 

Wind effects generate surface pressures which vary around 
a building, changing intake and exhaust system flow rates, in
filtration and exfiltration, and the interior pressure. The flow 
patterns and turbulence of wind passing over the building may 
cause recirculation of exhaust gases to air intakes. 

STREAMLINES AND FLOW PATTERNS 

Build ings of even moderately complex shape, such as 
L-shaped structures, formed by two rectangular blocks, may 

The preparation or this chapter is assigned to the Task Gro up on Air flow 
Around Buildings. 

generate flow patterns too complicated to generalize for de
sign. If a building is oriented perpendicular to the wind, it can 
usually be considered as several independent rectangular 
blocks, so flow patterns around buildings of simple rec
tangular cross-section only will be considered. The mean 
speed of wind approaching a building increases and its tur
bulence decreases with height above the ground (Fig. I). Both 
the upwind velocity profile shape and its turbulence level 
strongly influence flow patterns and surface pressures . 

A stagnation zone exists on the upwind wall (Fig. I). The 
flow separates at the sharp edges to generate recirculating 
flow zone.s which cover the downwind surfaces of the building 
(roof, sides, leeward walls) and may extend for some distance 
into the wake. If the building has sufficient length L in the 
windward direction, the wind flow will reattach to the 
building (Fig. 2) and generate two distinct regions of 
separated recirculating flow: on the building and in its wake. 

Surface flow patterns on the upwind wall are influenced 
mainly by approaching wind characteristics. The higher wind 
velocity at roof l~vel causes a higher stagnation preSsure on 
the upper part of the wall than near the ground, leading to 
downwash on the lower half to two-thirds of the building 
(Figs. I and )a). On the upper quarter to third of the building, 
the surface flow is directed upward over the roof. For a 
building whose height His three or more times the width W of 
the upwind face, an intermediate zone may exist between the 
upwash and downwash regions, where the surface streamlines 
pass horizontally around the building (Figs. 1 and 3a). The 
downwash ·on the lower surface of the upwind face separates 
from the building before reaching ground level and moves up
wind to form a standing vortex pattern which can generate 
high velocities close to ground level. This ground level upwind 
vortex is carried in a "U" shape around the sides of the 
building, and is largely responsible for suspension of dust, 
snow, rain, and leaves which can contaminate air intakes close 
to ground level. 

Building Flow Zones 

In determining the size and shape of flow zones caused by a 
building, the most important factor is the area, A = H · W, 
facing the wind. Where the height and width of the upwind 
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WIND UNAFFECTED BY BUILDING 

ZONE OF 
RECIRCULATING FLOW 

Fig. 1 Centerline Flow Patterns Around Rectangular Building1•2 

building face are within a factor of eight of each other, the 
length and height of the recirculation cavity are proportional 
to the scale factor (A)o.s . 

On the flat roof and sides of a rectangular building, the 
separated flow from the upwind edges usually attaches to the 
building surface if the building length l in the wind direction 
is larger than about 1.2 (A)0·5 • Turbulence in the flow separa
tion zone, and in the approaching wind, will cause the reat
tachment line on the building to fluctuate in a band with time 
(Fig. 3). 

Whether the flow reattaches to the building, or joins the 

H 

I 

lC 

He " 0.3 (A)O 5, WHERE A= H W 
Le~ 1.2 (A)O 5 

Fla. 2 Effect of Building Length on Flow Realtachment3 

separated wake on the downwind side (Figs. 1 and 2). Lhe 
maximum height of H< of the reverse flow region is approx
imately 0.3(A)0·5 • For a building with a square face ( W = H) 
the maximum cavity height over the roof is approximately 0.3 
H. Using the length scale (A)0·5 it can be seen that cavity 
height increases with building width . When height H and 
width W differ by more than a factor of eight, the cavity 
height H e no longer depends on the larger of Hor W. Cavity 
height and reattachment length may be computed from Table 
I. 

REOtONS OF 
DOWNWASH 

(a) 

FLUCTUATING FLOW 
AfA TT ACHMENT 

J 
FL.OW -

(b) 

Fla. 3 Surface Flow Patterns on High-Rise Buildings' 
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Table 1 Dimensions of Recirculation Cavlty 

Rado of BuUdln& 
~th and Het1h1 

Less than 8: l 
Greater than 8: l 

Cavl17 
Helaht,H, 

0.3(HW)O.S 

0.8S Smaller 
of Hor W 

•Roof recirculation cavity reattachment length (sec Fig. 2). 

Cavity 
lAngth,L, • 

1.2(HW)0.S 

3.4 Smaller 
of Hor W 

Streamline patterns and cavity shape are independent of 
wind peed, and depend majnly on building shape and upwind 
conditions. Because of the three-dimensional flow around a 
building, the shape and size of the recirculation cavities are 
not constant over the surface, but will reattach closer to the 
upwind face o.f the building along the edges at the roof and 
ground level (Fig. 3). The height of the recirculation cavity 
also decreases near roof edges. 

The wind above the roof recirculation cavity is affected by 
the presence of the building, and the Oow is accelerated as the 
streamlines curve upward over the roof, then decelerated as 
they curve downward into the wake (Fig. I). The distance 
above roof level where the building influences the flow js ap
proximately I .5(A)0·5 • 

To avoid entrainment of exhaust gases into the wake, stacks 
should terminate above the cavity height He. Where stacks or 
exhaust vents discharge within the roof cavity, gases rapidly 
diffuse to the roof and may enter ventilation intakes or other 
openings. This effluent will flow into the zone of recirculating 
flow behind the downwind face and, in some cases, be 
brought back up onto the roof (Fig. 1 ). 

Zone of Recirculating Flow 
The extent of the zone of recirculating flow in the down

wind wake of a building depends on the building height H, 
width W, the roof pitch and, to a lesser extent, the length Lin 
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the wind direction. The roof pitch will begin to affect flow 
when it exceeds about 15°. When roof pitch reaches 20", the 
flow will attach to the upwind pitched roof, generating a 
downwind recirculation cavity larger than for a flat roof of 
equal wall height (Fig. 4). For roofs with a pitch greater than 
20°, the flow over the downwind side of the pitched roof may 
be assumed to have a reverse flow cavity boundary in the form 
of a straight line at the same angle as the upwind roof pitch. 

The downwind wall of a building faces a region of low aver
age velocity and high fluctuating turbulence. Velocilies near 
this wall are typically less than one-third those at the cor
responding upwind wall location. An upward flow exists over 
most of the downwind wall (Figs. land 3). 

If the angle of the approach wind is not perpendicular (less 
than 90°) to the upwind face, complex flow patterns result. 
Strong vortices develop from the upwind edges of the roof 
causing a strong downwash into the building wake. The high 
speeds of these vortices cause large suction pressures near roof 
cor~ers, _whic~ can be a hazard to roof-mounted equipment 
dunng high winds. When the angle between the wind direction 
and the upwind face of the building is less than about 70°, the 
downwash-upwash patterns on the upwind face of the build
ing are less pronounced, as is the ground level vortex. For an 
approach flow angle of 45°, streamlines remain close to Lhe 
h~rizontal in their passage around the sides of the building 
(Fig. ~b), except near roof level where the flow is sucked up
ward mto the roof edge vortices. 

WIND SURFACE PRESSURES 

The curvature of wind streamlines passing over a building 
generates surface pressures dependent on the dynamic 
pressure of the approach wind .4

•5•6 See Chapter 22. 
Approach wind gusts and high levels of turbulent fluctua

tion generated by flow separation cause surface pressure to 
fluctuate rapidly with time. lf wind direction does not change, 
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Flg.4 Effect of Building Width and Roof Pitch on Zone of Reclrculaling Flowl 
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these fluctuations are random, with time periods as short as 
O.S s. An average surface pressure may be defined over a time 
period of about 0.6 ks (10 min.). The fluctuating pressures 
may then be treated as a random variation superimposed on 
the average pressure. 

Both the average and the fluctuating surface pressures are 
directly proportional to the velocity pressure P, in the ap
proach wind. Thus, 

where 

P. = o.so QUH2 

= 0.6005 UH2 

P, =wind \•elocity pressure at roof level, Pa. 
Q =air density, kg/m3 • 

UH = wind speed at roof level, mis. 

(1) 

(la) 

The constant 0.6005 in Eq la is based on a standard air densi
ty of 1.201 kg/m 3 • In English units, designated by the 
subscript ''e," 

where 

P,,, = 0.00642 Q,UH • .2 
= 0.000482 UH,t 2 

P • e = wind velocity pressure at roof level, in. H 2 0. ee = air density, lb/ft3 • 

U H,e = wind speed at roof level, mph. 

(2) 

(2a) 

The constant 0.000482 in Eq 2a is based on a standard air 
density of 0.075 lb/ft 3 • 

tWIND 

Computing the Surface Pressure 
The pressure on a building surface, relative to local at

mospheric pressure, may be computed from the pressure 
coefficient cp defined as 

P = C • P or P = C · P., (3) • p • # p 

where 
P == wind pressure on building surface, Pa (in. H 2 0). P/ = wind pressure on building surface, Pa (in. H2 0). c; = pressure coefficient, dimensionless. 

The pressure P, is relative to local atmospheric pressure at 
ground level away from any influence of the building. For 
system design, the differential pressure between the building 
surface and inter ior must be estimated. Internal pressure 
depends on building surface pressures, leakage characteris
tics, and intake and exhaust fan systems (see Chapter 22). 
Changes in wind direction cause considerable variation in 
system operating conditions by varying intake and exhaust 
pressures. 

By definition of surface pressure coefficient CP in Eq 3, 
positive values are associated with stagnation regions, where 
surface pressure is higher than the upstream barometric refer
ence pressure. In separated flow regions on the roof, sides, 
and rear of flat roofed buildings, surface pressures are always 
less than the upwind barometric reference pressure, and thus 
have negative coefficients. 

Average surface pressure coefficients for a cubical building 
(Fig. S) show that CP varies greatly with position on the 

SYMMETRICAL 

SYMMETRICAL 

-1.00 

-2.00 
-3.00 

Fig. 5 Surface Pressure Coefficients on Cubical Bullding5·'·, 
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Table 2 Representative Average Surface Pressure 

Coefficients 
Wind Dlrecdon 

Locadon 90" 45° 

~ 
Upwind walls -+-0.8 -+-0.S 

WIN~+ Sides -0.4 
Rear -0.4 -0.S 45• w 1111 
Flat Roof -o.s -0.S 

building. When the wind strikes a building at angles other 
ihan perpendicular to a wall, the strong vortices along upwind 
roof edges cause large surface pressure variations on the roof. 
The high velocities in these roof vortices gene~a~e lar~e 
negative pressure coefficients. The largest vanauons in 

pre·ssure occur near edges (Fig . 5), but the center of the roof 
retains a relatively constant pressure coefficient of - 0.4 for 
the two wind directions considered. 

Except for the large variations in pressure close to the edges 
of building surfaces, the surface pressure coefficients in Table 
2 are representative average values applicable to a variety of 
re-ctangular building shapes. Surface pressures on pitched 
roofs depend on roof pitch angle, and whether the pitch is 
windward or leeward . For a roof pitch less than 20°, negative 
pressures occur on the windward pitched surface with CP ap
proximately - J .O near the upwind edge, and a~ ave~age v~~ue 
of about -0.3. For pitch in the range 25° to 45 GP is positive 
on the windward roof. On the downwind side of a pitched 
roof the pressure coefficients are relatively constant over the 
roof surface, with CP values about -0.5. Wall pressures are 
relatively unaffected by roof pitch. The different ial pressure 
for an interior space at any point is the difference between ex
ternal pressure, computed using the coefficients in Table 2, 
plus the interior pressure (which can be negative). 

Surface Pressure on Taller Buildings 
On buildings taller than 30 m (100 fl). the lower velocity 

near ground level affects smface pressure there. This effect 
may be taken into account by the approximate equation 

c IC = (H!Z)0-S (4) p,t p,H 

where 
C = average pressure coefficient at height Z, based on velocity 

p.t u 
C H = av~~agc pressu re coefficient based on velocity UH at roof 

p. heigh t. 
Z = height above ground. 
H = building height. 

Fluctuating Pressure 
Wind turbulence and flow fluctuat ions in recirculating flow 

zones can generate large momentary pressure fluctuations, 
which cause vibration and intermittent opening and closing of 
backflow dampers and other ·short term variations in system 
operation. On the upwind surface, turbulence in the approach 
now causes pressure fluctuations. Upwind structures and ter
rain irregularities determine the magnitude of these effec_ts. 
On downwind walls, the building flow separations also In
fluence pressure fluctuations . Large negative pressure peaks 
(with CP from -3.0 to-5.0) occur close to sharp building cor
ners where local vortex systems form . These peaks generally 
have time periods from one to several seconds.~ 

Effects Caused by Adjacent Buildings 
Presence of a new building can considerably alter flow pat

terns and surface pressu res on existing buildings. This may re
quire changes in the height of exhaust stacks, and rebalancing 
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or redesign of intake and exhaust systems. The effects of a 
nearby building are complicated because, as wind direction 
changes, the building induces upwind, side, and downwind ef
fects. 

An upwind building creates a low velocity, highly turbulent 
wake which will alter the flow patterns over the downwind 
building. An upwind building can generate significant effects 
for a distance approximately twice as long as the zone of recir
culating flow which exists behind it. This recirculating now 
zone (Fig. 4) depends on the dimensions of the building, and is 
typically five to ten times the minimum building dimension 
facing the wind (width W or height /{), with a zone of down
wind influence 10 to 20 building heights or widths. An adja
cent building can cause wind speed to increase due to channel
ing of flow between the two buildings, resulting in negative 
pressure coefficients as low as -2.0. 

A building downwind of an existing structure generally has 
little effect on pressure coefficients, but can substantially alter 
the zone of recirculating flow on the downwind face of the 
building. 

DILUTION OF BUILDING EXHAUST GASES 

Dilution theories 7•8 for dispersion of gases from a tall 
isolated stack cannot readily be applied to diffusion near a 
building because turbulence around the building greatly af
fects the rate of dispersion. 

A gas mixture discharged from an exhaust within the roof 
cavity is carried with the flow and is dispersed by turbulence 
from wind fluctuations and the building wake {Fig. I) . Re
verse flow in the recirculation cavity close to the roof often 
tran sports significant amounts of exhaust gas opposite to the 
wind dire<:tion, toward the upwind edge of the roof. Alrhough 
the size of the cavity is substantially independent of wind 
speed, concentrations within the cavit.y depend on contami
nant emi sion rate and wind speed. The regions of the cavity 
in which concentrations exceed the allowable limit may be 
considered to be contaminated. Tbe size of che contaminated 
regions will increase with increase of emission rat e and 
decrease of wind speed. 

The dimensionless concentration coefficient K is defined as 

K = CUHLd 2 /Q (5) 

where 
C = volume fraction (concentration) or stack gas contaminant at 

roor level. 
UH = wind speed at roof height approaching the building, mis 

(fpm). 
Ld = gas d iffu ion length scale rela ted to building size, m (ft). 
Q = volume now rate of conta111i11an1 in stack gas, Lis (dm). 

NOTE: Close to the building, turbulence generated by the 
building dominates background atmospheric turbulence. 
Under these conditions it is logical to define Ld = (A)0•5 

where A is the area of a building wall facing the wind (see 
Refs 2, 9, 10, and 11). The value of Ld should be as specified 
in each experimental study . 

The stack exhaust contaminant concentration C, and con
centration coefficient K, are given by 

C, = :QIQ, = QI A, V, (6) 

K. =C,UHLd 2/Q =Li UHi A, V, = AUHIA, V, (7) 

where 
A,= Internal tack area, m1 (ft 2). 
Q, = 1oial exh, u 1 ga now rate, I (cfm) . 
V, = gas velocity in stack, mi s (fpm). 

The dilution is defined as 

D = C,IC = K,IK (8) 
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Ke=o 5180 

DILUTION, D = Ke/K 

Flg. 6 Typical Isopleths for Centrally Located Roof 
Venl1•2•9 

D = 1 at the stack, where C = C~ and approaches 00 as Cap
proaches zero at large distances fro.m. the st~ck: At any 
specific distance from the stack, the minimum dilution factor 
D occurs at a point in the exhaust plume, usually the 

min 
centerline, where C,,,ax is observed : 

(9) 

Estimating Contamination from Exhaust Units 
The most accurate method of estimating intake contamina· 

tion from exhaust vents is to use experimentally determined K 
isopleths2• 9• 10• 11 (Fig. 6) to obtain an expected value of Kat 
an intake, and then convert K to a real concentration C by Eq 
S. Past studies have covered only a small number of the more 
elementary building shapes. Model testing is necessary to 
study the diffusion conditions for proposed complicated 
structures. For existing buildings a number of methods of 
field testing are available. 

K isopleths for block buildings with uncapped vents in a 
uniform wind stream ha\ie been determined by Ref 10 and fur
ther specialized studies,•· 12• 13 and in an atmospheric bound· 
ary layer by Refs 2 and 9. The last studies, with very low vent 
discharge velocities, simulated the worst conditions (such as 
for capped vents or louvered openings) to estimate minimum 
dilution conditions. 

The boundary layer in the approach flow modifies the 
shape and size of the reversed flow regions around the build
ing, altering the surface concentrations. For tall buildings 
whose roofs are above the most intense atmospheric turbu
lence and wind shear, these effects are relatively small, and 
the most important factor in avoiding recirculation (reentry) 

is stack height. Vent caps or horizontal louvered discharges 
prevent the vent jet penetrating the top of the roof cavity into 
the free airstream because of its exhaust momentum and/or 
buoyancy. In exceptional cases, where it may be necessary to 
rely on jet penetration to dilute the contaminant in lieu of a 
stack discharging above the cavity, expert advice should be 
sought regarding emission velocity and the effectiveness of 
physical stack height. 

Substantial separation between exhaust and inlet may be 
adequate to keep the inlet concentration below an allowable 
concentration, Callow· This requires that the dilution be 
greater than 

(10) 

Estimating Minimum Dilution: Special Cases 

Approximate equations have been developed to estimate 
minimum dilution around building surfaces. They should be 
used with caution and within the limits of supporting re
search. For simple block buildings, the equations provide 
means to determine relative dilution for various surface loca
tions and heights of exhausts and intakes. This helps to estab
lish acceptable locations of the exhausts and intakes. 

As wind speed decreases, dilution decreases. At low wind 
speeds and appreciable stack velocity and/or temperature, the 
vertical momentum and buoyancy of the exhaust jet will cause 
high dilution rates not accounted for by the equations. Stack 
height is also important. Consequently, as wind speed de
creases, dilution will decrease until, at some critical low speed, 
it will begin to increase with further decrease in wind speed, as 
jet momentum and buoyancy become dominant factors. 
These wind velocities may also be the velocities at which max
imum neighborhood pollution occurs. 

Eq 11 was developed from studies with flush or short vents 
on block buildings.1•2•9•14 Low stack velocities simulated 
minimum dilution conditions where stack caps or louvered 
vents might be used (this in no way endorses their use): 

Dm;n = 0.11 (UHIV.)[rl~ )2 = 0.11 UH r 2!Q. (11) 

Minimum dilution,_ 
vent to intake -

[ 
Design wind ] [ Distance from exhaust stack ] 2 

0.11 speed , mis (fpm) to contaminated intake, m (ft) 

[
Total stack gas ] 

flow, L/s(cfm) 

NOTE: In computing the distance r from the exhaust to the 
intake, the stack height above roof level should be added to 
the shortest distance from the stack base to the intake. 

Eq 12 is for estimating minimum dilution between uncap
ped flush vents and intakes in the building surfaces and roof 
penthouses on simple and complex block buildings. It is a 
special case which provides a lower bound (minimum dilution 
estimate) based on observed data: 10 

D,,,1n ,. [l + 0.132 SI~ ]2 (12) 

where 
S = stretched string separation distance, exhaust to intake, m (ft) . 

A. - internal exhaust tack area, m2 (ftl). 

NOTE: while wind speed and stack discharge velocity are 
not elements of Eq 11, it was developed from data at velocities 
which indicated the worst conditions, i.e., minimum dilution. 
The stack to wind velocity ratios, V~/UH• were in the range of 
O.S to 2.2. ' · 
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The required minimum separation distance from exhaust 
vent to inlet may be estimated by applying Eq 10, and Eq 11 
or 12, and solving for S or r. Eq 11 is not applicable for very 
short distances from the exhaust, and should be used only 
when a predicted minimum dilution Dmin> IO is obtained. 
When Dm1n< 10, the intake is close enough to the exhaust vent 
to be influenced by local wind patterns and the jet of the ex
haust gas . 

At short distances, Eq 12 predicts tower values of Dm1n than 
does Bq 12. At large distances the two equations approach one 
another. Eqs 11 and 12 were developed from simple plume 
models in local diffusion regions unaffected by building size. 
Jn using Eq 11, the dilution should be estimated by assuming 
that UH = Ucr1n at which minimum dilution takes place. 
Wind speed increases with height and may be estimated from: 

uH1u,., = [Zlz,.,1°·2
' (13) 

where U ref is a meteorological reading and Z,<I is the height at 
which the reading was taken, usually about 10 m (30 ft). The 
correction need be made onJy for tall buildings . In the absence 
of detailed information on the exhaust jet plume rise, Ucril 
may be assumed to occur when U,ef is about 2.0 mis (4.S 
mph). 

The dilution factors predicted by Eqs 11 and 12 represent 
minimum values over averaging periods of 0.6 to 1.8 ks ( l 0 to 
30 min). To predict peak concentrations that may occur for 
shorter periods, average concentrations should be multiplied 
by factors of 2 to S. 1 

Because of the highly nonlinear nature of dilution, the 
designer must be very cautious in compromising the optimum 
stack height with any architectural constraint. If stack height 
is reduced 500/o, roof Jevcl concentrations near the stack can 
increase by a factor of 10 or more. 
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PART U: METEOROLOGY 
AND MICRO-.METEOROLOGY 

AFFECTING BUILDING AIR FLOW 

METEOROLOGICAL AIR FLOW 

Air flow around buildings is subject to many meteorologi
cal variables within the atmosphere . The meteorological air 
flow is (1) that flow which prevails upwind from the building 
beyond any flow distortion the building causes; (2) that flow 
which prevails above the vertical disturbance the building 
causes; and (3) that flow downwind from the buiJding beyond 
the end of any disturbance the building causes. 

Recorded wind measurements are based primarily on obser
vations near airport runways of metropolitan areas. The ex
posure of a wind unit at about 10 m (33 ft) above ground at 
one airport cannot be representative of air flow throughout 
the metropolitan area, particularly along a river, sea coast, 
lake edge, or near irregular terrain with a height differential 
of 100 m per km (slope of I :10). Most cities are in such loca
tions . This indicates a need for small weather stations near in
dustrial buildings, complex arrays of buildings, and/or 
laboratories which have contaminant problems. The daily cy
cle of temperature fluctuation (2 to l 5°C (3 .6 to 27 F)) pro
duced by daytime presence and nighttime absence of solar 
radiation permits having coldest air near the ground at night 
and hottest air near th-e ground in the day. 

DOWNSLOPE FLOW 

As the sun disappears in the evening, radiation from the 
earth's surface toward outer space produces a layer of colder 
air near the ground . Along sloping terrain the cooler air 
develops a net downslope motion. Along broad river valleys a 

Fig. 7 Typical Pattern of Nlghltlme Downslope Air Flow 
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'\O rn~bl.me pattern of downslope flow from both shoulders 
..niu~ t\'ward the center of the valley (see Fig. 7). As darkness 
.,~11u~ the air temperature near the ground continues to 
~'11' there is a net flow toward the valley center and a 
..,:~dl deepening of an air layer cooler than the air above. 
,~ )l'\.lJU\'CS a stable air condition-warmer air above colder 

~-
~iuds measured on the shoulder of a river valley show a 

~..,_u:;JQpe drainage flow direction which may be 90° different 
~-..... ch~ tlow at a similar point on the opposite shoulder of 
:1'1:-"4!.lcy during nighttime and early forenoon. 
~:tlu~ts from elevated stacks having both high tempera

·.u.'(S. .u1J high e.'(it velocities will rise to a level of equivalent 
......_~<&m:y generally well above the "cavity" influences of the 
'<oli.uus from which the effluent is released, then follow a 
~t)' hQrizontal pattern. The layer of cool stable air is in
~ thin and very near the ground surface in early evening. 
,. lill~ tag occurs before this layer of colder air is sufficiently 
-~'~ em·elop the total elevated effluent plume. 

\ ~ 1« inward flow moves toward the center of metropolitan 
, .. ~ for air heated by manmade heat sources over which it 
'Q..~ producing a warm area-a "heat island" (see Fig. 8). 
':'JC ~ of the heat island varies with city size, terrain 
~ure>. and typical speed of downslope drainage air flow. 
-{eiu is..lands are most pronounced in winter. The air near the 
.~a <Jf the heat island, 3 to 7°C (5.4 to 12.6 F) warmer than 
~~ban surrounding air, tends to rise and move toward 
.:-.. <r ~ound at a level above colder air which collects in the 
.bi.C" ,J\.~wnstream of the metropolitan area. The vertical 
-m<~t.:'.ion of the heat island is generally between 200 and 500 
·* .~v to 1650 ft) with air flow conditions distorted by their
~u.i.ar patterns of buildings of the metropolitan core area, 
_,,.. -1oinds are light and variable near the center. In nonurban 
,jo;.s, ch(' herringbone drainage flow toward the center of 
'ft.'ci.! valkvs remains the dominant air flow pattern at night. 

1 ~rr~uiar terrain it is typical to have a near reversal of air 
·c· Juring forenoon hours (see Fig. 9). Solar heating of the 
.::~....uJ in the morning forces the end of downslope drainage 
·c,.. :n irrc-gulsr terrain. The layer of cooler air near the 
_:._,..nJ is eliminated first on east-facing slopes. On the 
~-.:.Wders of the valley the cooler air layer is not as deep as 
~• .J\ler the valley center. As the air near the surface gains 

·<llii '.·rom the sun, small segments of warmer air rise and are 
~ ... .i.:ai with nearly equal small segments of cooler air from 
-~tiy above. Rapid vertical mixing generally begins first 
~·.:. the- ridges in the terrain and as surface heating in
:~ more newly warmed air rises than can be replaced by 
~ ·u~tly rooter air directly above. Some replacement air 
l\l .. ~ ~orizontally from near the center of the valley in a 
~al upslope motion toward the higher ground on both 
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Fig. 9 Downslope and Upslope Exchange of Air Motion 
near Mountain Slopes Which Can Affect Behavior of Ef

fluents from Stacks Located In Nearby Valleys 

sides of the valley during late morning. Unstable air condi
tions prevail during the warm midday. The daily cycle of 
temperature difference is thus matched by a corresponding 
daily cycle of a.ir flow patt.ems near the ground. In many 
metropo lita n areas this air flow exchange can be nearly a 
direct reversal, almost always with low wind speeds of less 
than 5 mis (I I mph) . 

When major storms pass an area, stronger wind speeds 
develop with the possibility of some precipitation. Centers of 
low and high pressure are identifiable on weather maps. The 
air flow is then dominated by the pressure pattern, modified 
only slightly by local terrain features. Frequency arrays of all 
wind directions and speeds measured at a given location are 
the composites of many subsets of weather conditions, which 
may produce different and import.ant air flow patterns 
around a particular building at a particular site. 

At many locations the direction of air flow associated with 
extended periods of active precipitation is limited to a par
ticular direclion, semicircle, or quadrant. The air flow 
associated with downslope drainage and stable air condition 
may carry away effluents from a particular building in a very 
limited range of direction . Air now from some other buildjng 
upwind from the building being considered may have a strong 
innuence on stable air flow palterns . Influence of surround
ing buildings are least during periods of unstable air condi
tions when surface hea ting forces rapid vertical mixing. 

Use of prevailing wind direction for all problems can lead 
to serious errors. For instance, the prevailing wind at Chicago 
is from the northwest, but the direction coincident with high 
air pollution episodes is predominantly from the southeast. 
From any set of historical wind records one particular direc
tion will have a somewhat higher frequency than all others. 
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This most frequent direction is, however, often considered the 
prevailing wind. The frequency of winds from some other 
direction, often more than 45° away, may be almost equally 
high . Wind speed ranges may also be important to the par
ticular problem at hand. 

When horizontal flow is strong, as in storm periods when 
cloud cover disrupts the typical radiation exchange, the 
temperature decrease with height above ground is very near 
the adiabatic lapse rate (which directly reflects the decrease in 
temperature due only to the decrease in air density). 

There is a typical wind speed profile with increasing height. 
For buildings taller than 100 m (330 ft), the difference be
tween the meteorological air flow near the ground and the top 
of the building typically is 2 to 3 mis (4.5 to 6.7 mph), and 
may be as great as 10 or 15 mis (22.4 or 33.5 mph) . For 
buildings several stories in height, no single wind speed is 
representative of the meteorological air flow approaching the 
structure. Multiple classes of wind speeds to fit several 
segments of the building height increase the complexity of 
calculations of air flow around the building. The calculations 
are needed, however, for a good approximation of the pattern 
of the disruptive effects of the building itself. 

Stronger winds generally have some superimposed gustiness 
(rapid changes in wind speed with almost no change in direc
tion). Gust factors tend to decrease with increasing wind 
speed. A gust factor of 1.4 for a wind of 15 mis (33.5 mph) 
would produce some peak gust readings of 21 m/s (47 .0 mph). 
Gust factors between 1.2 and 1.3 are much closer to measured 
records for very strong winds. At light wind speeds, 5 mis 
(11.2 mph) or less, intermittent gusts can have speeds which 
are double the steady wind speed. 

AIR FLOW FACTORS RELATED TO RARE 
OCCURRENCES OF VERY STRONG WINDS 

The rare occurrences of severely strong winds will have im
portant effects on air flow around buildings, primarily involv
ing structural considerations: (1) general air flow patterns, (2) 
roof considerations, and (3) wall considerations. 

Wind-induced, outward-acting pressures act across four of 
the five surfaces of a rectangular building with a flat, or near
ly flat, roof. Close attention must be paid to roof-to-wall con
nections, wall-to-wall connections, and wall-to-wall founda
tion anchorages in designs or evaluations of the building 
system or structure. 

General uplift conditions on roofs are significant, and ex
treme uplift pressures at localized points can be critical, par
ticularly roof overhangs, corners of flat roofs, eave lines, and 
ridgelines for gabled roofs. Elimination of overhangs can 
reduce local uplift pressures markedly, and parapets can fur
ther reduce these uplift concentrations. However, parapets 
must be designed as structural components or they will be in
herent hazards. 

Generally, metal decked roofs on open web steel joints are 
not heavy enough to resist uplift pressures without careful at
tention to anchorages. Equipment on the roof can be counted 
on as additional weight, but units must be properly positioned 
for maximum effectiveness, and anchored. 

The largest single problem is that walls must be reinforced 
at panel ends and along eave lines to resist outward acting 
pressures. Local concentrations of outward acting pressures 
require additional reinforcement at wall corners. 

PART III: WIND E.FFECTS ON SYSTEM 
OPERATION 

With few exceptions, buildings should not be oriented for 
an alleged "prevailing wind" to assist ventilation and air con-

WIND - POSITIVE 
PFIE88<JRE 

(1) 

14.9 

(b) (c) 

Fig. 10 Pressures In Buildings Resulting from Wind. In (a), 
with Upstream Opening Only, Pressure Will Be Positive. In 
(b), with Downstream Opening Only, Pressure Will Be 
Negative. In (c), Pressures Will Be As Shown If Openings Are 
Equal in Shape and Area. With Unequal Openings, Pressures 
May Be Either Positive or Negative in Each Space, Depending 

on Relative Areas of Openings. 

ditioning system operation. Even if the wind should prevail 
80% of the time, which is seldom the case, the systems should 
perform adequately the rest of the time, regardless of wind 
direction. Such performance is essential for heat relief and 
contaminant control. 

However, heat rejection equipment must be designed to 
operate at the highest efficiency for the maximum number of 
hours possible during the season or seasons for which the 
equipment is required. Thus cooling towers and similar equip
ment should be oriented to take advantage of prevailing wind 
directions, based on careful study of the meteorological data 
for the area and time of year involved. 

PRESSURE CONDITIONS 

A building with an upstream opening only will be under a 
positive pressure (Fig. 10). With a downstream opening, 
building pressures will be negative. A building with numerous 
partitions and openings will be under various pressures depen
ding on the relative sizes of the openings and the wind direc
tion . With larger openings on the windward face, the building 
will tend to be under positive pressure. The reverse will be true 
if the openings are smaller than those downstream. 

Flow through a wall opening results from differential 
pressure, which results from external and internal pressures, 
both of which may be positive or negative. Such differential 
pressures may exceed 125 Pa (0.50 in. H 20) during high 
winds. Because of the various supply and exhaust systems and 
openings, dampers, louvers, doors and windows, the building 
flow conditions which will exist are usually too complex for 
practical calculation. The opening and closing of doors and 
windows by building occupants add further complications. 

For ventilation design, note that the envelope shapes in
dicated in Figs. 1-4 are relatively constant for a given wind 
direction, regardless of wind speed. However, the pressures 
imposed on the building surfaces (and in the cavities) do vary 
with wind speed, as shown in Fig. 5. Because the wind direc
tion is not constant, and the wind is turbulent, the shapes of 
cavities will vary somewhat. 

Natural, Mechanical Ventilation 
With natural ventilation, wind may either augment or im

pede (and sometimes reverse) air flow through a building 
(Chapter 22) . For large roof areas (Fig. 2), the wind may reat
tach to the roof downstream from the cavity and thus reverse 
natural ventilation discharging out of monitor or similar win
dows. These reversals can be avoided by using stacks, con
tinuous roof ventilators, or other exhaust devices for which 
the flow is augmented by the wind. 

Mechanical ventilation is also affected by wind conditions. 
A low pressure wall exhaust fan, 12.5 to 25.0 Pa (0.05 to 0.10 
in. H 20) may suffer drastic reduction in capacity. Flow may 
be reversed by wind pressures on windward walls, or its rate 
may be increased substantially when subjected to negative 
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Fig. 11 Effect of Wind Pressure on Air-Conditioning 
System Volume, with Wind Blowing (1) Toward Intake 
Located at Areaway in Cove of L-Shaped Building, and (2) in 

Opposite Direction 

pressures on the lee and other sides. Measurements on 
medium pressure air conditioning systems 15 (250 to 375 Pa) 
(1.0 to 1.5 in . H 20) have indicated flow rate changes of 250Jo 
for wind blowing into intakes on an L-shaped building com
pared to the reverse condition (Fig. 11). Such changes in flow 
rate can cause noise at the supply outlets and drafts in the 
spaces served. 15 

For mechanical systems, the wind may be thought of as a 
"fan" in series with a system fan, 16 either assisting or oppos
ing it. Where system stability is essential, the supply and ex
haust systems must be designed for high pressures, around 
750 to 1000 Pa (3 to 4 in. H 20) to minimize unacceptable 
variations in flow rate. To conserve energy, the system 
pressure selected should be consistent with system needs . 

Building Balance 
Building balance is important in avoiding pressure or flow 

conditions which make doors hard to open, cause drafts, and 
prevent confinement of contaminants to specific areas. Al
though supply and exhaust systems of an area may be in 
nominal balance, wind may upset this, not only because of the 
changes in fan capacity, but also by superimposing infiltrated 
or exfiltrated air, or both, on the area (Fig. 12). The latter ef
fects can make it impossible to control the environmental con
ditions. Where building balance and minimum infiltration are 
important, consider: 

l . Fan system design for adequate pressure to minimize wind ef
fects . 

2. Cont rols to regula1e flow rate or pressure or both. 
3. Separate su pply and exhaust systems to serve each building area 

requi ring cont rol or balance. 
4. Doors (possibly self·c lo ing) or double-door ai r locks to non

controlled adjacen t areas, particularly outside doors. 
S. Seali ng wi ndows and other leakage sources and clo ing na tural 

vent opening . 

System volume and pressure control is described in Chapter 
34, 1980 SYSTEMS VOLUME. Such control is not possible 
without adequate system pressure for both the supply and ex-

!XHAUST 
THROUClH ROO~ 

./ !X~ILTRATION 
r C"UHD BY WIND 

Fig. 12 Flow of Infiltrated and Exfiltrated Air, Caused by 
Wind Pressures, Superimposed on Air-Conditioning Flow in 
Otherwise Balanced Air-Conditioning System, Thus 
Destroying Environmental Control. Where Environmental 

Control ls Particularly Import1mt, Spaces Must be Airtight 

haust systems to overcome wind effects. Such a control 
system may require fan inlet or discharge dampers, or fan 
speed control, or both. Some axial fans have controlled blade 
pitch. 

Safe Hood Operation 
Wind effect may imperil the safe operation of hoods. Sup

ply (makeup) volume variations may cause disturbances at 
the hood faces or a lack of adequate makeup air. Volume 
surges, caused by turbulent wind conditions acting on the ex
haust system, may cause momentary inadequate hood ex
haust. If highly toxic contaminants are involved, such surging 
is unacceptable and the system should be designed to 
eliminate it as previously described. On low pressure exhaust 
systems, it is impossible to test the hoods under wind-induced, 
surging conditions. Such systems should be tested during calm 
conditions for safe flow into the hood faces, and then 
rechecked at high wind conditions by smoke tests. 

Minimizing Wind Effect on Volume 
Wind effect can be reduced by careful selection of the inlet 

and outlet locations. Wall surfaces are subject to a wide varia
tion of pressures, both positive and negative (Figs. l, 2, and 
5), so wall openings should be avoided whenever possible. 
Where wall openings are used, these should not be near the 
building corners nor in coves formed by building wings (Fig. 
11), and the systems should operate at a pressure which will 
adequately minimize wind effect. Low pressure systems and 
propeller fans should not be used with such openings unless 
the ventilation is nominal or for unimportant services such as 
ordinary storage areas. 

The best inlet locations to minimize wind effect are within a 
cavity on the roof, where the pressure is always negative. On 
large roofs, the best locations are in areas where the wind flow 
has reattached (not near roof edges). Within a cavity the mid
dle of the roof is the best area because the negative pressure 
there is small and generally is least affected by changes in 
winc,t direction (Fig. S). Either vertical or horizontal (mush
room) openings may be used. On large roof areas where the 
intake may be outside the roof cavity (and the wind flow has 
reattached), mushroom or 180° gooseneck designs should be 
used to minimize impact pressure from wind flow. The fre
quently used 135° gooseneck or vertical louvered openings are 
undesirable for this reason and for rain protection. 

Generally exhausts, whether discharging heated air only, 
nominal office exhaust, or contaminants (toxic, odorous, or 
nuisance), should pischarge vertically through stacks, above 
the cavity. Horizontal, louvered (45° down) and 135° 
gooseneck discharges are undesirable even for simple heat 
removal systems because of the possibility of wind effect. The 
180° gooseneck for systems handling hot air may be 
undesirable also because of air impingement on tar and felt 
roofs . Vertical discharging stacks (except near a wall) are sub
jected to negative pressure only, created by wind flow over the 
tip of the stack. Outlets or stacks should be mounted back 
from roof edges because of the wind and pressure extremes 
which occur along these areas. 

BUILDING AND BUILDING AREA 
PRESSURE AND FLOW CONTROL 

In air-conditioning and ventilation systems for a building 
containing airborne contaminants, the proper direction of air 
flow in a space is toward the contaminated areas. Air flow 
d irection is maintained by controlling pressure differentia ls 
beiween spaces . In a laboralory building, for example, pe
ri pheral rooms such as offices and conference rooms are 
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maintained at a positive pressure, and laboratories at a 
negative pressure, both with reference to corridor pressure. 
Pressure differentials between spaces are normally obtained 
by balancing the air-conditioning and ventilation supply 
system air flows in the spaces in conjunction with the exhaust 
systems in the laboratories.. with differential pressure in
strumentation to control the .air flow . See 1980 SYSTEMS 
VOLUME, Chapter 34. 

Air handling systems can be designed to maintain the 
necessary air flow but corridors may vary from atmospheric 
pressure. To minimize this, a reference probe can sense the 
outdoor static pressure. The tip of this probe- should be 
designed to be unaffected by velocity pressure. The differen
tial pressure measured between the corridor and the outside 
may then signal a controller to increase or decrease air flow to 
the corridor. Unfortunately, it is difficult to locate an external 
probe in a position in which it will sense only external static 
pressure. High wind velocity and resulting pressure changes 
around entrances can cause great variations in pressure, so the 
probe, or multiple probes connected to one header, should be 
placed to measure (as nearly as possible) the average static 
pressure around the corridor entries. · 

The control of pressure differential for a room adjacent to 
a corridor can be accomplished by using the corridor pressure 
as the reference. It is not practical to control the pressure dif
ferentials of rooms with respect to the outside, even during 
periods of relatively constant wind velocity and pressure. 
Even for a fixed wind direction, the pressure will vary in both 
horizontal and vertical directions on the building surface (Fig. 
5). A single pressure sensor can measure the outside pressure 
at one point only and this may not be representative of the 
pressures elsewhere. 

INLET AND OUTLET DESIGN FOR 
WEATHER AND DUST PROTECTION 

With the wind normal to the windward building wall (Fig. 
1), air flows up and down the wall. For most one- and two
story industrial buildings, the flow will divide about halfway 
up the wall. The down flow creates turbulence which stirs up 
dust and debris. The upward flow on the upper half of a wall 
will carry rain drops up the wall during high winds. 16

•
17 

Because of turbulence, rain may be carried horizontally on the 
roof or along the walls. Snow and fluff (dandelion and cot
tonwood) will drift into any system intake in quantity 
regardless of louvers or canopies, and such debris can quickly 
plug openings. 

Rain does not fall straight down. From observation and 
climatology data, 17•18 fall angle is usually more than 15° from 
the vertical. During a typical storm, most of the rain volume 
falls during a relatively short time. This heavy rainfall is 
usually accompanied by high winds and resultant high rain 
angles. While the average rainfall angle may be modest, it is 
the high angle of fall during the heavy rain periods which is 
significant. Thus most cone caps used on stacks, 135° 
goosenecks, and 45° wall canopies or louvers are far from rain 
tight. 

For maximum weather and dust protection, the following 
design guidelines are offered: 

I. The best overall location for inlets is on the roof, back from the 
edge if contaminant discharges are properly designed to minimize 
reentry. 

2. Where wall openings are used, they should be located high above 
the ground but not above the mid height of the wall. Areaway 
(sunken) and ground level operrings should be avoided if possible but 
at least include coarse screens and pretilters to minimize rain, dust, 
snow, and debris (organic and inorganic). The openings should be 
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Fig. 13 Stack Design to Provide Vertical Discharge and 
Rain Protection 

kept away from building comers because of the turbulent now and 
pressure conditions. 

3. Inlet goosenecks should be the 180° type and wall canopies 
should be the 90° type. Where wall louvers are used, these should be 
deep, about 150 mm (6 in.), to reduce rain entry, and the first system 
compartment should be provided with a drain. Rain "hooks" on the 
louver blades may reduce rain intake and stiffen the blades. 

4. Exhaust stacks can be made nominally raintight by the designs in 
Fig. 13. 

PART IV: DESIGN TO MINIMIZE 
REENTRY 

Areas of concern caused by building and equipment exhaust 
recirculation are: 

1. Health hazards and nuisance odors resulting from industrial pro
cesses, and from operation of laboratories, medical facilities, and 
restaurants. 

2. Reduction in capacity of air-conditioning and heat rejection 
equipment (cooling towers and air-cooled condensers). 

3. Accekrated corrosion of equipment. 

VENTILATION AND AIR-CONDITIONING 
INLETS AND OUTLETS 

Inlets should be located to minimize reentry from con
taminated sources, including heat, humidity, and dust which 
can materially affect system loads. In warm weather, entry of 
water vapor from a cooling tower can add materially to the 
load of air-conditioning systems, and can reduce the effec
tiveness of heat-relief ventilation systems. In cold weather, it 
can cause freeze damage to equipment and block intake grilles 

• 
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Fig. 14 Use of Architectural Fences Represents Very 
Poor Design 

and filters by ice, greatly reducing system performance. It is 
also important thal inlets not be near hot exhausts discharging 
horizontally or deflected down, nor be near plumbing vents. 
Of more importance is the need to locate contaminated ex
hausts carefully. Codes requiring inlets to be a specified 
minimum distance, such as 6 m (20 ft) from an exhaust are 
unrealistic. Much greater distances are required where the ex
haust discharge is not properly designed. 

Supply inlet and exhaust outlets should not be located 
within enclosures or architectural screens (Fig. 14). These are 
provided on some buildings to improve appearance. They 
hold building exhausts in their cavities, increasing reentry of 
contaminated air and odors, which may also cause excessive 
plugging and corrosion for the finned surfaces of heat rejec
tion or exchange coils. Restaurant kitchen hood exhausts are 
particularly destructive in this respect. 

Frequent changes and additions are made to buildings, par
ticularly industrial and laboratory buildings. Initially satisfac
tory inlet and exhaust conditions can be the source of future 
unacceptable contaminant or odor problems. 

STACK DESIGN 

Contaminated effluents should first be reduced to 
reasonable or legal rates or concentrations by collectors, 
scrubbers, or a change of process if necessary. The remaining 
effluents must then be discharged into the atmosphere with 
sufficient dilution and dispersion to provide both acceptable 
minimum reentry into the building and minimum air pollution 
of adjacent areas. For many systems, typically laboratory ex
hausts, the concentrations of contaminants may normally be 
very low during most opera ting times, but higher concentra
tions, which must be dispersed, may be experienced for short 
periods of time. Some primary stack design considerations 
are: 

I. Stack height should be the maximum practical, subject to the re
quirements for ·dilution, d ispersion, and the elimination or unaccep
table reen try through building openings. A method for estimating 
stack height for flat-roofed., rectangular bui ldings is shown in F'ig. IS 
and Example I, which have been modified rrom Ref 19, with the 
length scale factor R replaced by (A)0 .5. The minimum stack height 
sclcetcd should cause the now of the complete plume to be above the 
building inlets, the building cavity (elevation Z 1 ), and, for areas where 
the now has reattached to the roor, the downstream high turbulence 
zone (elevation Z2 ) . If such stack height is not practical, the minimum 
allowable distance between the stack and the inlet can be estimated 
from Eq 11 or 12. or the method of Ref 20, and be confi rmed by full
scale tests (existing buildings) or model smoke and dilution tests. 

Flow conditions should be checked for wind directions both parallel 
and perpendicular to the long dimension of the building. Future sup-

Z-4 . TOP OF CONTOUR ZONE (W .. D FLOW 
UNAFFECTED BY BUii.DiNG) 

Z1. RECIRCULATION CAVITY 
BOUNDARY 

Z2. HIGH TURBULENCE ZONE 
BOUNDARY 

H 

~~~~~~J'»~~)')'J»~~~~'/ 
f~~~~~~~L 

Fig. 15 Centerline Wind and Stack Flow Patterns Are 
Applicable to Simple Rectangular Block Buildings with Wind 
Perpendicular to Upwind Face. To Prevent Reentry from 
Stack to Inlet, Expanding Stack Plume Must Be above 
Maxjmum (Centerline) Heights of Cavity and Following High 

Turbulence Zone Boundaries,Z1 andZ2 

ply and exhaust systems, which may not be ideally located, should be 
considered when selecting stack location and height. The stack height 
estimate may even be based on an inlet located at the far end of the 
roof, point A in Fig. 15, even though inlets close to a roof edge are 
undesirable. 

For many one- or two-s tory industrial or laboratory buildings, 
stacks 5 m (16 ft) in height have been found adequate for discharging 
above the roof cavity, with acceptable dilution at inlets for con
taminants of moderate toxicity or odor perception . The greatest con
taminant concentration is along the plume centerline. The fringes of 
the plume-are highly diluted by the induction and turbulent air of the 
plume expansion. 

Where the emuenlS arc highly toxic or have odor perceptio n at very 
low concentrations (such as hydrogen sulfide), it is probable that this 
is a potential neighborhood pollution problem, and the discharge 
should be above the contour zone (elevation Z4 ) where wind now is 
unaffected by the building. Stack heights of 30 to 45 m (100 to ISO ft) 
above the roof have been commonly used for this service. 

Example 1: For the bttilding of Fig. 15, determine the height above 
the roof o f a stack necessary to prevent reentry into the building inlets. 
In Figs. I, 2, and 3, the dimensions are approximate because of tur
bulent wind flow. Where the heigh t and width of the building are 
within a factor or eight of each other (Table I): 

H •height W •width A 0·5 •scale fac
tor 

Z4 - I .S(A)0·
5 

Draw the building side elevation to scale and cStabl ish the alues for 
H e. Xe, and Le. Draw vertical lines at the proposed stack locations 
and at the air inlet farthest from the stack . (To account for unknown 
futu re inlet installations, locate the inlet line near the roof edge, point 
A .) Draw a vertical line i\l length Xe and establish the maximum 
cavity height. Draw the Z2 boundary line, extending it from the 
ma.~imum cavi ty height at a down slope of 6° or t: 10. 

At the inlet locat ion selected , ind icate its proposed height above the 
roor. If this i above Z2 (or beyond its intersection with the roof). 
draw a line back from the inlet location to the stack using an up slope 
of 11° or I :S . If the inlet is below Z2 , extend the ver tical line at the in
let to its intersection wi th Z2 and run the plume boundary line back to 
the stack line as above. This establi he the minimum stack height, 
which should be inCrl!ased about five diameters if a cap is installed (see 
item 8 bclo' ) or if the discharge velocity is low (slack 10 wind velocity 
ratio R<l.5, sec item 3 below and Fig. 16), to compensate for 
downwa h along the stack . 

2. High stack discharge veloci~Y. and temperature increase plume 
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Fig. 16 Effect on Stack Discharge for Several Values of R (Stack to Wind Velocity Ratio). R Should Be 1.5 Minimum to 
Prevent Downwash along Stack 

height and lhus the effective stack height. This is very imponant for 
stacks for large central station boilers. It .is of minor importance for 
small stacks which have low effluent momentum, typical of most in· 
dustrial, laboratory, and commercial buildings, because of lhe over· 
powering wind effect. 

3. Wind now over stacks creates negative zones and eddies behind 
the stacks in the same manner as now around buildings (Fig. 16, Ref 
21). Low stack discharge velocity will permit the effluent to be drawn 
into the stack eddy zone and may cause downwa h as much as six 
stack diameter . This reduces the effective stack height and may cause 
the cmuent 10 enter the building cavity even though the discharge may 
be above the cavity. 

The stack exit velocity (Fig. 16) should be at least 1.5 times the wind 
velocity (R = 1.5) to keep stack downwash to a minimum. 21 • 22 For 
heating boilers or other systems which may operate over a wide range 
of capacity , a higher stack veloci ty, for instance 20 mis (4000 fpm), 
might be selected Lo obtain a reasonable value of R at redut("d loads. 
Plaques al the stack tip similar to Fig. l3e have been used on boiler 
stacks to help clear the nue gases from the stack eddies , but may pro· 
vide only marginal improvements, so the design should be tested 
before use. 

Often it is desired to blow condcn ed moisture out of the stack. The 
terminal velocity of a large rain drop is about 10 mis (2000 fpm). 2l A 
lack veloci ty of abou t 13 mis (2560 fpm) to allow for the lower 

veloci ty near the skin of the stack, will not only prevent condensed 
moisture from draining down the tack, it will also keep rain 0111 of 
rhe stack . Where condensed moisture is corrosive or unsuitable for 
blowing out of the stack (solvents , for example), the stack should be 
sized for very low veloci ty, 5 mis (1000 fpm), and a drain pro•i ded at 
the base. The stack tip shou ld have a converging cone {Fig. I lb) to 
provide high velocity dist .harge. 

4. High velocity stack di charge is a very poor substitute for stack 
height. lt ha been noted th t a ~tuck to wind velocity rat io of at ll'llSt 
4: I would be required to discharge the efnucnt partially out of the 
cavity for a nu h tack (terminated at roof level) (Re f 11, par . 6A, and 
Fig. 12) . The equivalent sta k velodtic would be in the range of 36 to 

41 mis (7000 to 8000 fpm), usually unacceptable from an energy 
standpoint alone. 

5. A stack should not be provided wi th a large enclosure, with lhe 
tip nush with the top of the enclosUJe (Fig. l 3k). This would be imilar 
to a nush discharge on a roof, nullifying the beneficial effects or 
velocily a.nd tempera ture, and causing unacceptable downwash. 
Where enclo ures are necessary, the actual stack should extend above 
the eddy zone or cavity or the outer enclosure. 

6. Sta~ks should be located on the highest roof of the building, 
where possible . They should not be located on a low roof or the 
ground unless tall enough 10 terminate above the adjacent roof 
cavities (as would be required by a roof-mounted stack) and to 
discharge clear of the detrimental wakes of nearby tructures. Flow 
studie by model testing may be desirable, or the installation should be 
checked by smoke tests. 

7. The best stack shape is a straight cylinder (Fig. I 3a, b). Converg
ing nozzles at the stack top {Fig. 13b) can provide adequate di charge 
velocity where the main stack velocity is low because or condensation 
or friction considerations. 

8. Avoid stack caps which denect the efnuenl down or drastically 
reduce the necessary vertical, high velocity discharge (Fig. 13 1-q). For 
systems which operate con tinuously and have. di charge velocities in 
excess of 10 mis (2000 rpm), rain will not enter the stack . Refer to 
item 3 above. A design velocity of l3 mis (2560 fpm) is sugge ted. 

Patented rain cap for stacks arc used fn:quently with gas· or oil
fired furnace and package-type vent ilation units . These uni t should 
be located with caution ro avoid reentry. Because they denect the ef· 
nucnt down, tack caps should not be used for contaminant exhaust 
sy terns, including stacks for large boilers. Sec Part I and 1979 EQUIP· 

ME T VOLUME, Chapter 26. 
For intermittently op<;:ratcd systems, ome weather protection may 

be needed if the down time is appreciable. Nominal rain protection 
can be provided by drain-1ypc stacks (Fig. l 3f, g, h) , which provide 
better protection than the usual cone cap. Complete rain protection is 
provided by the designs in ·ig. l 3c, d , i, j .2• 

Standard cone caps (213-diamcter gap at the stack top) are not effi-
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cient for eliminating rain. The cap on a 3~mm (12-in.) diameter 
stack passed 1611/o of all rain and as much as 4SO/o during individual 
storms. 2' When the cap is fitted closely, the effluent is deflected down 
sharply and exit pressure loss is needlessly high. 

Appearance is a problem of stack design. The problem has 
often been solved by careful selection of type of stack, color, 
and location. The problem is much more difficult if a large 
number of stacks is proposed and the plant or laboratory 
building is located where there may be much concern with 
aesthetics. Large central contaminant exhaust systems 
simplify the problem. These should always be used where safe 
and practicable. Such systems will dilute intermittent bursts of 
contaminant from a single hood or collecting station. In some 
instances, such as for perchloric acid exhaust hoods, separate 
systems are mandatory. Contaminant nature, recommended 
industrial hygiene provisions, and applicable codes must be 
considered. 

A large central exhaust system is more reliable and readily 
maintained than a number of small systems. Where safety is 
particularly important, two fans in parallel have been in
stalled to provide some exhaust during an outage of one fan, 
and alarms have been provided in case of fan failure. 

HEAT REJECTION EQUIPMENT 

Cooling towers and similar heat rejection devices are very 
sensitive to air flow around buildings. Such apparatus is fre
quently roof-mounted, with intakes close to the roof where air 
may be considerably hotter and at a higher wet-bulb tempera
ture than the surrounding air, which is free of the roof's in
fluence. This can reduce the capacity of cooling towers and 
air-cooled condensers. 

Small cooling towers often take air in one side and dis
charge heated, moist air horizontally from the other side. 
Larger equipment usually discharges the hot air vertically up
ward. 

For horizontal air flow cooling towers, or similar fan ap
paratus, changes in wind direction and velocity caused by im
mediately adjacent building configurations, can drastically 
reduce equipment performance by reducing air flow rate. Per
formance of cooling towers is almost directly proportional to 
the air flow through the equipment. 

Even more serious than reduction in air flow rate to such 
devices is "recirculation." If some cooling tower's discharge 
air is forced back into its inlet, the recirculation of moist air 
raises the inlet wet-bulb temperature, which markedly reduces 
performance. Local disturbance of air flow by buildings or 
other obstructions upstream, by architectural equipment en
closures such as walls with air inlet louvers, by structure 
which blocks air flow upward, or by a close downstream 
obstruction, can all cause recirculation. Proper functioning of 
heat rejection equipment requires minimal recirculation, 
regardless of wind direction and speed. Thus it may be 
necessary to extend the vertical discharges of this equipment. 

CORROSION 
\. 

Reentry of contaminated exhaust can cause considerable 
corrosion of mechanical and building equipment, such as 
cooling towers, heating and cooling coils, and sheetmetal 
work. It has been a source of severe product corrosion in 
manufacturing plants, particularly electrical and electronic. 

PART V: TESTING
PHYSICAL MODELING AND 

FULL-SCALE MEASUREMENTS 

Air flow around buildings is so profoundly affected by 

geometrical features that mathematical or empirical generali
zations are not sufficiently precise for accurate determination 
of local mass, momentum, and heat transfer for most applka
tions . 4 Determination of wind effects, particularly pollutant 
concentration and pressure distributions around buildings, 
can commonly be obtained for specific cases by testing. Data 
by measurements on small-scale models through physical 
modeling in wind tunnels or water channels can provide in
formation for design prior to construction and an economical 
method of performance evaluation for existing facilities. Full
scale testing is essential to verify data derived from physical 
modeling and from real time monitoring of operating 
facilities. 

Detailed accounts of physical modeling, field measure
ments, and applications to engineering problems resulting 
from atmospheric flow around buildings are available in the 
Proceedings of Conferences on Wind Engineering (see Bibli
ography). 

PHYSICAL MODELING 

Small-scale modeling will yield quantitative data on flow 
over buildings, pressure distributions, and concentration 
distributions in good agreement with corresponding full-scale 
phenomena provided three sets of similarities are approx
imated with sufficient accuracy. 4, 26, 27 

Similarity Criteria 
These similarity sets are as follows: 

1. Similarity of the natural wind. 
2. Geometrical similarity of buildings and topography. 
3. Kinematical and dynamical similarity of source effluents. 

Simulation of the natural wind requires that an adequate 
physical model reproduces flow characteristics of the at
mospheric boundary layer28 (the lowest layer of the at
mosphere up to a height of 300 to 500 m or 1000 to 1600 ft, 
where effects of surface drag disappear). Because of thermal 
stratification, stability of the atmospheric boundary layer 
ranges from stable to neutral to unstable at most locations 
during a clear day. A model capable of simulating all states of 
the atmospheric boundary layer must provide for vertical 
variations of fluid density by either vertical temperature or 
concentration gradients. In most applications, however, 
adverse wind effects are the result of strong winds with mean 
velocities in excess of 10 mis (33 ft/s) at an elevation of 10 m 
(33 ft) . During strong winds, and in the mixing layer over ur
ban areas (the lowest 100-150 m or 330-500 ft layer), intense 
mechanical mixing inhibits development of thermal stratifica
. tion and results in neutral or near neutral stability-an 
adiabatic lapse rate of approximately -1°C/100 m (-I F/182 
ft). Small-scale physical modeling of this important case can 
be achieved by generation of a turbulent boundary layer with 
a fluid of uniform density in a wind tunnel or water channel. 
. The requirements for "exact" similarity in neutral flow are: 

I. Geometrical similarity of surface roughness, buildings, and 
topography for upwind fetch . 

2. Equality of the ratio of the boundary-layer depth to roughness 
length. 

3. Equality of Reynolds numbers, Re. 
4. Equality of Rossby numbers, Ro. 
S. A longitudinal pressure gradient approximately equal to zero. 

The most convenient and versatile flow arrangement for ap
proximating these requirements is illustrated in Fig. 17. Since 
a nominal value for the atmospheric boundary-layer thickness 
d is approximately 400 m (1300 ft), the desired value of dm 
(subscript m refers to the model) for a typical model
prototype length ratio of I :400 would be I m (3.3 ft). 
Reynolds number equality arid Rossby number equality can-
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fig. 17 Long Test-Section Wind Tunnel (L 0 /h>l2) for 
Natural Development of Boundary-Layer Characteristics at 

Site 

.. 
not be achieved for model and prototype in practice because 
ihe length ratios must be small (I :200 to 1 :500). However, in 
spite of this, excellent approximations to "exact" similitude 
are attainable.•. 27• 28 Pressure drop in the flow direction can 
be adjusted to zero in a closed duct by small adjustments to 
the cross-sectional area; i.e., raisfog and lowering the ceiling, 
as indicated in Fig. 17 . 

Simulation of atmospheric boundary layers in the presence 
of thermal stratification introduces three additional re
quirements. For a common case in which stratification begins 
at ground level and gradually changes with height, these re
quirements are : (1) similar distributions of surface 
temperature, (2) equality of Richardson numbers, Ri, and (3) 
equality of Prandtl numbers, Pr. 

All of these requirements can be met in an air flow faciHty 
properly designed for low speed operation with provisions for 
heating and/or cooling of the airstream and working-section 
floor. When the atmosphere has multilayer stratification, 
equality of model and prototype Richardson number and rela
tive depth for each layer are required. The most common me
teorological condition of this type is a shallow, slightly 
unstable layer (mixing layer) capped by an elevated 
inversion. 8 

Additional requirements must be met to obtain similar 
dispersion for effluents from sources on or near buildings. 
The principal requirements for source similarity are: 

I. Equality of velocity ratio R (effluent emission speed V~ divided 
by mean wind speed at source height UH>· 

2. Equality of densimetric Froude numbers Fr. 
3. Equality of source to ambient density ratio Q,IQa· 

These conditions can be satisfied readily for source emis
sions that have either positive or negative buoyancy. 4 • 28 

Flow Facilities 
Physical modeling of the atmospheric boundary layer and 

the resulting flow and transport around buildings can be ac
complished most accurately and economically in wind tunnels 
and water channels. 4 With very few exceptions, investigations 
of flow around buildings have been made in wind tunnels. 
Early studies, beginning in 1893, were made in small wind 
tunnels without boundary-layer development to simulate the 
natural wind. 29 By 1958 sufficient data were available from 
pressure measurements on small-scale models and their proto
types to conclude that simulation of the atmospheric bound
ary layer is essential for modeling of flow around buildings 
without gross error. 30• 31 This stimulated development of 
special low speed, long test-section, boundary-layer wind tun
nels. 28, u, H 

Typical forms of wind tunnels that can satisfy the similarity 
requirements for atmospheric boundary-layer modeling either 
completely or partially are shown in Figs. 18 and 19. The most 
simple and common type is the open-discharge tunnel without 
heating and cooling provisions for establishment of thermal 
stratifications, as illustrated by Fig. 18. A return flow duct as 
shown in Fig. 19 is often added to develop flow free from ex-
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Fig. 19 Typical Closed-Circuit Boundary-Layer Wind 
Tunnel 

ternal disturbances, and to reduce power requirements. When 
investigations of pollutant dispersion are made in a closed
circuit wind tunnel, tracer-gas concentrations in the ambient 
flow must be monitored. By adding heating and cooling of the 
test-section floor and in the return duct, the closed-circuit 
wind tunnel can be converted into a meteorological wind tun
nel with capability for development of a wide range of ther
mal stratifications. 

When a long test-section wind tunnel is not available, a 
short test-section wind tunnel (length equal to 2 to 5 h, see Fig. 
17) commonly used for aeronautical testing may be used for 
tests of flow around buildings. 34

• 3' The necessary turbulent 
boundary layer is created by simulator systems at the test- sec
tion entrance, such as graded grids, fences, vortex generators, 
jets, spires, or screens . A combination fence and vortex
generator system, 16 a multiple-jet system, n or a counter-jet 
system 38 are satisfactory if surface roughness is adjus1ed 
proper.ly. Surface roughness downstream from the simulator 
system must be equivalent to the roughness which, without the 
system, would have produced an equilibrium boundary layer 
with the same characteristics as those generated by the system. 
For investigations in which quantities sensitive to atmospheric 
turbulence are being measured, such as pressure fluctuations 
on building or pollutant concentration 10 source heights or 
more downwind of the source, boundary-layer simulation 
techniques should be used with caution. 

Water can be used for the modeling fluid as well as air if an 
appropriate now facility is available . Flow facilities may be in 
the form of a tunnel, tank, or channel. Water tunnels usually 
have short, small cross-section test sections compared to 
dimensions of the wind tunnels shown in Figs. 18 and 19. 
Hence, the atmospheric boundary layer cannot be simulated 
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and only approximate qualitative information on flow around 
a building model can be obtained. Tanks of water with a free 
surface ranging in size up to that of a wind-tunnel test section 
have been utilized by towing a model (upside down) through 
the nonflowing fluid. A stable stratification can be obtained 
by adding a salt solution at the tank bottom. This technique 
does not permit development of a boundary layer, so it yields 
only approximate qualitative information on flow around 
buildings. Water channels can be designed to develop thick 
turbulent boundary layers for simulation of atmospheric 
boundary layers as described previously for a long test-section 
wind tunnel. An advantage of such a flow system is ease of 
flow visualization, but it is offset by greater difficulty in 
measurement of flow variables and concentrations. Stratifica
tion can be achieved by generating flow through the channel 
by a vertical array of horizontal line sources of water heated 
to different temperatures at different heights. 19 

Measurements 
All tests of flow around buildings require (1) flow visualiza

tion for a qualitative description of overall flow characteris
tics, and (2) velocity measurements for quantitative detail. 
Pressure measurements are required for tests to determine 
wind effects on flow rates of intake and exhaust systems, in
filtration and exfiltration rates, and interior building 
pressures . Investigations of pollutant dispersion and recir
culation from exhausts to intakes involve both use of visual 
tracers and measurement of concentration distributions and 
temperature. Chapter 13 describes the fundamental aspects of 
instruments and measurement techniques for these purposes. 
Additional information on concentration measurements is 
presented in Refs 4, 9, and 10. 

Flow visualization can be accomplished by introduction of 
point or line sources of smoke, or of a source of neutral bub
bles Inflated with helium, oil film, or tufts. 40 A convenient 
source of smoke is a small ball of cotton saturated with 
titanium tetrachloride. (Since a byproduct of this liquid with 
water in the air is hydrochloric acid, it must be used with great 
care.) Mineral oil vaporized in a nitrogen atmosphere pro
vides another common source of smoke. Still or motion pho
tography should be used to provide a permanent record of 
flow tests. Examples of recordings of pollutant transport over 
and a.round buildings by flow visualization techniques are 
given in Refs 4 and .JO. 

Mean air velocities and turbulent velocity fluctuations are 
commonly measured with hot-wire or hot-film anemometers . 
Information on turbulence (intensi ty and spectra) is useful 
when comparing model wind characteristics with atmos
pheric wind data to (I) check similitude, (2) evaluate diffusion 
coefficients near buildings, and (3) determine the downwind 
domain of influence (wake) for a building. When only pres
sures or concentrations are needed without relating them to 
local flow features, measurement of mean velocities is suffi
cient for a tesl. Jn these cases, a Pitot tube may be used to 
measure reference flow speeds and the mean velocity distribu
tion within the approach-flow boundary layer. For good ac
curacy, flow speeds should be greater than 2 mis (6.5 ft/s) 
when the Pi.tot tube is used. 

Complete investigations of wind pressure effects on 
heating, air-conditioning, and ventilating systems require in
formation on both mean and fluctuating pressures at building 
openings. Accordingly, the pressure measuring system should 
have good frequency response up to about 200 Hz. 14 A differ
ent.ial- pressure transducer of the bonded strain-gage type is 
commonly used for this purpose. The transducer is connected 
by tubing to a piezometer tap in the building and a static 
pressure sensor (Pitot tube) located in the undisturbed flow 
above the model building. The output may be recorded on 

magnetic tape for processing or digitized and processed on 
line to give mean, root-mean-square, and peak pressure coef
ficients. 

When only mean pressures are needed, measurement can be 
made by connecting a manometer to a piezometer tap or Pitot 
tube. Direct reading of the manometer fluid-column heights 
gives a rapid determination of pressure difference if only a 
small number of locations are being studied. When pressures 
are needed at a large number of locations, a bank of mano
meter tubes may be used with photographic recordings of 
fluid-column heights. 

Measurements of tracer-gas concentration are ordinarily 
limited to determination of mean values, since instrumenta
tion for measurement of fluctuations is still in the develop
mental stage. The type of instrument used for this purpose 
depends primarily on the tracer used in the tests. A mass spec
trograph (leak detector) can be used with helium, a Geiger
Mueller radiation detector with krypton 85, a gas chro
matograph with hydrocarbons, and a titrator with ammonia. 
Aside from possible background concentration problems, the 
gas chromatograph and hydrocarbon tracers provide 'the op
timum system. With this system, multiple sources may be 
studied simultaneously by using a different hydrocarbon 
tracer (e.g., propane, ethane, methane, butane) for each 
source. 

The gas chromatograph determines the concentration of 
each tracer contained in a single sample. Visualization of sur
face areas on a building that are contaminated by pollutants 
released from a building vent or exhaust opening is often 
useful and revealing. A practical method for doing this is to 
coat 1he building model with latex paint that has been mixed 
with a pH-sensitive dye. For example, if congo red is mixed 
with a white latex paint, the surface is pink when wetted with 
a solution of hydrochloric acid. Release of ammonia from the 
source then causes a blue pattern to appear on surfaces con
taminated by the effluent. 

Design of Tests 
The first step in planning a test program is selection of the 

model length scale. Choice of this scale depends on cross-sec
tional dimensions of the test section, dimensions of the 
building to be studied together with nearby neighboring 
buildings, and/or topographic features and thickness of the 
simulated atmospheric boundary layer. For tall buildings, the 
scale is often determined by the requirement that the ratio of 
boundary-layer thickness to building height (di JI) should be 
approximately equal for model and prototype. Strong-wind 
boundary layers range i.n depth from 300 to 400 m (1000 to 
1300 ft) for surroundings ranging from flat open terrain to 
suburbs of urban centers. Boundary-layer th icknesses in flow 
facilities have nominal depths ranging from 1 to 1.5 m (3 to 5 
ft); therefore, HIH,,, would ideally range from 200 to 400. 
However, use of a o/ H ratio 10 to 30% smaller than full-scale 
values does not lead to serious error .11 

For complexes of low to moderately tall buildings extending 
over a wide area, such as an industrial plant or an urban 
center, the scale is usually controlled by test-section width. 
Most flow facilities available for testing purposes range in 
width from 2 to 4 m (6 to 12 ft) . Hence, if interest were focus· 
ed on an area of 500-m {1600-ft) radius, the scale could range 
from I :500 to I :250 depending on the test -section width. A 
large scale is usually desirable to meet minimum Reynolds 
number and Froude number requirements; therefore, a wide 
test section provides advantages for testing purposes. In 
general, the model at any section should be sufficiently small 
with respect to the test-section area that blockage is less than 
IOOJo. 
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The test program must include specifications of the 
meteorological variables to be considered. These include wind 
direction, wind speed, and thermal stability. Data taken at the 
nearest meteorological station should be reviewed to obtain a 
realistic assessment of wind climate for a particular site. 
Ordinarily, local winds around a building, pressures, and/or 
concentrations are measured for 16 wind directions at 22 112° 
intervals. This is easily accomplished by mounting a building 
and its near surroundings on a turntable. If only local wind in
formation and pressures are of interest, testing at one wind 
speed with neutral stability is sufficient. This wind speed 
should be sufficiently large to give a building Reynolds 
number (U0 L 0 /v0 ) in excess of 15 000. A wind.speed U0 of 15 
to 20 mis (50 to 65 ft/s) is usually satisfactory for this type of 
testing and yields relative local wind speeds and pressure coef
ficients independent of the Reynolds number (wind speed). 
When circulation of air pollutants around a building is being 
investigated for a neutral atmosphere, the wind speeds U0 to 
be used in tests are determined by similarity requirements for 
the source characteristics . 

Specifications of source characteristics must include, in ad
dition to source geometry, the discharge speed v. and the 
temperature and/or concentration of various components of 
the effluent to permit determination of effluent density . This 
information and meteorological data for the site determine a 
realistic range of values for the velocity ratio, R, ( v.IUH) and 
1he densimetric Froude number. Equality of model and proto
type Froude numbers requires wind speeds less than 0.5 mis 
(1.5 ft/s) for testing. However, larger wind speeds than given 
by the foregoing requirement may be needed to meet the mini
mum building Reynolds number requirement. Larger wind 
speeds are possible by using a density difference for the model 
effluent larger than the prototype difference. 

For effluent with positive buoyancy, it is convenient to use 
a mixture of air and helium plus a tracer. A mixture of air and 
carbon dioxide plus tracer is ideal for a negatively buoyant ef
fluent. Once the relationship between model and prototype 
flow speeds is known, the model source exit speeds V can be 
determined. These are necessary to preserve equalitY of the 
velocity ratio R = v.1u11, where the range of R to be used in 
testing is determined by (I) operational characteristics of the 
system that generates the source, and (2) meteorological 
characteristics of the site. 

FULL-SCALE TESTING 

While full-scale testing may seem the preferred method for 
assessing dilution of efnuent from stacks and vents, it is often 
the most difficult and time consuming. Control of the most 
important variables isn't possible; namely, atmospheric con
ditions. To obtain a representative set of concentralion data 
over a wide range of meteorological conditions may require 
months or even years. Visual tracers can often provide inex
pensive, rapid indications of cavity size, source entrainment, 
and recirculation possibilities. A well planned set of concen
tration measurements is recommended for validation of re
sults from numerical analysis or physical modeling studies. 
Used in this manner, a limited set of field test concentration 
data can be expanded through the use of physical or numeri
cal modeling to include a wide range of meteorological cond.i
tions. 
. T.he experimental procedures used for full -scale testing are 

similar to those for a physical modeling siudy. 41 · 42 A tracer 
gas is released from a vent or stack at a known rate after 
which concentrations of the tracer are measured at the desired 
locations in or outside the building. To document atmospheric 
conditions, wind speed, wind direction, and atmospheric sla
bility measurements are required. Often a visual tracer is 
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released to provide qualitative information on effluent disper
sion processes. The main phases of field testing are discussed 
in the following paragraphs. 

Tracers 
At present the most frequently used tracer gas for full-scale 

measurements of mean concentrations is sulfur hexafluoride 
(SF6 ), 43 •44 a nontoxic, colorless, odorless, and tasteless gas 
that is nonflammable, noncorrosive, chemically inert, and has 
a high thermal stability}5 It can be stored in liquid form 
under moderate pressures and can be easily dispensed from 
metal cylinders . Two gases with similar suitable charac
teristics are bromotrinuoromethane and octafluorocyclo
butane. 

Concentrations of these gases are detected by electron ab
sorption detectors. SF6 can be detected down to two parts per 
1Qll-still above the ambient background value of one part 
per 1014 • This makes SF6 an ideal tracer for long- or short
range diffusion studies or when low source dilution factors 
are expected. -

Tracer aerosols such as smoke plumes, 46 oil fogs, 47 

spores, 48 dyes, 49 antimony oxide, so and fluorescent par
ticles51·52 have been used for both visualization and concentra
tion determination. Orange Coast Guard flares provide an ex
cellent visual tracer that can be photographed readily . The 
main problem with tracer aerosols is that they may exhibit 
atypical diffusion patterns because of losses from particle 
fallout or impaction. 

Meteorological Data 
The tracer concentrations measured must be combined with 

meteorological data for proper categorization and conversion 
to nondimensional forms. As a minimum, wind speed and 
direction should be measured (preferably at a height equal to 
the building height) along with temperature at two levels. 
After field testing, it is recommended that the wind station be 
left operating so that long-term statistics can be generated to 
predict the frequency of occurrence of worst-case dilution 
problems and to determine design stack ex.it speeds. 

Design and Data Presentation 
The design of each full-scale test may be different, depen

ding on the results sought. It is generally advised that a con
sultant be obtained for the design and experimentation phases 
of the study. The basic study design steps are: 

1. Decide on tracer gas (or visual tracer) to be used. 
2. Estimate the maximum dilution expected to be measured. 
3. Pick a tracer-gas analysis system which will measure the desired 

concentrations. 
4. Design a tracer sampli11g device. 
S. Designate sampling locations and tracer-gas release locations. 
6. Pick instruments to monitor the total and tracer-gas release loca

tions. 
7. Install meteorological station(s). 
8. Forecast the data for the desired atmospheric conditions 

(meteorological service). 
9. Conduct field tests. 

Depenaing on the results desired, the data may be displayed 
in two ways. The first would be the dilution ratio, D = C,IC, 
and the second a concentration coefficient, K . See Eqs 5-9 and 
Fig. 6 . To classify which conditions produce excess concentra
tions, the D or K values may be categorized by wind speed, 
wind direction, and stability. 

LETTER SYMBOLS USED IN CHAPTER 14 

A = a characteristic frontal area of building, ml (ft2 ). 
A, = stack or exhaust vent aiea, m2 (ft2). 
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C - volume concentration of contaminant gas at roof level or at a 
ventilation intake. 

C - volume fraction (concentration) of contaminant in vent gas. 
C • .. maximum contaminant concentration at a fixed distance x 

"""' from the vent or stack, along the plume centerline. 
cp "" pressure coefficient, dimensionless. 

Cp,i "" average pressure coefficient at height Z, based on velocity, 
Uz. 

C H = average pressure coefficient based on velocity Un, at roof p, • 
height. 

D = C,IC, gas dilution factor. 
D . = minimum dilution factor at a fixed distance r from the vent. 

mih = height or diameter of wind tunnel, m (ft) (Fig. 17). 
H = height of building, m (ft). 

He = maximum height of cavity or reverse flow region over 
building roof, m (ft) (Fig . 1). 

H m = height of model, m (ft) (Fig. 17). 
K = concentration coefficient (Eq 5). 

K, = value of Kat.exhaust vent or stack exit. 
Km "" maximum of Kvalue at a fixed distance from the vent. 

K, = equivalent sand roughness of particle diameter. 
L = building length in the wind direction, m (ft). 

Le = recirculation cavity reattachment length, m (ft) (Fig. 2). 
Ld ~ diffusion length scale related to building size, m (ft). 
La = tunnel test section length, m (ft) (Figs. 17, 18). 
P, =wind pressure on building surface, Pa (in. H20). 

P,. =wind pressure on building surface, in. H20. 
P, "" wind velocity pressure at roof level, Pa. 

P,, =wind velocity pressure at roof level, in . H20. 
Q = volume flow rate of contaminant in stack gas, L/s (cfm). 

Q, = Lota! stack or vent gas flow, Lis (cfm). 
R =ratio of stack or vent exit ve.loci ty to wind velocity, V,IUH. 

R, = building Reynolds number U0 L 0 /v 0 • 

r = shortest distance from vent 10 receptor on building surface , .m 
(ft). (Note: vertical height from top of stack or vent should be 
added to horizontal distance.) 

S = stretched string separation distance, exhaust to intake, m (ft). 
UH = wind speed at building roof height, mis. 

UH• = wind speed at building roof height, mph (miles per hour). 
Va = tunnel mean wind speed, mis (mph). 

U ref = wind speed at height Zref at which meteorological ob
servations are recorded, mis (mph). 

V, = stack or vent exhaust velocity, mis (fpm). 
W = build ing width perpendicular to the wind direction, m (ft). 

Xe = distance from windward building face to location of 
maximum cavity height, m (ft). 

Z = vertical distance above ground, m (ft). 
Zref = vertical height at which meteorological observations are 

recorded, m (ft). 

Greek Symbols 
6 = atmospheric boundary layer th ickness or height, in (ft). 

6 m = wind tunnel boundary layer thickness , m (ft). 
v = kinemetic viscosity of air, m2/s (ft2/s). 

va = kinemetic viscosity of air in wind tunnel, m2/s (ft2/s) . 
Q =air density, kg/ml. 

Q, = air density, lb/ftl. 
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