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A WIND TUNNEL STUDY OF AIRFLOW NEAR

MODEL SWINE CONFINEMENT BUILDINGS

T. J. Sauer,  J. L. Hatfield,  F. L. Haan, Jr.

ABSTRACT. One of the most significant and persistent environmental concerns regarding swine production is the transport
of odor constituents, trace gases, and particulates from animal production and manure storage facilities. The objectives of
this study were to determine how swine housing unit orientation affects air velocity and turbulence and to assess the
opportunities for reducing off‐site transport of air quality constituents from manure storage facilities located downstream
from confinement buildings. Measurements were made with 1:300 models of swine finisher buildings in a low‐speed wind
tunnel capable of producing air velocities up to 12 m s‐1 (27 mph). Runs were completed with no building models, with one
housing unit oriented parallel and perpendicular to airflow, and with four housing units oriented parallel, perpendicular, and
at a 30° angle to airflow. Velocity and turbulence measurements were completed in a grid of 83 points within a 215 mm high
× 400 mm wide (8.5 × 15.7 in.) vertical plane at separation distances 2H, 5H, and 10H downstream from the building model
arrays (H = model height of 17.5 mm) using a constant temperature anemometer system with a 3‐D hot‐film probe. A large
zone of reduced longitudinal velocity (u) and increased turbulence intensity (Iu) in the wake of model buildings oriented
perpendicular to flow was observed and was still apparent 10H downstream. The size and strength of this turbulent wake is
attributed to the sloping roofs of the building models that, with a frontal vortex under the upwind building eave, create an
unexpectedly  tall wake zone in the building lee. One or four parallel building model arrays exhibited the least influence on
downstream velocities and turbulence intensities. One perpendicular and four 30° models produced intermediate effects. The
observed reduction in air velocity up to 10H downstream from multiple buildings oriented perpendicular to the airflow
suggests that entrainment and transport of air quality constituents from manure storage structures may be reduced when these
structures are located in this zone. However, increased turbulence in the wake zone and field conditions with variable wind
speed and direction and atmospheric stability may counter the effects of reduced velocity. Tracer studies, either in wind tunnel
experiments or in the field, are needed to verify the potential for building orientation and spacing to reduce transport of air
quality constituents from manure storage structures.
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ne of the most significant and persistent environ‐
mental concerns regarding swine production is the
transport of odor constituents (e.g., ammonia and
hydrogen sulfide), trace gases (e.g., greenhouse

gases such as methane and nitrous oxide), and particulates
from animal production and manure storage facilities (Re‐
ynolds et al., 1997; Zahn et al., 1997; Schiffman, 1998; Le et
al., 2005; Guo et al., 2007). Building type, facility manage‐
ment, animal diet, and climate determine the amount of air
quality constituents generated at a production facility. Local
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environmental  conditions, especially wind speed and direc‐
tion, vegetative cover, and topography also influence the
amounts of odor and trace gas compounds transported from
production facilities. When new swine production facilities
are designed, many factors are considered, including vehicle
access, utility location, land area available, slope, obstruc‐
tions, and soil properties. Most of the design criteria are con‐
cerned with economic issues, primarily minimizing the cost
of site development and building construction. However,
where a production facility is located and how the animal
housing units and manure storage facilities are arranged may
have a significant effect on the amount and distance that air
quality constituents are transported.

Due to the variation in building size and orientation and
varying land cover and topography, studies on the transport
of air quality constituents from and near buildings of various
types (i.e., urban, suburban, and industrial) have often been
conducted in wind tunnels (e.g., Huber and Snyder, 1982;
Huber, 1989). Wind tunnels offer the advantage of being able
to make detailed measurements with scale models of actual
buildings under controlled environmental conditions. Some
studies combine wind tunnel and field measurements (Ma‐
vroidis et al., 2003; Aubrun and Leitl, 2004) and have gener‐
ally shown that wind tunnel experiments provide an accurate
and reproducible assessment of field processes. However,
even wind tunnel studies are often completed with single or
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simplified models due to the complexity of airflow distur‐
bance by the models. For the same reason, comprehensive
measurement of airflow and air quality constituent transport
at full‐scale swine production facilities requires a large in‐
vestment in sophisticated sensing equipment. Even when
such resources are available, the data collected are only rele‐
vant as a case study, i.e., for one location under the conditions
occurring during the measurement period.

As wind approaches a solid object, such as a swine hous‐
ing unit, the air accelerates around the sides and over the top
of the object, diverting air and disturbing the airflow down‐
wind. If an above‐ground manure storage tank or below‐
grade earthen storage facility (lagoon) is located downwind
from a building complex, then the orientation of the buildings
and the distance between the buildings and the manure stor‐
age facility may also affect the transport of air quality constit‐
uents from the storage facility. It is, therefore, important to
know whether the storage facility is exposed to increased
wind speed and turbulence or if it is protected by the upwind
structures. If modifying the layout of a production facility re‐
duces the downwind air quality impacts and can be accom‐
plished without a large increase in construction costs, then
the producer will derive direct air quality benefits for the life‐
time of the facility for an initial one‐time cost. The objectives
of this study were to determine how swine housing unit orien‐
tation affects air velocity and turbulence downstream and to
assess the opportunities for reducing off‐site transport of air
quality constituents.

MATERIALS AND METHODS
The low‐speed wind tunnel at the National Laboratory for

Agriculture and the Environment (NLAE) in Ames, Iowa,
was used for all measurements. The NLAE wind tunnel is an
open‐circuit design with a centrifugal blower capable of pro‐
ducing air velocities from 0.5 to 12 m s‐1 (1 to 27 mph) in a
control section 0.46 m tall, 1.22 m wide, and 5.49 m long
(18�in. tall, 48 in. wide, and 18 ft long). The ceiling of the con‐
trol section is adjustable to 0.76 m (30 in.) to accommodate
scale models of varying dimensions. This wind tunnel was
designed to enable accurate simulation of atmospheric sur‐
face layer conditions appropriate for environmental applica‐
tions (Wooding, 1968; Barlow et al., 1999). A trip fence
(1.90�cm tall) and an array of five triangular spires (38 cm
tall, 3.5 cm wide at base, 20 cm spacing) were used to create
a surface boundary layer within the control section with prop‐
erties similar in scale to the earth's atmospheric surface layer
(Armitt and Counihan, 1968; Irwin, 1981). The floor of the
control section was covered with a vinyl mat (Readygrass)
that was glued to 1.61 mm thick (1/8 in.) sheet metal. The vi‐
nyl mat provided a uniform surface with a texture similar to
mown grass at the scale of the building models used in this
study.

Scale models of 1000‐head swine finisher units were made
from balsa wood with dimensions and roof pitches typical of
commercial  production facilities. The models were 40 mm
wide (1.6 in.) and 200 mm long (7.9 in.) with 10.2 mm tall
side walls (0.4 in.), 2 mm overhang (0.08 in.), roof slope of
4/12, and peak height of 17.5 mm (0.7 in.). Magnets attached
to the bottom allowed positioning of the models on the floor
of the control section. These models are 1:300‐scale versions
of swine finisher buildings approximately 12 m (40 ft) wide

and 60 m (200 ft) long with 2.4 m (8 ft) side walls, 5.25 m
(17�ft) peak height, and foundations 0.6 m (2 ft) above grade.
Scaling criteria followed guidelines described by Snyder
(1981), Plate (1982), and VDI Guideline 3783/12 (VDI,
2000). The primary scaling criteria was to simulate a full at‐
mospheric surface layer of 400 m thickness to enable mea‐
surement of near‐ and far‐field effects of building models
(Cook, 1978; Tieleman and Reinhold, 1978; Barnaud and
Gandemer, 1979). Models of swine housing units were
placed in the control section of the wind tunnel to simulate
an array of possible arrangements. Design factors evaluated
were: (1) number of housing units, (2) orientation of the hous‐
ing units with regard to airflow, (3) distance downstream
from the housing units, and (4) air velocity. Measurements
were made with no building models, with one housing unit
oriented parallel and perpendicular to airflow, and with four
housing units oriented parallel, perpendicular, and at a 30°
angle to airflow (fig. 1). All measurements were completed
with the models arranged in symmetry with the centerline of
the control section and the upstream edge of the building
models 1.74 m downstream from the trip fence. There was no
heating or cooling of the control section floor, so all measure‐
ments were made under adiabatic, neutral stability condi‐
tions.

Airflow and turbulence measurements were completed at
separation distances of 2H, 5H, and 10H downstream from
the building model arrays, where H is the model building
height (17.5 mm) using a constant‐temperature anemometer
system (IFA 300, TSI, Inc., Shoreview, Minn.) equipped with
a 3‐D hot‐film probe (model 1299, TSI, Inc.). The 3‐D probe
was mounted on a computer‐controlled traversing mecha‐
nism that allowed automated, precise (sub‐mm) movement
within the wind tunnel control section in longitudinal (x), lat‐
eral (y), and vertical (z) directions. Airflow measurements
were made in a grid of 83 points within a 215 mm high ×
400�mm wide (8.5 × 15.7 in.) vertical plane straddling the
centerline of the control section (fig. 2). Velocity measure‐
ments and turbulence statistics were calculated from 26 s of
data collected at a rate of 10 kHz at each measurement point
using Thermalpro software (TSI, Inc.). Parameters of interest
were mean longitudinal, lateral, and vertical air velocity
(u,�v, and w, respectively; m s‐1) and the corresponding turbu‐
lence intensities (Iu, Iv, and Iw, respectively), which are
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Figure 1. Schematic of five building model orientations and illustration of
distance downstream (H = building model height) of air velocity measure‐
ments for 30° experiments (not to scale).



645Vol. 54(2): 643-652

Figure 2. Lateral cross‐section of wind tunnel control section showing
measurement plane with locations of 83 measurements points (× and +)
for hot‐film anemometer. Measurement locations for experiments with
four building models oriented parallel to airflow are illustrated.

calculated as the ratio of the standard deviation over the mean
velocity. The mean vertical Reynolds stress (uw, m2 s‐2) was
also monitored as a measure of vertical momentum transport.
Measurements were completed for each array at reference air
velocities of 0.5, 2, and 5 m s‐1 measured with a heat transfer
anemometer  (East 30 Sensors, Pullman, Wash.) at a reference
height of 17.5 mm with the sensor located upstream and off‐
set from the building models. Air velocity was controlled by
adjusting louvers at the inlet to the centrifugal blower.

For each reference air velocity, vertical profiles of mean
and turbulent flow parameters were obtained to characterize
the incident airflow. Figure 3 shows a power law fit to the
0.5�m s‐1 flow according to the following equation:
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where the reference height for these profiles was 100 m full
scale, and z is height (m). For the 0.5, 2, and 5 m s‐1 flows,
� values of 5.1, 6.0 and 6.9 were obtained. These values ef‐
fectively simulate slightly decreasing roughness as the flow
velocity increases. The aerodynamic roughness lengths were
also found from mean velocity profiles using the following
expression:
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where � is the von Karman constant (0.4), u* is the friction
velocity, and z0 is the aerodynamic roughness length (m). Fit‐
ting this expression to the logarithmic portion of the profile,
full‐scale z0 values of 5.3, 0.9, and 0.1 cm were found. These
values were consistent with the trend of decreasing effective
roughness for increasing mean velocity. Profiles of turbu‐
lence intensity and Reynolds stress are shown in figures 4 and
5. Both of these parameters show decreases with increasing
mean velocity. For reference, figure 4 shows a turbulence in-
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Figure 3. Power law fit to vertical profile of longitudinal velocity normal‐
ized to velocity at 100 m full scale.

0 0.2 0.4 0.6 0.8
0

0.2

0.4

0.6

0.8

1

Iu

V
er

tic
al

 P
os

iti
on

 (
z/

z
re

f) 0.5 m/s
2.0 m/s
5.0 m/s
ASCE

Figure 4. Vertical profile of longitudinal turbulence intensity (Iu) for 0.5,
2, and 5 m s‐1 reference velocities with a profile from Cermak and Isyu‐
mov (1999) for “low crops, occasional large obstacles” (labeled ASCE).
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Figure 5. Vertical profile of Reynolds stress (uw) normalized by stream‐
wise air velocity at the top of the building models (Uref 2) for 0.5, 2, and 5�m
s‐1 reference velocities.

tensity profile for z0 of 10 cm, which is described by Cermak
and Isyumov (1999) as “low crops, occasional large ob‐
stacles.”

RESULTS AND DISCUSSION
CENTERLINE VELOCITY PROFILES

Vertical profiles of u measured on the centerline of the
control section behind the building model arrays indicate a
consistent pattern of building model effects (fig. 6). Velocity
measurements were made at 15, 35, 55, 95, 135, 175, and
215�mm above the floor of the control section (fig. 2). Due
to small fluctuations in free‐stream air velocity between ex‐
periments, u values within each profile were normalized for
comparison by dividing the observed values by the free‐
stream velocity at 215 mm. At each reference velocity and
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separation distance except 0.5 m s‐1 at 2H, the greatest reduc‐
tion in velocity near the surface was always observed with
one and four perpendicular building models. Smaller reduc‐
tions were observed with four models at a 30° angle to air‐
flow or one model parallel to airflow. Indications of possible
flow reversal occurred at the 15 and 35 mm measurement
heights at the 0.5 m s‐1 reference velocity and 2H and 5H sep‐
aration distances for the perpendicular model runs. Potential
flow reversal was also observed at the same heights for the
10H separation distance with four perpendicular models.
Both four and one perpendicular models at 2H and one per‐
pendicular model at 5H at the 2 m s‐1 reference velocity ap‐
pear to have produced flow reversal at the lowest height.

Note that the velocity profile for the one parallel model
runs was directly behind the model, but the profiles with four
parallel models were measured between the two middle mod‐
els (figs. 1 and 2). For this reason, velocity profiles for four
parallel model runs were always closest to those observed
with no building models present. For all profiles but especial‐
ly those at reference velocities of 2 and 5 m s‐1, relative veloc‐
ity values above 95 mm were in close agreement with those
values obtained without any building models present. This
indicates that regardless of building orientation, building
number, reference velocity, or separation distance, measur‐
able effects of the building models on u directly behind the
midpoint of the model array were limited to heights below
approximately  five times the building model height (i.e., 5H
or approximately 25 m at field scale).
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Figure 6. Centerline profiles of u normalized by reference velocity
(uz/u215) with height above the control section floor for no (None), parallel
(1�Para and 4 Para), perpendicular (1 Perp and 4 Perp), and 30°
(4�30�Deg) building model arrays at reference velocities of 0.5, 2, and 5 m
s‐1 and downstream separation distances of 2H, 5H, and 10H.

LONGITUDINAL VELOCITY SPATIAL PATTERNS
Contour plots of u created from data at each point on the

measurement grid were created to display the spatial pattern
of downstream longitudinal airflow disturbance by the build‐
ing models. Figures 7 and 8 illustrate observed patterns of u
2H downstream from four parallel and four perpendicular
models, respectively, at each reference velocity. Turbulent
wakes behind 3‐D objects are particularly complex, as flow
separation and reattachment can take different forms, includ‐
ing formation of a cavity and flow reversals. Near‐field
wakes are also highly obstacle‐specific and may have low
mean velocities but high turbulence intensities (Taylor, 1988;
Mirzai et al., 1994; Simiu and Scanlan, 1996). As expected,
for the four parallel models, there was some acceleration
around the low‐rise models, creating small wake zones of re‐
duced velocity behind the models. The models had relatively
little effect on airflow above 3H. The observed patterns per‐
sisted but with reduced effect at 5H and 10H downstream
(data not shown).

In contrast to these observations, comparable measure‐
ments with building models oriented perpendicular to airflow
showed quite unexpected results (fig. 8). A large wake zone
of reduced velocity centered behind the models was observed
at all reference velocities. The characteristic of this flow field
had not been observed previously; most wind tunnel studies
of airflow around buildings have applications for urban set‐
tings and therefore use models of buildings with flat roofs
(e.g., Ahmad et al., 2005; Olvera et al., 2008). The sloping
roofs of the swine confinement models, when oriented per‐
pendicular to airflow, created a distinct upward jet with a
triangular‐shaped wake zone beneath it. Also unlike the re‐
sults for models parallel to airflow, this zone of reduced u per‐
sisted with relatively small reduction to 10H downstream and
was also observed with just one perpendicular building mod‐
el (data not shown). Several features of this wake zone have
potentially important implications for off‐site transport of air
quality constituents.

The zone of greatest velocity reduction was only observed
for the middle 1/3 of the model length, or approximately
65�mm (19.8 m at field scale). This suggests that flow around
the ends of the model reduced the sheltering effect of the slop‐
ing roof. Flow visualization was useful in verifying these in‐
terpretations.  Smoke introduced upstream of the models
perpendicular  to flow indicated the presence of a recircula‐
tion zone or frontal vortex beneath the eave of the first build‐
ing that likely helped sustain the upward jet and boundary
layer detachment from the building model roofs. Frontal vor‐
tices have been observed in urban meteorology and are noted
for their “pollution trapping” effect as air quality constituents
within the vortex are isolated from the bulk flow (Oke, 1987).
Flow visualization also indicated airflow in the wake of the
first building skimmed across the gaps between adjacent
buildings of the four‐model array. This is consistent with the
observed similarity in airflow patterns when one or four
building models were placed perpendicular to flow. Janssen
(1979) also found a minimal effect of adjacent model swine
buildings on airflow patterns in a wind tunnel study.

At this point, it is clear that building model orientation can
have a pronounced effect on near‐wake behavior and down‐
stream airflow dynamics. Nonetheless, careful interpretation
of these wind tunnel observations is necessary to enable an
accurate assessment of the effect on transport of particulates
or odor constituents from full‐scale buildings or manure stor-



647Vol. 54(2): 643-652

Figure 7. Spatial patterns of longitudinal air velocity (u) 2H downstream
from four building models oriented parallel to airflow at each reference
velocity. The silhouettes indicate model location, and the perspective is
facing the airflow. Contours are dimensionless velocity scaled to the free‐
stream velocity at 215 mm.

age facilities (below‐building pits, in‐ground lagoons, or
above‐ground tanks). Reduction in mean u should reduce the
potential for downstream transport of particulates and trace
gases. However, there are limitations of wind tunnel studies
that make direct inference of these results to field situations
challenging.  All of the simulations in this study were com‐
pleted under neutral atmospheric stability conditions. Stable
(cold air below) atmospheric conditions would suppress ver‐
tical transport, and unstable (warm air below) conditions
would enhance vertical transport. Depending on time of day
and season of year, stable or unstable stratification conditions
could exist that would affect airflow patterns and therefore air
quality constituent transport. The magnitude of these effects
depends on the degree of stability or instability, which is in‐
fluenced by surface and air temperature gradients and wind
speed. A computational fluid dynamics (CFD) modeling
study indicated that unstable conditions had an influence on
the size and shape of cavity regions behind idealized build‐
ings as compared to neutral conditions (Olvera et al., 2008).

Air velocity and direction in the wind tunnel are constant,
which contrasts with field conditions, where wind speed is
typically unsteady and wind direction varies. Mavroidis et al.
(2003) compared dispersion of a tracer released upstream of
models of urban structures in the field and in a wind tunnel
and found that the plume was clearly more dispersed under

Figure 8. Spatial patterns of longitudinal air velocity (u) 2H downstream
from four building models oriented perpendicular to airflow at each ref‐
erence velocity. The silhouette indicates model location, and the perspec‐
tive is facing the airflow. Contours are dimensionless velocity scaled to the
free‐stream velocity at 215 mm.

field conditions. They attributed this finding to wind direc‐
tion meander in the field. The large zone of reduced u behind
the building models when perpendicular to airflow in this
study would likely grow and shrink with varying wind speed
and move laterally with varying wind direction under field
conditions. These factors would affect the impact of building
orientation and location on off‐site transport of air quality
constituents from downwind manure storage facilities.

ASSESSMENT OF 3‐D FLOW DYNAMICS

To this point, the focus of the discussion has been on the
observed impact of building model arrays on longitudinal air
velocity. Turbulent wakes behind obstacles, while exhibiting
a reduction in longitudinal air velocity, also exhibit an in‐
crease in longitudinal turbulence intensity. These effects are
also observed, although generally at a reduced level, in the
lateral and vertical planes. To enable a more comprehensive
assessment of the effects of the different building model ar‐
rays on airflow downstream, velocities and turbulence inten‐
sities in all three dimensions were considered (figs. 9, 10, and
11). Mean values of u, v, w, Iu, Iv, and Iw were calculated from
data collected from seven grid locations at the 35 mm height
(+ symbols in fig. 2). The grid locations within ±100 mm of
the control section centerline were selected as they represent
the height and breadth at which the airflow dynamics are
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Figure 9. Mean values of u, v, and w and their turbulence intensities (Iu, Iv, and Iw) at 35 mm normalized by their associated values at the reference height
(215 mm) for 0.5 m s‐1 reference velocity for all model arrangements. Bars with the same letter represent no significant difference as determined by
the Tukey‐Kramer honestly significant difference test (p >0.05). Data were not available for the one perpendicular model (1 Perp) runs at 10H.

most affected by the building arrays. Data from the 35 mm
height were selected because they provided both a measure
of velocity and turbulence characteristics as influenced by
the building models and of airflow properties indicative of
the potential for air quality parameter entrainment with the
bulk airflow. There was also concern for possible errors or
anomalies introduced by operating the hot‐film probe when
it was positioned too close to the surface. These values were
again standardized by dividing by the mean of values col‐
lected at the five grid locations at 215 mm (free stream) that
were also within ±100 mm of the control section centerline
(+ symbols in fig. 2). The resulting ratios of the parameters
for all model arrays at the same reference velocities and sepa‐
ration distances were tested for statistically significant differ‐
ences using the Tukey‐Kramer honestly significant
difference test (p > 0.05).

For the 0.5 m s‐1 reference velocity (fig. 9), runs with four
perpendicular  models had consistently and significantly low‐
er u, v, and w values. In seven of nine cases, the four perpen‐
dicular model runs had significantly lower u, v, or w values
than the control (no model) runs. The one perpendicular and
four 30° model runs generally had values intermediate be‐
tween the control and four perpendicular model runs. By con‐

trast, runs with one or four parallel models had u, v, and w
values closer to those observed for the control, although there
were still significant differences in seven of 18 cases. Trends
among model arrays for Iu, Iv, and Iw were less clear, with no
significant differences for Iu but generally greater Iv and Iw
for the four perpendicular and four 30° model runs. The four
perpendicular  model runs had the greatest Iv and Iw values,
although not always significantly greater than the other mod‐
el arrays. For all model arrays, there was a consistent pattern
of arrays with lower mean velocities having greater turbu‐
lence intensities.

The significant reductions in u, v, and w with four perpen‐
dicular models observed at the 0.5 m s‐1 reference velocity
persisted at the 2 and 5 m s‐1 reference velocities (figs. 10 and
11). For the 2 m s‐1 reference velocity, the four perpendicular
model runs had u, v, or w values significantly lower than the
control runs in eight of nine cases. For the 5 m s‐1 reference
velocity, this was the case in seven of nine cases. Again,
smaller and fewer significant reductions in velocities were
observed for the one and four parallel model runs, while the
one perpendicular and four 30° model runs had intermediate
results. There was a less consistent pattern for the turbulence
intensities,  which were highly variable and without any sig-
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Figure 10. Mean values of u, v, and w and their turbulence intensities (Iu, Iv, and Iw) at 35 mm normalized by their associated values at the reference
height (215 mm) for 2 m s‐1 reference velocity for all model arrangements. Bars with the same letter represent no significant difference as determined
by the Tukey‐Kramer honestly significant difference test (p > 0.05). Data were not available for the one perpendicular model (1 Perp) runs at 10H.

nificant differences for 10 of 18 sets of wind tunnel runs.
Nonetheless, the four perpendicular model runs had the
greatest turbulence intensity in 17 of 18 cases, with the one
perpendicular  and four 30° model runs having the next high‐
est values.

Although there are some consistent and discernable trends
exhibited in figures 9, 10, and 11, there are also instances
where relationships among model runs do not persist or even
reverse with changing velocity and/or separation distance.
This pattern of results could simply reflect the already men‐
tioned highly complex nature of turbulent flow in the near‐
wake of solid obstacles. Examination of the Reynolds stress
data helped clarify the inconsistent trends observed for air ve‐
locity and turbulence intensity (fig. 12). For each reference
velocity and separation distance, the four perpendicular mod‐
el array had the highest normalized Reynolds stress and was
significantly higher for all 2 and 5 m s‐1 runs. From these data,
it is clear that there was consistently significantly greater ver‐
tical momentum transport downstream from the four perpen‐
dicular model array at all velocities and separation distances.

Perhaps the relevant question is: what are the conse‐
quences of any of the observed differences in mean veloci‐

ties, turbulence intensity, and momentum transport with
regard to transport of air quality constituents? Within the re‐
gion of reduced mean u, v, and w, greater turbulence intensity
implies that there is greater variation in velocity and more in‐
tense turbulent mixing. Rather than reduce the transport of air
quality constituents, greater mixing near the surface may
instead enhance surface‐atmosphere exchange (Raupach et
al., 1991; Prueger et al., 2008). Under field conditions, even
when the mean wind speed is reduced, turbulent eddies may
sweep across the surface and entrain particulates and trace
gases more effectively than by diffusion alone. The propor‐
tion of these particulates and gases that are simply mixed and
recirculated within the wake zone vs. ejected and transported
away by convection or dispersion would depend on a com‐
plex set of factors relating to the characteristics of the wake
zone and other site factors. These factors include wind speed
and direction and their variation, atmospheric stability, sur‐
face and air temperatures, source characteristics (type of ma‐
nure and manure storage structure), and the nature of
surrounding obstacles as they affect the approach flow (uni‐
formity of land cover, trees, hills, slopes, and other build‐
ings).
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Figure 11. Mean values of u, v, and w and their turbulence intensities (Iu, Iv, and Iw) at 35 mm normalized by their associated values at the reference
height (215 mm) for 5 m s‐1 reference velocity for all model arrangements. Bars with the same letter represent no significant difference as determined
by the Tukey‐Kramer honestly significant difference test (p > 0.05).

Figure 12. Values of vertical Reynolds stress (uw, m2 s‐2) for the seven measurement positions at 35 mm directly downstream from the building models
(fig. 2) normalized by streamwise air velocity at 215 mm (u215 2). Bars with the same letter represent no significant difference as determined by the
Fisher's protected least significant difference test (p > 0.05). Data were not available for the one perpendicular model (1 Perp) runs at 10H with 0.5
and 2.0 m s‐1 reference velocities.
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CONCLUSIONS
The patterns of airflow dynamics observed under con‐

trolled conditions in these wind tunnel experiments serve to
reinforce the high degree of complexity of flow near animal
production facilities under more variable field conditions.
This complexity has important and direct implications for re‐
ducing emissions and off‐site transport of air quality constitu‐
ents. Without better knowledge and understanding of the
airflow dynamics near production facilities, only limited suc‐
cess in improving air quality can be achieved. One of the pri‐
mary and certainly unanticipated findings of this extensive
series of experiments was the large zone of reduced u in the
wake of model buildings oriented perpendicular to airflow
and the persistence of this wake zone to a distance 10H down‐
stream. The size and strength of this turbulent wake is attrib‐
uted to the sloping roofs of the building models that, with a
frontal vortex under the upwind eave, initiated and sustained
a vertical jet and boundary layer detachment. The observed
reduction in air velocity up to a distance 10H downstream
from multiple buildings oriented perpendicular to airflow
suggests that entrainment and transport of air quality constit‐
uents from manure storage structures may be reduced when
located in this zone. However, increased turbulence in the
wake zone and field conditions with variable wind speed and
direction and atmospheric stability may counter the reduced
velocity and deserve further study to verify the potential for
building orientation and spacing to reduce transport of air
quality constituents from manure storage structures. In addi‐
tion, structural features, including the location and number of
tunnel, side, and roof fans and their operation features, need
to be included in more comprehensive studies.

The challenges facing further progress in the area of air‐
flow near animal production facilities are multiple and sig‐
nificant. The simplified scenarios represented in this study
need to be augmented with inclusion of more realistic atmo‐
spheric stability conditions and surface variables, including
terrain features (hills and slopes) and other obstacles (trees
and other changes in surface roughness with vegetation). A
broader suite of approaches, including tracers and flow visu‐
alization and integration of complementary wind tunnel,
scale‐model field, and full‐scale field studies, may also need
to be employed to address this critical aspect of agricultural
interaction with the environment.
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