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CHAPTER 24

AIRFLOW AROUND BUILDINGS
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IRFLOW around buildings affects worker safety, process and
building equipment operation, weather and pollution protec-
tion at inlets, and the ability to control indoor temperature, humid-
ity, air motion, and contaminants. Wind causes variable surface
pressures on buildings that change intake and exhaust system flow
rates, natural ventilation, infiltration and exfiltration, and interior
pressures. The mean flow patterns and turbulence of wind passing
over a building can recirculate exhaust gases to air intakes. This
chapter provides basic information for evaluating windflow pat-
terns, estimating wind pressures, and identifying problems caused
by the effects of wind on intakes, exhausts, and equipment. In most
cases, detailed solutions are addressed in other chapters. Related
information can be found in Chapters 11, 14, 16, and 3¢ of this
volume; in Chapters 29, 30, 44, 46, and 52 of the 2007 ASHRAE
Handbook—HVAC Applications; and in Chapters 29, 34, and 39 of
the 2008 ASHRAE Handbook—HVAC Systems and Equipment.

FLOW PATTERNS

Buildings having even moderately complex shapes, such as L- or
U-shaped structures, can generate flow patterns too complex to gen-
eralize for design. To determine flow conditions influenced by sur-
rounding buildings or topography, wind tunnel or water channel
tests of physical scale models, tests of existing buildings, or careful
computational modeling efforts are required (see the section on

WIND UNAFFECTED BY BUILDING

Physical and Computational Modeling). Only isolated, rectangular
block buildings are discussed here. English and Fricke (1997),
Hosker (1984, 1985), Khanduri et al. (1998), Saunders and Mel-
bourne (1979), and Walker et al. (1996) review the effects of nearby
buildings.

As wind impinges on a building, airflow separates at the building
edges, generating recirculation zones over downwind surfaces
(roof, side and downwind walls) and extending into the downwind
wake (Eigure 1). On the upwind wall, surface flow patterns are
largely influenced by approach wind characteristics. Eigure 1 shows
that the mean speed of wind Uy approaching a building increases
with height H above the ground. Higher wind speed at roof level
causes a larger pressure on the upper part of the wall than near the
ground, which leads to downwash on the lower one-half to two-
thirds of the building. On the upper one-quarter to one-third of the
building, windflow is directed upward over the roof (upwash). For
a building with height H three or more times width /¥ of the upwind
face, an intermediate stagnation zone can exist between the upwash
and downwash regions, where surface streamlines pass horizontally
around the building, as shown in Figures 1 (inset) and 2. (In Eigure
2, the upwind building surface is “folded out” to illustrate upwash,
downwash, and stagnation zones.) Downwash on the lower surface
of the upwind face separates from the building before it reaches
ground level and moves upwind to form a vortex that can generate
high velocities close to the ground (“area of strong surface wind” in
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Fig. 1 Flow Patterns Around Rectangular Building

The preparation of this chapter is assigned to TC 4.3, Ventilation Requirements and Infiltration.
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Fig. 2 Surface Flow Patterns for Normal and Oblique Winds
(Wilson 1979)
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Fig.3 Flow Recirculation Regions and Exhaust-to-Intake Stretched-String Distances (S 4, Sp)

Figure 1, inset). This ground-level upwind vortex is carried around
the sides of the building in U shape and suspends dust and debris
that can contaminate air intakes close to ground level.

The downwind wall of a building exhibits a region of low average
velocity and high turbulence (i.e., a flow recirculation region)
extending a distance L, downwind. If the building has sufficient
length L in the windward direction, the flow reattaches to the build-
ing and may generate two distinct regions of separated recirculation
flow, on the building and in its wake, as shown in Eigures 2 and 3.
Figure 3 also illustrates a rooftop recirculation cavity of length L, at
the upwind roof edge and a recirculation zone of length L, down-
wind of the rooftop penthouse. Velocities near the downwind wall
are typically one-quarter of those at the corresponding upwind wall
location. Figures 1 and 2 show that an upward flow exists over most
of the downwind walls.

Streamline patterns are independent of wind speed and depend
mainly on building shape and upwind conditions. Because of the
three-dimensional flow around a building, the shape and size of the
recirculation airflow are not constant over the surface. Airflow
reattaches closer to the upwind building face along the edges of the
building than it does near the middle of the roof and sidewalls
(Eigure 2). Recirculation cavity height H, (Eigures 1 and 3) also

decreases near roof edges. Calculating characteristic dimensions for
recirculation zones H,, L., and L, is discussed in Chapter 44 of the
2007 ASHRAE Handbook—HVAC Applications.

For wind perpendicular to a building wall, height H# and width W
of the upwind building face determine the scaling length R that
characterizes the building’s influence on windflow. According to
Wilson (1979),

R=B"B, (6]

where
B, = smaller of upwind building face dimensions H and W
B; = larger of upwind building face dimensions A and W

When B; is larger than 8B, use B; = 8B, in Equation (1). For build-
ings with varying roof levels or with wings separated by at least a
distance of By, only the height and width of the building face below
the portion of the roof in question should be used to calculate R.
Flow accelerates as the streamlines compress over the roof and
decelerates as they spread downward over the wake on the down-
wind side of the building. The distance above roof level where a
building influences the flow is approximately 1.5R, as shown in
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Figure 1. In addition, roof pitch also begins to affect flow when it
exceeds about 15° (1:4). When roof pitch reaches 20° (1:3), flow
remains attached to the upwind pitched roof and produces a recir-
culation region downwind of the roof ridge that is larger than that
for a flat roof.

If the angle of the approach wind is not perpendicular to the
upwind face, complex flow patterns result. Strong vortices develop
from the upwind edges of a roof, causing strong downwash onto the
roof (Eigure 2). High speeds in these vortices (vorticity) cause large
negative pressures near roof corners that can be a hazard to roof-
mounted equipment during high winds. When the angle between the
wind direction and the upwind face of the building is less than about
70°, the upwash/downwash patterns on the upwind face of the build-
ing are less pronounced, as is the ground-level vortex shown in
Figure 1. Eigure 2 shows that, for an approach flow angle of 45°,
streamlines remain close to the horizontal in their passage around the
sides of the building, except near roof level, where the flow is sucked
upward into the roof edge vortices (Cochran 1992).

Both the upwind velocity profile shape and its turbulence inten-
sity strongly influence flow patterns and surface pressures (Mel-
bourne 1979).

WIND PRESSURE ON BUILDINGS

In addition to flow patterns described previously, the turbulence
or gustiness of approaching wind and the unsteady character of sep-
arated flows cause surface pressures to fluctuate. Pressures dis-
cussed here are time-averaged values, with an averaging period of
about 600 s. This is approximately the shortest time period consid-
ered to be a “steady-state” condition when considering atmospheric
winds; the longest is typically 3600 s. Instantaneous pressures may
vary significantly above and below these averages, and peak pres-
sures two or three times the mean values are possible. Although
peak pressures are important with regard to structural loads, mean
values are more appropriate for computing infiltration and ventila-
tion rates. Time-averaged surface pressures are proportional to wind
velocity pressure p, given by Bernoulli’s equation:

2
_ anH

Py, = 2g,

@

where
Uy = approach wind speed at upwind wall height H [see Equation (4)]
p, = ambient (outdoor) air density
g. = gravitational proportionality constant

The proportional relationship is shown in the following equation,
in which the difference p, between the pressure on the building sur-
face and the local outdoor atmospheric pressure at the same level in
an undisturbed wind approaching the building is

Ps= Cppv (3)

where C, is the local wind pressure coefficient at a point on the
building surface.

The local wind speed Uy, at the top of the wall that is required for
Equation (2) is estimated by applying terrain and height corrections
to the hourly wind speed U,,,,, from a nearby meteorological station.

U,,.;1s generally measured in flat, open terrain (i.e., category 3 in
Table 1). The anemometer that records U, is located at height
H,,, usually 33 ft above ground level. The hourly average wind

speed Uy (Eigures 1 and 3) in the undisturbed wind approaching a
building in its local terrain can be calculated from U,,,,, as follows:

anl(’)‘ a
Uy = U, | dme | H )
" Hmet 6
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Table 1 Atmospheric Boundary Layer Parameters

Terrain Layer
Cate- Exponent Thickness
gory Description a d, ft

1 Large city centers, in which at least 50% of ~ 0.33 1500
buildings are higher than 80 ft, over a
distance of at least 0.5 mi or 10 times the
height of the structure upwind, whichever is
greater

2 Urban and suburban areas, wooded areas, or ~ 0.22 1200
other terrain with numerous closely spaced
obstructions having the size of single-family
dwellings or larger, over a distance of at
least 0.5 mi or 10 times the height of the
structure upwind, whichever is greater

3 Open terrain with scattered obstructions 0.14 900
having heights generally less than 30 ft,
including flat open country typical of
meteorological station surroundings

4 Flat, unobstructed areas exposed to wind 0.10 700
flowing over water for at least 1 mi, over a
distance of 1500 ft or 10 times the height of
the structure inland, whichever is greater

The atmospheric boundary layer thickness 6 and exponent a for
the local building terrain and a,,,, and §,,., for the meteorological
station are determined from Table 1. Typical values for meteorolog-
ical stations (category 3 in Table 1) are a,,,, = 0.14 and §,,,, = 900 ft.
The values and terrain categories in Table 1 are consistent with those
adopted in other engineering applications (e.g., ASCE Standard 7).
Equation (4) gives the wind speed at height H above the average
height of local obstacles, such as buildings and vegetation, weighted
by the plan-area. At heights at or below this average obstacle height
(e.g., at roof height in densely built-up suburbs), speed depends on
the geometrical arrangement of the buildings, and Equation (4) is
less reliable.

An alternative mathematical description of the atmospheric
boundary layer, which uses a logarithmic function, is given by
Deaves and Harris (1978). Although their model is more compli-
cated than the power law used in Equation (4), it more closely mod-
els the real physics of the atmosphere and has been adopted by
several foreign codes (e.g., SA/SNZ Standard AS/NZS 1170.2 from
Australia).

Example 1. Assuming a 23 mph anemometer wind speed for a height
H,,. of 33 ft at a nearby airport, determine the wind speed Uy; at roof

level H= 50 ft for a building located in a city suburb.

Solution: From Table 1, the atmospheric boundary layer properties
for the anemometer are a,,,, = 0.14 and §,,,, = 900 ft. The atmospheric
boundary layer properties at the building site are a = 0.22 and
& = 1200 ft. Using Equation (4), wind speed Uy at 50 ft is

B 900 0.147 501022 B
Uy =23 33 1200 = 18.2 mph

Local Wind Pressure Coefficients

Values of the mean local wind pressure coefficient C,, used in
Equation (3) depend on building shape, wind direction, and influ-
ence of nearby buildings, vegetation, and terrain features. Accurate
determination of C, can be obtained only from wind tunnel model
tests of the specific site and building or full-scale tests. Ventilation
rate calculations for single, unshielded rectangular buildings can be
reasonably estimated using existing wind tunnel data. Many wind
load codes (e.g., ASCE Standard ASCE/SEI 7-05, SA/SNZ Stan-
dard AS/NZS 1170.2) give mean pressure coefficients for common
building shapes.
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Fig. 4 Local Pressure Coefficients (C, x 100) for Tall Building with Varying Wind Direction
(Davenport and Hui 1982)

Figure 4 shows pressure coefficients for walls of a tall rectangu-
lar cross section building (high-rise) sited in urban terrain (Daven-
port and Hui 1982). Eigure 5 shows pressure coefficients for walls of
a low-rise building (Holmes 1986). Generally, for high-rise build-
ings, height H is more than three times the crosswind width . For
H > 3W, use Eigure 4; for H < 3W, use Eigure 5. At a wind angle
0 =0° (e.g., wind perpendicular to the face in question), pressure
coefficients are positive, and their magnitudes decrease near the
sides and the top as flow velocities increase.

As seen in Figure 4, C, generally increases with height, which
reflects increasing velocity pressure in the approach flow as wind
speed increases with height. As wind direction moves off normal
(60 =0°), the region of maximum pressure occurs closer to the
upwind edge (B in Eigure 4) of the building. At a wind angle of
0 = 45°, pressures become negative at the downwind edge (A in Eig-
ure 4) of the front face. At some angle 6 between 60° and 75°, pres-
sures become negative over the whole front face. For 6 = 90°,
maximum suction (negative) pressure occurs near the upwind edge
(B in Eigure 4) of the building side and then recovers towards a
lower-magnitude negative coefficient as the downwind edge (A in
Figure 4) is approached. The degree of this recovery depends on the
length of the side in relation to the width W of the structure. For
wind angles larger than 6 = 100°, the side is completely within the
separated flow of the wake and spatial variations in pressure over
the face are not as great. The average pressure on a face is positive
for wind angles from 6 = 0° to almost 60° and negative (suction) for
0 =60° to 180°.

A similar pattern of behavior in wall pressure coefficients for a
low-rise building is shown in Ejgure 3. Here, recovery from strong
suction with distance from the upwind edge is more rapid.

Surface-Averaged Wall Pressures

Surface-averaged pressure coefficients may be used to determine
ventilation and/or infiltration rates, as discussed in Chapter 16. Fig-
ure 6 shows the surface pressure coefficient C; averaged over a com-
plete wall of a low-rise building (Swami and Chandra 1987). The
figure also includes values calculated from pressure distributions in
Eigure 5. Similar results for a tall building are shown in Eigure 7
(Akins et al. 1979).

The wind-induced indoor/outdoor pressure difference is found
using the coefficient C,, ;,_o,,,), Which is defined as

Cp (in-out) = Cp - Cin (5)
where C;, is the internal wind-induced pressure coefficient. For uni-
formly distributed air leakage sites in all the walls, C;,, is about —0.2,
as can be found easily by integration.

Roof Pressures

Surface pressures on the roof of a low-rise building depend
strongly on roof slope. Figure § shows typical distributions for a
wind direction normal to a side of the building. Note that the direc-
tion and magnitude of pressure coefficients are indicated by the
direction and length of the arrows. For very low slopes (less than
about 10°), pressures are negative over the whole roof surface. The
magnitude is greatest within the separated flow zone near the lead-
ing edge and recovers toward the free stream pressure downwind of
the edge. For intermediate slopes (about 10 to 20°), two large-
magnitude low-pressure regions are formed, one at the leading roof
edge and one at the roof peak. For steeper slopes (greater than
about 20°), pressures are weakly positive on the upwind slope and
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Fig. 5 Local Pressure Coefficients for Walls of Low-Rise
Building with Varying Wind Direction
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Fig. 6 Variation of Surface-Averaged Wall Pressure
Coefficients for Low-Rise Buildings
Courtesy of Florida Solar Energy Center
(Swami and Chandra 1987)

negative within the separated flow over the downwind slope. With a
wind angle of about 45°, the vortices originating at the leading cor-
ner of a roof with a low slope can induce very large, localized neg-
ative pressures (see Figure 2). A similar vortex forms on the
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(Akins et al. 1979)

downwind side of a leading ridge end on a steep roof, as discussed
in Cochran et al. (1999). Roof corner vortices and how to disrupt
their influence are discussed in Cochran and Cermak (1992) and
Cochran and English (1997). Figure 9 shows the average pressure
coefficient over the roof of a tall building (Akins et al. 1979).

Interference and Shielding Effects on Pressures

Nearby structures strongly influence surface pressures on both
high- and low-rise buildings, particularly for spacing-to-height
ratios less than five, where distributions of pressure shown in Fig-
ures 4 to 9 do not apply. Although the effect of shielding for low-rise
buildings is still significant at larger spacing, it is largely accounted
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for by the reduction in p, with increased terrain roughness. Bailey
and Kwok (1985), Khanduri et al. (1998), Saunders and Melbourne
(1979), Sherman and Grimsrud (1980), and Walker et al. (1996) dis-
cuss interference. English and Fricke (1997) discuss shielding
through use of an interference index, and Walker et al. (1996) pres-
ent a wind shadow model for predicting shelter factors. Chapter 16
gives shielding classes for air infiltration and ventilation applica-
tions.

Sources of Wind Data

To design for effects of airflow around buildings, wind speed and
direction frequency data are necessary. The simplest forms of wind
data are tables or charts of climatic normals, which give hourly aver-
age wind speeds, prevailing wind directions, and peak gust wind
speeds for each month. This information can be found in sources

such as The Weather Almanac (Bair 1992) and the Climatic Atlas of

the United States (DOC 1968). Climatic design information, includ-
ing wind speed at various frequencies of occurrence, is included in
Chapter 14. A current source, which contains information on wind
speed and direction frequencies, is the International Station Mete-
orological Climatic Summary CD from the National Climatic Data
Center (NCDC) in Asheville, NC. Where more detailed information
is required, digital records of hourly winds and other meteorological
parameters are available (on magnetic tape or CD-ROM) from the
NCDC for stations throughout the world. Most countries also have
weather services that provide data. For example, in Canada, the
Atmospheric Environment Service in Downsview, Ontario, pro-
vides hourly meteorological data and summaries.

When an hourly wind speed U,,,,, at a specified probability level
(e.g., the wind speed that is exceeded 1% of the time) is desired, but
only the average annual wind speed U,,,,,,.; is available for a given
meteorological station, U,,,, may be estimated from Table 2. The
ratios U,,.,/U, e are based on long-term data from 24 weather
stations widely distributed over North America. At these stations,
U e Tanges from 7 to 14 mph The uncertainty ranges listed in
Table 2 are one standard deviation of the wind speed ratios. The fol-

lowing example demonstrates the use of Table 2.

Example 2. The wind speed U,,,, that is exceeded 1% of the time (88 hours
per year) is needed for a building pressure or exhaust dilution calcula-
tion. If U,,,,,,,; = 9 mph, find U,,,,,.

Solution: From Tgblg 2, the wind speed U,,,, exceeded 1% of the time
is 2.5 + 0.4 times U,,,,,,;- For U, =9 mph, U, is 23 mph with an

nnual ~—
uncertainty range of 19 to 26 mph at one standard deviation.

Using a single prevailing wind direction for design can cause
serious errors. For any set of wind direction frequencies, one direc-
tion always has a somewhat higher frequency of occurrence. Thus,
it is often called the prevailing wind, even though winds from other
directions may be almost as frequent.

When using long-term meteorological records, check the ane-
mometer location history, because the instrument may have been
relocated and its height varied. This can affect its directional

Table 2 Typical Relationship of Hourly Wind Speed U,
to Annual Average Wind Speed U,

annual
Percentage of Hourly Values Wind Speed Ratio
That Exceed U,,,, Uset'Unpnual
90% 02+0.1
75% 0.5+0.1
50% 0.8+0.1
25% 1.2+0.15
10% 1.6+£0.2
5% 1.9+0.3
1% 25404
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exposure and the recorded wind speeds. Equation (4) can be used to
correct wind data collected at different mounting heights. Poor ane-
mometer exposure caused by obstructions or mounting on top of a
building cannot be easily corrected, and records for that period
should be deleted.

If an estimate of the probability of an extreme wind speed outside
the range of the recorded values at a site is required, the observations
may be fit to an appropriate probability distribution (e.g., a Weibull
distribution) and the particular probabilities calculated from the
resulting function (Figure 10). This process is usually repeated for
each of 16 wind directions (e.g., 22.5° intervals). Note that most
recent wind data records are provided in 10° intervals, for which the
same method may be used, except that the process is repeated for
each of 36 wind directions. If both types of data are to be used, one
data set must be transformed to match the other.

Where estimates at extremely low probability (high wind speed)
are required, curve fitting at the tail of the probability distribution is
very important and may require special statistical techniques appli-
cable to extreme values (see Chapter 14). Building codes for wind
loading on structures contain information on estimating extreme
wind conditions. For ventilation applications, extreme winds are
usually not required, and the 99 percentile limit can be accurately
estimated from airport data averaged over less than 10 years.

Estimating Wind at Sites Remote from
Recording Stations

Many building sites are located far from the nearest long-term
wind recording site, which is usually an airport meteorological
station. To estimate wind conditions at such sites, the terrain sur-
rounding both the anemometer site and the building site should be
checked. In the simplest case of flat or slightly undulating terrain
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with few obstructions extending for large distances around and
between the anemometer site and building site, recorded wind data
can be assumed to be representative of that at the building site. Wind
direction occurrence frequency at a building site should be inferred
from airport data only if the two locations are on the same terrain,
with no terrain features that could alter wind direction between them.

In cases where the only significant difference between the ane-
mometer site terrain and the building site terrain is surface rough-
ness, the mean wind speed can be adjusted using Equation (4) and
[able 1, to yield approximate wind velocities at the building site.
Wind direction frequencies at the site are assumed to be the same as
at the recording station.

In using Equation (4), cases may be encountered where, for a
given wind direction, the terrain upwind of either the building or
recording site does not fall into just one of the categories in Table
1. The terrain immediately upwind of the site may fall into one
category, while that somewhat further upwind falls into a different
category. For example, at a downtown airport the terrain may be flat
and open (category 3) immediately around the recording instru-
ment, but urban or suburban (category 2) a relatively short distance
away. This difference in terrains also occurs when a building or
recording site is in an urban area near open water or at the edge of
town. In these cases, the suggested approach is to use the terrain
category most representative of the average condition within
approximately 1 mile upwind of the site (Deaves 1981). If the aver-
age condition is somewhere between two categories described in
[able 1, the values of @ and § can be interpolated from those given
in the table.

Several other factors are important in causing wind speed and
direction at a building site to differ from values recorded at a nearby
meteorological station. Wind speeds for buildings on hillcrests or in
valleys where the wind is accelerated or channeled can be 1.5 times
higher than meteorological station data. Wind speeds for buildings
sheltered in the lee of hills and escarpments can be reduced to 0.5
times the values at nearby flat meteorological station terrain.

Solar heating of valley slopes can cause light winds of 2 to 9 mph
to occur as warm air flows upslope. At night, radiant cooling of the
ground can produce similar speeds as cold air drains downslope. In
general, rolling terrain experiences a smaller fraction of low speeds
than nearly flat terrain.

When wind is calm or light in the rural area surrounding a city,
urban air tends to rise in a buoyant plume over the city center. This
rising air, heated by anthropogenic sources and higher solar absorp-
tion in the city, is replaced by air pushed toward the city center from
the edges. In this way, the urban heat island can produce light wind
speeds and direction frequencies significantly different than those at
a rural meteorological station.

In more complex terrain, both wind speed and direction may be
significantly different from those at the distant recording site. In
these cases, building site wind conditions should not be estimated
from airport data. Options are either to establish an on-site wind
recording station or to commission a detailed wind tunnel correla-
tion study between the building site and long-term meteorological
station wind observations.

WIND EFFECTS ON SYSTEM OPERATION

A building with only upwind openings is under a positive pres-
sure (Eigure 11A). Building pressures are negative when there are
only downwind openings (Eigure 11B). A building with internal
partitions and openings (Figure 11C) is under various pressures,
depending on the relative sizes of openings and wind direction. With
larger openings on the upwind face, the building interior tends
toward positive pressure; the reverse is also true (see Eigures 4 to 9,
and Chapter 10).

With few exceptions, building intakes and exhausts cannot be
located or oriented such that a prevailing wind ensures ventilation

NEGATIVE H

RESSURG PRESSURE [|

|] PRESSURE

A B C

PRESSURES IN BUILDING RESULTING FROM WIND:

A. With upstream opening only, pressure is positive.

B. With downstream opening only, pressure is negative.

C. Pressures are as shown if openings are equal in shape and
area. With unequal openings, pressures can be either
negative or positive in each space, depending on relative

areas of openings.

Wind opposing
fan (intake under
negative pressure,
system volume
decreased)

AIR-CONDITIONING SYSTEM INTAKE
AT AREAWAY

Wind aiding fan (intake under
positive pressure, system
volume increased)

Fig. 11 Sensitivity of System Volume to Locations of Building
Openings, Intakes, and Exhausts

and air-conditioning system operation. Wind can assist or hinder
inlet and exhaust fans, depending on their positions on the building,
but even in locations with a predominant wind direction, the venti-
lating system must perform adequately for all other directions. To
avoid variable system flow rates, use Eigures 4, 5, and § as a guide
to placing inlets and exhausts in locations where surface pressure
coefficients do not vary greatly with wind direction.

Airflow through a wall opening results from differential pres-
sures, which may exceed 0.5 in. of water during high winds. Supply
and exhaust systems, openings, dampers, louvers, doors, and win-
dows make building flow conditions too complex for direct calcu-
lation. Iterative calculations are required because of the nonlinear
dependence of volume flow rate on the differential pressure across
an opening. Several multizone airflow models are available for
these iterative calculations (Feustel and Dieris 1992; Walton and
Dols 2005). Opening and closing of doors and windows by building
occupants add further complications. In determining Cy;(;,. ) from
Equation (5), wind direction is more important than the position of
an opening on a wall, as shown in Figures 4 and 3. Refer to Chapter
L6 for details on wind effects on building ventilation, including nat-
ural and mechanical systems.

Cooling towers and similar equipment should be oriented to take
advantage of prevailing wind directions, if possible, based on care-
ful study of meteorological data and flow patterns on the building
for the area and time of year.

Natural and Mechanical Ventilation

With natural ventilation, wind may augment, impede, or some-
times reverse the airflow through a building. For flat roof areas with
large along-wind sides, wind can reattach to the roof downwind of
the leading edge (see Eigure 2). For peaked roofs, the upwind slope
may be positively pressurized while the downwind slope may be
negatively pressurized, as shown in Figure 8. Thus, any natural ven-
tilation openings could see either a positive or negative pressure,
dependent on wind speed and direction. Positive pressure existing
where negative pressures were expected could reverse expected nat-
ural ventilation. These reversals can be avoided by using stacks,
continuous roof ventilators, or other exhaust devices in which flow
is augmented by wind.

Mechanical ventilation is also affected by wind conditions. A
low-pressure wall exhaust fan (0.05 to 0.1 in. of water) can suffer
drastic reduction in capacity. Flow can be reduced or reversed by
wind pressure on upwind walls, or increased substantially when
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subjected to negative pressure on the downwind wall. Side walls
may be subjected to either positive or negative pressure, depending
on wind direction. Clarke (1967), measuring medium-pressure air-
conditioning systems (1 to 1.5 in. of water), found flow rate changes
0f 25% for wind blowing into intakes on an L-shaped building com-
pared to wind blowing away from intakes. Such changes in flow rate
can cause noise at supply outlets and drafts in the space served.

For mechanical systems, wind can be thought of as an additional
pressure source in series with a system fan, either assisting or
opposing it (Houlihan 1965). Where system stability is essential,
supply and exhaust systems must be designed for high pressures
(about 3 to 4 in. of water) or use devices to actively minimize unac-
ceptable variations in flow rate. To conserve energy, the selected
system pressure should be the minimum consistent with system
needs.

Quantitative estimates of wind effects on a mechanical ventila-
tion system can be made by using the pressure coefficients in Fig-
wes 4 to 9 to calculate wind pressure on air intakes and exhausts. A
simple worst-case estimate is to assume a system with 100%
makeup air supplied by a single intake and exhausted from a single
outlet. The building is treated as a single zone, with an exhaust-only
fan as shown in Figure 12. This overestimates the effect of wind on
system volume flow.

Combining Equations (2) and (3), surface wind pressures at air
intake and exhaust locations are

2
_c o P ©
Py intake p intake 2gc
2
anh
Dy exhaust = Cp exhaust 55— (7
s exhaust p exhaust 2g,

For the single-zone building shown in Figure 12, a worst-case
estimate of wind effect neglects any flow resistance in the intake
grill and duct, making interior building pressure p;,;.,., €qual to
outdoor wind pressure on the intake (p;,/,ior = Ps intake)- Then, with
all system flow resistance assigned to the exhaust duct in Figure 12,
and a pressure rise Apy,, across the fan, pressure drop from outdoor
intake to outdoor exhaust yields

2
- pQ
(ps intake ~Ps exhauxt) + Apfan - E&'ys > ®)
AL gc

where F, is system flow resistance, 4 is flow leakage area, and Q

is system volume flow rate. This result shows that, for the worst-
case estimate, the wind-induced pressure difference simply adds to

Un
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Ps intake —_Q—
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Fig. 12 Intake and Exhaust Pressures on Exhaust Fan in
Single-Zone Building
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or subtracts from the fan pressure rise. With inlet and exhaust pres-
sures from Equations (6) and (7), the effective fan pressure rise

Apfan eﬁls
Apfan eff = Apfan + prind (9)
where

p U’
h
prind = (Cp intake — Cp exlmuxt) Zag (10)
c

The fan is wind-assisted.whqn Cy intake > Gy exhaust and wind-
opposed when the wind direction changes, causing C, ;e <
Cp exhaus- The effect of wind-assisted and wind-opposed pressure

differences is illustrated in Eigure 13.

Example 3. Make a worst-case estimate for the effect of wind on the sup-
ply fan for a low-rise building with height H = 50 ft, located in a city
suburb. Use the hourly average wind speed that will be exceeded only
1% of the time and assume an annual hourly average speed of U,,,,,,,,.; =

8 mph measured on a meteorological tower at height H,,,, = 33 ft at a

nearby airport. Outdoor air density is p, = 0.075 1b/ft>.

Solution: From [gble 2. the wind speed exceeded only 1% of the
hours each year is a factor of 2.5 £ 0.4 higher than the annual average
of 8 mph, so the 1% maximum speed at the airport meteorological
station is

Ut =2.5 x 8 =20 mph

From Example 1, building wind speed Uy is 18.2 mph.

A worst-case estimate of wind effect must assume intake and
exhaust locations on the building that produce the largest difference
(Cp intake — Cp exhause) in Equations (9) and (10). From Figure 3, the
largest difference occurs for the intake on the upwind wall AB and the
exhaust on the downwind wall CD, with a wind angle 6,5 = 0°. For this
worst case, C,, jqr = 0.8 on the upwind wall and C,, ¢yjq,5e = —0.43 on
the downwind wall. Using these coefficients in Equations (9) and (10)
to evaluate effective fan pressure Apy,, o

0.075(23.2)

Apﬁzn eff = Apfan + [08 _(_043)] 2(322)

= APy, +0.77 Iby/f
This wind-assisted hourly averaged pressure is exceeded only
1% of the time (88 hours per year). When wind direction reverses,
the outlet will be on the upwind wall and the inlet on the downwind

wall, producing wind-opposed flow, changing the sign from +0.15

SYSTEM RESISTANCE
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Fig. 13 Effect of Wind-Assisted and Wind-Opposed Flow
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to —0.15 in. of water. The importance of these pressures depends
on their size relative to the fan pressure rise Apy,,, as shown in Fig-

ure 3
Minimizing Wind Effect on System Volume

Wind effect can be reduced by careful selection of inlet and
exhaust locations. Because wall surfaces are subject to a wide vari-
ety of positive and negative pressures, wall openings should be
avoided when possible. When they are required, wall openings
should be away from corners formed by building wings (see Eigure
L1). Mechanical ventilation systems should operate at a pressure
high enough to minimize wind effect. Low-pressure systems and
propeller exhaust fans should not be used with wall openings unless
their ventilation rates are small or they are used in noncritical ser-
vices (e.g., storage areas).

Although roof air intakes in flow recirculation zones best mini-
mize wind effect on system flow rates, current and future air quality
in these zones must be considered. These locations should be
avoided if a contamination source exists or may be added in the
future. The best area is near the middle of the roof, because the neg-
ative pressure there is small and least affected by changes in wind
direction (see Figure 8). Avoid edges of the roof and walls, where
large pressure fluctuations occur. Either vertical or horizontal
(mushroom) openings can be used. On roofs with large areas, where
intake may be outside the roof recirculation zone, mushroom or
180° gooseneck designs minimize impact pressure from wind flow.
Vertical louvered openings or 135° goosenecks are undesirable for
this purpose or for rain protection.

Heated air or contaminants should be exhausted vertically through
stacks, above the roof recirculation zone. Horizontal, louvered (45°
down), and 135° gooseneck discharges are undesirable, even for heat
removal systems, because of their sensitivity to wind effects. A 180°
gooseneck for hot-air systems may be undesirable because of air
impingement on tar and felt roofs. Vertically discharging stacks in a
recirculation region (except near a wall) have the advantage of being
subjected only to negative pressure created by wind flow over the tip
of'the stack. See Chapter 44 of the 2007 ASHRAE Handbook—HVAC
Applications for information on stack design.

Chemical Hood Operation

Wind effects can interfere with safe chemical hood operation.
Supply volume variations can cause both disturbances at hood faces
and a lack of adequate hood makeup air. Volume surges, caused by
fluctuating wind pressures acting on the exhaust system, can cause
momentary inadequate hood exhaust. If highly toxic contaminants
are involved, surging is unacceptable. The system should be
designed to eliminate this condition. On low-pressure exhaust sys-
tems, it is impossible to test the hoods under wind-induced, surging
conditions. These systems should be tested during calm conditions
for safe flow into the hood faces, and rechecked by smoke tests dur-
ing high wind conditions. For more information on chemical hoods,
see Chapter 14 of the 2007 ASHRAE Handbook—HVAC Applica-
tions. For more information on stack and intake design, see Chapter
44 of that volume.

BUILDING PRESSURE BALANCE AND
INTERNAL FLOW CONTROL

Proper building pressure balance avoids flow conditions that
make doors hard to open and cause drafts. In some cases (e.g., office
buildings), pressure balance may be used to prevent confinement of
contaminants to specific areas. In other cases (e.g., laboratories), the
correct internal airflow is towards the contaminated area.

Pressure Balance

Although supply and exhaust systems in an internal area may be
in nominal balance, wind can upset this balance, not only because of
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its effects on fan capacity but also by superimposing infiltrated or
exfiltrated air (or both) on the area. These effects can make it impos-
sible to control environmental conditions. Where building balance
and minimum infiltration are important, consider the following:

* Design HVAC system with pressure adequate to minimize wind
effects

* Include controls to regulate flow rate, pressure, or both

Separate supply and exhaust systems to serve each building area

requiring control or balance

* Use revolving or other self-closing doors or double-door air locks
to noncontrolled adjacent areas, particularly outside doors

 Seal windows and other leakage sources

* Close natural ventilation openings

Internal Flow Control

Airflow direction is maintained by controlling pressure differen-
tials between spaces. In a laboratory building, for example, periph-
eral rooms such as offices and conference rooms are kept at positive
pressure, and laboratories at negative pressure, both with reference
to corridor pressure. Pressure differentials between spaces are nor-
mally obtained by balancing supply system airflows in the spaces in
conjunction with exhaust systems in the laboratories. Differential
pressure instrumentation is normally used to control the airflow.

The pressure differential for a room adjacent to a corridor can be
controlled using the corridor pressure as the reference. Outdoor
pressure cannot usually control pressure differentials within internal
spaces, even during periods of relatively constant wind velocity
(wind-induced pressure). A single pressure sensor can measure the
outside pressure at one point only and may not be representative of
pressures elsewhere.

Airflow (or pressure) in corridors is sometimes controlled by an
outdoor reference probe that senses static pressure at doorways and
air intakes. The differential pressure measured between the corridor
and the outside may then signal a controller to increase or decrease
airflow to (or pressure in) the corridor. Unfortunately, it is difficult
to locate an external probe where it will sense the proper external
static pressure. High wind velocity and resulting pressure changes
around entrances can cause great variations in pressure.

To measure ambient static pressure, the probe should be located
where airflow streamlines are not affected by the building or nearby
buildings. One possibility is at a height of 1.5R, as shown in Eigure
1. However, this is usually not feasible. If an internal space is to be
pressurized relative to ambient conditions, the pressure must be
known on each exterior surface in contact with the space. For exam-
ple, a room at the northeast corner of the building should be pres-
surized with respect to pressure on both the north and east building
faces, and possibly the roof. In some cases, multiple probes on a sin-
gle building face may be required. Eigures 4 to § may be used as
guides in locating external pressure probes. System volume and
pressure control is described in Chapter 46 of the 2007 ASHRAE
Handbook—HVAC Applications.

PHYSICAL AND COMPUTATIONAL MODELING

For many routine design applications, flow patterns and wind
pressures can be estimated using the data and equations presented in
the previous sections. Exhaust dilution for simple building geome-
tries in homogeneous terrain environments (e.g., no larger buildings
or terrain features nearby) can be estimated using the data and equa-
tions presented in the previous sections and in Chapter 44 of the
2007 ASHRAE Handbook—HVAC Applications. However, in criti-
cal applications, such as where health and safety are of concern,
more accurate estimates may be required.

Computational Modeling

Computational fluid dynamics (CFD) models attempt to resolve
airflow around buildings by solving the Navier-Stokes equations at
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finite grid locations. CFD models are currently used to model
internal flows (see Chapter 13), but are insufficient to accurately
model atmospheric turbulence. According to Stathopoulos (2000,
2002), there is great potential for computational wind engineering
(CWE), but the numerical wind tunnel “is still virtual rather than
real.” According to Murakami (2000), CWE has become a more
popular tool, but results usually include numerical errors and pre-
diction inaccuracies. Murakami also notes that, although issues
remaining for improving CWE are not many, they are very difficult.

Different methods for predicting turbulent flow around buildings
are described and compared in the following paragraphs.

Direct numerical simulation (DNS) directly resolves all the
spatial and temporal scales in the flow based on the exact Navier-
Stokes equations. This requires very extensive computational
resources (runs lasting from several hours to days, depending on
computer characteristics, power, and capacity) and can at present
only be applied for flow in simple geometries and at low Reynolds
numbers. For the complex, high-Re-number flows in wind engi-
neering, application of DNS will not be possible in the foreseeable
future.

Large eddy simulation (LES) is a simplified method in which
the spatially filtered Navier-Stokes equations are solved. Turbulent
structures larger than the filter (sometimes taken equal to the grid
size) are explicitly solved, while those smaller than the filter are
modeled (i.e., approximated) by a subfilter model. Information on
filtering and subfilter models can be found in Ferzinger and Peric
(2002), Geurts (2003), and Meyers et al. (2008).

In Reynolds-averaged Navier-Stokes (RANS) simulation,
equations are obtained by averaging the Navier-Stokes equations
(time-averaging if the flow is statistically steady or ensemble-
averaging for time-dependent flows). With RANS, only the mean
flow is solved, whereas all scales of turbulence must be modeled.
Averaging generates additional unknowns for which turbulence
models are required. Many turbulence models are available, but no
single turbulence model is universally accepted as being the best for
all types of applications.

In addition, hybrid RANS/LES approaches are available, in
which unsteady RANS (URANS) is used near the wall, and LES in
the rest of the flow field. This avoids the excessively high near-wall
grid resolution required for application of LES near walls in high-
Reynolds-number flow problems. An example of a hybrid RANS/
LES approach is detached eddy simulation (DES), as proposed by
Spalart et al. (1997).

The statistically steady RANS method is the most widely applied
and validated in CWE. It has been used for a wide range of building
applications, including estimating pressure coefficients (Meroney
et al. 2002; Murakami et al. 1992; Oliveira and Younis 2000; Rich-
ards and Hoxey 1992; Stathopoulos 1997; Stathopoulos and Zhou
1993); wind-driven rain (Blocken and Carmeliet 2002, 2004; Choi
1993, 1994; Tang and Davidson 2004); pollutant dispersion (Cowan
etal. 1997; Dawson et al. 1991; Leitl et al. 1997; Li and Stathopoulos
1997; Meroney 2004; Meroney et al. 1999); pedestrian wind condi-
tions (Blocken et al. 2008; Richards et al. 2002; Stathopoulos and
Baskaran 1996; Yoshie et al. 2007); snow drift (Sundsbo 1998; Thiis
2000); and cooling tower drift (Meroney 2006, 2008). Although
many past applications of RANS have been limited to isolated build-
ings or relatively simple building arrangements, large and sometimes
very large discrepancies have been found in comparisons with wind
tunnel and full-scale measurements. These are at least partly attrib-
uted to turbulence model limitations and to the statistically steady
solution of flows that exhibit pronounced transient features, such as
intermittent separation, recirculation zones, and vortex shedding. In
addition, a wide range of other computational aspects can contribute
to uncertainties and errors, divided by COST (2007) into two broad
categories: physical and numerical. Physical modeling errors and
uncertainties result from assumptions and approximations made in
the mathematical description of the physical process. Examples are
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simplifications of the actual physical complexity (e.g., using RANS
instead of DNS) and uncertainties and/or simplifications of the geo-
metric and physical boundary conditions. Numerical errors and
uncertainties are the result of the numerical solution of the mathe-
matical model. Examples are computer programming errors, com-
puter round-off errors, spatial and temporal discretization errors, and
iterative convergence errors.

LES is a time-dependent approach in which more of the turbu-
lence is resolved. It therefore has a larger potential to provide accu-
rate results than statistically steady RANS simulations (Murakami
et al. 1992; Tominaga et al. 1997). LES also provides more infor-
mation about the flow, such as instantaneous and peak wind speeds,
pressures, and pollutant concentrations. However, it requires con-
siderably higher CPU times and memory than RANS. It also
requires time- and space-resolved data as boundary conditions to
properly simulate the inflow. Such experimental data are rarely
available in practice (COST 2007). LES is also considered to
require more experience for users to apply effectively than does
RANS. These drawbacks imply that the practical application of
CWE will continue to be based on statistically steady RANS for a
considerable while.

Guidelines for using CFD have been developed and assembled to
help users avoid, reduce, and estimate errors and uncertainties in
applying CFD. ERCOFTAC (2000) provides extensive guidelines
for industrial CFD applications, many of which are also applicable
to CWE. COST (2007) assembled a comprehensive best-practice
guideline document for CFD simulation of flows in the urban envi-
ronment. Guidelines for application of CFD to pedestrian wind con-
ditions around buildings and for predicting wind loads on buildings
have been developed by the Architectural Institute of Japan and
reported by Mochida et al. (2002), Tamura et al. (2008), Tominaga
etal. (2008), and Yoshie et al. (2007). Other efforts have focused on
specific problems, such as those encountered in simulating equilib-
rium atmospheric boundary layers in computational domains [e.g.,
Blocken et al. (2007a, 2007b); Hargreaves and Wright (2007); Rich-
ards and Hoxey (1993); Yang et al. (2008)]. Most of these guidelines
apply to statistically steady RANS simulations.

Independent of whether RANS or LES is employed, evaluating
the accuracy of CFD results by comparing them with wind tunnel or
field experiments is very important because turbulence models are
based on assumptions; no turbulence model is universally valid for
all applications. Physical modeling therefore remains an indispens-
able tool in wind engineering.

Physical Modeling

Measurements on small-scale models in wind tunnels or water
channels can provide information for design before construction.
These measurements can also be used as an economical method of
performance evaluation for existing facilities. Full-scale testing is
not generally useful in the initial design phase because of the time
and expense required to obtain meaningful information, but it is use-
ful for verifying data derived from physical modeling and for plan-
ning remedial changes to improve existing facilities (Cochran
2006).

Detailed accounts of physical modeling, field measurements and
applications, and engineering problems resulting from atmospheric
flow around buildings are available in international journals, pro-
ceedings of conferences, and research reports on wind engineering
(see the Bibliography).

The wind tunnel is the main tool used to assess and understand
airflow around buildings. Water channels or tanks can also be used,
but are more difficult to implement and give only qualitative results
for some cases. Models of buildings, complexes, and the local sur-
rounding topography are constructed and tested in a simulated tur-
bulent atmospheric boundary layer. Airflow, wind pressures, snow
loads, structural response, or pollutant concentrations can then be
measured directly by properly scaling wind, building geometry, and
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exhaust flow characteristics. Dagliesh (1975) and Petersen (1987a)
found generally good agreement between the results of wind tunnel
simulations and corresponding full-scale data. Cochran (1992) and
Cochran and Cermak (1992) found good agreement between model-
and full-scale measurements of low-rise architectural acrodynamics
and cladding pressures, respectively. Stathopoulos et al. (1999, 2002,
2004) obtained good agreement between model- and full-scale mea-
surements of the dispersion of gaseous pollutants from rooftop
stacks on two different buildings in an urban environment.

Similarity Requirements

Physical modeling is most appropriate for applications involving
small-scale atmospheric motions, such as recirculation of exhaust
downwind of a laboratory, wind loads on structures, wind speeds
around building clusters, snow loads on roofs, and airflow over hills
or other terrain features. Winds associated with tornadoes, thunder-
storms, and large-scale atmospheric motion cannot currently be
physically modeled accurately.

Snyder (1981) gives guidelines for fluid modeling of atmo-
spheric diffusion. This report contains explicit directions and should
be used whenever designing wind tunnel studies to assess concen-
tration levels of air pollutants. ASCE Standard 7, ASCE Manual of
Practice 67 (ASCE 1999), and AWES Quality Assurance Manual
(AWES 2001) also provide guidance when wind tunnels are used for
evaluating wind effects on structures.

A complete and exact simulation of airflow over buildings and
the resulting concentration or pressure distributions cannot be
achieved in a physical model. However, this is not a serious limita-
tion. Cermak (1971, 1975, 1976a, 1976b), Petersen (1987a, 1987b),
and Snyder (1981) found that transport and dispersion of laboratory
exhaust can be modeled accurately if the following criteria are met
in the model and full scale:

1. Match exhaust velocity to wind speed ratios, V,/Uy.

2. Match exhaust to ambient air density ratios, p,/p,,.

3. Match exhaust Froude numbers. Fr? = p, Vez/[(pe - pygd],

where d is effective exhaust stack diameter.

4. Ensure fully turbulent stack gas flow by ensuring stack flow
Reynolds number (Re, = V, d/v) is greater than 2000 [where v
is the kinematic viscosity of ambient (outdoor) air], or by plac-
ing an obstruction inside the stack to enhance turbulence.

. Ensure fully turbulent wind flow.

. Scale all dimensions and roughness by a common factor.

7. Match atmospheric stability by the bulk Richardson number
(Cermak 1975). For most applications related to airflow around
buildings, neutral stratification is assumed, and no Richardson
number matching is required.

. Match mean velocity and turbulence distributions in the wind.
9. Ensure building wind Reynolds number (Re, = UgyR/v) is

greater than 11,000 for sharp-edged structures, or greater than
90,000 for round-edged structures.
10. Ensure less than 5% blockage of wind tunnel cross section.
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For wind speeds, flow patterns, or pressure distributions around
buildings, only conditions 5 to 10 are necessary. Usually, each wind
tunnel study requires a detailed assessment to determine the appro-
priate parameters to match in the model and full scale.

In wind tunnel simulations of exhaust gas recirculation, buoy-
ancy of the exhaust gas (condition 3) is often not modeled. This
allows using a high wind tunnel speed or a smaller model to achieve
high enough Reynolds numbers (conditions 4, 5, and 9). Neglecting
buoyancy is justified if the density of building exhaust air is within
10% of the ambient (outdoor) air. Also, critical minimum dilution
D,,;, occurs generally at wind speeds high enough to produce a well-
mixed, neutrally stable atmosphere, allowing stability matching
(condition 7) to be neglected (see Chapter 44 of the 2007 ASHRAE
Handbook—HVAC Applications for discussion of D,,;,). However,
in some cases and depending on emission sources, calm conditions
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may produce critical dilution. Nevertheless, omission of conditions
3 and 7 simplifies the test procedure considerably, reducing both
testing time and cost.

Buoyancy should be properly simulated for high-temperature
exhausts such as boilers and diesel generators. Equality of model
and prototype Froude numbers (condition 3) requires tunnel speeds
ofless than 100 fpm for testing. However, greater tunnel speeds may
be needed to meet the minimum building Reynolds number require-
ment (condition 4).

Wind Simulation Facilities

Boundary layer wind tunnels are required for conducting most
wind studies. The wind tunnel test section should be long enough to
establish, upwind of the model building, a deep boundary layer that
slowly changes with downwind distance.

Other important wind tunnel characteristics include width and
height of the test section, range of wind speeds, roof adjustability,
and temperature control. Larger models can be used in tunnels that
are wider and taller, which, in turn, give better measurement reso-
lution. Model blockage effects can be minimized by an adjustable
roof height. Temperature control of the tunnel surface and airflow is
required when atmospheric conditions other than neutral stability
are to be simulated. Boundary layer characteristics appropriate for
the site are established by using roughness elements on the tunnel
floor that produce mean velocity, turbulence intensity profiles, and
spectra characteristic of full scale.

Water can also be used for the modeling fluid if an appropriate
flow facility is available. Flow facilities may be in the form of a tun-
nel, tank, or open channel. Water tanks with a free surface ranging
in size up to that of a wind tunnel test section have been used by tow-
ing a model (upside down) through the nonflowing fluid. Stable
stratification can be obtained by adding a salt solution. This tech-
nique does not allow development of a boundary layer and therefore
yields only approximate, qualitative information on flow around
buildings. Water channels can be designed to develop thick turbu-
lent boundary layers similar to those developed in the wind tunnel.
One advantage of such a flow system is ease of flow visualization,
but this is offset by a greater difficulty in developing the correct tur-
bulence structure and the measurement of flow variables and con-
centrations.

Designing Model Test Programs

The first step in planning a test program is selecting the model
length scale. This choice depends on cross-sectional dimensions of
the test section, dimensions of the buildings to be modeled, and/or
topographic features and thickness of the simulated atmospheric
boundary layer. Typical geometric scales range from about 120:1 to
1000:1.

Because a large model is desirable to meet minimum Reynolds
and Froude number requirements, a wide test section is advanta-
geous. In general, the model at any section should be small com-
pared to the test section area so that blockage is less than 5%
(Melbourne 1982).

The test program must include specifications of the meteorolog-
ical variables to be considered (e.g., wind direction, wind speed,
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, pres-
sures, and/or concentrations are measured for 16 wind directions
(e.g., 22.5° intervals). This is easily accomplished by mounting the
building model and its nearby surroundings on a turntable. More
than 16 wind directions are required for highly toxic exhausts or for
finding peak fluctuating pressures on a building. If only local wind
information and pressures are of interest, testing at one wind speed
with neutral stability is sufficient.
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SYMBOLS

exponent in power law wind speed profile for local building
terrain, Equation (4) and Table 1, dimensionless

= flow leakage area, Equation (8), ft?

exponent a for the meteorological station, Equation (4) and

‘Table 1, dimensionless

= larger of two upwind building face dimensions / and ¥,

Equation (1), ft

smaller of two upwind building face dimensions / and ¥,
Equation (1), ft

local wind pressure coefficient for building surface, Equation
(3), dimensionless

internal wind-induced pressure coefficient, Equation (5),
dimensionless

difference between outdoor and indoor pressure coefficients,
Equation (5), dimensionless

= surface-averaged pressure coefficient, Eigure 6, dimensionless

effective stack diameter, ft

= critical dilution factor at roof level for uncapped vertical exhaust

at critical wind speed (see Chapter 44 of the 2007 ASHRAE
Handbook—HVAC Applications), dimensionless

= Froude number, dimensionless

system flow resistance, Equation (8), dimensionless
acceleration of gravity, 32.2 ft/s?

= gravitational proportionality constant, Equations (2), (6), (7),

(10), 32.2 ft-1b,,/1bs-s?

wall height above ground on upwind building face, Equation (4)
and Eigure 1, ft

maximum height above roof level of upwind roof edge flow
recirculation zone, Eigures 1 and 3, ft

height of anemometer at meteorological station, Equation (4), ft
exhaust stack height (typically above roof unless otherwise
specified, ft (see Eigure 3, and Chapter 44 in the 2007 ASHRAE
Handbook—HVAC Applications)

= length of building in wind direction, Eigures 1 and 2, ft

length of upwind roof edge recirculation zone, Ejgure 3, ft
length of flow recirculation zone behind rooftop obstacle or

building, Eigures 1 and 3, ft

= wind pressure difference between exterior building surface and

local ambient (outdoor) atmospheric pressure at same elevation
in undisturbed approach wind, Equation (3), Ibg/ft?

= wind velocity pressure at roof level, Equation (2), Ib;/ft?

volumetric flow rate, Equation (8), cfm
scaling length for roof flow patterns, Equation (1), ft

= building Reynolds number, dimensionless
= stack flow Reynolds number, dimensionless

stretched-string distance; shortest distance from exhaust to
intake over obstacles and along building surface, ft (see Eigure 3,
and Chapter 44 in the 2007 ASHRAE Handbook—HVAC
Applications)

annual average of hourly wind speeds U,,,.,, Tablg 2, mph

mean wind speed at height H of upwind wall in undisturbed flow
approaching building, Equation (2) and Eigures 1, 2, and 3, mph

= meteorological station hourly wind speed, measured at height

H,,.; above ground in smooth terrain, Equation (4) and ‘[ablg 2,
mph

exhaust face velocity, mph

width of upwind building face, Eigure 2, ft

fully developed atmospheric boundary layer thickness, Equation
(4) and Tgble 1, ft

atmospheric boundary layer thickness at meteorological station,
Equation (4) and Table 1, ft

pressure rise across fan, Equation (8), psi

effective pressure rise across fan, Equation (9), psi
wind-induced pressure, Equations (9) and (10), psi

angle between perpendicular line from upwind building face and
wind direction, Ejgures 4 to 7, degrees

= kinematic viscosity of ambient (outdoor) air, ft*/s

ambient (outdoor) air density, Equation (2), Ib,,/ft>
density of exhaust gas mixture, 1b,,/ft>
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