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ABSTRACT. Water sprinkler systems are one method for controlling particulate matter (PM) emissions from cattle feedlots;
however, limited data are available on the efficiency of these systems. This research was conducted to determine the PM
control efficiency of a water sprinkler system in a cattle feedlot in Kansas. Downwind and upwind PMjy concentrations at
the feedlot (KS1) were monitored with tapered element oscillating microbalance (TEOM) PM;y monitors from January 2006
to July 2009. The feedlot was equipped with a sprinkler system with a maximum water application rate of 5.0 mm d1 (5.0 L
m2 d1). Control efficiency was determined by considering the PMy data during sprinkler on/off events (i.e., the sprinkler
system was operated for at least one day and was either followed or preceded by at least one day of no water sprinkling).
Control efficiency equaled the percentage reduction in net PMjy concentration (i.e., downwind concentration - upwind
concentration). PMyy control efficiency ranged from 32% to 80% with an overall mean of 53% (based on 24 h PM; values).
The effect of the sprinkler system in reducing net PMy concentration lasted for one day or less. The PM}y concentration
percentage reduction due to rainfall events was also determined at feedlot KSI and at another feedlot (KS2). Feedlot KS2,
located less than 40 km from KS1, was not equipped with a sprinkler system but practiced more frequent pen cleaning.
Percentage reductions in net PM;y concentrations due to rainfall events were mostly in the range of 60% to almost 100% for
both feedlots, with overall means of 77% for KS1 and 76% for KS2. The effects of rainfall events (with rainfall amounts

>10 mm per event) lasted for 3 to 7 days depending on rainfall amount and intensity.
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pen beef cattle feedlots emit various air pollutants,
including PMy (i.e., particulate matter, or PM,
with equivalent aerodynamic diameter of 10 pm
or less) and PM,s (i.e., PM with equivalent
aerodynamic diameter of 2.5 um or less). Although PM; 5
may be more harmful than PMq to human health because PM
of this size can reach the lungs’ alveolar regions (Mitloehner
and Calvo, 2008), PMyj is also an important indicator of PM.
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PM; can cause adverse health effects because it can enter the
respiratory system (CARB, 2009).

The primary sources of PM in open cattle feedlots are the
manure and soil on the pen surface. Other sources include
unpaved roads, truck/equipment engine emissions, and feed
mills. Several factors can influence PM emission from pen
surfaces. Cattle activity often triggers PM emission from pen
surfaces because hoof action on the dry, loose layer of soil and
manure on pen surfaces generates considerable amounts of
PM. The downwind concentration of PMy, tends to vary
during the day, and concentrations typically are higher during
the evening. Immediately before sunset, there is an increase
in cattle activity and also an increase in stability of
atmospheric conditions (Auvermann et al., 2006). Moisture
content of pen surfaces also influences PM emission (Miller
and Woodbury, 2003; Razote et al., 2006). The PM emission
is inversely proportional to the pen surface moisture content.
Moisture content of the pen surface is a function of moisture
application and evaporation rates. Addition of water
increases the moisture content of the pen surface, thus
lowering PM emission. Sources of water include cattle urine,
rain, and any water application system. However,
evaporation extracts the moisture, resulting in a dry, loose
pen surface prone to higher PM emission. The rate of
evaporation depends on weather conditions, such as
temperature, humidity, solar radiation, and wind speed.
Using lysimeters with a simulated feedyard surface, Marek
(2006) estimated the daily evaporation rate to be 0.9 to
4.5 mm (L m2). Marek (2006) found that evaporation at the
feedlot surface was dependent on two other factors: manure
profile, which influences the water transport behavior
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between soil/manure layers, and time of day (moisture loss
during the day and moisture gain at night). The nighttime
increase in moisture was attributed to the hygroscopic nature
of cattle manure (Marek, 2006).

Several studies have been conducted to measure PM
concentrations in the vicinity of cattle feedlots. Sweeten et al.
(1988) measured PM concentrations for 24 h sampling
periods at three feedlots in Texas. They reported that the
mean total suspended particulate (TSP) concentration was
412 ug m3 and the mean PM;y downwind concentration was
40% of the mean TSP concentration. Razote et al. (2007)
reported a mean net PMy( concentration of 115 ug m (range
from 35 to 195 ug m3) at a cattle feedlot in Kansas.

Methods used to control PM;, emissions from -cattle
feedlots include (1) watering pen surfaces to increase
moisture content, (2) increasing stocking density, and
(3) frequently harvesting manure to remove dry, loose
manure from the pen surface (Auvermann et al., 2006;
MWPS, 2002a, 2002b). Water application is considered an
effective dust abatement measure for agricultural/industrial
operations, with PMjy control efficiencies ranging from
about 10% to about 90%, depending on the amount and
frequency of application (CE, 2006). As cited in the WRAP
fugitive dust handbook (CE, 2006), published PMy, control
efficiencies include almost 90% for PM; for agricultural
tilling when the soil is irrigated prior to tilling, 55% for
unpaved roads when water is applied on unpaved road at least
twice a day, 10% to 74% for construction operations, and
50% to 90% for materials handling and transport.

Water application on pen surfaces is also considered
effective in controlling PM emission from cattle feedlots
(Auvermann et al., 2006); however, limited research has
quantified the effectiveness of water application in
controlling PM emission or reducing concentration at the
feedlots. In a USEPA report, Pechan (2006) reported that
watering beef cattle feedlots, either by sprinkler systems or
water trucks, had a PM; control efficiency of 50%; however,
the basis for the efficiency value was not presented. Carroll
et al. (1974) compared a sprinkled feedlot with a non-
sprinkled feedlot in southern California and reported control
efficiencies of 38% and 49% for TSP based on measurements
within the feedlots. These values were based on two data
points, however, and comparison between feedlots was
difficult because management practices differed (Carroll et
al., 1974). Research on a California feedlot revealed that after
the water sprinkler system was turned off for two days, dust
concentrations within the feedlot increased by 850% (ACFA,
2002; MWPS, 2002a); however, this study was based on
limited data (only one data point) and no weather or sprinkler
setting information was reported. Using a laboratory-scale
chamber, Razote et al. (2006) observed that application of at
least 3.2 mm of water on a simulated pen surface reduced
PM; emission potential by more than 80%.

Evidently, more research is needed to quantify the
effectiveness of water sprinkler systems in controlling PM
concentrations in cattle feedlots. The objectives of this study
were to evaluate, under field conditions, the control
efficiency of a water sprinkler system in reducing PM;g in a
cattle feedlot, and to compare the sprinkler system’s PMjq
control efficiency with that of rainfall events.
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MATERIALS AND METHODS
SITE DESCRIPTION

Table 1 presents characteristics of the two commercial
cattle feedlots used in this study. The feedlots are located in
Kansas and are within 40 km of each other. Prevailing wind
directions at the feedlots are south-southeast during summer
and north-northwest during winter. The first feedlot, KS1,
had approximately 30,000 head of cattle and a total pen area
(excluding unpaved roads, alleys, and feed mill) of about
50 ha. The cattle spacing (inverse of stocking density) was
17 m? head!. The feedlot had a water sprinkler system with
an application rate of 5.0 mm d-! (5.0 L m2 d'1). The feedlot
cleaned the pens two to three times per year and removed
manure from the pens at least once a year. The second feedlot,
KS2, had approximately 25,000 head of cattle, a total pen
area of 68 ha, and a cattle spacing of 27 m? head!. For PM
control, this feedlot cleaned the pens five to six times per year
and removed manure from each pen two to three times per
year. Relative to KS1, KS2 had lower manure accumulation
because it had a higher frequency of pen cleaning and manure
harvesting.

This research focused on measurement and analysis of the
dataset from the April-to-October period when the sprinkler
system at KS1 was typically used. Table 1 shows that KS2
received about 15% more precipitation than KS1 in 2007 and
2008. For KS1, the total amount of water applied through the
sprinkler system and the number of days the sprinkler system
was operated varied from year to year depending on weather
conditions. The total amount of water used by the sprinkler
system in 2006, 2007, 2008, and 2009 (up to July) was 470,
333, 209, and 148 mm (L m2), respectively. The sprinkler
system was operated for a total of 135 days in 2006, 102 days
in 2007, 57 days in 2008, and 42 days in 2009.

WATER SPRINKLER SYSTEM OPERATION

The water sprinkler system at KS1 was installed in the
1990s with an estimated cost of more than a half-million
dollars. The water sprinkler system normally operated from
April to October or during prolonged dry periods. The
sprinkler system had a total of 179 sprinkler heads. Most of
the sprinkler heads were operated in full circle with
approximate wetting diameters of 55 to 88 m (equivalent
wetted areas of 2,380 to 6,080 m?2); some were operated in
half-circle with approximate wetting diameters of 50 to 88 m
(equivalent wetted areas of 980 to 3,180 m?). The sprinkler
heads were located and operated such that there were
overlaps in wetting coverage between two adjacent sprinkler
heads. A group of three sprinkler heads was turned on
simultaneously every 6 min, applying 1,890 L min™! of water.

Table 1. Descriptions of the two feedlots.
KS1 KS2

Capacity (head) 30,000 25,000
Area (ha) 50 68

Dust control methods

Parameter

Water sprinkler system <5mm d! None

Pen cleaning(?] 2t03 5t06
Weather conditions

Prevailing wind direction SSE SSE

Avg. total precipitation (mm)[b] 573 671

[a] Number of cleanings per year per pen.
[’] April to October period for 2007 and 2008.
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Figure 1. Sprinkler system water use and mean air temperature for the
April-to-October period from 2006 to 2008 at feedlot KS1.

Six hours were required to cycle through all the sprinkler
heads, each head applying 1.25 mm (1.25 L m™2) every time
it turned on; 24 h operation of the sprinkler system had an
application rate of 5 mm d! (5.0 L m? d!). The water
sprinkler system was operated primarily on the basis of air
temperature and dusty conditions at the KS1 feedlot; a
Pearson correlation coefficient of 0.61 between sprinkler
water amount and air temperature suggests that sprinkler
operation was indeed operated based on the observed
temperature (fig. 1). Hours of operation were input daily in
a computer that controlled the sprinkler system auto-
matically. The source of the water for both the sprinkler
system and waterers was an off-site well.

MEASUREMENT OF PM;( CONCENTRATION AND WEATHER
CONDITIONS

Mass concentrations of PM;y were measured at the north
and south perimeters of the feedlots. Sampling locations at
the feedlots were selected based on feedlot layout, power
availability, and site access. For KS1, the north sampling site
was approximately 5 m away from the closest pen, and the
south site was approximately 30 m from the closest pen
(fig. 2). For KS2, the north and south sampling locations
were 40 and 60 m, respectively, away from the closest pens.
These differences in distance from the pens along with
differences in amount of precipitation and management
practices (e.g., pen cleaning and manure harvesting fre-
quencies, stocking density, and feeding practices) between
the two feedlots prevented meaningful comparison of PMjq
mass concentration between the sprinkled feedlot (KS1) and
non-sprinkled feedlot (KS2).

The PMjy concentration was measured with tapered
element oscillating microbalance (TEOM) PM;( monitors
(Series 1400a, Thermo Fisher Scientific, East Greenbush,
N.Y.; federal equivalent method designation No.
EQPM-1090-079); the inlet was positioned 2.3 m from the
ground. PMy( concentrations were recorded continuously at
20 min intervals. During sampling and measurement, the
sampled air and TEOM filter were heated to 50°C.
Maintenance of the TEOM (i.e., leak checks, flow audits, and
inlet cleaning) was performed monthly. For cases of low flow
audit results, either the TEOM pump was replaced or
software calibration was done to correct the sampling flow

Vol. 54(1): 295-304

-, ~ - ~
- ~——-

Re 120° - 240° ..

1000m
Legend.

200m (O - TEOM PM; Sampler

Q) - weather Station

30m

im

Figure 2. Schematic diagram showing locations of the samplers and
weather station at feedlot KS1.

rate. The TEOM collection filters were replaced if the filter
loading indicated by the TEOM reached the 90% value; the
TEOM in-line filters were replaced when the amount of dust
collected was significant.

Each feedlot was equipped with a weather station (Camp-
bell Scientific, Inc., Logan, Utah) to measure and record
wind speed and direction (model 05103-5), atmospheric
pressure (model CS100), precipitation (model TES25), and
air temperature and relative humidity (model HMP45C).
Measurement height was 2.5 m. Weather parameters were
recorded continuously at 20 min intervals.

DATA ANALYSIS

The PM;( dataset from the TEOM was first screened on
the basis of wind direction. Datasets that corresponded to a
wind direction of 120° to 240°, in which the north sampling
site was downwind of the feedlot and the south sampling site
was upwind, were considered (fig. 2). Data outside this range
were excluded in the analysis for the following reasons: (1) if
the wind direction was from the east (i.e., 60° to 120°) or
west (i.e., 240° to 300°), PM measured by the TEOM would
not represent the PM emitted from pen surfaces; and (2) if the
wind direction was from the north (i.e., 0° to 60° or 300° to
360°), the south sampling site would be downwind of the
feedlot, and the differences in distance from the closest pens
between the north and south sampling sites would make it
difficult to compare the downwind concentrations. The PM1q
concentrations were expressed as net concentrations
(i.e., downwind concentration - upwind concentration). Net
PM;( concentrations were calculated at 20 min intervals,
which was the interval of data collection in the TEOM.

Negative values of PM;( concentrations were recorded by
the TEOM in some cases (for downwind concentration,
approximately 6% of KS1 datasets and 5% of KS2 datasets
were negative; for upwind concentration, approximately
10% of KS1 datasets and 6% of KS2 datasets were negative).
These negative values could be due to the nature of the
particles or to instrument malfunction (Guo et al., 2009). In
accordance with the manufacturer’s recommendation,
“small” negative values (i.e., 0 to -10 ug m3), which were
likely due to the nature of the particles or very low
concentrations, were considered in the calculation of average
hourly and daily concentrations, but “large” negative values
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(i.e., <-10 ug m3), which were likely due to instrument
malfunction, were not considered. In cases of missing
upwind PM;o concentrations (approximately 19% of KS1
datasets and 25% of KS2 datasets), upwind concentrations
were considered zero to maximize use of available
downwind data.

Values from the screened dataset were selected for
evaluation of the control efficiency of the water sprinkler
system at KS1 and rainfall events at KS1 and KS2. Control
efficiency of the water sprinkler system at KS1 was
determined by selecting sprinkler on/off events. An on/off
event was defined as the water sprinkler system being
operated for at least one day (on) and either followed or
preceded by at least one day of no water sprinkling (off). The
PMj control efficiency was determined by comparing the
period when the sprinkler system was operated with the
period when the sprinkler was not operated. The number of
days for each period varied from one to four days depending
on the availability of TEOM concentration and weather data.
In addition, sprinkler events should not have any rainfall
event seven days before and at least one day after the day
selected to observe the effect of the sprinkler system because
the effect of a rainfall event was observed to last for several
days.

The impact of rainfall events was analyzed for days when
there was no rainfall on the day prior to the rainfall event
evaluated. The day after the rainfall event was not used to
estimate the percentage reduction in PMj(y concentration
because of the lasting effect of rain.

Control efficiency of the sprinkler system in reducing
daily net PMj concentration was estimated by computing
(1) the decrease in daily net PMjg concentration after the
water sprinkler system was turned on and (2) the increase in
daily net PM;( concentration after the sprinkler system was
turned off. The efficiency, CE, was calculated using:

Coff —Con
Coff

CE = x 100% 1)

where C, is the net concentration (ug m-3) for the period
when the sprinkler was turned off, and C,, is the net
concentration (ug m3) for the period when the sprinkler was
turned on. Control efficiency for a rainfall event was
estimated by computing the decrease in daily net PMjq
concentration after the rainfall event, that is, control
efficiency for a rainfall event was calculated by:

=%x 100% ©)

nr

CE

where C,, is the net concentration (ug m-3) for the period
without rainfall, and C, is the net concentration (ug m-) for
the period affected by rainfall. To account for variations in
daily net concentrations, each period was represented by its
average daily net concentration. The control efficiency was
computed on the basis of mean values for the 24 h period and
evening dust peak (EDP) period, the latter described as the
time in the evening with very high PM concentrations.
Data were analyzed with SAS for Windows version 9.1.3
(SAS, 2002). In determining factors that influenced a
parameter of concern (i.e., PMj¢ control efficiency, daily
increase in concentration), backward selection was applied.
For comparisons of mean values (i.e., control efficiencies,
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rainfall amount), preliminary analysis was performed to
determine if the assumptions of normality and homogeneity
of variance were satisfied. If these assumptions were met,
standard statistical tests (e.g., standard analysis of variance,
paired t-test) were used; if the assumptions were not met,
nonparametric test (i.e., nonparametric one-way analysis of
variance) was used together with the standard statistical test.
Montgomery (1984) indicated that when the two procedures
give similar results, the analysis of variance assumptions are
satisfied reasonably well and the standard statistical tests are
satisfactory. In all the statistical analyses, a 5% level of
significance was used.

RESULTS AND DISCUSSION

The measurement time periods were April 2006 to July
2009 for KS1 and April 2007 to July 2009 for KS2. For both
feedlots, there were months that either the TEOM data or the
on-site weather station data were missing because of
equipment-related problems. For KS1, TEOM data were
missing in three months (i.e., June, July, and September
2006). For KS2, TEOM data were missing in nine months:
two months in 2007 (i.e., August and October) and seven
months in 2009 (i.e., January to July). For missing on-site
rainfall amounts (e.g., January 2006 to July 2007 for KS1),
data from the weather station in a nearby regional airport
were used. Paired t-test using the 2008 data on rainfall
amounts showed that the on-site weather station and the
airport weather station did not significantly differ (p = 0.64)
in mean rainfall amount.

WEATHER CONDITIONS AND SPRINKLER SYSTEM
OPERATION

Wind direction was primarily from the south (the north
sampling site was downwind of the feedlot) for both feedlots.
For KS1, wind directions were from the south (i.e., 120° to
240°) 52% of the time, north (i.e., 0° to 60° or 300° to 360°)
30% of the time, east (i.e., 60° to 120°) 9% of the time, and
west (i.e., 240° to 300°) 9% of the time. For KS2, wind
directions were from the south 49% of the time, north 28%
of the time, east 12% of the time, and west 11% of the time.

Means and ranges of hourly values for temperature,
relative humidity, and wind speed are summarized in table 2.
Ambient temperature and relative humidity were similar at
both feedlots. KS1 had higher (24%) mean wind speed than
KS2. KS1 had a yearly average of 530 mm of precipitation
for the months of April to October from 2006 to 2008, and
mean monthly precipitation ranged from 2 to 35 mm. KS2
had an average of 671 mm of precipitation from 2007 to 2008,
and mean monthly precipitation ranged from 10 to 35 mm.

Operation of the water sprinkler system at KS1 was based
on air temperature and dusty conditions at the feedlot.
Figure 1 shows that the trend of the amount of water used for

Table 2. Weather conditions for the April to October
periods (KS1, 2006 to 2009; KS2, 2007 to 2008).

KS1 KS2
Parameter Min. Max. Avg. Min. Max. Avg.
Temperature (°C) -9 41 20 -7 40 20
Rel. humidity (%) 10 100 64 10 100 67
Wind speed (ms1)  0.00 1833  4.64 0.00 1587 3.74

TRANSACTIONS OF THE ASABE
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Figure 3. KS1 sprinkler system water use from 2006 to 2009: (a) sprinkler
water and amount of rain, and (b) sprinkler water and number of days
with rain.

the sprinkler system closely followed the trend of the air
temperature. Figure 3a shows the trends for sprinkler water
use and total amount of rainfall. As expected, the amount of
water used for the sprinkler system was high during periods
with low rainfall amounts (e.g., July 2006, August and
September 2007) and low during periods with high rainfall
amounts (e.g., May 2007). Figure 3b shows a comparison
between the amount of water used for the sprinkler system
and number of days with rainfall. In general, the amount of
water used for the sprinkler system increased with decreasing
number of days with rainfall events. Yearly values of rainfall
variables (i.e., amount of rain and number of days) and
sprinkler water use are summarized in table 3. In 2006, the
amount of water used for the sprinkler system was greatest,
possibly due to the relatively smaller amount of rainfall
received during that period. In 2009, both rainfall amount and
water consumption were low because the data represented
only four months of data (i.e., April to July). In 2007 and
2008, water consumption for the sprinkler system was
smaller compared to that in 2006 because rainfall amounts
were greater.

PM ¢ CONCENTRATIONS

The diurnal variations of the net PM, mass concentration
for KS1 and KS2 are illustrated in figures 4a and 4b,

Vol. 54(1): 295-304

Table 3. Sprinkler water consumption and rainfall
at KS1 from April to October, 2006 to 2009.

Rainfall Sprinkler
Amount Number Water Use
Year (mm) of Days (x 106 L)
2006 443 48 206
2007 583 38 155
2008 563 52 102
2009!2] 354 29 57
Averagelb] 530 46 154
(2l April to July.

[Pl Average for 2006 to 2008.

Table 4. Measured daily PM;( concentrations for the two feedlots
(KS1 and KS2) for the period April to October, 2006 to 2009.

KS1 KS2
Daily  EDP Period Daily  EDP Period
Period (1700 h Period (1700 h
(24h)  to 2300 h) (24h)  t02300 h)
Downwind
Number 916 726 491 377
Avg. (ug m™3) 168 313 85 144
SD (ug m3) 264 543 135 209
Upwind
Number 804 630 458 337
Avg. (ug m™3) 48 64 21 28
SD (ug m3) 55 114 17 33
Net
Number 914 724 484 375
Avg. (ug m™3) 136 268 71 124
SD (ug m3) 235 475 129 198

respectively. In general, the concentrations during any given
day were smallest in the early morning hours between 0100 h
and 0700 h. The concentrations were generally greatest
during the hours between 1700 h and 2300 h, which is
referred to in this study as the evening dust peak (EDP)
period. As suggested by Auvermann et al. (2006), the
following factors may be responsible for the evening dust
peaks: daytime evaporation of moisture from the pen,
increased social and aggressive cattle behavior during the
early evening hours, and stable atmospheric conditions.

Measured PM;; concentrations for the 24 h and EDP
periods for April to October are summarized in table 4. KS1
had higher PMjq concentrations relative to KS2. The higher
PM;( concentrations at KS1 could be a result of the shorter
distance between the TEOM sampler and the closest pen,
higher PM emission rate due to higher manure accumulation,
or both; however, this could not be confirmed, since the
emission rates were unknown. Comparing the two
measurement periods for the two feedlots, the EDP period
had higher PMjg concentrations than the 24 h period, as
expected.

PM 9 CONTROL EFFICIENCY OF WATER APPLICATION

For 2006 to 2009 (April to October), KS1 had 171 days
with rainfall events out of 764 days in the measurement
period. For KS2, there were 114 days with rainfall events out
of 428 days during the measurement period (2007 to 2008).
The sprinkler system at KS1 was operated for 336 out of
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Figure 4. Average hourly PM; concentration trends (April to October): (a) KS1 for 2006 to 2009 and (b) KS2 for 2007 to 2008. Error bars represent

standard deviations.

764 days in the study, and there were 42 sprinkler on/off
events from April 2006 to July 2009. Of these events, a
maximum of 14 events could be used depending on the
analysis (i.e., 24 h period and EDP period; average
concentrations and maximum concentrations). Of the events
that were not used, almost half had no TEOM concentration
data; others were affected by rainfall events. For rainfall
events at KS1 (April 2006 to July 2009), 89% (34 out of
38 events) of the data values were considered acceptable for
the study. For KS2 (January 2007 to October 2008), 90%
(18 out of 20 events) of the available data values were
acceptable. There were more rainfall events at KS1 than KS2
because of the difference in study periods.

For the events selected, daily net PM;o concentrations
ranged from 10 to 2,371 ug m3 at KS1 and from 25 to 515 ug
m- at KS2 prior to water application (i.e., sprinkler operation
or rainfall event). If water was not applied, PMjg
concentration the next day varied by =90 ug m and =50 ug
m-3 at KS1 and KS2, respectively. Daily PMj, concentrations
decreased significantly after water application (i.e., 18 to
950 ug m3 for KS1 sprinkler on/off events, 9 to 434 ug m3
for KS1 rainfall events, and 5 to 98 ug m3 for KS2 rainfall
events). PMy( concentration varied by £60 ug m3, =40 ug
m3, and =16 ug m?3 the next day for KS1 sprinkler on/off
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events, KS1 rainfall events, and KS2 rainfall events,

respectively.

Control Efficiency

Table 5 lists statistics on PMy control efficiencies for the
water sprinkler system and rainfall events. Tests for
normality indicated that the control efficiency data for the
sprinkler and rainfall events had non-normal distribution. In
general, results of standard statistical tests and non-
parametric tests were similar. Analysis of variance showed
that the mean PM control efficiency of the sprinkler system
at KS1 was significantly different from those of the rain
events at KS1 (p < 0.001) and KS2 (p = 0.004); the rainfall
events had higher control efficiencies, as expected. Factors
that could account for the higher control efficiency for
rainfall events include rainfall intensity, duration, and area
coverage. Rainfall intensity and duration were generally
greater than those for the sprinkler system. Possibly more
important, rainfall events generally covered the whole
feedlot, including the alleyways and unpaved roads. In
contrast, for the sprinkler system, water was applied only on
the pens. In addition, the effective pen coverage of the
sprinkler system could be lower as a result of high wind
speed, variable wind direction, and sprinkler design
(i.e., sprinkler head type, pump operating parameters).
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Table 5. PM; control efficiency for sprinkler events
at KS1 and for rainfall events at KS1 and KS2.

Daily Period EDP Period
(24 h) (1700 h to 2300 h)
Sprinkler Rainfall Rainfall Sprinkler Rainfall Rainfall
(KS1)  (KS1) (KS2) (KS1)  (KS1) (KS2)
No. of 10 33 18 11 34 18
Events
Avglll  53a 77b 76 b 52a 80c 86¢
(%)
Min. 32 17 28 17 35 63
(%)
Max. 80 96 95 81 98 98
(%)
SD 15 16 17 21 17 11
(%)

[a] Average values followed by the same letters are not significantly
different at 5%.

The control efficiency for the sprinkler system at KS1
ranged from 32% to 80% based on the 24 h concentration
values and from 17% to 81% based on the concentrations for
the EDP periods. Paired t-test showed that the mean control
efficiency for the EDP period was not significantly different
(p = 0.82) from that for the 24 h period (52% vs. 53%). During
the 327 days (14 April 2006 to 15 July 2009) of operation, the
sprinkler system was activated for at least 20 h d-! on only
30% of the days and for at least 12 h d'! on 70% of the days.
The mean control efficiency of the water sprinkler system at
KS1 was 53% (24 h) for PM;; other studies reported control
efficiencies of 43% for TSP (Carroll et al., 1974) and 50% for
PMj (Pechan, 2006).

Analysis of variance showed that KS1 and KS2 did not
differ significantly (p = 0.91) in mean control efficiencies
associated with rainfall events. Paired t-test also revealed that
the mean control efficiencies for rainfall events based on the
EDP and 24 h periods did not differ significantly (p = 0.25)
for KS1. For KS2, however, non-parametric test showed that
the control efficiencies of the two periods differed
significantly (p = 0.04), with the EDP period having higher
PM control efficiency.

Figures 5a and 5b show control efficiencies (sprinkler and
rainfall events) plotted against the amount of water applied.
The backward selection procedure did not show any
significant (p = 0.65) effect of the amount of water applied
on control efficiency of the sprinkler system, possibly
because a relatively small amount of water was applied (1.5
to 5.1 mm d-!). For rainfall events, the control efficiency
usually exceeded 80% when the rainfall amount was more
than 25 mm per event and greater than 70% when the rainfall
amount exceeded 20 mm per event (fig. 5b). However,
regression analysis using the backward selection procedure
did not show any significant effect of rainfall amount on
control efficiency (p = 0.93), possibly because of the effect
of initial PM; concentration. For example, there was a case
with low control efficiency of 28% even if the rainfall amount
was 120 mm. This occurred during a period when the initial
net PMjy concentration equaled 25 pg m3, which was
already low relative to the typical ambient PM;y con-
centration. Some rainfall events that had only 5 mm d-! of
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Figure 5. PMj control efficiency plotted against the amount of water
applied for (a) KS1 sprinkler events and (b) KS1 and KS2 rainfall events.

rainfall (equivalent to the capacity of the water sprinkler
system at KS1) resulted in more than 80% control efficiency
(fig. 5b). High reductions achieved by these rainfall events
(<5 mm d'1) might be due to the high intensity of rainfall in
a short period of time and the relatively wider coverage
compared to the sprinkler system.

Figure 6 shows the control efficiencies plotted against
initial net PM;( concentrations (i.e., no water application).
Daily initial net PM;( concentrations at KS1 ranged from 38
to 848 ug m3; concentrations ranged from 41 to 1,471 pg m
during the EDP periods. Daily initial net PM;y concen-
trations for KS2 ranged from 25 to 471 ug m3; EDP net PMyq
concentrations ranged from 31 to 1,018 ug m?3. Statistical
analysis did not show any significant correlation between
control efficiency and initial PM;y concentration for the
sprinkler (p = 0.70) and rainfall events (p = 0.10).

Decrease in PM;y Concentration

The decrease in PM;; concentration associated with the
sprinkler system at KS1 ranged from 34 to 406 ug m™ for the
24 h period and from 35 to 1,043 ug m- for the EDP period.
For rainfall events, the decrease in concentration at KS1
ranged from 24 to 796 ug m for the 24 h period and from 27
to 1,088 ug m3 for the EDP period. The decrease in KS2
ranged from 7 to 436 pug m=3 for the 24 h period and from 24
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Figure 6. Plots of PMj control efficiency and initial PM;( concentration
based on (a) daily average and (b) EDP period average.

to 997 ug m-3 for the EDP period. For both the sprinkler
system and rainfall events, statistical analysis did not show
any significant correlation between decrease in concentra-
tion and amount of water applied (p = 0.09 for sprinkler
events; p = 0.34 for rain events).

Figures 7a and 7b plot the decrease in net PMjg
concentration against initial net PM;( concentration based on
24 h and EDP periods, respectively. In general, the higher the
initial concentration, the larger the decrease in concentration
was. One important trend observed from the plots was that the
data points for the sprinkler on/off events at KS1 were
farthest from the 1:1 (y:x) line, suggesting a much lower
decrease in concentration for the sprinkler system compared
to the rainfall events. An intensity of approximately 1.25 mm
and shorter duration for the sprinkler system could help
explain the difference in decrease in concentration for the
sprinkler system compared with rainfall events. In figure 7a,
there were three rainfall events that had similar initial PM;
concentrations (i.e., event 1: 421 ug m3, event 2: 426 ug m3;
event 3: 432 ug m3). Events 1 and 3 were close to the 1:1 line,
indicating very low PMj( concentrations (19 and 35 pg m?3,
respectively) measured after the rainfall events. However,
event 2, which had a PMy( concentration of 355 ug m3 after
rain, was far from the 1:1 line. Events 1 and 3 had rainfall
amounts of 36 and 13 mm, respectively. However, event 2
only had 2 mm of rainfall; this low amount of rainfall
indicates low rainfall intensity and short duration. Thus, for
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water application, high intensity and long duration were
important variables to have significant decrease in
concentration.

DURATION OF THE EFFECTS OF SPRINKLER SYSTEM AND
RAINFALL EVENTS

The duration of the effects of the sprinkler system and
rainfall events was determined by using events with daily net
PM;, concentration data. In general, the effect of the
sprinkler system lasted for one day or less. Possible reasons
for the relatively short duration of the effect of the sprinkler
system include the small amount of water applied (<5 mm
d-), short duration of the application (6 min every 6 h), and
non-uniform distribution of application.

The duration of the effect of rainfall events generally
lasted from 3 to 7 days and was possibly affected by several
variables, including rainfall parameters (i.e., intensity, dura-
tion, and amount) and weather conditions (i.e., temperature,
solar radiation, wind speed). To analyze the duration of the
effect of rainfall, 12 rainfall events were selected from KS1
and KS2 on the basis of the completeness of net PMjg
concentration data. Table 6 summarizes the characteristics
(i.e., rainfall intensity, duration, and total amount) and net
PM;y concentrations for these 12 events. Regression
analyses on these events indicated that after rainfall events,
increase in net PMjq concentration averaged 41 ug m3 per
day, ranging from 12 to 72 ug m™3 per day (table 6).

TRANSACTIONS OF THE ASABE



Table 6. PMj( concentrations and rainfall
parameters for rainfall events (n = 12).

Parameter Min. Max. Avg. SD
Rainfall
Intensity (mm h-1) 2.54 10.53 5.06 2.18
Duration (h) 3 19 8 6
Total amount (mm) 11 137 47 44
Net PMy( concentration (ug m™3)
Before rain 119 895 365 268
After rain 12 74 30 21
Increase in concentration per day
(ug m3 d-1, linear regression)[2] 12 72 41 21

[a] R2 values ranged from 0.58 to 0.95.

Regression analysis by backward selection showed that
the daily increase in net PM;j, concentration was
significantly affected by the initial net PMyy concentration
(p = 0.002) and rainfall intensity (p = 0.01): the higher the
initial concentration, the faster the daily rate of increase in
concentration; and the higher the rainfall intensity
(>1.25 mm h'!), the lower the daily rate of increase in
concentration. Figure 8 shows the daily increase in concen-
tration plotted against initial net PMyy concentration.

Additional analysis was done to verify the effect of rainfall
amount on the daily rate of increase in concentration based
on events with almost similar initial net PM;( concentrations.
Four events with initial PM;( concentrations ranging from
370 to 460 pug m-3 were selected. For these events, rainfall
intensities were greater than 2.7 mm h-! and rainfall durations
were longer than 4 h. Statistical analysis showed that the
increase in net PMjy concentration per day was inversely
proportional (R? = 0.96) to the rainfall amount within the
range of 10 to 95 mm per event (fig. 9).

The above analyses could prove useful in improving the
control efficiency of the sprinkler system. The duration of the
effects of rainfall, expressed as the increase in PMjg
concentration per day after rainfall events, depended on
initial PM1g concentration, rainfall amount, and intensity.
Results suggest that the effective duration of the effects of the
sprinkler system can be enhanced by manipulating either the
hourly water application rate or the total daily amount of
water. If the initial PM concentration can be estimated, then
the daily increase in concentration after a sprinkler operation
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Figure 8. Increase in PMy concentration (ug m-3) per day plotted against
initial PM;( concentration for rainfall events.
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or rainfall event can be predicted, and subsequent application
of appropriate actions to minimize PM emission could be
applied once the effect of water application recedes.

There were several limitations in this study that relate to
PM;y measurement. The performance bias in inertial pre-
separators for particulate samplers (e.g., Buser et al., 2007)
and differences among PM;, samplers (e.g., Guo et al., 2009;
Wanjura et al., 2008) are well documented. The performance
bias for TEOM was not considered in this study, largely
because of the lack of scientifically validated means of
correcting for that bias. In addition, if the bias is not highly
dependent on concentration, then its effect on control
efficiency would be small. Another limitation was the single-
point measurement of concentration. Because of the large
area and variability in pen conditions in the feedlots, it is
expected that the PMjg concentration would vary spatially in
the feedlot and single-point measurement might not truly
represent the concentration. To overcome this deficiency, it
would be necessary to deploy several samplers distributed in
the feedlot. It is not clear from the study what the overall
effect is of single-point measurement on control efficiency.

CONCLUSIONS

Control efficiency for PM;, of water application,
including rainfall and a water sprinkler system, was
evaluated at two feedlots in Kansas by comparing PMjq
concentrations during water application on/off events. The
following conclusions were drawn:

e For the water sprinkler system at KSI, control
efficiency for PMj, based on the 24 h mean
concentrations ranged from 32% to 80% with an
overall mean of 53%. Control efficiency based on
concentrations during the evening dust peak (EDP)
periods (1700 h to 2300 h) ranged from 17% to 81%
with an overall mean of 52%.

¢ For rainfall events at KS1 and KS2, control efficiencies
for PM;( ranged from 17% to 96% for the 24 h mean
values and from 35% to 98% for EDP values.

e The effect of water application through the sprinkler
system (<5 mm of water d-1) lasted for one day or less.
The effect of a rainfall event, on the other hand,
generally lasted for 3 to 7 days depending on initial net
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PM; concentration, and rainfall amount and intensity.
After a rainfall event (>10 mm per event), the mean
increase in net PM; concentration was approximately
41 ug m3 per day.

Results suggest that the efficiency of the water sprinkler
system can be enhanced by increasing the water application
rate and duration of application. The effects of sprinkler
system operating variables (i.e., application rate, periods of
application) on the duration of the effects of the sprinkler
system require further investigation. Despite the acknow-
ledged limitations of this study related to single-point
measurement and sampler performance bias, the findings
presented here could be used in estimating the PM control
efficiency of a sprinkler system under field conditions and
improving its performance for cattle feedlots.
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