MEASUREMENT AND CONTROL OF PARTICULATE EMISSIONS FBM CATTLE

FEEDLOTS IN KANSAS

by

LI GUO

B.S., Jilin Agricultural University, China, 2003
M.S., China Agricultural University, China, 2006

AN ABSTRACT OF A DISSERTATION

submitted in partial fulfillment of the requiremerfor the degree

DOCTOR OF PHILOSOPHY

Department of Biological and Agricultural Enginewyi
College of Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2011



Abstract

Emissions of particulate matter (PM) are an indrepsoncern for large open beef cattle
feedlots. Research is needed to develop scienast@@®rmation on PM emissions and
abatement measures for mitigating those emissidns.research was conducted to (1) measure
PM concentrations emitted from large cattle feex]I) compare different samplers for
measuring concentrations of PM with equivalent dgnamic diameter of 10 um or less (M
(3) evaluate the relative effectiveness of penamgrtreatments in reducing PMmissions, and
(4) predict PM control efficiency of vegetative bars.

Concentrations of PM with equivalent aerodynamanter of 2.5 um or less (BN,
PM;jo, and total suspended particulates (TSP) upwinddamchwind of two large cattle feedlots
(KS1, KS2) in Kansas were measured with gravims@implers. The downwind and net
concentrations generally decreased with increasatgr content (WC) of the pen surface; for
effective control of PM emissions from feedlotsafiipears that pen surface WC should be at
least 20% (wet basis).

Three types of samplers for measuring;eddncentrations in feedlots KS1 and KS2
were compared: Tapered Element Oscillating Micrahe¢ ™ (TEOM), high-volume (HV), and
low-volume (LV) PMypsamplers. Measured Riytoncentration was generally largest with the
TEOM PMyp sampler and smallest with the LV Rjdampler.

A laboratory apparatus was developed for measuhi@d®Mo emission potential of pen
surfaces as affected by surface treatments. Therajns was equipped with a simulated pen
surface, mock cattle hooves that moved horizontadlpss the pen surface, andBd&mplers
that collected emitted P)d Of the surface treatments evaluated, applicaifomater (6.4 mm)
and hay (723 g/f) exhibited the greatest percentage reduction inoRhission potential (69%
and 77%, respectively) compared with the untreatadure layer.

Computational fluid dynamics (CFD) was applied tedict airflow and particle
collection by a row of trees (2.2 m high x 1.6 nde)i. Predicted particle collection efficiencies
generally agreed with published data and ranged fess than 1% for 0.875-um particles to
approximately 32% for 15-um patrticles.
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Abstract

Emissions of particulate matter (PM) are an indrepsoncern for large open beef cattle
feedlots. Research is needed to develop scien@staf®rmation on PM emissions and
abatement measures for mitigating those emissidns.research was conducted to (1) measure
PM concentrations emitted from large cattle feexjI®) compare different samplers for
measuring concentrations of PM with equivalent dgnamic diameter of 10 um or less (RM
(3) evaluate the relative effectiveness of penaagrtreatments in reducing RPMmissions, and
(4) predict PM control efficiency of vegetative bars.

Concentrations of PM with equivalent aerodynamantiter of 2.5 um or less (BN,
PMso, and total suspended particulates (TSP) upwinddamchwind of two large cattle feedlots
(KS1, KS2) in Kansas were measured with gravime@implers. The downwind and net
concentrations generally decreased with increasatgr content (WC) of the pen surface; for
effective control of PM emissions from feedlotsaipears that pen surface WC should be at
least 20% (wet basis).

Three types of samplers for measuring,pdbncentrations in feedlots KS1 and KS2
were compared: Tapered Element Oscillating Micrabe¢ ™ (TEOM), high-volume (HV), and
low-volume (LV) PMypsamplers. Measured Rlytoncentration was generally largest with the
TEOM PMyp sampler and smallest with the LV Rjdampler.

A laboratory apparatus was developed for meastin@d®Mo emission potential of pen
surfaces as affected by surface treatments. Theraijps was equipped with a simulated pen
surface, mock cattle hooves that moved horizontadhpss the pen surface, and Bd&mplers
that collected emitted P Of the surface treatments evaluated, applicaifomater (6.4 mm)
and hay (723 g/f) exhibited the greatest percentage reduction inoRkission potential (69%
and 77%, respectively) compared with the untreaiadure layer.

Computational fluid dynamics (CFD) was applied tedict airflow and particle
collection by a row of trees (2.2 m high x 1.6 nde)i. Predicted particle collection efficiencies
generally agreed with published data and ranged fess than 1% for 0.875-um particles to

approximately 32% for 15-um particles.
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CHAPTER 1 - Introduction

1.1 Background

About 96 million cattle were raised in the U.S2003 and more than 20 million are
raised annually for fattening in feedlots (Roggalet2006). Every year, about 18 million metric
tons of manure that can cause air and water qussities are generated from these feedlots
(USDA, 2000). It has been suggested that fugitivet @dnd odor nuisances are the major
emissions from concentrated cattle feedlots thatimgair the quality of life of workers and
nearby residents (Purdy et al., 2004; McGinn e2802). The National Ambient Air Quality
Standards (NAAQS) for particulate matter (PM) altitkeo criteria pollutants were established to
protect public health and welfare. Historicallyriagltural sources, including animal feeding
operations (AFOSs), have been exempted from thiglagéign. Recently, however, agricultural
sources have been included to the NAAQS reguldN2BA, 2010; Lester, 2006).

All properties of PM depend on particle size areirthealth and environmental effects
also depend on particle size. Coarse particlesteebe deposited in the upper airways of the
respiratory tract, while PM with equivalent aerodgric diameter of 2.5 um or less (P§ican
reach and be deposited in the smallest airwaysenungs. Consequently, U.S. EPA changed the
regulation from total suspended particulates (T&PP,M with equivalent aerodynamic diameter
of 10 um or less (PM) in 1987, and further regulates the mass condamtraf PM, 5
(Esworthy and McCarthy, 2008; U.S. EPA, 1997). Redeers (McGinn et al., 2010; Von Essen
and Auvermann, 2005; Loneragan and Brashears, 200Gjnn et al., 2002; NRC, 2003;
Parnell et al., 1994) recommended long-term andt4bon research needs for PM emissions
from cattle feedlots, which focus on determining Bdhcentrations, emission rates, and
dispersion to establish the potential severitydfease impacts and the potential for developing

successful mitigation and control strategies.

1.2 Characterization of Particulate Matter Emissiors from Cattle Feedlots
There are many sources of dust from cattle feediottuding traffic on unpaved roads,
feed processing and delivery, vehicle exhaust, wnodion, and cattle activity inside the pens.
The major source of PM is the pen surface, composetanure, urine, and soil. The majority of



PM emissions from the pen surface generally re$udta hoof action on the dry, uncompacted,
pulverized layer of soil and manure (Razote et28lQ7; Auvermann et al., 2006; Purdy et al.,
2004). Previous research on cattle feedlots inkbimeasurements upwind, inside, and/or
downwind of feedlots to determine the concentratgize distribution, and components of the
PM emitted. Historically, a much larger databageli®P has been reported in the literature than
that for PM and PMs. The first PM data from cattle feedlots appeared to be thosartexgh by
Sweeten et al. (1988); limited data on P)rom feedlots have been reported in the literature

Many factors affect the emission rate of PM frofeedlot. Cattle movement within the
holding pens, wind acting on the dried pen surfaaed vehicle travel on the alleyways
contribute to PM emissions. The effect of manureanriace water, which is a function of cattle
density, and the influence of weather conditiorchsas wind speed, precipitation, and
evaporation of water are also major factors thicaPM emissions from cattle feedlots.
Consequently, the pen area, weather conditionscattié density in pens are primary influences
on PM generation (Parnell et al., 1994; Sweeteal. £1988). Miller and Woodbury (2003)
indicated that important environmental factors tt@itribute to dust emissions from cattle
feedlots are poorly characterized.

Particulate matter is a mixture of many classgsotifitants that differ in source,
formation mechanism, composition, size, and chelniteysical and biological properties.
Measuring and characterizing airborne PM is a ehgiihg task and there is no perfect method
for every application, since PM is not a homogesgmuilutant. Measurement accuracy is crucial
because it determines air quality trends and dgication is in compliance with air quality
standards as well as for epidemiologic studies (BF%A, 2004). However, no calibration
standards for suspended particle mass exist aractheacy of particle mass measurements
cannot be determined at present. U.S. EPA currelefiyes PM measurement accuracy in terms
of the agreement between a candidate sampler Bedexal Reference Methods (FRM) sampler
under standardized condition for sample collectgiarage, and analysis (Buser, 2004; U.S.
EPA, 2004). Therefore, sampler comparisons aressacg to determine the measurement
precision and the factors that influence the aayucd sampling.



1.3 Control of Particulate Matter Emissions

Particulate matter control strategies generallyifab two categories. The first is
reducing the generation rate and preventing PM ®orisand include varying the stocking
density (Auvermann and Romanillos, 2000a, 2000ldifging cattle behavior relative to
feeding schedule (Miller and Berry, 2005), watenrdgder systems (Razote et al., 2007; Sweeten
et al., 1988; Sweeten et al., 1998), manure hangéuvermann and Romanillos, 2000a), and
pen surface treatments (Razote et al., 2006). @bensl involves edge-of-feedlot or downwind
control techniques, including shelterbelts (art#ior natural) to remove and disperse particles
(Adrizal et al., 2008).

Maintenance of pen surface water levels is ona@@htost effective ways to control dust.
The water balance may be modified by adjustinglksitgedensity (humber of animals per unit
pen area or animal spacing) to compensate foraseein net evaporative demand (evaporation
depth less the effective or retained precipitatidnvermann et al., 2006). Varying the stocking
density by reducing cattle spacing can reduceecattivity, which is a major contributor to PM
emission. Dust can be controlled through properge=ign and maintenance of pen surface
water levels. The loose manure layer should be keletss than 25 mm deep and pen water
content to within 25% to 35% (Davis et al., 20049wever, no quantitative data are available
on how effective manure management is in reducMgemissions. Frequent manure harvesting
is also labor intensive for feedlots (Davis et 2004). Application of water through fixed high-
pressure sprinklers and water trucks are commorageanent strategies used to reduce dust
potential on feedlots (Auvermann, 2006; Sweeteal.e1988; Sweeten et al., 1998). However
installation and operation of a sprinkler systentraveling water guns are expensive (Bonifacio,
2009; Harner et al., 2008; Amosson et al., 2006,/720n addition, excess water used in dust

control can create anaerobic conditions in the mapack resulting in odor problems.

Organic residues, when applied on the pen surfaight help to retain and preserve
water by slowing evaporation, protect the pen serfaom rain by reducing its impact and
slowing runoff speed, add organic matter and nuoitsi¢o the soil, and also repel insects (PM10
Inc., 2007; Auvermann et al., 2006). In additidre tesidue may provide a cushioning property
that reduces the hoof’s shearing effect. Candidetterials include straw, waste hay, cotton,



peanut hulls, sawdust, apple pumice, lignosuliggesum, and fly ash (Auvermann et al., 2006;

Davis et al., 2004). However, limited research datiat on their effectiveness.

Research on porous barriers (called windbreak#teshelts, vegetative barriers) started
in the 1930s and focused on the reduction of wpekd and modification of microclimate based
on field measurements, wind tunnel studies, or migaksimulations (Lin, 2006; Dierickx et al.,
2003; Raupach et al., 2001; Cleugh, 1998; WangTakte, 1995; Wilson, 1985). Davis et al.
(2004) indicated that trees planted along the petemof a feedlot will provide shelter from the
wind largely containing any fugitive dust. Currgntittle research is being done on the design of
shelterbelt around cattle feedlots and no dataeaéable on how effective the shelterbelts are in

capturing PM emissions from cattle feedlots.

1.4 Research Objectives
The major objectives of this research are to chiarae the PM emitted from cattle
feedlots and investigate potential methods to cbitM emissions and/or downwind
concentrations from the feedlots. Specific objextiwere as follows:
1. Measure the concentration and size distributioRMfemitted from large cattle feedlots;
2. Compare different samplers for measuring;Pédncentrations;
3. Evaluate the relative effectiveness of pen surfeesments in reducing PiMemissions;
and

4. Predict PM control efficiency of vegetative barsier

1.5 Organization of Dissertation

This dissertation has seven chapters. This chaptamarizes the rationale, significance,
and major objectives behind this research. Chapteviews the literature related to this
research. Chapter 3 deals with the measuremerrto€ylate matter emitted from two cattle
feedlots in Kansas (specific objective 1). Chagtéwcuses on the comparison and evaluation of
PM samplers (specific objective 2). Chapter 5 dises potential methods to control PM
emissions (specific objective 3). Chapter 6 presemb-dimensional models using numerical
methods to simulate the airflow and predict théembion efficiency of porous barriers (specific

objective 4). Chapter 7 provides conclusions acdmenendations for future work.



1.6 References

Adrizal, P.H. Patterson, R.M. Hulet, R.M. BatesADDespot, E.F. Wheeler, P.A. Topper, D.A.
Anderson, and J.R. Thompson. 2008. The potentigléots to trap emissions from
farms with laying hens: 2. Ammonia and duktAppl. Poultry Resl7(3): 398-411.

Amosson, S.H., F. Bretz, L. New, and L.K. Almas020Economic analysis of a traveling gun
for feedyard dust suppression. Mobile, Ala.: Préston at Southern Agricultural
Economics Association Annual Meeting.

Amosson, S.H., B. Guerrero, and L.K. Almas. 200&iomic analysis of solid-set sprinklers to
control dust in feedlots. Orlando, Fla.: Presentatit Southern Agricultural Economics
Association Annual Meeting.

Auvermann, B.W., R. Bottcher, A. Heber, D. Meye3CParnell, Jr., B. Shaw, and J. Worley.
2006. Particulate matter emissions from animalifegdperations. IAnimal Agriculture
and the Environment: National Center for Manure aérdmal Waste Management White
Papers 435-468. J.M. Rice, D.F. Caldwell, F.J. Humemi#ts. St. Joseph, Mich.:
ASABE.

Auvermann, B.W., and A.Romanillos. 2000a. Effecinafreased stocking density on fugitive
emissions of PN} from cattle feedyards. IRroc. International Meeting of the Air and
Waste Management Associatiétittsburgh, Penn.: Air and Waste Management
Association.

Auvermann, B. W., and A.Romanillos. 2000b. Manipinig stocking density to manage fugitive
dust emission from cattle feedyardsFroc. of the Innovative Technologies for Planning
Animal Feeding Operation$1-70. Akron, Colo.: USDA-ARS Central Great P&in
Research Station.

Bonifacio, H.F. 2009. Particulate matter emissifsoen commercial beef cattle feedlots in
Kansas. MS thesis. Manhattan, Kan.: Kansas Staiteetsity.

Buser, M.D. 2004. Errors associated with parti@ifaatter measurements on rural sources:
appropriate basis for regulating cotton gins. Pid3.dCollege Station, Tex.: Texas A&M
University.

Cleugh, H.A. 1998. Effects of windbreaks on airflanicroclimates and crop yields.
Agroforestry Sysé1(1): 55-84.



Davis, J.G., T.L. Stanton, and T. Haren. 2004. F¢edanure management. Management,
Livestock Series. No. 1.220. Fort Collins, Coloal@ado State University Cooperative
Extension. Available at:
http://www.cde.state.co.us/artemis/UCSU20/UCSU2082P2002INTERNET.pdfAccessed
15 February 2010.

Dierickx, W., W.M. Cornelis, and D. Gabriels. 2008ind tunnel study on rough and smooth

surface turbulent approach flow and on inclineddsoreensBiosystems En@@6(2):151-
166.

Esworthy, R., and J.E. McCarthy. 2008. The nati@mabient air quality standard for particulate
matter (PM): EPA’s 2006 revisions and associatedes. Available at:
http://congressionalresearch.com/RL34762/documep?gtudy=The+National+Ambient+Air+Q

uality+Standard+for+Particulate+Matter+ PM+EPAs+20R6visions+and+Associated+Issues
Accessed 25 October 2009.

Harner, J.P., R.G. Maghirang, and E.B. Razote. 2008er requirements for controlling dust

from open feedlots. IMitigating Air Emissions from Animal Feeding Opeoats
ConferenceAmes, lowa: lowa State University.

Lester, J.C. 2006. Air Quality: Policies and staddahe evolution of agricultural air quality
regulations. Washington, D.C.: Workshop on Agriatdt Air Quality. Available at:
http://www.ncsu.edu/airworkshop/Air_Quality Polisieand_Standards.pdiccessed 29
October 2010

Lin, X. 2006. Simulation of odor dispersion arouratural windbreaks. PhD diss. Ste-Anne-de-

Bellevue, Quebec: McGill University.

Loneragan, G.H., and M.M. Brashears. 2005. Effettssing retention-pond water for dust
abatement on performance of feedlot steers andtgarof Escherichia coli O157 and
Salmonella sppl. Am. Veterinary Med. Assd226(8): 1378-1383.

McGinn, S.M., T.K Flesch, D. Chen, B. Crenna, @&nmead, T. Naylor, and D. Rowell. 2010.
Coarse particulate matter emissions from cattldiées in AustraliaJ. Environ. Qual.
39(3):791-789.

McGinn, S.M., K.M. Koenig, and T. Coates. 2002.deffof diet on odorant emissions from
cattle manureCan. J. Anim. ScB2(3): 435-444.



Miller, D.N., and E.D. Berry. 2005. Cattle feedsatil moisture and manure content: 1. Impacts
on greenhouse gases, odor compounds, nitrogers)asse dust. Environ. Qual34(2):
644-655.

Miller, D.N. and B.L. Woodbury. 2003. Simple protds to determine dust potentials from cattle
feedlot soil and surface samplds Environ. Qual32(5): 1634-1640.

NCBA. 2010. Agricultural dust and the Clean Air Ablational Cattlemen’s Beef Association.
Available at:http://www.beefusa.org/goveagdustandthecleanaasmt. Accessed 30 October
2010

National Research Council (NRC). 20@3t emissions from animal feeding operations: cuatre
knowledge, future needd/ashington D.C.: The National Academies Press.

Parnell, S.E., B.J. Lesikar, J.M. Sweeten, and RaEey. 1994. Determination of the emission
factor for cattle feedyards by applied dispersiadaiing. ASAE Paper No. 94-4042. St.
Joseph, Mich.: ASAE.

PM10 Inc. 2007. Erosion control - mulching. PalnsB, Calif.: PM10 Inc. Available at:
http://www.pm10inc.com/erosion-control-mulching.thirAccessed 1 April 2010.

Purdy, C.W., D.C. Straus, D.B. Parker, S.C. Wilssomg R.N. Clark. 2004. Comparison of the
type and number of microorganisms and concentrati@mndotoxin in the air of
feedyards in the Southern High PlaiAsn. J. Veterinary Res5(1): 45-52.

Raupach, M.R., N. Woods, G. Dorr, J.F. Leys, andl. ileugh. 2001. The entrapment of
particles by windbreak#\tmos. Environ35(20): 3373-3383.

Razote, E.B., R.G. Maghirang, J.P. Murphy, B.W. duwmann, J.P. Harner Ill, D.L. Oard, W.L.
Hargrove, D.B. Parker, and J.M. Sweeten. 2007 gAality measurements from a water-
sprinkled beef cattle feedlot in Kansas. ASABE Pdy@ 07-4108. St. Joseph, Mich.:
ASABE.

Razote E.B., R.G. Maghirang, B.Z. Predicala, J.Brg¥y, B.W. Auvermann, J.P. Harner I,
and W.L. Hargrove. 2006. Laboratory evaluationhef tust emission potential of cattle
feedlot surfaceslrans. ASABE9(4): 1117-1124.

Rogge, W.F., P.M. Medeiros, and B.R.T. Simonei@&@rganic marker compounds for

surface soil and fugitive dust from open lot da&rand cattle feedloté&tmos. Environ.
40(1): 27-49.



Sweeten, J.B., C.B. Parnell, R.S. Etheredge, arddborne. 1988. Dust emissions in cattle
feedlots.Vet. Clin. North Am. Food Anim. Prae(3): 557-578.

Sweeten, J.M., C.B. Parnell, B.W. Shaw, and B.Wv&mann. 1998. Particle size distribution
of cattle feedlot dust emissiofrans. ASAE1(5): 1477-1481.

USDA. 2000. Air Quality Research and TechnologynBfar Program for Concentrated Animal
Feeding Operations. Washington, D.C.: USDA Agrigrdt Task Force Meeting.
Available at:
http://www.airquality.nrcs.usda.gov/aaqtf/Documédtd Archives/2000/Policy/CAFO.htm
Accessed 10 November 2010.

U.S. EPA. 1997. National ambient air quality stadddor particulate matter - final rule. 40 CFR
part 50, Federal Register, Vol.62, No. 138. Avdaad:
http://www.epa.gov/ttncaaal/tl/fr_notices/pmnaadfs.Accessed 10 November 2010.

U.S. EPA. 2004. Air quality criteria for particudamatter, volumel, Il. Research Triangle Park,
N.C.: Office of Research and Development & Natid@ahter for Environmental
Assessment-RTP office. Available attp://publicfiles.dep.state.fl.us/:OGC/GREC_PPSA-
BUSSING DISCOVERY_ RESPONSES/Particulate%20Matter@fidlren%20and%20Asthma
[7%200f%2011/VOL | _FINAL_PM_AQCD_OCT2004%20Part%26A00f%203.pdf
Accessed 10 November 2010.

Von Essen, S.G., and B.W. Auvermann. 2005. Hedléts from breathing air near CAFOs for
feeder cattle and hogs. Agromediciné.0(4): 55-64.

Wang, H., and E.S. Takle. 1995. A numerical simafabf boundary-layer flows near
shelterbeltsBoundary Layer Meteorol5(1-2): 141-173.

Wilson, J.D. 1985. Numerical studies of flow throwgwindbreakd. Wind Eng. Ind. Aerodyn.
21(2): 119-154.




CHAPTER 2 - Literature Review

2.1 Background
Air emissions from animal feeding operations (AF@aye become a public concern

because of their potential environmental effects$ lagalth impacts on humans and animals. An
AFO is defined as an operation in which animalsraiged and fed in a confined situation for a
total of 45 days or more during a 12-month pergmllarge amounts of manure are generated
(U.S. GAO, 2008) and odors, gases, and particuatatter (PM) are emitted. Strong odors and
PM emanating from AFOs bring frequent complainterfmearby residents (Bunton et al., 2006;
Bottcher, 2001).

Particulate matter may be transported from AFQsetarby residences and cause actual
or perceived health effects (Lee and Zhang, 20@§nBIds et al., 1998). Various authors have
found a relationship between respiratory diseasesildren, farm workers, and residents living
near AFOs and dust from AFOs (Mathisen et al., 28Whdblad et al., 2002; Wickens et al.,
2002; Radon et al., 2007). Airborne particles mayehpotential health hazards to animals as
well (MacVean et al., 1986). Hammond et al. (198479) indicated that PM plays a crucial role
in transporting and even magnifying swine odor. tidi fugitive PM might also occasionally
reduce downwind visibility and cause local hazedtlpyay et al., 2008; NRC, 2003)

The NRC (2003) ranked the potential importance BOAemissions at different scales
(Table 2.1). PMp (PM with equivalent aerodynamic diameteg,af 10 um or less) and P
(PM with d, of 2.5 um or less) are considered significant beeain urban areas, inhalation of
small PM is believed to be the major cause of iasee health risks (Dominici et al., 2000;
Seaton et al., 1995). Thaaee also local significant concerns for haze aradthat the property

line and nearest dwelling.



Table 2.1Rank of the potential importance of AFO emissiandifferent scales

o Global, National, Local, Property Line, Primary Effects of
Emissions
Regional Nearest Dwelling Concern

NH3 Major ? Minor Atmospheric deposition

N,O Significant Insignificant Global climate change

NO, Significant Minor Haze

CH,4 Significant Insignificant Global climate change
VOCs" Insignificant Minor Quality of human life

H.S Insignificant Significant Quality of human life

PMyq Insignificant Significant Haze

PM, 5 Insignificant Significant Health, haze

Odor Insignificant Major Quality of life

#Relative importance of emissions from AFOs at spatiales based on committees’ informed judgmerknomvn
or potential impacts from AFOs. Rank orders froghhio low importance are major, significant, miramg
insignificant. While AFOs may not play an importaote for some of these, emissions from other sssietone or
in aggregate may have different rankings. For examyOCs and NQplay important roles in the formation of
tropospheric ozone, however, the role of AFOskisl¥i insignificant compared to other sources.

P \/OCs: volatile organic compounds.

SourceNRC, 2003

About 96 million cattle were raised in the U.S2@03 and more than 20 million cattle
are raised annually for fattening in feedlots (R@ggal., 2006). Each year, about 18 million
metric tons of manure that can cause air and veptality issues are generated from these
feedlots (USDA, 2000a). It has been suggestedigéive dust and odor nuisances are the
major emissions from concentrated cattle feedlws ¢an impair the quality of life of workers
and nearby residents (Purdy et al., 2004; McGirad.e2002).

2.2 Health Effects, Regulations, and Research Needs

2.2.1 Health effects

The main port of entry and target tissue of PMhesriespiratory system. The respiratory
tract, which acts as a serial filter system, inekithe air passages of the nose, mouth, nasal
pharynx, oral pharynx, epiglottis, larynx, trachkbenchi, bronchioles, and alveoli (Oberdorster
et al., 2005; Kreyling et al., 2004). Particleshwik, greater than 100 um have a low probability

of entering the mouth or nose in still air for huraaAs particle glincreases from 1 to 10 um,
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nasal region deposition at rest increases from /%4 % (ICRP, 1994) and more patrticles in
this size range can reach the tracheobronchial &h)alveolar regions. The fraction of inhaled
particles depositing in the extrathoracic (ET) oggis quite variable and depends on particle
size, flow rate, breathing frequency, and whetheathing is through the nose or the mouth
(Buser, 2004). The smaller the particle, the higherprobability of a particle to hit the
epithelium of the lung structure. The ET and TBioeg are the target regions of particle
deposition and toxicological actions for small paes 1 to 5 nm (ICRP, 1994, Kreyling et al.,
2004).

Based on information on PM exposure, dosimetryictiggy, and epidemiology, the
overall weight of evidence supports the conclusiat PM, especially fine PM, is the primary
contributor to a variety of adverse health effextsociated with air pollution (Kaiser, 2005; U.S.
EPA, 2004). Inhalation of small PM is believed smdmajor cause of increased health risks and

is associated with human mortality (Dominici et 2D00; Seaton et al., 1995).

Epidemiology studies have suggested that exposwambient PM was associated with
various acute health outcomes (U.S. EPA, 2004; Bhmlerder, 2002; Cohen, 2000; Schwartz et
al., 1996). Pulmonary function is a short-term effesulting from ambient PM exposure.
Inflammatory response in the respiratory tract,cexiaation of asthma, and decreased lung
functions are also outcomes of PM exposures (UPA,R2004). Winkenwerder (2002) found
that individuals with asthma and other respiraiseases, individuals with cardiovascular
disease, the elderly, and children are sensitigew@re symptoms including coughing, phlegm,
wheezing, shortness of breath, bronchitis, increas¢hma attacks, and aggravation of lung or
heart disease. A positive relationship has beendon some studies between chronic respiratory
disease and increased levels of PM long term expdS8chwartz et al., 1996). Elevated risk for
lung cancer relative to living in urban areas whearédient PM levels exceed the National
Ambient Air quality Standards (NAAQS) has been atsticated (Cohen, 2000).

Few studies have addressed the impact of PM ar@bgagmissions from cattle feedlots.
MacVean et al. (1986) found PM concentrations pteddrends in pneumonia morbidity and
that there was an apparent lag time between expasul onset of disease of 15 days in the fall
and 10 days in the spring. This indicated thataaimb PM may be a precursor stressor in the

respiratory system, leading to pneumonia 10 todys diater, Subclinical bovine infections not
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recognized by feedlot personnel could be aggravayeadrborne PM to produce clinically
recognized disease. Many reports have associastdwvith feedlot dust pneumonia, which might
be caused by fungal spores or other antigens intkdiigh hypersensitivity reactions. It may
also be that dust particles cause direct irritatmthe alveolar epithelium (Woolums et al.,
2001). Wilson et al. (2002) indicated that an iased incidence of cattle pneumonia was
associated with an increase in concentration df plargicles in the 2.0 to 3.3 um size range in
feedlots. Dust load and the numbers and types ofomiganisms may be the major contributor
to this. Long-term development of chronic lung dse might be increased in dairy farmers
because of airborne PM exposure (Cathomas et08l2; Dalphin et al., 1998).

Wyatt et al. (2007) found that airway epitheliall€erelease of inflammatory cytokines,
IL-8 and IL-6, can be stimulated by an extract o$tobtained from ambient air downwind of
cattle feeding operations and suggest that caédlbt dust has the potential to elevate
proinflammatory cytokines in human cells. The efeaf endotoxin in conjunction with the
allergic and irritant properties of the dust copiddispose cattle to illness. High endotoxin levels

have previously been found in cattle feedlot dastgles (Wilson et al., 2002).

In general, the information about the occupatidmealth problems in cattle feedlot
workers is very limited and does not contribut¢h® understanding of health concerns of feedlot
neighbors. Studying workers’ respiratory healthiustanay help to understand the potential
health effects of dust from feedlots. There is ed® document the health status of subjects in
larger samples of cattle feedlot neighbors andakercareful comparisons with residents far

from cattle feedlots (Von Essen and Auvermann, 2005

222 NAAQS

U.S. EPA (2005) has classified particles by sizstriiution modes (based on observed
particle size distributions and formation mecharssrmampler “cut point” (based on the inlet
characteristics of specific PM sampling devicesdlf€ 2.2), and dosimetry or occupational
health sizes, according to their entrance intootericompartments of the respiratory system.
U.S. EPA also has developed NAAQS for PM, whichardient concentration limits
established to protect public health (primary stadd) and public well-being (secondary
standards). The guidelines are expressed as “renaas-adverse-health effects” that represent

the concentration below which no adverse effect® lteeen observed during human and animal
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laboratory and clinical studies (Wanjura et alQ20Winkenwerder, 2002). Historically,

agricultural sources, including AFOs, have beem®xted from this regulation. Recently,

however, agricultural sources have been includedarNAAQS regulation (NCBA, 2010;

Lester, 2006).

Table 2.2Particle size fraction terminology of sampling measnents.

Term Description
Total Particles measured by a high volume sampler agideddn 40 CFR Part 50,
Suspended  Appendix B. This sampler has a cut point of aeraalyic diameters that varies
Particles (TSP) between 25 and 40 um depending on wind speed asctidn.

PMyq Particles measured by a sampler that containedrsietionator designed with an
effective cut point (50% collection efficiency) b um aerodynamic diameter. This
measurement includes the fine particles and a sobsearse particles, and is an
indicator for particles that can be inhaled andgpete to the thoracic region of the
lung; also referred to as thoracic particles

PMys Particles measured by a sampler that containedrsietionator designed with an
effective cut point (50% collection efficiency) 86 pm aerodynamic diameter. This
measurement generally includes all fine particdesmall portion of coarse particles
may be included depending on the sharpness ofthelsr efficiency curve.

PMip2s Particles measured directly using a dichotomougpamor by subtraction of particles

measured by a PMsampler from those measured by a,P8&mpler. This
measurement is an indicator for the coarse fradfdhoracic particles; also referred

to as thoracic coarse patrticles or coarse-fragiaticles.

Sourcel.S. EPA (2005)

The original primary and secondary NAAQS for TSP\280 pg/mbased on a 24-h
average. This standard was changed in 1987 witegtablishment of primary and secondary
PMzo NAAQS of 150 pg/m (24-h average) and 50 pgfifannual average) (U.S. EPA, 1997). In
1997, the NAAQS was further modified to include N@& for PN 5 of 15 pg/ni (annual
average) and 65 pgfn24-h average). Subsequent to the 2006 revieweoPM NAAQS, the
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PMjyo standard was modified by removing the annual @ec@ncentration limit of 50 pgfn
while retaining the 24-h average standards of 1g@nfi1 The PM sstandard was also modified
by lowering the 24-h average standards to 35 fig/hile maintaining the annual average
concentration limit of 15 pg/f(Esworthy and McCarthy, 2008). The current NAAQ@SPM

and PM sare summarized in Table 2.3.

Table 2.3National Ambient Air Quality Standards (NAAQS) fBM;o and PM 5

Level (pg/nt) Averaging Time
PM o 150 24 i
PM2s 15 Annual’
35 24 K°

#Not to be exceeded more than once per year ongevenger 3 years.

® Annual arithmetic mean, average over 3 years.
©98" percentile average over 3 years.

Sourcehttp://www.epa.gov/air/criteria.html#4

2.2.3 Research needs

The USDA (2009) indicated that, in many instancke¢a do not exist or are not
representative of agricultural industries for thegose of estimating emissions to the
atmosphere of regulated pollutants and greenhoasesgincluding fugitive dust, and that there
is a need to develop practices and technologiasgist producers in preventing or mitigating air
emissions. Research needs include (1) the develutpmhemission data for agricultural
production practices and effective mitigation sggés to reduce agricultural emissions and (2)
the improvement of understanding of the measurenflart and fate and transport of PM.

Other researchers (McGinn et al., 2010; Von Essenfaivermann, 2005; Loneragan
and Brashears, 2005; McGinn et al., 2002; NRC, 28@3nell et al., 1994) recommended the
following research needs on PM emissions fromedttdlots. The needs focus on determining
PM concentrations, emission rates, and dispersi@stablish the potential severity of adverse
impacts and the potential for developing successftiation and control strategies:

» Assess public health concerns by determining l@mgrtconcentrations within a

region. Monitor PM concentrations of possible heathncern at times and typical
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meteorological conditions when they are likely eéoHghest and in places where the
densities of animals and humans are likely to tesuithe highest degree of human
exposure. Sampling methods and instruments shauélaluated and improved to
accurately quantify PM.

* Minimizing environmentally important emissions r@gs understanding the context
of emissions, the underlying mechanisms, and tla¢ioaships between emissions.
An emission factor needs to be developed that desvan accurate prediction of the
particulate emission from feedlots. This emissiactdr would permit the estimation
of downwind particulate concentrations around ayaed under various
climatological conditions.

» Alarger data collection period is needed to désctine longer-term feedlot PM
emissions. The large dataset could be used toatallM models that are driven by
factors such as feedlot surface and ambient camditand cattle activity. The most
applicable models for PM emissions and disperseedrio be identified and

validated to be used for cattle feedlots.

2.3 Characterization and Measurement

2.3.1 Measurement methods

Particulate matter is a mixture of many classgsanficles that differ in source, formation
mechanism, compaosition, size, and chemical, phlyaiwa biological properties. Measuring and
characterizing airborne PM is a challenging task threre is no perfect method for every

application, since PM is not a homogeneous poltutan

Sampling methods for characterizing PM in ambiéninglude federal reference
methods (FRMs) and federal equivalent methods (BEBIsser, 2004; U.S. EPA, 1999a,
1999b; U.S. EPA, 2006). The FRMs are manual metkestiblished by U.S. EPA for
determining the PM concentration in ambient airthese methods, a known volume of air is
drawn through the sampler and the particulateifvacif interest is collected. The mass of PM is
determined gravimetrically and the average amhententration over the sampling period is
calculated. The FEMs, in the other hand, are cantis measurements of suspended PM in

ambient air and allow concentrations to be tradka@al-time. Two different measurement
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principles of beta-radiation and oscillating penaunlhave received U.S. EPA’s approval as
FEMs. All measurements of air quality are expresssethass per unit volume corrected to a
reference temperature of 25 °C and a referencsyesf 760 mm Hg, except for BM
Measurements of PM shall be reported based on actual ambient aimvelmeasured at the
actual ambient temperature and pressure at thetonimwg site during the measurement period
(U.S. EPA, 2006). The basic design of the FRM aBMsamplers are given in the 40 CFR Part
50 (U.S. EPA, 2006). Performance specificationdHieM and FEM samplers are listed in 40
CFR, Parts 53 and 58 (U.S. EPA, 2001a, 2001b).

A number of samplers have been designated as FRINFEN samplers of TSP, Pl
and PM sin accordance with 40 CFR Part 53 (U.S. EPA, 20D{#jerent samplers have
different advantages and disadvantages in terrfebof cost, instrument cost, data processing
requirements, size, weight, operation, maintenaegairements, and transportability (Wanjura
et al., 2008; Buser, 2004; Salter and Parsons,)19%ough some samplers do not meet the
design specifications required for designationeggilatory monitors, they are used as
supplements with additional measurements, e.gira&in monitors and other PM sampling
studies (Hill et al., 1999; Upadhyay et al., 2008).

Measurement accuracy is crucial because it detesrair quality trends and if a location
is in compliance with air quality standards as veslfor epidemiologic studies (U.S. EPA,
2004). However, no calibration standards for sudpdrparticle mass exist and the accuracy of
particle mass measurements can't be determinects¢mt. EPA currently defines PM
measurement accuracy in terms of the agreementbate candidate sampler and a FRM
sampler under standardized conditions for samgleaton, storage, and analysis (Buser, 2004;
U.S. EPA, 2004). Therefore, sampler comparisonsi@cessary to determine the measurement
precision and factors that influence the accurdsampling.

Four identical PNy pre-separators, along with four identical low-vakI TSP samplers
were tested side-by-side in a controlled laboratbrymber by Wang et al. (2005). Results
showed that Py samplers over-sampled when exposed to ambient®ihdnmass median
diameter (MMD) larger than 10 um and under-samplibdn exposed to ambient PM with
MMD smaller than 10 um. The over-sampling and ursdenpling rates varied with the change
of MMD and PM loading. Buser (2004) also showed #RM PM;o and PM ssamplers
overstated the true concentrations of;plhd PM s, respectively, when sampling dust with

16



MMD larger than the sampler cutpoint. Several resears have indicated that the tapered
element oscillating microbalance (TEOM) monitoi-@M sampler) tended to report different
concentrations than those measured by gravimel®@M Bamplers. Vega et al. (2003) collocated
a TEOM with sequential filter sampler to measue BV at five sites in Mexico City during
February and March, 1997. Results showed signifiddferences between instruments that
exceeded the expected uncertainties. In geneeall BOM measured higher and more variable
PM;jo than the filter sampler. Comparison of a TEOM 206600 series Partisol was reported by
Salter and Parsons (1999) for an area where ael@kh content was dominated by geological
material; these two instruments showed a non-linglationship. TSP concentrations were
measured by collocated TEOM and gravimetric sarsgtem a Texas cattle feedlot (Wanjura et
al., 2008). The TEOM sampler reported lower TSFceatrations than the collocated
gravimetric TSP sampler.

Eatough et al. (2003) indicated that volatile PMkesaup a considerable portion of urban
fine PM and will not be measured if the sampleastrés heated. Vega et al. (2003) concluded
that these differences in PM concentration maydréglly attributed to the loss of semi-volatile
inorganic and organic material from the filters lghthey are in the sampler, during transport,
and storage. Generally, measurement errors resutt f1) cutpoint deviations associated with
established tolerances and various field appliogt@rameters; (2) losses of semi-volatile
components; (3) inadequate restrictions on intgpadicle bounce; (4) surface overloading and
inlet maintenance; and (5) cations and anions, eheah composition, carbon, and organic
species (U.S. EPA, 2008; Buser, 2004).

2.3.2 PM concentrations, size distribution, and emission rates in cattle feedlots

There are many sources of dust from cattle feedinttuding traffic on unpaved roads,
feed processing and delivery, vehicle exhaust, wand cattle activity inside the pens. The
major source of PM is the pen surface, composedasiure, urine, and soil. Majority of PM
emissions from the corral surface generally redubt® hoof action on the dry, uncompacted,
pulverized layer of soil and manure (Razote et28lQ7; Auvermann et al., 2006; Purdy et al.,
2004). Mitloehner (2000) indicated that most dustiples can float for long periods of time and
suspend in the air one to two meters above thespdace. Dust cloud, covering the pens for

hours, can form over the feedlot on days with lowdispeed and high cattle activity. In windy
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conditions, these patrticles are blown away andcoataminate the outside feedlot environment.
After precipitation events, the feedlot pad getgidhuat first then hard packed, and finally
powdery.

Many factors affect the emission rate of PM frofeedlot. Cattle movement within the
holding pens, wind acting on the dried pen surfaaed vehicles travelling on alleyways
contribute to PM emissions. The effect of manurgen surface water, which is a function of
cattle density, and the influence of weather cood# such as wind speed, precipitation, and
evaporation of soil water, are also major factbeg aiffect PM emissions from cattle feedlots.
Consequently, the pen area, weather conditionscattié density in pens are primary influences
on PM generation (Parnell et al., 1994; Sweeteal. £1988). Miller and Woodbury (2003)
indicated that important environmental factors tt@itribute to dust emissions from cattle
feedlots are poorly characterized. McGinn et @1(® pointed out that a larger data collection
period is needed to describe long term feedloifvhissions.

Previous research in cattle feedlots involved mesmsants upwind, inside, and/or
downwind of feedlots to determine the concentratgire distribution, and component of the PM
emitted. Historically, much larger database for TR been reported in the literature than that
for PMyo. The first PMg data from cattle feedlots appeared to be thosartegh by Sweeten et al.
(1988); limited data on P4 from feedlots have been reported. Sweeten e1 888) performed
particulate sampling in three feedlots with 15 ctetgexperiments in Texas from January to
December 1987. The mean net concentration (downeendentration-upwind concentration)
for 24-h TSP sampling was 412 + 271 pg/ill three feedlots exceeded the U.S. EPA and
Texas Air Control Board standards for TSP on mastping days. The mean Rytdownwind
concentration measured by Andersen sampler wastg88 and about 40% of the mean TSP
dust concentration for two experiments. Howeveg,rétio of PMy/TSP was just 19% measured
by Wedding sampler and it collected only 47% ofdhgount of particulates as the Andersen
sampler. The highest net dust concentration wigdish sampling periods occurred in the late
afternoon and early evening hours and the lowdstar&entrations occurred after midnight
until almost noon the next day.

Purdy et al. (2007) measured the PM at four comialeieedlots in Texas. Their results
showed that actual or net Ritoncentrations generated from two feedlots weg2ynt and
275 ug/m, respectively, which exceeded the 24-h NAAQS figk,p The PM s concentration
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measured at one feedlot in the summer was 40 jagichwould not be in compliance for the
PM; 5 standard.

Particulate matter emitted from beef cattle feesligas also studied in Australia by
McGinn et al. (2010). The field campaign was conddat two feedlots from 1 to 6 February
2008 and from 26 February to 4 March 2008, respelsti The 24-h PN concentrations ranged
from 9 to 61 pg/m This did not exceed the U.S. EPA standard buéented the concentration
thresholds for Europe (50 pgffor 24-h mean and not more than 35 times a yeat)faistralia
(50 pg/n? for 24-h mean and not more than five times a yeeice during their 10-day sampling
campaign.

MacVean et al. (1986) noted that the particulateasured at the feedlot had a bimodal
size distribution, which are similar with other mally occurring dust; they observed the highest
concentration in the >7.0 pm mass mean aerodyndiamceter, while the second peak was in
the smallest-size fraction <1.1 um aerodynamic éi@m Hamm (2005) reported an average
MMD of 16 um with average GSD of 2.1 as measured Bpulter Counter at a cattle feedlot in
Texas.

Based on the data reported in Sweeten et al. (1988hell et al. (1993) determined a
mean emission factor of 4.1 kg/1000head-day fothhee feedlots in Texas. The emission factor
varied with time of year. The seasonal range ingdmission factors reported by Parnell et al.
(1994) were 2.9 kg/1000head-day in winter, 11.d@§0head-day in spring, 1.5 kg/1000head-
day in summer, and 2.9 kg/1000head-day in falleAmnssion factor for Texas feedlots was
estimated to be 6.8 kg/1000head-day (Auvermanh,e&2Q06). Using a Gaussian plume model
(AERMOD) and PM, concentration measured by TEOM, Bonifacio (20GQineated the P
emission factors at three feedlots in Kansas dgy21l000head-day, 29 kg/1000head-day, and 48
kg/1000head-day, respectively. McGinn et al. (20&pprted PMy emission factors of 60 + 100
kg/1000head-day for a single day at one feedldtustralia. They indicated the large emission
rate may be caused by the extremely dry surfacdittons and may represent an extreme
emission rate situation. At another feedlot, therage PMoy emission rate was 31 + 52
kg/1000head-day with 16 days of measurement. Titigated their data only illustrated the

upper potential P emission rates from dry feedlots under summer itiongd in Australia.
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2.4 Control Strategies for Cattle Feedlots

Particulate matter control strategies generallyifab two categories. The first is
reducing the generation rate and preventing PM&ansand include varying stocking density
(Auvermann and Romanillos, 2000a, 2000b), modifyatle behavior relative to feeding
schedule (Miller and Berry, 2005), water sprinldgstems (Razote et al., 2007; Sweeten et al.,
1988; Sweeten et al., 1998), manure harvesting éAuann and Romanillos, 2000a), and pen
surface treatments (Razote et al., 2006). The skicmolves edge-of-feedlot or downwind
control techniques, including shelterbelts (art#ior natural) to remove and disperse particles
(Adrizal et al., 2008).

USDA (2000b) reported that 93.1% of the large edtkdlots and 73.5% of the small
cattle feedlots implemented at least one dust obptactice during the year ending June, 1999
(Table 2.4). Mechanical scrapers were the primagthids of dust control on feedlots. Also,
mobile sprinklers were used frequently in feedigith >8000 head (Table 2.4).

Table 2.4Percent of operations that used dust control jmestn any pen or on the feedlot premise

during the year ending June 30, 1999, by operatamacity

Operation Capacity (Number Head)

1,000 — 7,999 8,000 or More All Operations

Practice Percent SE Percent SE Percent SE
Permanent sprinklers 8.0 1.6 17.6 1.8 10.7 1.2
Mobile sprinklers (water truck) 26.7 2.2 69.4 2.2 38.5 1.8
Mechanical scrapers 63.8 2.7 80.9 1.9 68.5 2.0
Increased cattle density 18.2 1.9 38.7 2.3 23.9 15
Other 3.3 1.2 5.7 1.4 4.0 0.9
Any dust control 73.5 2.6 93.1 11 78.9 1.9

4SE represents the standard error.

Source: USDA (2000b)
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2.4.1 Stocking density manipulation

Maintenance of pen surface water levels is ona@htost effective ways to control dust.
The water balance may be modified by adjustingkstgcdensity (humber of animals per unit
pen area or animal spacing) to compensate foraseein net evaporative demand (evaporation
depth less effective or retained precipitation) \{@&umann et al., 2006). Varying the stocking
density by reducing cattle spacing can reduceecattivity, which is a major contributor to the
PM emission. In addition, the manure layer may loeentompacted if the number of cattle per
unit area is increased, so that PM emission willdsiiced (Romanillos and Auvermann, 1999).
Mitloehner (2000) cited that increasing stockingrom 60-100 ffanimal to 23 rffanimal can
be used to increase the water added to the fegulifaice in the form of excreta. An experiment
on a commercial feedlot in Texas showed that ds@rgahe cattle spacing from 13.9 to 7.6 m
/head reduced net Plylconcentrations at the corral fence line by ab@36 ZAuvermann et al.,
2006). However, as daily net evaporation increabeseffectiveness of increased stocking
density is likely to decrease (Auvermann et alQ&0In addition, increasing the stocking
density may induce behavioral problems and redueeatl feed-to-gain performance.
Furthermore, the frequency of the pen surface swgapust be increased to decrease the amount
of manure buildup in pens if the stocking densityncreased. Extra investments and additional

labor costs might be required (Rahman, et al., 2008

2.4.2 Feeding strategies

Auvermann et al. (2006) indicated that supplemetitgthry fat may increase the
cohesiveness or plasticity of the resulting manwtech makes the dried manure less susceptible
to shearing. However, this method is likely to Bpensive and limited research has been done.

In general, the peak time for dust occurs aroumdet) when the temperature starts to
cool and cattle become more active (Davis et D42 Changing the feeding regime of cattle to
their natural feeding time can redirect the cath@y from dust-generating behaviors and reduce
the aerial concentrations of fine dust (Mitloehrg900). Mitloehner (2000) conducted research
on the feeding schedule using a total of 803 creskbteers in a commercial feedlot. Results
showed that changing the feeding regime of cattiefconventional feeding times to an

alternative feeding times reduced pPdMoncentrations by 37% over the entire day; chantiie
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feeding strategy did not negatively impact produtior performance. Mitloehner (2000)
indicated that changing feeding times to feedingrdanoon, and dusk impacted the normal
feedlot routine. An evening shift would have todoteduled to feed the cattle, which might
generate additional costs. Another major challemigje feeding cattle in the evening is that the
animals need to be fed at approximately the same. tOnce feed delivery is delayed, dust

generating behaviors could potentially increase.

2.4.3 Pen management

Dust can be controlled through proper pen desighnaaintenance of surface water
levels. The loose manure layer should be keptd® lkan 25 mm deep and pen water content to
within 25% to 35% (Davis et al., 2004). Too muchtevawill increase odor and fly problems; too
little water will promote dust problems. Frequeatvesting of loose and dry manure from the
pen surface reduces the amount of material thatbregyulverized by hoof action (Auvermann et
al., 2006). Routine cleaning of accumulating maralse reduces odors, controls fly larvae, and
minimizes the potential for surface and groundwatettamination (Davis et al., 2004).
Frequency of manure removal varies widely, dependmsize of lot and pen stocking rate. Pen
scraping frequency of every three or four montheewecommended to minimize manure
accumulation and loose manure layer. A thoroughgbegming once per year is an absolute
minimum (Auvermann et al., 2006; Davis et al., 20®fbwever, no quantitive data are available
on how effective manure management is in reducMgehission. Frequent manure harvesting

is also labor intensive (Davis et al., 2004)

2.4.4 Water application

Application of water through fixed high-pressureisklers and water trucks are common
management strategy used to reduce dust potentialeallots (Auvermann, 2000a; Sweeten et
al., 1988; Sweeten et al., 1998). The effectivenésprinklers was evaluated by Carroll et al.
(1974) in two comparable feedlots (one of them n@tssprinkled as a control). Results showed
that a program of sprinkling the pens for 2 h reglthe total dustiness by at least half. Pechan
(2006) noted that watering from either sprinklersvater trucks has control efficiencies of 50%
and 25% for PMp and PM s, respectively. Bonifacio et al., (2011) determirnieel PM control
efficiency of a sprinkler system in a cattle fe¢dioKansas and the results showed that M
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control efficiency ranged from 32% to 80% with aremll mean of 53% (based on 24-h BM
values). The effect of the sprinkler system in g net PMo concentration lasted for one day

or less.

Whereas water application is effective in contrglPM emission in feedlots, the cost of
installation and operation of a sprinkler systentraveling water guns are expensive (Bonifacio
et al., 2011; Harner et al., 2008; Amosson e&l06, 2007). The cost per marketed head per
year ranged from $0.60 to $2.40 depending on feddtnover and type of sprinkler systems
installed (Harner et al., 2008). A 30,000 head l&equires 2,000 L of water per day to wet the
pen (Mitloehner, 2000). Access to sufficient quiedi of fresh water for adequate dust control is
limited in much of the High Plains region of theSJAlthough storm water retention ponds are
potential sources of water for use in dust abatémergrams, these ponds are generally required
to contain sufficient water for dust control neadsl also prevent escape of storm water from
feedlots (Loneragan and Brashears, 2005). Furtherneacess water used in dust control can
create anaerobic conditions in the manure packtiegun odor problems. In addition, Mader et
al. (2007) indicated that cattle acclimatizatiorb&ng sprinkled can result in slight hyperthermia
even during cooler days when sprinkling would ndiynaot be utilized.

2.4.5 Pen surface amendments

Organic residues applied on the pen surface migipt o retain and preserve water by
slowing evaporation, protect soil from rain by reshg its impact and slowing runoff speed, add
organic matter and nutrients to the soil, and edpel insects (PM10 Inc., 2007; Auvermann et
al., 2006). In addition, the residue may providaighioning property that reduces the hoof’s
shearing effect. Candidate materials include stvaagte hay, cotton, peanut hulls, sawdust,
apple pumice, lignosulfate, gypsum, and fly ashy&mann et al., 2006; Davis et al., 2004).
However, Auvermann (2003) and Razote et al. (20@&kloped experimental chambers for
measuring the emission potential of cattle feepést surfaces. The chambers were based on the
vertical action of cattle hooves on a dry, uncongeidayer of manure. Results indicated that the
impact energy of cattle hooves affected g Fmission potential more than the depth of the
manure surface. Manure compaction, surface apgicaf water, and topical application of
crop residues greatly reduced RMmission potential. The application of 726 fymheat straw

and sawdust reduced Rpemission 76% and 69%, respectively (Razote e2@06).
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Auvermann et al. (2006) indicated that the matemalist be applied frequently on pen
surfaces to consistently be effective in reduciMyéMmission because manure is continually
excreted by cattle. Additional labor costs williecessary if the material is applied manually,
although the primary materials are cheaper thaemnvat

2.4.6 Shelterbelts

Research on porous barriers (called windbreakdteshelts, vegetative barriers) started
in the 1930s and focused on the reduction of wpekd and modification of microclimate based
on field measurements, wind tunnel studies, or migaksimulations (Lin, 2006; Dierickx et al.,
2003; Raupach et al., 2001; Cleugh, 1998; WangTahkte, 1995; Wilson, 1985). These porous
barriers have been used primarily to control sno@ sand accumulation, and pesticide drift.
They are also recognized to mitigate fugitive dured odors by mixing them with clean air,
though the process is still not fully understoodh(l2006; Malone, 2004).

Davis et al. (2004) indicated that trees plantex@lithe perimeter of a feedlot will
provide shelter from the wind largely containing dngitive dust. Currently, little research is
being done on the design of shelterbelts arourttedatdlots and no data are available on how
effective the shelterbelts are in dispersing PMssions from cattle feedlots. However, some
research had been conducted in other AFOs andn®{po trees, shrubs, and other vegetation as
effective scavengers of both odorant gaseous antidydate pollutants from the atmosphere.
Patterson and Adrizal (2005) indicated that treesfdter dust feathers, odor, and noises from
AFOs and provide a visual screen from routine &t to enhance the public perception of the
AFO industry. Malone (2004) reported a 3-row plagtof bald cypress, Leyland cypress, and
red cedar 9 m from two tunnel fans on a commefwriailer farm reduced air speed from 127 to
1.5 m/min from the front to the back of the treEstal dust levels were reduced 53% and 50% in
2002 and 2003, respectively. Adrizal et al. (20@8)cated that vegetative buffers are capable of
trapping NH and PM emissions from poultry facilities and swgigd the species differences of
trapping and holding NgHand PM can be applied in practical recommendatidigary et al.
(2008) measured ambient RMupwind and downwind of a Hawthorn hedge at a ra@dtion in
the UK; they reported that the hedge had adRidllection efficiency of 34% on average and
suggested that hedges are potentially useful barfioe capturing ambient Pyl
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Formation of tortuous airflow and the surface rouggs are the major factors for the
collection of PM by porous barriers. Tortuous awfk lead to higher turbulence and increased
mixing of PM, and surface roughness increasesikkHood of particles impacting on their
foliage surfaces (Tiwary et al., 2005). Early sasdhave led to considerable progress in
understanding wind flow and turbulence characteggBoldes et al., 2001). However, a full
understanding of aerodynamics of windbreaks isamatlable, even for the relatively simple
artificial fence, possibly because natural barraesirregular and difficult to characterize
structurally. Besides variable topographical sgijrwind speed and direction change constantly
in natural settings along with conditions of atmwesfic stability (Lin, 2006; Wang and Takle,
1995). Raupach et al. (2001) noted that questielased to the entrapment of particles by porous
barriers are how much of the oncoming flow paskesugh the porous barriers and what
fraction of particles in these flow are depositadioe porous barriers as well as what is the total
particle deposition. Furthermore, Tyndall and Qtili006) indicated that natural shelterbelts
still have some potential drawbacks despite itsrse as a beneficial technology. For example,
many years are needed before trees will becometie several rows of trees occupy limited
farm land, knowledge on tree’s growth and mainteeas needed, and so on.

2.5 Vegetative Barriers - Aerodynamics and Particl€ollection

When patrticle-laden airflow approaches porous besria portion of the oncoming air
passes over the barriers and a portion flows thrdahgm allowing particles to be filtered from
the flow by deposition onto vegetation elements $peed of air is reduced through the barriers
(also called bleed flow), while it is acceleratecothe top of the barriers. The reduced air speed
and reduced particle concentration in the downvgimeltered region cause a reduction in particle
deposition on the downwind surface. With increasloginwind distance, the near-surface
particle concentration and surface deposition meeebecause flow above the barriers are mixed
downwards into the sheltered region, eventuallpvedng approximately to their values far
upwind (Raupach et al., 2001; Cleugh, 1998). Kndgéeabout particle deposition on individual
elements, including leaves and stems, and wind #8owand and through vegetative barriers will

provide guidance about the likely behavior of metideposition on porous barriers.
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2.5.1 Airflow through a porous barrier

Porous barriers normally have complex structuressisting of numerous elements, such
as stems, branches, and leaves. The basic functigg@eous barriers are to reduce wind speed
and change its direction around the barriers. Agrathically, porous barriers are wind
momentum sinks (pressure loss) when the rougheiifderacts with the airflow above and
within the barriers. Momentum is absorbed fromftbes by both form and skin-friction drags
on elements and transported mainly by turbulerfuisiibn to produce the leeward wind speed
reduction (Lin, 2006; Wang and Takle, 1995; Raupauth Thom, 1981).

The efficiency of porous barriers depends on thght€H), width or thickness (W),
porosity, and orientation. For most efficient résuthe barriers should be oriented perpendicular
to the prevailing wind direction (Lin, 2006). Ragpaand Thom (1981) described the porosity by
optical porosityp and aerodynamic porosidy The optical porosity is the ratio of open surface
to total surface of the porous barriggspn the other hand, is the ratio of mean wind d{bteed
wind speed) immediately leeward from the bottorthetop of the porous barriers to that
upwind before the barriers. The pressure loss, wtasults from the viscous and inertial
resistance, can be measured using a wind tunndiandated by computational fluid dynamics
(CFD) (Guan et al., 2003). For the same porositgdireak pressure losses can differ because
of the different structure of the solid and openrtipos of the windbreak. Parameters, such as the
leaf area index, obstacle size, roughness lengdisptacement height, are important in
describing the canopy geometry and aerodynamidsofifet al., 2008).

Previous research have shown that CFD models héthurbulentk —& model and large-
eddy simulation can be used to analyze windbreaksad and three dimensions, with good
prediction of the mean wind field (Packwood, 20B@fton et al., 1998; Wang and Takle, 1995;
Wilson, 1985). Lin (2006) summarized that windbre#luence extends from approximately
-5 H (windward) to 30-35 H (leeward). At downwingstinces of 4-6 H, wind speed reaches a
minimum and at about 20H, wind speed recovers % 80the approaching wind speed.
Furthermore, lower minimum wind speed and fasterdva@peed recovery was observed for very

dense windbreaks compared with more porous win#ébrea
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2.5.2 Particle deposition on porous barriers

Neglecting advection and assuming that the meaicakwind velocity is zero, the
processes that lead to the deposition of partmbegorous barriers include the transport of
particles by turbulence and sedimentation and ciidle by the element surface of barrier.
Particle collection mechanisms include diffusianpaction, and sedimentation; other processes
like diffusiophoresis, thermophoresis or electrapiscs are less important for natural plant
surfaces. The collection efficiency of these medras depends on wind speed and canopy
structure, together with many physical and physicemical parameters (Petroff et al., 2008;
Peters and Eiden, 1992; Bache, 1979).

Mathematical models are available to calculatesthe specific deposition velocity of
aerosol particles. Petroff et al. (2008) indicateat there are great differences among the
predictions of those models. In addition, analytaoad differential models do not behave in the
same way when the canopy geometry changes. Futalelsimust take into account the
variability of vegetation element parameters, dagghrough a statistical treatment.

Quinn et al. (2001) indicated that it is necessargredict concentration levels and
deposition rates to assess the impact on the émodbgy of emissions of both gases and
particulates. Computational techniques, includifidd@nd dispersion modeling methods, are
valuable tools in making this assessment. CFD nsduiVe the potential to be used for the

simulation of particle dispersion around porougibes.

2.5.3 Application of CFD simulation

Computational fluid dynamics (CFD) integrates tiseghlines of fluid mechanics with
mathematics and computer science (Tu et al., 2008)dedicated to fluids in motion and how
the fluid flow behavior influences processes thaynmclude heat transfer and possibly chemical
reactions in combusting flows. The physical chamastics of the fluid motion can normally be
expressed by fundamental mathematical equatiogev@rning equations. These equations are
normally complex partial differential equations kwito exact analytical solutions except for very
simplified flow conditions, while they can be sadivesing high-level computer programs or
software packages to attain the numerical solutidsshown in Figure 2.1, common CFD
codes, including FLUENT, consist of three main edats: pre-processor, solver, and post-

processaor.
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| Solver |

Pre-processor Transport Equations
» Creation of geometry * Mass
+ Mesh generation .| * Momentum Physical Models
« Material properties * Energy * Turbulence
- Boundary conditions * Other transport < » Combustion
variables + Radiation
» Equation of state » Other processes
» Supporting physical
models
A
Post-processofr Solver Settings
* X-Y graphs « Initialization
+ Contour < « Solution control
* Velocity vectors  Monitoring solution
+ Others « Convergence criteria

Figure 2.1 The inter-connectivity functions of the three maleaments within a CFD analysis framework
(Tu et al., 2008)

2.5.3.1 Governing equations

The governing equations are based on the consanvattimass, momentum, and energy
(Tu et al., 2008). The conservation equations @leded to the rate of change in the amount of
that property within an arbitrary control volumetke rate of transport across the control volume
surface and the rate of the production within tridime (Hirsch, 1988; Tu et al., 2008). The

concepts and mathematical expressions are summanizke following equations (Tu et al.,
2008):
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Generic form:

op +a(u¢)+a(vqo)+0(w)=ii 5_¢}+iir5_¢’}+i£ a_@+ S, (2.1)
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Continuity:
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Momentum:
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=U VW =vhy; §=-=—+ §-——+ J-———+ & 2.3
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Energy:
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whereu, Vv, andw are velocity components ix, yand z directions, respectivelyy is general

variable property per unit masE; is diffusion coefficient;S, is source termy is the kinematic

viscosity; v; is local kinematic viscosity; anal is fluid density.

2.5.3.2 Turbulence models

Most flows of engineering significance are turbalennature. Currently, there exist
numerous turbulence models, including Reynoldsayent Navier-Stokes (RANS)-based
turbulence models (i.e. linear eddy viscosity medebnlinear eddy viscosity models), large
eddy simulation, and detached eddy simulation. H@wnehere is no single universally accepted
turbulence model for all problems. The consideregito choose a turbulence model include
physics encompassed in the flow, available comjmurtak resources, and amount of time
available for the simulation (FLUENT Inc., 2006)mAng available CFD models, the RANS
approach commonly based on turbulent kinetic enékgyclosure schemes is used for
engineering applications. It is increasingly usedimulations of flow and pollutant dispersion
(Sabatino et al., 2007). The most widely used RANSlels are two equation models, which
solve two transport equations. The kaodel is the best known among these models, which
requires the solutions dfequation and dissipation of turbulent kinetic eygrg) equation (Tu
et al., 2008; Sabatino et al., 2007; Predicala32@uinn et al., 2001; Launder and Sandham,
2002).
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The k—& model has been applied in majority of previousl&s of flows through
windbreaks yielding reasonable agreement with exptal results (Rosenfeld et al., 2010;
Bourdin and Wilson, 2008; Lin, 2006; Tiwary et &005). The standarkl— & model (FLUENT

Inc., 2006) is as follows:

0 0 = O [ etk ~ pe-
a(pk)+&(pk”)‘axj KWUJM}W G-pe- Y, (2.5)
and
0 0 _ 0 K, ) 0e £ ~ &
E(pg)-'-a_)g(pgui)__@xj H'LH_US]_@)Q :l"'qs k(Gk +C. G) sz—k (2.6)

where G represents generation of k due to the mean vglgcadients; Gis generation of k due
to buoyancy; Y represents contribution of the fluctuating diladatin compressible turbulence

o : Vv
to overall dissipation rate;;Cand G, are constants; £is constant calculated @s. = tanh—‘ ,
u

in which C,, =1for buoyant shear layers that main flow directismligned with the direction of
gravity andC,, =0 for buoyant shear layers that are perpendicultitdgravitational vector,;

andoy ando; are turbulent Prandtl numbers for k andespectively. The Boussinesqg hypothesis

is employed to relate the Reynolds stresses to melanity gradients. The turbulent (or eddy)

2
viscosity, l, is computed by combining k amdsy, = pCﬂk?. The model constants have the

following default values: € =1.44, G.=1.92,C,=0.09,0« =1.0 ands. =1.3.

A modification of the standarll — & turbulence model is the realizalie- ¢ model. The
realizablek — & model contains a new formulation for the turbublgstosity. In addition, the
transport equation fog is derived from an exact equation for the transpbthe mean-square
vorticity fluctuation (FLUENT Inc., 2006). The e>gssion for the normal Reynolds stress in an
incompressible strained mean flow is obtained bylmioing the Boussinesq relationship and the

eddy viscosity definition ats|_i2 :g k-2v, Z_U . To ensure realizability, namely positivity of
X

normal stresses and Schwarz inequality for sheesssts u, < y?y?), C, is sensitized to the

mean flow and the turbulence parametdss ).
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2.5.3.3 Particle transport

The particle-laden airflow may be treated as a plvase mixture of air and particles.
Multiphase flows can be divided into two categari{@3 continuous and (2) dispersed. Each
phase in continuous multiphase flows is treated esntinuous medium. The modeling and
numerical issues are quite similar to single-ptimses. For dispersed multiphase flows, one of
the phases is considered as a continuum and tee mlthse is considered as composed of
discrete components. Consequently, two-phase floaggbe modeled using two approaches.
One is the Euler-Euler approach in which both pbdae and particles) are considered as two
interpenetrating continua that are treated mathieaitby solving conservation equations for
both phases. Another is the Euler-Lagrange apprivaatich the fluid phase is treated as a
continuum and the solid phase is considered asatiesparticles that are dispersed in the fluid
phase. The modeling of fluid-particle interacti@epends on the type and number of particles.
For very dilute flows, the influence of particles the continuous phase can be neglected (one-
way coupling). For dense flows, the turbulence riicakion by particles needs to be taken into
account, and both the forcing of the particlesh®y/ftow and the forcing of the flow by the
particles need to be computed simultaneously (thag-goupling) (Portela and Oliemans, 2006;
Predicala, 2003).

The motion and trajectory of a discrete particle bg predicted by integrating the force
balance on the particle, which is written in Laggiam reference frame (FLUENT Inc., 2006;
Predicala, 2003; Crawford, 1976):

du -
=R u-u)ra2 e @)
t p
C,R d, |u, -
where F, = 18’UZ—D % andRep:—p p‘ i Uﬁ‘
p,D° 24 M

In the above equations, is air velocity componenty,, is particle velocity,d, is particle
diameter, p, is particle densityRe, is particle Reynolds number, argis gravitational
acceleration, anf, represents any additional force. The drag coefii¢i, , is calculated

according to the type of flow regime, which is detmed based orRe, (Hinds, 1999).
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The trajectory is determined by stepwise integratibequation 2.7 over discrete time

steps, yielding the velocity of the particle atle@oint along the trajectory. The trajectory itself

dx _
d 7

In solving the particulate phase transport equahdaulerian reference frame, a passive

is given by

scalar transport equation (Equation 2.8) may bd usth some modifications (Zhang et al.,
2008; FLUENT Inc., 2006).

PR O (pug -t 6_?)25 k=1,2,...,N (2.8)

where g is an arbitrary scalar, afig and S, are the diffusion coefficient and the source term

for each of the N scalar equations, respectivetiyg major weakness of the Euler-Euler approach
is that it strongly depends on the models usedghvare based on situations far simpler than the
ones to which the simulation is usually appliedwdwer, the Eulerian approach is preferred to
discrete particle tracking (Lagrangian) calculasidor reasons of computational efficiency and
relative ease of integration into Eulerian-base®@bdes (Portela and Oliemans, 2006; Vlachos
et al., 2002).

2.6 Summary

Review of current knowledge on particulate matssoaiated with open cattle feedlots

indicated the following:

« Information about occupational health problemsatile feedlot workers are very
limited and does not contribute to the understagdirhealth concerns of feedlot
neighbors. Studying the workers’ respiratory heatttus may help to understand the
potential health effects of feedlot dust.

« Current air quality regulations include the naticerabient air quality standards
(NAAQS) that are designed to protect public healild public well being.

Historically, agricultural sources, including AFQ&ve not been included in these
regulations. Recently, however, agricultural sosrtave been targeted to be included
in the NAAQS.

+ Research has measured concentrations and deteremmssion rates of PM in large

cattle feedlots. In general, PM emission rates@mtentrations from cattle feedlot
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vary with season, time, and location of feedlatgpdrtant environmental factors that
contribute to dust emissions from cattle feedloéspmorly characterized.

« Abatement methods for mitigating PM concentratiand/or emissions for cattle
feedlots include permanent or mobile sprinklers, paintenance and manure
harvesting, pen surface amendments, and porousrséhelterbelts. The most
commonly used methods are water sprinkling and meanarvesting. Research is
needed to establish the efficacy of abatement mstho

« Shelterbelts or vegetative barriers have been teseztluce particulate concentrations

downwind of a source. Research is needed to estathieir effectiveness.
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CHAPTER 3 - Concentrations and Size Distribution ofParticulate
Matter Emitted from Large Cattle Feedlots

3.1 Abstract

Particulate matter (PM) emitted from cattle feeslicin impact air quality in rural
communities, yet little is known about factors aolfiing their emissions. The concentrations of
PM (i.e., PM s, PMo, and TSP) upwind and downwind at two large cdétézllots (KS1, KS2)
in Kansas were measured with gravimetric samptera May 2006 to October 2009 (at KS1)
and from September 2007 to April 2008 (at KS2). ean downwind and net (i.e., downwind
— upwind) mass concentrations of P§MPMy, and TSP varied seasonally, indicating the need
for multiple-day, seasonal sampling. The downwind aet concentrations were closely related
to the water content of the pen surface. The PRM;o and PM 5/ TSP ratios at the downwind
sampling location were also related to the wateteat of the pen surface, humidity, and
temperature. Measurement of the particle sizeildigton downwind of the feedlot with a
cascade impactor showed geometric mean diametgingafrom 7 to 18 um, indicating that
particles that were emitted from the feedlots wgeerally large in size.

3.2 Introduction

The increasing size and geographic concentrati@miohal feeding operations, including
beef cattle feedlots, has led to public concerruabmissions of particulate matter (PM),
ammonia, volatile organic compounds, and odor. Qyesi cattle feedlots generate fugitive dust,
including total suspended particulates (TSP), Pihwquivalent aerodynamic diameter of 10
pum or less (PW), and PM with equivalent aerodynamic diameter.6fiPm or less (Pl).
Although there have been no direct studies on teguirsonnel health problems, several
researchers indicated that dust generated frone daéidlots has the potential to cause a number
of health hazards in humans and livestock (Rogge ,2006; Purdy et al., 2004; MacVean et
al., 1986). Sweeten et al. (200@licated that dust from cattle feedlot surfacéeys, and roads
can annoy neighbors and irritate feedlot employkeaddition, particulates with bound

ammonia and odorous compounds can be emitted fedidts to nearby residences and can
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cause actual or perceived health effects (Lee &aah@, 2008; Reynolds et al., 1998). As more
stringent air quality standards are developedetiea need to characterize and control PM
emissions from cattle feedlots and to assess fhetekeness of abatement measures for
mitigating those emissions.

Particle size is important in characterizing thggtal behavior and potential health
effects of PM. Removal processes, atmosphericeasatimes, and contribution of light
scattering to visibility degradation are affectgddarticle size (U.S. EPA, 2005; Hinds, 1999).
The formation and growth of particles might beuethced by several processes, and they are
sensitive to a number of environmental parametensiding humidity, temperature, reactive
trace gas concentrations (Lammel et al., 2004; Webénal., 2002), and possibly wind speed.
Therefore, it is necessary to understand the parize distribution and mass concentrations at
critical size ranges for investigating health effgeosed by PM emissions from cattle feedlot and
monitoring the transport and fate of PM. Moreovergevelop or improve control methods, it is
necessary to know factors that influence PM emissio

Dry, warm conditions and active cattle behaviortageprincipal contributors to dust
emission from cattle feedlots (Wilson et al., 2008)general, fugitive dust emitted from feedlots
is mainly from the un-compacted and pulverized marayer associated with animal activity,
especially from late afternoon to early evenindhétsources of dust include feed mills, loading
and unloading of feed trucks, vehicle exhaust, uagaoads, and winds (Wu et al., 2008;
Razote et al., 2007a, 2007b; Auvermann et al., p@Ddéxtle feedlots may contribute to
secondary PM by emissions of ammonia and nitridexinat subsequently leads to secondary
aerosol formation (Rogge et al., 2006; NRC, 2008sdv et al., 2002), although there is little
evidence showing this occurs at the local scaleafidima et al., 2010). Information on the
spatial, temporal, and physical characteristichefemission sources are needed to distinguish
their contributions to ambient particulate matten@entrations. Accurate emission inventories
are also needed to provide accurate inputs touailitty modeling.

Currently, there is little information on eithermm®@ntration or particle size distribution of
PM from cattle feedlots and almost all of the psiidid data have been from Texas (Purdy et al.,
2007; Sweeten et al., 1998; Sweeten et al., 18&ed on cattle feedlots in Texas, the mean net
TSP was 412 (+ 271) ughtlL5 occasions measured seasonally in 1987) witkyPM
concentrations of 19% to 40% of TSP (Sweeten £1888; Sweeten et al., 1988).In a related
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study, Purdy et al. (2007) reported that the dowa\® M, 5/PM; ratio was close to 10%. From
the limited data available, dust from cattle appé¢arbe large with over half larger than M
However, more measurements are needed to furtbeacterize and understand PM emissions
from open-lot beef cattle feedlots (Razote et2l(08).The objectives of this study were to: (1)
measure the mass concentration and size distribafi®M emitted from two large cattle
feedlots in Kansas and (2) determine the effectgezfther conditions and pen surface water

content on the mass concentrations.
3.3 Materials and Methods

3.3.1 Feedlot description and sampling locations

Two large cattle feedlots in Kansas (i.e., KS1 E8®) were considered in this study.
The feedlots were within 40 km of each other. Tirs feedlot, KS1, had approximately 30,000
head of cattle and a total pen area of about 5@ had a water sprinkler system for dust control
with an application rate of 5 mm/day (5 [Zuiay). The system was normally operated from
April to October and during prolonged dry periolisad a total of 179 sprinkler heads; a group
of three sprinkler heads was turned on simultarig@yery 6 min and 6 h were required to cycle
through all sprinkler heads. In addition, pens &tlKvere scraped two to three times per year
and manure was removed from the pens at leastapear. The second feedlot, KS2, had
approximately 25,000 head of cattle and a totalgrea of 68 ha. Pens were also scraped five to
six times per year and manure was removed from pashwo to three times per year. For both
feedlots, feed was processed and mixed in therfeltdoaded on feed trucks, and delivered to
the pens three times a day. Prevailing wind dioagtiat the sites were south in summer and
north in winter (Fig. 3.1a). Annual mean valuepadcipitation at KS1 and KS2 were
approximately 573 mm and 671 mm, respectively.

Particulate samplers (2100 Mini-Partisol, ThermshEér Scientific, Franklin, MA) were
set up at the north and south perimeters of eadide(Fig. 3.1b). For KS1, the north sampling
location was about 5 m away from the closest pehtlam south sampling location was about 30
m away from the closest pen (Fig. 3.1b). For K&2,rorth and south sampling locations were
approximately 40 m and 60 m away from the closessprespectively. These locations were
selected so that samplers are able to capturepates coming from the feedlots; in addition,

power availability, and access to the samplingtiooa were considered.
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Figure 3.1(a) Wind rose statistics from May 2006 to Octob@d2 (hourly data from total time period);

(b) Schematic diagram showing sampler locatiorieeatiot KS1.

Each feedlot was equipped with a weather stati@m(abell Scientific Inc., Logan, UT)
to measure and record at 20-min intervals wind dpeend direction, pressure, temperature,
precipitation, and relative humidity. Weather diatan a local weather station were also
collected. In addition to the low-volume sample$icro-Orifice Uniform Deposit Impactor or
MOUDI (Model 100/110, MSP corporation, ShorevieWNMwvas set up in the prevailing
downwind location of KS1 to measure the partickeistribution.
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3.3.2 Air sampling and measurement

The mass concentrations of TSP, §Mnd PM s were measured with low-volume
samplers (air sampling flow rate of 5 L/min) equedwith size-selective inlets for TSP, M
and PM . Samplers were placed side by side with a minindistance of about 1 m from each
other (Figure 3.1b). These samplers are gravimsamaplers that yield time-integrated mass
concentration of PM. During measurement, ambiarnisalrawn into the size-selective inlet of
the sampler using a vacuum pump andi®kbllected on the collection filter. The masshod
collected PM is determined by subtracting the gmasight of the filter from its tare weight. The
mass of PM is then divided by the sampling flomwnoé to get the mass concentration of PM.
Flow rate is critical for particle fractionation@ualculation of mass concentration. For the
samplers, the flow control system uses a temperatod pressure compensated mass flow
control scheme to maintain a constant volumetaw/ftate of 5 L/min (Rupprecht & Patashnick
Co, Inc., 2004). Filters used for low-volume sampl@ere either a Pallflex TX40 or a PTFE
filter (Whatman Inc., Clifton, NJ). All filters werconditioned in a laboratory conditioning
chamber (25 °C, 40% relative humidity) for 24 hdyefweighing, before and after sampling, to
minimize the effect of humidity.

Particle size distribution at the prevailing downaisampling location of KS1 (generally,
the north sampling location) was measured withMi@dJDI. The MOUDI is an 8-stage cascade
impactor that is based on the principle of ineftigbaction using multiple-nozzle-stages in
series. Particles larger than the cut-size of thgesare collected on the impaction plate when the
particle laden air impinges on the plate, whileshwller particles will proceed to next stage. It
was operated with air sampling flow rate of 30 it used 34-mm aluminum foils for the
impaction stages and 34-mm PTFE filters for thedmotstage. In accordance with the
manufacturer's recommendation, the aluminum fogsersprayed with thin layer of grease to
minimize particle bounce and then heated for aBOunin in an oven with temperature of’65

Field sampling events were conducted monthly froay006 to October 2009 at KS1
and from September 2007 to April 2008 at KS2. Sif@@7/, fifteen and three 5-day intensive
sampling events were conducted at KS1 and KS2eotisply. The 5-day sampling events were
conducted mostly from March to November (13 outhef 15 events for KS1). Each sampling
event normally included from 2 to 10 sampling rufet each sampling run, sampling duration

was generally 12 h. In cases when expected comatiems were small (e.g., winter or after rain
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events), sampling duration was 24 h to ensurentiggsurable amounts of PM were collected on
the filters. The total numbers of sampling runstfa low-volume samplers were 185 and 40 for
KS1 and KS2, respectively. Because of sampler melfons and/or power outages, the actual
numbers of sampling runs ranged from 126 to 17Kt and from 1 to 39 for KS2. The
MOUDI sampler was used from July 2007 to July 26@% total of 43 sampling runs (each run
had a duration of 24 h).

During each sampling run, manure samples wereatetldfrom three to five different
pens for the determination of water content (WCper surfaces in the feedlots. These samples
were normally taken right after the start of eaghngling run and when the sprinkler heads in the
pens from which samples were being collected weteunning. Approximately 2.5 to 5 cm
upper layer of manure was collected from two teé¢hspots between the center of the pen to the
feed apron. The collected samples from each pea placed in a zipped plastic bag. The WC of
the manure sample was determined using the ASTMI8-B8 oven-drying method (ASTM,
2002).

Data on the operation of the sprinkler system uidiclg when the system was operated
and the daily amount of water used for sprinklwwgre obtained from the feedlot operator. In
this research, the water sprinkler system at KS4 epeerated during 60 sampling runs out of 185

total sampling runs. The amount of water applietyeal from 0 to 5.2 mm for each run.

3.3.3 Data analysis
Measured PM values were first screened on the bésid direction. Since the
samplers were strategically set up north and soluthe feedlots, measured values were
considered acceptable if the wind direction wasfa®0 to 240 (i.e., the north sampling site
was the downwind location) at least 80% of the t{@aerra et al., 2006). If the wind direction
was within the 120to 240 range but less than 80% of the time or outsidd #ii@to 240 range
at least 20% of the time, the PM data were excludehle analysis. Tables 3.1 and 3.2

summarize the numbers of acceptable sampling runs.
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Table 3.1Numbers of acceptable sampling runs and 24-h vditughe low-volume samplers.

Feedlot KS1 Feedlot KS2
Number of Number of
Number Number
acceptable acceptable
, of 24-h values , of 24-h values
sampling runs sampling runs

Downwind PM,s 47 21 11 3
(typically north PMyq 69 28 10 3
sampling location) TSP 71 28 6 3
Upwind PM,s 44 20 6 2
(typically south PMyq 61 28 10 3
sampling location) TSP 59 27 0 0
Net PM, 5 30 15 4 2
(Downwind — PM;o 49 25 8 2
Upwind) TSP 49 25 0 0

Table 3.2Numbers of acceptable sampling runs for each miomtKS1.

TSP PMo PM;s
Month Down Down 24 ~ Down 24 _ Wlt_h \/_Vlth_
wind Net wind Net Concentratiol wind Net Concentration Rain Sprinkling
>150 pug/m >35 pg/nd
01 1 0 1 1 0 1 1 0 0 0
02 1 1 1 1 0 0 0 0 0 0
03 4 3 4 3 1 2 2 1 0 0
04 3 3 4 1 0 2 1 0 0 0
05 7 5 7 5 1 5 4 1 1 3
06 7 5 7 4 0 2 1 0 0 6
07 16 8 15 9 1 11 7 1 0 17
08 12 9 10 8 1 10 7 1 1 7
09 5 7 6 0 2 0 1 4
10 6 6 0 4 3 0 1 2
11 4 4 0 2 0 0 0
12 0 1 0 0 0 0 0
Total 71 49 69 49 4 47 30 4 4 39
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All PM concentration data were converted to stadaanditions of temperature (%)
and pressure (760 mmHg). From the screened dat®Nhs/PM;o, PM, TSP, and PNYTSP
ratios for each sampling run at each sampling iocatere calculated. The frequency
distribution, which is the tabulation of raw dataained by dividing it into size ranges and
computing the number of data elements falling witkéch size range (Karaca et al., 2006), was
used to describe the population of these ratiosimitertain ranges. In addition, from the pre-
screened data, the corresponding 24-h mass coatiengr were calculated by taking into
account the mass concentrations in successiventnis 24 h. Then, from the 24-h data sets,
the net concentration (i.e., difference betweenrdend and upwind concentrations) was
determined. Table 3.2 also shows the numbers efpsable data set for the 24-h means and the
net concentrations for the low-volume samplers.

Particle size distribution data from the MOUDI weaiteo screened for acceptability in
the analysis based on wind direction. There weractéptable sampling runs (out of 43 total
sampling runs) for the MOUDI sampler. For eachhaf MOUDI data sets, the geometric mean
diameter (GMD) and geometric standard deviation¥{38ere obtained using Equations 3.1 and
3.2, respectively (Hinds, 1999).

GMD = exp[%} (3.1)

0.5

GSD=exp (3.2)

where GMDis the geometric mean diameter of the sample, fjiis; the geometric mean
diameter of particles in th& stage of the MOUDI, pm; s the mass fraction of particles in the
j™ stage of the MOUDI; and GSBthe geometric standard deviation.

The following statistical analyses were conductsithgi SAS (version 9.1.3, SAS
Institute Inc., Cary, NC) and Excel (Microsoft Cpedmond, WA):
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1. Paired t-test procedure to determine significafiedénce between the upwind and
downwind sampling locations in PM concentrationd eatios (i.e., PMsPMyo, PM, 5/ TSP,
and PMJTSP).

2. The CONTRAST statement in SAS GLM procedure wasl iseontrast the mean

concentrations and ratios between the day and regeaimpling.

3. Correlation analysis on mass concentrations R®lss PM;o, and TSP) and PM ratios (i.e.,
PM, ¢PMjo, PM, 5§/ TSP, and PMYTSP).

4. Correlation analysis on log-transformed PM conarins as well as PM ratios with weather
conditions (i.e., humidity, temperature, wind spestd precipitation), and amount of water
applied by the water sprinkler system. Log-transfed PM concentrations provided better
correlation with factors compared with untransfodecencentrations.

5. Regression analysis using the backward selectioceplure to identify the factors that could
predict the mass concentration.
For all analyses, a 5% level of significance wasdusxcept for the regression analysis of

backward selection which used 10% significancelleve

3.4 Results and Discussion

3.4.1 Particle size distribution

The mean GMD of the particles as measured by th&BIGat the downwind sampling
location of KS1 was 13.0 um, ranging from 7.0 pmi8a2 pum. The relatively large GMD value
indicates that the PM emitted from feedlot KS1 waminated by coarse particles. The mean
GSD was 2.4 (ranging from 2.1 to 3.8) indicatinglatively broad particle size distribution. The
observed size distribution is similar to those ievious research on cattle feedlots. Hamm
(2005) reported an average mass median diamefd pm with average GSD of 2.1, while
Sweeten et al. (1988) reported mean GMD of 9.ar{ddrd deviation, SD=1.5) pm and mean
GSD of 2.1 (SD=0.06); both studies were from cdtkzllots in Texas and Coulter Counters

were used for the analysis of particle size distidn.
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3.4.2 PM mass concentrations and ratios

The PM concentrations at the upwind and downwimd@ing locations of the feedlots
varied with season with the highest concentrataiyserved between March and November (Fig.
3.2). Overall mean downwind concentrations werel®%, and 262 pg/frfor PMys, PMy and
TSP at KS1 respectively, while they were 24, 88| 585 pg/m, respectively, at KS2 (Table
3.3). These values were within the ranges of phbtisvalues for cattle feedlots. Sweeten et’al.
reported mean downwind concentrations of 700 [ ¢ramge of 97-1,685 pgfhand 285 pg/mh
(range of 11-866 pg/fhfor TSP and P, respectively. Purdy et al. (2007) reported mean
upwind and downwind P concentrations of 94 pgfhand 269 pg/rhand corresponding
PM, s concentrations of 14 pgfand 25 ug/m respectively, from four cattle feedlots in Texas.
The primary and secondary 24-h national ambieng@tity standards (NAAQS) for Pis
150 pg/ni and is not to be exceeded more than once peryeaverage over a three year period
and the PMs24-h concentration must not exceed 35 [ggwer a three year period (U.S.EPA,
2006). In 4 out of 28 samples for Rjvand 4 out of 21 samples for BMthe measured 24-h
concentration exceeded the NAAQS (Fig. 3.3). Tlwases occurred in March, May, July, and
August) when pen surfaces were generally dry (Talig with pen surface WC generally less
than 16%. Note that the sampling locations werefsom the closest pen in KS1, representing a
worst case. If measurements were carried out girthigerty lines, a few hundred meters further
away from the pens, it is likely that the concetitres would have been considerably lower
because of particle dispersion and settling (Tddd.e2004).

Table 3.3 also presents the net concentrationg;hwdrie the downwind concentrations
adjusted for upwind or background concentration®tiect the contribution of the feedlot only
(Sweeten et al., 1998)he overall mean net mass concentrations of TSRg,Rvd PM sat
KS1 were 201, 76, and 25 pgimespectively. For KS2, only two cases of 24-hmass
concentrations were obtained; the upwind TSP dat& wot available because of TSP sampler
malfunction. The net mass concentrations ofiPAhd PM sat KS2 were 80 and 17 pgim
respectively.

The PM mass concentrations during the day and sigmipling periods for KS1 were
also compared. Results showed that there weregndisant differences in mean concentrations
between the day and night sampling periods (P=@g&¢pt for TSP (P=0.04) (Table 3.4). The
mean net concentration of TSP during the day (6AMRM) was less than that at night (6PM to
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6AM). However, earlier research using high resolutsampling has shown that the highest
concentrations of dust occurs between 6PM and 1(fadote et al., 2008; Wilson et al., 2002;

Sweeten et al., 1988), during which cattle are glyemore active and atmospheric conditions

are relatively stable.

Table 3.3Downwind and upwind 24-h PM concentration values.

Feedlot KS1 Feedlot KS2
Mean SE Mean SP
(Mg/nT)  (pg/nT) (g/n?)  (ug/nt)
Downwind PM,s 21 34 7 24 9
Sampling PMio 28 105 14 88 12
Location TSP 28 262 42 185 23
Upwind PM, 5 20 16 1 11 7
Sampling PMig 28 39 5 73 55
Location TSP 27 58 7 - -
PM, 5 15 25 13 17 4
Net (Downwind-Upwind) PMyq 25 76 16 80 13
TSP 25 201 40 - -

#n represents the number of 24-h values.

® SE represents the standard error.
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Table 3.4Descriptive statistics of PM concentrations duting day and night sampling periods for
feedlot KS1.

Day Sampling Period Night Sampling Period
(6AM to 6PM) (6PM to 6AM)
Mean SE Mean SE
(M) (ugi?) | (g (ugi)
Downwind PM,s 23 25° 6 22 36 7
Sampling PM;o 37 104 13 30 11¢ 18
Location TSP 39 286 50 30 322 57
Upwind PM,s 22 212 5 21 17 2
Sampling PMyo 38 57 12 22 37 6
Location TSP 36 124 34 23 77 18
PM;s 11 13 6 16 19 6
Net (Downwind-Upwind) PM;o 27 712 12 21 74 18
TSP 27 202 50 23 23% 47

“Row means followed by the same letter are not fagmitly different at the 0.05 level of significamc

Previous research indicated that PM ratios maywile estimation of long-term fine
PM concentrations using available TSP or,ptata (Lall et al., 2004; Gehrig et al., 2003). For
KS1, the mean PWMyYPM;, PM, TSP, and PMYTSP ratios at the downwind sampling location
were significantly (P<0.05) smaller than the copasling ratios at the upwind sampling
location (Table 3.5). The frequency distributionRM ratios at the downwind locations showed
smaller ratios occurred more often than upwind dargpocation in which frequencies were
distributed more uniformly (Fig. 4a and 4b). P§PMio, PM, TSP, and PMY TSP ratios with
ranges of 0.1-0.3, less than 0.1, and 0.3-0.4esely, had higher frequency observed. These
results suggest that the contribution of fine aparse particles from the feedlot was not as
equally distributed compared with the upwind araag that the PM emitted from the feedlots
was dominated by coarse particles. This findingpissistent with the MOUDI results, in which
the mean GMD was 13.0 pum and consistent with ptesvgtudies that reported GMD ranging
from 9.5-16.0um (Sweeten et al., 1998; Sweeten et al., 1988).
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Table 3.5Descriptive statistics of PM ratios at the downward! upwind sampling locations for

feedlots KS1 and KS2.

Feedlot KS1 Feedlot KS2 Urban Areas
Downwind ~ Upwind  Downwind  Upwind (Published Data)
n 46 44 10 5
PM25/PMo Mean 0.2¢ 0.44° 0.38 0.39 0.54
SE 0.02 0.04 0.05 0.11
n 46 42 6
PM.s/TSP Mean 0.10° 0.28" 0.18 0.30
SE 0.01 0.03 0.04
n 67 55 5
PM /TSP Mean 0.41° 0.54 0.53 0.5¢
SE 0.02 0.03 0.04

“Row means followed by the same letter are not fagmitly different at the 0.05 level of significamc

! Source: Lall et al. (2004)

2 Source: Cicero-Pernandez et al. (1993)
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Figure 3.4Frequencies of mass fractions at the (a) downwimt(h) upwind sampling locations of

feedlot KS1.

In comparison, PM measurements in urban environsremwed the PjyPM;,
PM, ¢ TSP and PMyPM;jq ratios typically run higher with average of 0.8430, and 0.50,
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respectively (Lall et al., 2004; Cicero-Pernandeal e 1993). Studies in Swiss and Asian regions
also showed that fine PM had greater portion iraorénd industrial areas (Gehrig et al., 2003;
Cohen et al., 2002; Gehrig et al., 2000), primaoigause the major source of PM in these areas
is burning of fossil fuels by transportation andustrial sources.

The data from KS2 were limited and may not be regméative of the long trend of PM
ratios (Table 3.5). The mean BYPM;o, PM, TSP, and PMYTSP ratios obtained at the
downwind sampling location of feedlot KS2 were 0.888, and 0.53, respectively. Only the
PM, sPMyq ratio was available at the upwind sampling locatd feedlot KS2 (Table 3.5).

The PM gPMio, PM, TSP, and PMYTSP ratios at KS1 were also analyzed by
sampling period (i.e., day vs. night). There weresignificant differences (P>0.05) between day
time (6AM to 6PM) and night time (6PM to 6AM) forean values of PyPM;, (P=0.7) and
PM, /TSP (P=0.3), indicating that the fraction of fizveéd coarse particles varied only slightly

between day and night.

Statistical analysis showed significant correlasiamong PMs, PM;o, and TSP
concentrations at both the downwind and upwind disgbocations of KS1 (Table 3.6). There
was also strong correlation between the,BMM;o and PM /TSP ratios at both the downwind
and upwind sampling locations (correlation coeéfits of 0.71 and 0.82, respectively) as well as
PM, ¢ TSP and PMY TSP ratios (correlation coefficients of 0.51 an@) respectively), while
there were no significant correlations for the otRbI ratios. The ratios had significant
correlations with PM mass concentrations for,BNISP and P\ as well as TSP at the upwind

sampling location, and for PMTSP and PMls at the downwind sampling location.
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Table 3.6Correlation matrix of concentrations and ratiostf@ downwind and upwind sampling

locations of feedlot KS1.

PM, s PMio TSP PM,sPMis PM,JTSP PM;/TSP
PM, 5 1.00 0.89* 0.91* 0.21 0.02 -0.33*
PM;q 1.00 0.91~ -0.17 -0.26 -0.14
_ TSP 1.00 0.03 -0.26 -0.40
Downwind
PM, sPMo 1.00 0.71* -0.16
PM, /TSP 1.00 0.51~
PM,J/TSP 1.00
PM, 5 1.00 0.74* 0.89* 0.25 -0.02 -0.30
PM;q 1.00 0.69* -0.26 -0.46* 0.15
' TSP 1.00 -0.14 -0.39* -0.25
Upwind
PM, s/PMio 1.00 0.82* 0.10
PM, TSP 1.00 0.60*
PM,J/TSP 1.00

’ Significant at the 0.05 level.

3.4.3 Effects of weather conditions and pen surface water content

The PM mass concentrations and ratios would likelyend on weather conditions and
feedlot pen surface characteristics. In general Pl emitted from cattle feedlots results from
hoof action on the dry, uncompacted, pulverize@daf manure on the corral surface (Razote et
al., 2007a; Auvermann et al., 2006). As such, waratbnditions and pen surface characteristics
(i.e., depth, degree of compaction, and moisturgest) are important determinants of the PM
emission potential of the pen surface (Funk e28i08; Auvermann et al., 2006). To identify
factors associated with variation of PM concentiragi the weather conditions (i.e., humidity,
temperature, wind speed, and precipitation), wedetent of the pen surface, and the amount of
water applied by the water sprinkler system werthér analyzed. For the 82 acceptable
sampling runs at the downwind sampling locatiofeefdlot KS1, average temperature was 21
°C (range of -13 to 4%C); average relative humidity was 57% (range of 20%1%); and
average wind speed was 6 m/s (range of 1 to 22 iftigye were 4 runs in which there was
rainfall (maximum amount of 3 mm) and 39 runs inahhthe water sprinkler system was

operated (maximum amount of water applied was 5.mm)
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Pen surface WC showed significant correlation wht log-transformed PM
concentrations and ratios except for BMSP (Table 3.7). The amount of water used by
sprinkler system was significantly and positivetyrelated to the log-transformed Rdnd TSP
concentrations, possibly because the sprinkleesystas normally operated when dust events
were occurring or expected to occur. For weathaditmns, significant correlation was
observed between wind speed dngTSP), temperature arld (TSP), humidity andn (TSP),
temperature anth (PMyg), and humidity andn (PMyq). Precipitation was not significantly
correlated with concentrations and ratios. The lacgignificant correlation between
precipitation and concentrations or ratios couldlbe to relatively small number of cases in this
study; however, a rainfall event, depending onaim®unt and intensity, can reduce the PM
concentration due to reduction in emission ratenftbe wet surface and also the wash-out
process in the near-surface atmosphere (Holst,e2G{)8).

Table 3.7Correlation coefficients for concentrations andosafor the downwind sampling location of

feedlot KS1 with weather conditions, pen surfacéeweontent, and amount of water applied by the
sprinkler system.

Pen
Amount of
. Wind L Surface
Humidity Temperature Precipitation Water Used
speed Water _
(%) (°C) (mm) by Sprinkler
(m/s) Content
(mm)
(%)
Ln(PM ,5) 47 -0.02 0.01 0.20 0.22 -0.40* 0.28
Ln(PM 1) 69 -0.38* 0.33* 0.23 -0.11 -0.67* 0.39*
Ln(TSP) 71 -0.29* 0.24* 0.27* -0.13 -0.60* 0.37*
PM,sJPMj, 46 0.37* -0.15 0.09 0.18 0.43* -0.14
PM,JTSP 46 0.24 -0.01 0.08 0.02 0.49* -0.04
PM,yTSP 67 -0.04 0.12 -0.18 0.09 0.04 -0.13

" Significant at the 0.05 level.

The backward variable selection procedure in resjpesanalysis was used to determine
the independent predictors of the concentrationlsRiM ratios (Guyon and Elisseeffe, 2003;

Nally, 2000). The Rvalues, parameter estimates and intercept of tHé-wariable regression
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model are summarized in Table 3.8. Factors thaifsigntly influenced TSP concentration
included pen surface WC and wind speed; thosarfiaenced PM, concentration were
humidity, temperature, pen surface WC, and amotwmiater used by sprinkler. Pen surface WC
was the only factor that significantly influencéuaktPM 5 concentration. For the PAPMyq

ratio, humidity and pen surface WC were the sigaifit factors; and for PM/TSP ratio, pen

surface WC and amount of water used by sprinkleewlee significant parameters.

Table 3.8Factors selected in backward selection modehf®rcbncentrations and ratios at the

downwind sampling location of feedlot KS1

Parameter estimates
Wind Pen Surface Amount of
R® Intercept Humidity Temperatur speed Water Water Used
(%) (°C) (2] /s) Content by Sprinkler
(%0) (mm)
Ln(PM 25 0.16 3.6 - - - -0.03 -
Ln(PM 1) 0.51 6.1 -0.01 -0.02 - -0.05 0.2
Ln(TSP) 0.44 5.8 - - 0.05 -0.05 -
PM,sPM;, | 0.24 -2.3 0.01 - - 0.02 -
PM,sTSP | 0.22 -3.0 - - - 0.03 0.1

TAll variables left in the regression models arendigant at the 0.1 level.

Statistical analysis indicated that the pen surf&l¢& had the greatest effect on PM
concentrations, particularly PiMand TSP, which were reduced when WC was incredses.
decrease in concentration with increasing WC ofpive surface is likely due to reduction in
emission rates from the pen surfaces. The pres#negater in the manure surface is expected to
enhance the strength of surface crusts and alsease the mass of particles and surface tension,
thereby decreasing particle suspension and trangpgures 3.5a, 3.5b, and 3.5c plot the net
concentrations of TSP, Pl and PM s, respectively, as a function of pen surface WC. In
general, net TSP and Rptoncentrations decreased exponentially with irssnepWC. The
relationship between net BNMlconcentration and pen surface WC was not as geasjbly
because pen surface WC < 20% for all of the acbétampling runs for net P

concentration.
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Figure 3.5Plots of the net 24-h mass concentrations of &8,Tb) PM,, and (c) PMs vs. pen surface

water content at feedlot KS1.

Results indicate that the threshold value of pefasa WC for PM control is about 20%
(Fig. 3.5). Comparison of the mean net concentnatia cases in which W€20% and WC<20%
showed mean percentage difference of over 80% $& dnd Py, for net PM 5
concentrations, all acceptable cases has WC<20§63FH). When downwind concentrations
were considered (data not shown), comparison afscaswhich WG&20% and WC<20%
resulted in mean percentage differences or rechgtd 79%, 72%, and 78% for TSP, Rvand
PMg s, respectively. The critical threshold WC of 20%imnilar to previous findings and
recommendations. Sweeten et al. (1988) indicatattitie WC should be in the range between
26% and 41% depending on surface conditions, Wiiller and Berry (Miller and Berry, 2005),

from laboratory experiments, determined water auistabove 35% best in controlling dust but
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noted that organic matter content of the feedldiase also played a large role (Miller and

Berry, 2005; Miller and Woodbury, 2003). Other m®ders have also suggested that the pen
surface WC should be maintained at 20 to 40 % erb#sis of odor and dust control as well as
the economy of treatment (Auvermann et al., 200fieMand Berry, 2005; DPI&F Note, 2003).

3.5 Conclusions

The following conclusions can be drawn from thise@rch:

» The downwind and net mass concentrations o MM, and TSP as well as their
ratios varied seasonally, indicating the need faltiple-day, seasonal samplinbhe
mass concentration of TSP and BMere closely related to the pen surface water
content. The mass concentration of RMIso was related to the water content, but
not to the same degree. For PM control, the watetent of pen surface should be at
least 20%.

* The ratios of PMsPM;io, PM, TSP, and PMYTSP at the downwind sampling
location were generally less than those upwinaddition, measurement of the
particle size distribution at the downwind edgehs feedlot with a cascade impactor
(MOUDI) showed geometric mean diameter ranging fibto 18um, indicating that

particles that are emitted from the feedlots wemeegally large in size.
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CHAPTER 4 - Field Comparison of PM,g Samplers

4.1 Abstract

Fugitive emissions of particulate matter with eqént aerodynamic diameter of 10 um
or less (PMp) are an increasing concern for concentrated arfieegling operations, including
open-lot beef cattle feedlots. Various federal reiee method (FRM) and equivalent samplers
can be used to measure Rlbncentrations. This research compared the perfuenaf
Tapered Element Oscillating Microbalance™ (TEOMRNMF high-volume (HV), and low-
volume (LV) PMysamplers in measuring Rbtoncentrations in the vicinity of large cattle
feedlots in Kansas. Each of the three samplersnstalled at the downwind and upwind
perimeters of two commercial cattle feedlots (K&#l £S2). Samplers were operated from May
2006 to February 2008 at KS1 and from February 200ebruary 2008 at KS2. RM
concentration ranged from < 10 to 832 uganhKS1 and from < 10 to 713 pgiat KS2.
Comparison of collocated Plylsamplers showed that measured;Pébncentration was
generally largest with the TEOM Plylsampler and smallest with the LV Rbampler.
Differences in PMp concentration among samplers were affected byitotand duration of

sampling, season, and slightly by weather condition

4.2 Introduction

Fugitive emissions of particulate matter (PM), ammpand odor are an increasing
concern for animal feeding operations (AFOs), idolg open-lot beef cattle feedlots and
dairies. Dust generated from cattle feedlots hasmii@l to cause a number of respiratory
problems in humans as well as livestock (Purdy.ef@04). Inhalation of fine PM is believed to
be the major cause of increased health risks (8estal., 1995). As a result, RMPM with
equivalent aerodynamic diameter of 10 um or lesd)RVk 5 (PM with equivalent aerodynamic
diameter of 2.5 pm or less) are being regulateddiPet al., 2007). For example, primary and
secondary 24-h national ambient air quality stadisléor PMoare 150 pg/and not to be

exceeded more than once per year on average g8 (Chow et al., 2006).
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Measuring PMp in cattle feedlots is necessary to investigatdthedfects posed by P
emissions, monitor transport and fate of ighnd assess effectiveness of PM abatement
measures. The Federal Reference Method (FRM) aner&eEquivalent Method (FEM) of
measuring PM emissions are recommended by theBP.S.(U.S.EPA, 1987). The FRM is a
gravimetric technique in which particles are caiekcon a filter that is exposed for 24 h (Bulpitt
and Price, 2006). The equivalent PM measuremertiadst including the Tapered Element
Oscillating Microbalance (TEOM), have been usegrtvide direct PM mass measurement for
near real-time continuous data acquisition (Meyexr.e 2000; U.S. EPA, 2004).

Measurement technologies for PM are affected bytimeplexity of PM emissions.

Actual constituents and particle size vary withgaphical location and meteorological
conditions (National Research Council, 2003). Iamig, semi-volatile or volatile components,
hydrogen sulfide, and ammonium nitrate may be mtasethe particulate phase and may be lost
with time and location (Allen et al., 1997; Jer¢alk, 2006). Currently, effectiveness of the
measurement method is one of the more importanésssn PM quantification and control, and
analytical methods, including consideration of shngpuncertainties, should be fully understood
(Chow, 1995; Bulpitt and Price, 2006). Severalrmstents are currently being used to measure
PMjo concentration. Comparison of these samplers idetet determine agreement of these
samplers and improve various designs that influevitat is actually being measured.

The major objective of this study was to comparefddncentrations measured by three
different PMo samplers (i.e., low-volume [LV], FRM high-volumEY], FEM TEOM) under
field conditions. Performance of similar Risamplers placed in two commercial cattle feedlots
in Kansas was also evaluated. Results may providenderstanding of the Plyimeasurement

techniques as well as improve R\heasurement in future studies.
4.3 Materials and Methods

4.3.1 Description of PM 4o samplers
This study considered the FRM HV Rjsampler (Thermo Fisher Scientific, Franklin,
MA), LV PM ;o sampler (2100 Mini-Partisol, Thermo Fisher Sci@ntFranklin, MA), and
TEOM PMyo sampler (Series 1400a, Thermo Fisher ScientifianKin, MA; EPA designation
No. EQPM-1090-079). The LV and HV Rysamplers with PN} size-selective inlets are

gravimetric measurements that yield time-integraeds concentration of Ry During

70



measurement, ambient air is drawn into the sizeetigke inlet of the sampler using a vacuum
pump. As ambient air passes through a filter,i®kbllected on the filter. Mass of the collected
PM is calculated by subtracting the gross weighhefsample filter from its tare weight. Mass
of PMyg is then divided by the sampling flow volume to tfet mass concentration of R

Flow rate is critical for particle fractionation@alculation of mass concentration. For
the HV sampler, the flow rate of 1130 L/min is aofied by venturi (Thermo Electron Corp.,
2003). For the LV sampler, the flow control systeses a temperature and pressure
compensated mass flow control scheme to maintaonatant volumetric flow rate of 5 L/min
(Rupprecht & Patashnick Co., Inc., 2004a).

The TEOM PM sampler, a FEM sampler for Rymeasurement, is also a filter-based
mass measurement technique. An inertial balaneettirmeasures the mass collected on the
filter cartridge every 2 s by monitoring the copesding frequency changes of a tapered
element. The sample flow passes through the filberthen continues through the hollow
tapered element on its way to an active volumdimiw control system and vacuum pump. The
total airflow rate of 16.67 L/min is separated iatdilter flow rate of 3 L/min and auxiliary flow
rate of 13.67 L/min. The airstream for the filtkovi is heated to 56C to remove particle-bound
water (Rupprecht & Patashnick Co., Inc., 2004bedet al., 2006). The TEOM system has near
real-time data output and near real-time mass nmeasnt capability. Furthermore, it eliminates
possible filter handling errors that might happethwnanual and gravimetric methods (Green
and Fuller, 2006).

4.3.2 Site description

Measurements were conducted at the upwind and dowlinperimeters of two cattle
feedlots, herein referred to as KS1 and KS2, indeanKS1 is located approximately 40 km
southwest of KS2. Prevailing wind directions at $ites were from south-southeast in summer
and north-northwest in winter. Annual average ia&iion in KS1 and KS2 were
approximately 627 mm and 608mm, respectively. Eaitipacities of KS1 and KS2 are 30,000
and 25,000 head, respectively. For both feedlets] fvas processed and mixed in the feed mill,
loaded on feed trucks and delivered to the perettimes a day. The major source of PM
emission for both feedlots was the pen surfaceghAgattle moves around the pen, the

accumulated manure on the pen surface is groundgsimaller sizes that can be subsequently
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suspended in the air. This is generally more praned during the late afternoon to early
evening hours when the cattle are most active PRdicontrol, KS1 has a solid set sprinkler
system that was normally operated from May to Oet@mnd during times when there was a
prolonged dry period. In addition, pens at KS1 wam@ped year round and manure was
harvested at least twice a year. At KS2, pens waks@scraped year round and manure was
harvested five to six times a year. The soil at K2 generally clay loam, resulting in better
compaction of the base soil and better scraping@®pens compared to KS1, which had sandy
soil.

A set of TEOM PMo, HV PMyg and LV PM samplers was set up along the north and
south perimeters of KS1 in April 2006 (Fig. 4.1im8arly, TEOM PMyand HV PMg samplers
were set up in February 2007 and LV RMamplers were set up in September 2007 at thl nort
and south perimeters of KS2. To compare similarpdars, two identical HV Py and LV PMg
samplers were used from April to December 2006feord July and August 2007, respectively,
at both of the north and south sampling locatidns®il. In addition, there were two identical
TEOM PMypsamplers at the south sampling location of KS1 fdamuary to July 2007.

A weather station was installed at the south sargpbtication of KS1 and north sampling
location of KS2 to obtain meteorological informatidVeather data from a local weather station

were also collected.

W ﬂ @ TEOM Py Sangpler

1000m & HY PMup Sapler
K51 Cattle Feedlot O LY PMyp Sanpler
n Weather Station
Bltm

v

Lﬂm

£ @t lmo

Figure 4.1 Schematic diagram showing the location of the,fdmplers and the weather station at KS1

(not drawn to scale)
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4.3.3 Air sampling

At each sampling location, samplers were placed Bidside with a minimum distance
of about 1 m from each other (Fig. 4.1). Intengaepling campaigns (approximately 24 h)
were conducted monthly from May 2006 to Februa@&@nd six 5-day intensive sampling
events were conducted for the months of July toet 2007 and February 2008. For each run,
the sampling duration was from 2 h to 24 h (10&rwith duration of 6 h or greater; 13 runs had
a duration less than 6 h at KS1; 57 runs had aiduaraf at least 6 h at KS2). The sampling
duration was initially from 2 h to 4 h and was eased to 6 h to 24 h, particularly during events
of low concentration, to increase the mass of PNected on the filter

Filters used for HV PN, samplers were 20 cm x 25 cm, type A/E glass filtters
(Gelman Sciences, Ann Arbor, MI), and either PeXfTX40 or PTFE filters (Whatman Inc.,
Clifton, NJ) were used for the LV PMsamplers. All filters were conditioned in the
conditioning chamber (25 °C, 40% relative humiqRH) for 24 h before weighing, before and
after sampling, to minimize the effect of humidiBreld blank filters were used for the HV and
LV samplers for quality control of the data. Bldiiters were handled in the same way as the
other filters, the only difference was that blaitefs were placed in the samplers and then taken
out without turning on the pump (i.e., no sampledyaing through the filter). Blank filters were
used in 79% and 62% of the total runs for the Hd BX samplers, respectively. The average
difference in the initial and final weight of th&ahk filters was approximately 1 mg for the HV
samplers and 0.03 mg for the LV samplers. On tlegame, the mean values of the change in
mass of the field blanks as percentage of thequaatie mass on the collection filters were 7%
(6% for the north or downwind location and 8% floe south or upwind location) and 26% (21%
for the north location and 31% for the south lomayifor the HV and LV samplers respectively.
In accordance with U.S. EPA’s recommendation (&EBA, 1998), the field blanks were not
used for correction but as a quality control chiecletect weight changes due to filter handling.
For example, if the weight change was large, comtation during transportation or at the
sampling site may be occurring; appropriate trositd®ting and corrective actions should be
taken.
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4.3.4 Data analysis

The data analyzed were measurements taken from20@y to February 2008 for KS1
and from February 2007 to February 2008 for KS2alzallected when there was a power
failure or when instruments had operational prolsievere discarded. The TEOM values were
arithmetically averaged according to the startind anding time of intensive sampling (e.g., for
the 12 h HV/LV sampling duration of 6 am to 6 pimg tmass concentrations measured by
TEOM from 6 am to 6 pm were averaged to get the ME®@Ass concentration for this run). In
some cases, negative values on the TEOM data viesexr\@d. These negative values could be
due to the nature of particles or instrument matfiom. In accordance with the manufacturer’s
recommendation, “small” negative values (i.e., 010 pg/ni), which are likely due to the
nature of particles, were considered in the catmnaof mean values. “Large” negative values
(i.e., <-10 pg/m) are likely due to instrument malfunction and weigcarded in the calculation.
Overall, about 14.4% of TEOM raw data had negatalees. Of these, about 7.4% (5% for the
north or downwind location and 10% for the soutlupwind location) had values that are less
than <-10ug/m® and 7.0% (6% for the north location and 8% fortedacation) had values that
are within the 0 to -1ig/m®. On the basis of the national ambient air quatigndards for PM,
all measurements were converted to standard conditf temperature (Z&) and pressure
(760 mm Hg) (U.S.EPA, 2006). Mass concentratiom fi@m samplers were compared in
pairwise (y versus x) fashion. In this paper, for tomparison of different samplers,
concentrations measured by the HV sampler weretselas the reference or the “x” variable
(Krieger et al., 2007; Knight and Moore, 1987a, 98 The “y” variable represented
concentration data from the TEOM or LV samplerse HV sampler was selected as the
reference because it is a FRM sampler. The terwmarsampling” and “undersampling” were
then based on the HV sampler as the reference. @aitity was evaluated by linear regression
(LR) of y and x with zero intercept. For excellagireement between samplers, the slope should
be close to unity (1 + 0.1) with a higtf Ralue £0.94) (Salter and Parsons, 1999; Predicala and
Maghirang, 2003; Vega et al., 2003; Chow et alQ8)0Paired t-tests and correlation analyses
were also used. The presence of outliers mighteceagression errors. Data points with vertical
distance from the regression line exceeding foues the standard error (SE) of estimate were
eliminated (Cornbleet and Gochman, 1979; Lee ¢2@05). Five and two outliers were
eliminated in the comparison of TEOM vs. HV samplat KS1 and KS2, respectively. Three
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and two outliers were excluded from the comparigbhV vs. HV samplers at KS1 and KS2,
respectively.

The slope (b), Rvalue, and other statistical parameters were gésgthrough Excel
(Microsoft Corp, Redmond, WA) and SAS (version 8, BAS Institute Inc., Cary, NC).

4.4 Results and Discussion

4.4.1 Comparison of similar PM 1, samplers

A total of 60, 41, and 28 data points measurediyjla HV, LV, and TEOM samplers
were obtained. As shown in Table 4.1, maximum \&foe the two HV samplers were 395
pg/nt and 390 pg/rf minimum values were 9 pgfand 8 pg/r and mean values with
standard error of mean were both equal to 99 +di}1 For the two LV samplers, maximum
concentrations were 337 pgfiand 302 pg/ minimum values were 0 pgfand 13 pg/h
and average values were 80 + 11 ptgimd 77 + 9 pg/rh For the TEOM samplers, the average
mass concentrations were based on the samplingalucd the HV or LV samplers. Respective
maximum values were 145 pgfamd 181 pg/rf minimum values were 6 pgfand 3 pg/m
and average values were 37 + 6 ptgmd 36 + 8 pg/th

The t-test of paired samples for means with 95%idence showed that Pearson
correlations were all 0.97 for HV, LV, and TEOM galers. The P (T<=t) values were greater
than 0.05, indicating that similar samplers weighhyj correlated and there were no significant
differences between similar samplers. Figure 4@vstregression lines with slopes of 0.99,
0.90, and 1.05 with Rvalues around 0.98 for HV, 0.97 for LV, and 0.86 TEOM samplers,

respectively.
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Table 4.1Comparison of similar PA samplers.

Min Max Mean (+SE") , . ., Paired t-test
Sampler n R b SE,
ug/m? ug/m?® ug/m? P-value
HV 1 9 395 99(13)
60 0.98 0.99 0.02 P>0.05
HV 2 8 390 99(13)
LV 1 0 337 80(+11)
41 0.97 0.90 0.02 P>0.05
LV 2 13 302 77(29)
TEOM1 6 145 37(6)
28 0.96 1.05 0.04 P>0.05
TEOM?2 3 181 36(8)

TSE is the standard error of the mean

*pis the slope, SHs the standard error of b.
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Figure 4.2Plots of PM, concentrations for similar samplers at feedlot K@J} high-volume (HV) PN}
samplers, (b) low-volume (LV) PMsamplers, and (c) Tapered Element Oscillating diafance
(TEOM) PM,, samplers.

4.4.2 Comparison of TEOM and high-volume (HV) PM o samplers
There were 208 and 98 pairs of mass concentratitmmrdeasured by HV and TEOM
samplers at KS1 and KS2, respectively (Table ARKS1, maximum values of mass
concentrations were 537 pg/emd 505 pg/rhfor the HV and TEOM samplers, respectively;
minimum values were less than 10 pg/end corresponding mean values were 76 + 7 fig/im

and 86 + 7 pg/fh At KS2, corresponding maximum values of conceiuma were 611 pg/i
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and 713 pg/fh minimum values were also less than 10 fgand average values were 47 + 9
pg/ntand 55 + 10 ug/ifor HV and TEOM samplers, respectively.

Pearson correlations of 0.96 and 0.90 in t-tesggotd samples indicate that
concentrations measured by HV and TEOM samplefSatand KS2 were highly correlated.
Slopes of the linear regression (Fig. 4.3a and)4x@pe 1.07 and 1.04 with’Ralues of 0.95 and
0.85 for KS1 and KS2, respectively. Comparing K8d KS2, the p-value was 0.6 indicating
that there was no significant difference in therelations of mass concentration measured by
TEOM and HV samplers between KS1 and KS2. Accolfglirgcombined regression line (Fig.
4.3c) was obtained with a slope of 1.06 afd/&ue of 0.93 suggesting that the TEOM tended to
oversample when compared with the HV sampler. Faalpe obtained by t-test of paired two
samples for means was less than 0.05, indicatedghlere was significant difference between
mean concentrations measured by HV and TEOM sampler

Table 4.2Comparison of different P\ samplers.

Min Max Mean ( +SE") ) ; ., Paired t-test
Sampler n R b SE,
ug/m*  pg/m’ pg/m’ P-value
HV-KS1 4 537 76(x7)
208 0.95 1.07 0.02 P<0.05
TEOM-KS1 5 505 86(27)
HV-KS2 3 611 47(9)
98 0.85 1.04 0.04 P<0.05
TEOM-KS2 5 713 55(x£10)
HV-KS1 2 832 96(+9)
190 0.88 053 0.01 P<0.05
LV-KS1 0 393 64(+5)
HV-KS2 3 611 68(+13)
63 0.88 0.59 0.03 P<0.05
LV-KS2 3 313 52(+7)

" SE is the standard error of the mean

*pis the slope, SHs the standard error of b.
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Figure 4.3Comparison of Tapered Element Oscillating Microba&(TEOM) and high-volume (HV)
PM;, samplers for two feedlots: (a) KS1, (b) KS2, atidcombination of KS1 and KS2.

Since the samplers in this study were placed atdifferent sampling locations and
sampling was conducted in different seasons, bettéerstanding of the performance of these
samplers could be made by analyzing the data impgraccording to location (i.e., north vs.
south) and sampling time (i.e., winter vs. summ&s)shown in Table 4.3, for the comparison of
TEOM and HV samplers at the south sampling locatmiKS1 and KS2, slopes were 1.12 and
1.35 with R values of 0.96 and 0.98, respectively. For thetnsampling locations of KS1 and
KS2, slopes were 1.04 and 0.99, respectively withdRues of 0.95 and 0.83. These results

suggest that TEOM samplers had a greater tendermyersample at the south sampling
location than at the north sampling location.
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Table 4.3Comparison of different P\ samplers for different locations.

TEOM vs. HV LV vs. HV
n R b’ SE, n R b’ SE,
N 102 0.95 1.04 0.02 58 0.96 0.50 0.01
st S 106 0.96 1.12 0.02 58 0.93 0.61 0.02
N 44 0.83 0.99 0.07 31 0.91 0.53 0.03
(s S 54 0.98 1.35 0.03 32 0.95 0.85 0.04

"bis the slope, SHs the standard error of b.

To determine the effect of seasamss concentration data during winter (December to
February) and summer (June to August) were extidoteanalysis. Because of limited amount
of data, the data from KS1 and KS2 were combinedilre comparison of TEOM and HV
samplers, the slope 0.94 with afh\Rlue of 0.96 in winter. In summer, the slope WaK. with
an R value 0f0.93 (Table 4.4). This shows that TEOMsliy tended to oversample in summer
and undersample in winter compared with the HV damp

Table 4.4Comparison of different PN samplers for different seasons.

n R? b’ SE,’
Summer 117 0.93 1.01 0.03
TEOM vs. HV
Winter 70 0.96 0.94 0.02
Summer 34 0.94 0.49 0.02
LV vs. HV
Winter 49 0.77 0.90 0.07

"his the slope, SHs the standard error of b.

Effects of meteorological conditions were examibetiveen pairs of measurements at
KS1. KS2 was not considered because of limitedavia weather data taken directly from KS2.
During the intensive sampling periods, ambienttnegghumidity (RH) ranged from 20% to 95%
with a mean value of 58.5%; air temperature rarfged -5.9°C to 41.8°C with a mean value of
20.1°C; and wind speed ranged from 0 m/s to 9.0 m/4) winean value of 3.4 m/s. Figure 4.4
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shows that differences of mass concentration vamy slightly with RH, wind speed, and
ambient temperature, with Pearson correlation aoefits of -0.09, 0.20 and 0.09 respectively.
There was a slight decrease of concentration éffiee with RH and an increasing trend of
concentration with ambient temperature, as welliasl speed, as shown in Figure 4.4.
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Figure 4.4 Effects of weather conditions on the differenc@apered Element Oscillating Microbalance
(TEOM) and high-volume (HV) PM mass concentrations: (a) ambient relative humigriy), (b) wind
speed, and (c) ambient temperature.
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The above results indicate that, in general, thO MB°M,;, samplers measured higher
concentration by approximately 6% than the FRM HW;Psampler. Under similar conditions,
such relationship can be used to correct for sanhpds. Sampler performance is affected by
many factors, including sampler characteristicg.(sampler inlet design, operating principles),
particle characteristics (e.g., shape, size digiob, chemical composition), and weather
conditions (e.g., wind speed, temperature). Sperfasons to explain differences in measured
concentrations between the TEOM and HV samplersgliffteult to ascertain from this study.
Previous researchers have observed both undersepnaoid oversampling by the TEOM
compared with the gravimetric method. For examykga et al. (2003) measured ambient;PM
concentrations from five sites in Mexico City arfiserved that the TEOM measured larger
PM; concentrations than the gravimetric method. Thaipbated the larger TEOM PN
concentration to re-entrainment of larger parti¢tem the unclean TEOM PMsampler inlet.

In this study, routine cleaning of the TEOM RNhlet was conducted during the sampling
period; thus, the possibility of re-entrainment weduced. Other researchers (e.g., Bulpitt and
Price, 2006) have observed undersampling of theMB@d attributed it to the loss of semi-
volatile organic compounds and particle-bound wdteing sampling.

Chow et al. (2006) noted that particulate monitage higher comparability when
particles are chemically stable, small in size, @hén the particles having diameters similar to
the sampling inlet cut point are not dominant. @tlesearchers (Wang, et al., 2005; Wanjura,
2005; Buser et al., 2007) also reported that chemgparticle size distribution and concentration
of PMyo resulted in various oversampling and undersamg@ingrs. In this study, the particle
size distribution at the downwind sampling locatieas measured with two cascade impactors;
the mean mass median diameter (MMD) was 12 pm,hwlias larger than the 10-pum cut point
of the size-selective inlet. The larger MMD miglatvie caused the TEOM Rbsampler to
measure higher values (Buser, et al., 2007) thaiih sampler. Note that collection efficiency
of the PM samplers may be affected by the inlet cut poidt\aiocity of impaction
(McFarland, et al., 1984; Shaw et al., 1983). OUghaessy et al. (2007) suggested that particle
shape, density, and other physical factors haveatey effect on sampler bias than

environmental factors.
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4.4.3 Comparison of low-volume (LV) and high-volume (HV) PM o samplers

As shown in Table 4.2, there were 190 and 63 mdinsass concentrations measured by
HV and LV samplers at KS1 and KS2, respectively. K81, maximum mass concentrations
measured by HV and LV were 832 pdiand 393 pg/f) minimum values were less than 10
Hg/nt; and average values were 96 + 9 putamd 64 + 5 pg/rh respectively. For KS2,
maximum values were 612 pgfand 313 pg/rf minimum values were less than 10 p/and
average values were 68 + 13 pgand 52 + 7 pg/t

Concentrations measured by LV and HV samplers Wwigidy correlated with Pearson
correlations of 0.91 and 0.92 in the paired t-tesKS1 and KS2, respectively. Correlation was
improved for sampling durations of 12 h or longek&1, which had a Pearson correlation of
0.97. Longer sampling duration seemed to improvestation of the LV with the HV sampler.
This was one reason why the sampling duration na®ased from 2 hto 6 h to at least 12 h
since August 2007. Figure 4.5 summarizes the oglakiip between the LV and HV samplers. A
significant difference was observed with p-valuessithan 0.05 and low slopes of about 0.5 in
the regression lines. Analysis also indicated tihate was no significant difference in the
correlation of mass concentration measured by L&/ samplers between KS1 and KS2 (P >
0.05). Combined data measured by LV and HV sampleksS1 and KS2 had a linear function
with slope of 0.53 and Ralue of 0.93 (Fig. 4.5¢). Unlike the TEOM, whiseemed to have the
tendency to oversample compared with the HV samitlerLV samplers tended to significantly
undersample compared with the HV samplers.

The effects of sampling location and season omp#m®mrmance of the LV and HV
samplers are summarized in Tables 4.3 and 4.4ectgply. Regardless of sampling location
and season, the LV samplers tended to undersampipared with the HV samplers. The
difference in performance between the LV and HV glans were affected by sampling location
and season. For example, the degree of undersapgilthe LV sampler compared with the HV
sampler was greater in summer than in winter asateld by the smaller regression coefficient
in summer than in winter (0.49 vs. 0.90). Also, tlegree of undersampling was greater for the
north sampling location than for the south samploggtion. Similar to the TEOM-HV sampler
comparison, the difference in concentration betwberLV and HV samplers were only slightly

affected by weather conditions, including RH, wspked, and temperature.

83



In general, the LV P sampler showed much smaller concentration (by tadboib)
compared with the HV PN sampler. Under similar conditions, such relatignsiould be used
to account for sampler bias. Similar to the congmaribetween the TEOM and HV samplers, it is
likely that the results were due to the interacbetween inherent sampler characteristics and
particle size distribution (Wang et al, 2005; Bustal., 2007). It should be noted that the LV
samplers were likely more prone to experimentairsrthan the HV samplers because of the
small amounts of PM that were collected on the filters as a resulowfer sampling flow rate
(5 L/min). While there appears to have no guidaliae the lower concentration limit for R
there is a guideline for PM (U.S.EPA. 1998). Based on the guideline, the eggchamount of
dust that must be collected on the filters is al#@jtg. In this study, approximately 86% out of
154 data points for the LV samplers collected anrtarth (downwind) location and 74% out of
152 data points collected on the south (upwinddtioon had mass values48 ug.

It should also be noted that the HV RMampler was used as the reference, primarily
because it was a FRM sampler. The HVeMampler has sampler bias in itself, as documented
by several researchers (e.g., Buser et al., 2@@riicularly if the particles being sampled are
large. Clearly, there is a need to further evaltiseperformance of the samplers considered in

this study as affected by particle characteristiod operating conditions.
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Figure 4.5Comparison of high-volume (HV) and low-volume (LFM,, samplers: (a) for feedlot KS1,
(b) for feedlot KS2, and (c) combination of KS1 &fd2 with sampling duratior 12 h.

4.5 Conclusions

This research compared three types ofii>dmplers. The following conclusions were

drawn:

Collocated PMp samplers showed similar trends but significarfed#nces in

concentrations.

The TEOM PMp sampler (a federal equivalent method sampler)gnadt correlation

with the federal reference method high-volume;P8&mpler. In general, the TEOM

tended to oversample RM(by approximately 6%) compared with the high-voeum

sampler.
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* The low-volume PM, sampler tended to undersample (by about 47%) caadpeith
the high-volume sampler.

» Differences in PMpconcentration among samplers slightly decreasdd awit
increase in relative humidity and decreased witinarease in wind speed and

ambient temperature
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CHAPTER 5 - Laboratory Evaluation of Dust Control Effectiveness

of Pen Surface Treatments for Cattle Feedlots

5.1 Abstract

Emission of particulate matter (PM) is one of th&eon air-quality concerns for large
beef cattle feedlots. Effective treatments on theompacted soil and manure mixture of the pen
surface may help in reducing PM emission from #exlfots. A laboratory apparatus was
developed for measuring dust emission potentiahtife feedlot surfaces as affected by surface
treatments. The apparatus was equipped with a atetdipen surface, four mock cattle hooves,
and samplers for PM with equivalent aerodynamiongir of 10 um or less (PM. The
simulated pen surface had a layer of dry, loosélé¢enanure with a compacted soil layer
underneath. Mock hooves were moved horizontallthermanure layer to simulate the
horizontal action of cattle hooves on the pen sfaligh-volume P, samplers were used to
collect emitted dust. Effects of hoof speed, deyfthenetration, and surface treatments with
independent candidate materials (i.e., sawdustatdteaw, hay, rubber mulch, and surface
water application) on PN emission potential of the manure layer were ingastd. Results
showed that P emission potential increased with increasing depimenetration and hoof
speed. Of the surface treatments evaluated, afiplicaf water (6.4 mm) and hay (723 gjm
exhibited the greatest percentage reduction ingRdhission potential (69% and 77%,
respectively) compared with the untreated manurerld his study indicated application of hay
or other mulch materials on the pen surface mighgdind alternative methods to control dust

emission from cattle feedlots.

5.2 Introduction
Emission of particulate matter (PM) is one of th@aon environmental challenges for
large open cattle feedlots. The pen surface isjarrsaurce of PM emission from cattle feedlots;
other sources include unpaved roads and feed miogegreas (Auvermann et al., 2006; Razote
et al., 2007). Factors that influence PM emissfom® pen surfaces include pen surface

characteristics [i.e., water content (WC); presarfdeose, uncompacted manure layer], degree
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of cattle activity, pen cleaning and other actestin the feedlot such as pen cleaning, and
weather conditions. Of the above factors, the W@efpen surface is probably one of the most
important (Miller and Woodbury, 2003). Field stusligave shown that dust concentrations
downwind of feedlots decreased with increasingsieface WC (Razote et al., 2007; Sweeten et
al., 1988). According to Sweeten et al. (1988),We of the pen surface should be in the range
of 26% to 31% and 35% to 41% for loose surface meaand less than 25-mm deep manure,
respectively, for controlling the dust to limits B0 and 260 ug/frfor total suspended
particulates (TSP). These TSP limits were basetth@mational ambient air quality standards
(NAAQS) during the 1980s. Other researchers has@ siggested that the pen surface WC
should be maintained at 25% to 35 % on the basislof and dust control as well as economy of
treatment (Auvermann et al., 2006; DPI&F, 2003hrRdaboratory experiments, Miller and
Woodbury (2003) also concluded that pen surfacea@organic matter content are key factors
that contribute to dust emission from pen surfaces.

The following methods for controlling PM emissidnem cattle feedlots have been
investigated or recommended: pen surface sprinkirequent pen scraping, stocking density
manipulation, and topical application of crop resd (Bonifacio et al., 2011; Razote et al.,
2006; Auvermann, 2003; Romanillos, 2000; Sweetéi@91Carroll et al., 1974). Pen surface
sprinkling is one of the most common ways of cdlhitrg dust. Previous research (e.g., Carroll
et al., 1974; Bonifacio et al., 2011) reported mB&h, control efficiencies ranging from 32% to
80% for sprinkler systems for cattle feedlot. Hoeesprinkler system is costly in installation
and operation, and both of water and energy ressuitalso requires frequent application of
water, while water limits exist in many regions (hier et al., 2008; Pimentel et al., 1997).
Frequent pen scraping can be used to remove tke loanure that contributes to dust emission
(Auvermann et al., 2006; Davis et al., 2004). Stogklensity (i.e., number of animals per unit
of pen area) may be adjusted to compensate fagases in net evaporative demand, shifting the
moisture balance in favor of PM control. Effectiess of increased stocking density, however, is
likely to decrease as daily net evaporation ina@sas$ may also induce behavioral problems and
reduce overall feed-to-gain performance (Rahmaah. €2008; Auvermann et al., 2006;
Mitloehner, 2000). Another potential method forueithg emission is topical application of crop
residues and other materials on the pen surfaeehance its moisture holding capacity and

reduce evaporative loss; the presence of cropuesithay also lower the effect of hoof’s
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shearing action by serving as cushion (Auvermarat. e2006; Razote et al., 2006; Davis et al.,
2004).

Research is needed to evaluate the effectivenesgfaice treatments and other methods
in controlling PM emission rate. Auvermann (2008y &kazote et al. (2006) have developed
experimental chambers for measuring PM emissioerpial of pen surfaces. The chambers
were based on the vertical action of cattle hoarethe pen surface. Results indicated that the
impact energy of cattle hooves affected the,fP&mission potential more than the depth of the
manure layer (Razote et al., 2006). However, thdevad hoof action on the pen surface has
both vertical and horizontal components. Futurestigation is need for the emissions
associated with the horizontal component of hotibawmn the pen surface (Razote et al., 2006;
Auvermann, 2003).

As an extension of the work by Razote et al. (20@@)ch was based on the vertical
action of cattle hooves on the pen surface, tlisarch considered the horizontal shearing action
of cattle hooves on the pen surface. The object¥disis study were to (1) develop a repeatable
laboratory method, based on the horizontal compooigmoof action on a pen surface, for
measuring the PM emission potential of pen surfaces; and (2) comfize relative

effectiveness of surface treatments in reducinggvhission potential.

5.3 Materials and Methods

5.3.1 Test chamber

The laboratory apparatus was developed based ometight-drop test chamber that was
developed by Razote et al. (2006). Figure 5.1 sheachematic diagram of the apparatus. It had
a 3.7-m-long bench-top enclosure with a 0.61 m64 @ cross section, mounted over a
simulated feedlot pen surface, four mock cattlevespand samplers for R The simulated
feedlot pen surface had a layer of loose, dry mafb1l m x 0.41 m x 0.1 m) with a compacted
base soil (0.51 m x 0.81 m x 0.91 m) underneatb.fdlr mock hooves (dried cattle hooves)
had an average height, length and width of 9.34céh, 9.9 + 0.2 cm, and 8.9 £ 0.1 cm,
respectively (Fig. 5.2c). They were moved horiztiptaver a distance of 0.24 m on the manure
layer through a compressed air hydraulic cylintiat tvas mounted on the apparatus. By

changing valve settings in the cylinder (Fig. 5tBg speed of the hooves was controlled. The
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force exerted by the hooves on the manure layemwessured using a pre-calibrated load cell

that was connected to the back of the hydraulimdgr (Fig. 5.2a).

The chamber was equipped with five high-volume;i¥dmplers (Model 1200, Thermo
Electron, Atlanta, GA). One P)sampler was placed at the inlet side of the changbaccount
for the background Pl concentration; four PA samplers were connected to the outlet end of
the chamber to collect the Rpthat were emitted as the hooves moved througkithelated

pen surface (Fig. 5.1).

The manure sample used in the test chamber was takma a feedlot and was dried and
sieved to remove the large clods. Standard labgratwalysis of this sample at the Kansas State
University Soil Testing Laboratory indicated anamg matter content of approximately 8%,
based on the total carbon content, and sandasitclay contents of 66%, 12%, and 22%,
respectively.
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Figure 5.2Hoof action system(a) schematic diagram (not drawn to scale), (bY@draph of the hoof

action system, and (c) photograph of a hoof showirerage dimensions.

5.3.2 Experiments

This study first investigated effects of hoof sp@ed depth of penetration on the M
emission potential of the simulated pen surfacee& tevels of hoof speed [i.e., high (0.57 £
0.01 m/s), medium (0.29 = 0.01 m/s), and low (&Zb01 m/s)] and three levels of depth of
penetration (i.e., 1.3, 2.5, and 5.1 cm) were aw®rsd (Table 5.1). Each treatment combination
of hoof speed and depth of penetration had thiglecates. The WC of the manure layer and
those of the materials applied on the simulatedspeface were determined by using the ASTM
D 2216-98 oven-drying method (ASTM, 2002). The m@&D of the loose manure layer, as
measured by the oven-drying method, was 8.1 % a&sk{w.b.), ranging from 7.3% to 9.4%

w.b. (Table 5.1). From these tests, the combinaifdmof speed and depth of penetration that
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resulted in the highest Plylemission potential was identified and used instheond set of

experiments.

Table 5.1Experimental parameters.

Depth of _ _ Water Content
_ Speed Amount of Material Applied
Test Factors Investigated " Hoof _ of the Manure
Setting ~on the Simulated Pen Surface
Penetration Layer
(cm) (% wet basis)
Low 1.3,25,51 0 8.1
Speed and _
~ Medium 1.3,25,5.1 0 8.1
Depth of penetration .
High 1.3,25,5.1 0 8.1
Surface treatmenits
Wheat straw High 51 0, 241, 482, 723 @/m 7.6
) Sawdust High 51 0, 241, 482, 723 §/m 7.3
Hay High 5.1 0, 241, 482, 723 fm 7.5
Rubber mulch High 5.1 0, 1415, 2834, 4253, 9217g/m 9.6
Water High 51 3.2,6.4 mm 9.5

f Speed settings: high — 0.57(x 0.01) m/s, mediWr29(+ 0.01) m/s, and low — 0.25(+ 0.01) m/s.

*For wheat straw and hay, the average lengths w&8€50 to 300) mm and 210 (50 to 310) mm, the aeera
widths were 3.7 (1.4 to 9.3) mm and 1.7 (0.7 tg Btn, and the average thicknesses were 0.7 (A.®janm and
0.4 (0.2 to 0.8) mm; Sawdust had a geometric mameter (GMD) of 3.2 mm and geometric standard atex
(GSD) of 1.4; rubber mulch had a GMD of 8.7 mm &%D of 1.8.

In the second set of experiments, the effectivenésarface treatments with independent
candidate materials in controlling RMemission potential was evaluated (Table 5.1; 5i8)).
Mulches are well known as protective cover to retabisture and reduce erosion. Organic
residues, including unprocessed wheat straw, saywaug unprocessed hay were applied on the
pen surface in this study since they can act asrgosting system (Chalker-Scott, 2008)
together with soil/manure; the rubber mulch (maflleeoycled tires) was also used in this study
because it is permanent, stable, and safe (Ch8lkett; 2010). The minimum amounts of
mulches applied in this study were pre-determiecbtighly cover the surface of the manure

layer. The amounts were then increased to fullyective surface of manure layer. The amounts
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of wheat straw (WC=7.6% w.b.; bulk density=9.3 ki)nsawdust (WC=6.8% w.b.; bulk
density=77 kg/m), and hay (WC=8.3% w.b.; bulk density=6.6 kdymvere 241, 482, and 723
g/, respectively. Corresponding thicknesses werecepately 3, 5, and 7 cm for wheat
straw, 0.5, 0.7, and 1 cm for sawdust and 4, 7,1&ncim for hay. For the rubber mulch (bulk
density=350 kg/rf), which was much heavier compared to the otheerias$, amounts were
1,415, 2,834, 4,253, and 9,217 g/amd corresponding thicknesses were approximat|yl08,

2, and 3 cm. These materials were uniformly plamethe surface of the manure layer. In this
study, water application treatment was also evatland compared with the performance of the
mulches. Predetermined amounts of water (aboutr@88@nd 720 mL) were applied uniformly
on the manure layer with a manual sprayer. Theadettirface was allowed to stand for 30 min
after sprinkling to allow the applied water to guatly infiltrate into the manure layer at 3.2 and
6.4 mm, similar to typical water application ratesommercial feedlots.

An untreated dry manure sample (i.e., with no cdaigi abatement materials applied on
the surface) served as the control. All tests tisedhigh-speed setting and 5.1-cm-depth of hoof
penetration into the manure layer, since this cowion resulted in the highest RiMdemission
potential from the first set of experiments. EasHace treatment consisted of three replications.
After each test, the manure layer and materialiegn the surface were removed and replaced

with new samples.
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Figure 5.3 Surface treatment with (a) wheat straw, (b) sawydashay, (d) rubber mulch, and (e) water

application.
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5.3.3 Particulate sampling
Each PM, sampler was operated at a sampling flow ratei8 &/min. The combined
flow rates of the four samplers generated airflohiw the chamber that was equivalent to
approximately 0.22 m/s average wind speed, as meady an omnidirectional probe (model
8475, TSI, Inc., Shoreview, MI) (Razote et al., @00 he samplers were operated for 11 min,

after which, the filters were immediately removed gplaced in the conditioning chamber.

Filters in the PMp samplers were 20 cm x 25 cm, type A/E, glass-il§&elman
Sciences, Ann Arbor, MI). They were conditionediinonditioning chamber (Z&, 40%
relative humidity) for 24 h before weighing (fortbgre-sampling and post-sampling weights)
to minimize the humidity effect on filter weightBhe PM emission potential (in mg) was
determined as the mass difference between thg Edected on the four downstream samplers
and that collected on the upstream sampler. The @otemperature and atmospheric pressure
were measured during all the tests. The temperaamged from 20°C to 27°C with an average

of 24°C; the pressure ranged from 0.95 atm to lvatiman average of 0.97 atm.

For tests involving hay (which proved to have tighkst reduction in emission
potential), an Aerodynamic Patrticle Sizer (APS) @memeter (model 3021, TSI, Inc., St. Paul,
MN) with a diluter (model 3302A, TSI, Inc., St. RaMIN) was used to measure patrticle size
distribution at the center of the chamber. The AfR&sures particle size distribution from 0.5 to
20 um by determining the time-of-flight of individuparticles in an accelerating flow field
(Volckens and Peters, 2005). The APS was operateiihciously during each test at a sampling

flow rate of 5 L/min and averaging time of 20 s.

5.3.4 Force measurement
A pre-calibrated load cell as shown in Figure 32& used to measure the force of
hooves exerted on the manure layer. The total f@ffgeexerted on the simulated pen surface
was recorded for each replicate. To determinertiek resistance, the forcegjRvithout any
manure layer was measured prior to start of eathTae force (F) that the hooves exerted on

the manure layer was considered as the differeatveden fFand k (i.e., F=R-Fo).
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5.3.5 Data analysis

PM;o emission potential (in mg) for each replicate watermined as the mass difference
between PN}, collected on the four downstream high-volume;P8&mplers and that collected
on the upstream P)dlsampler. For particle size distribution, geometnean diameter (GMD)
and geometric standard deviation (GSD), as wethasnass concentration for different size
ranges, were determined from the APS data. Densjparticles used for the APS was 1.8 gicm
based on measurements with a multipycnometer (Qalardme Instruments, Boynton Beach,
FL). Analysis of Variance (ANOVA), the General LereModel procedure, and Tukey multiple
comparisons test in SAS (SAS v9.1, Cary, NC) weedun analyzing PAM emission potential,
GMD, and GSD at the 5% level of significance (SA$90).

5.4 Results

5.4.1 Effects of speed and depth of penetration

For each speed setting, in general, the emissitenpal increased significantly (P<0.05)
with increasing depth of penetration (Table 5.2gept for the low speed setting in which the
2.5-cm and 5.1-cm depth were not significantlyetiint (P>0.05). These results suggest that the
depth of penetration of the hooves, greatly afiéthe PM, emission potential associated with
the horizontal component of hoof action on the periace. As the depth of hoof penetration on
the loose manure surface increased, there is agase in the amount of soil/manure in contact
with the moving hoof resulting in more soil/mananeved and more particles suspended in the
air.

For each depth of penetration, the emission patiegéinerally increased with increasing
hoof speed (Table 5.2). The faster the hoof spedhigher the energy exerted by the hoof on
the soil/manure layer causing particles to be drsgd at greater distances. This greater
movement of the soil/manure layer caused largdrghes to be displaced and smaller particles
suspended in the air. The highestgEmission potential (48.7 mg) was observed at ifjie h
speed setting and deepest penetration (5.1 cre)iids about 14 times the smallest emission
potential (3.4 mg), which was observed for the ¢agelving the low speed setting and

shallowest depth of penetration (1.3 cm).
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Table 5.2Effects of hoof speed and depth of penetratiom tiné manure layer on Plemission

potential of the simulated pen surfdce

) PM, Emission Potential (mg) *
Depth of Hoof Penetration

High Speed (m/s)  Medium Speed (m/s)  Low Speed (m/
into the Manure Layer (cm) 'gh Speed (m/s) edium Speed (m/s) ow Speed (m/s)

Mean SE Mean SE Mean SE
1.3 11.28 Aa 1.08 6.44 Ba 0.98 3.36 Ca 0.47
2.5 26.87 Ab 3.38 9.96 Bb 0.50 8.82 Ch 0.77
5.1 48.68 Ac 3.85 26.31 Bc 2.55 8.61 Cb 1.02

"Each data point is the average of three replicates.

*For the same hoof speed, mean values with the kamee case letters are not significantly differahthe 5%
level; for the same depth of hoof penetration thesmanure layer, mean values with the same ugser letters are

not significantly different at the 5% level.

* SE represents standard error.
*Amount of PM,psuspended in the air with one stroke of hoof mowdroe a pen surface of 0.51 m x 0.41 m x 0.1
m.

Forces exerted on the manure layer by the hooves affected by the depth of

penetration and hoof speed as shown in Figurel'hd depth of hoof penetration had greater
effects on the force, since there were significhfierences in forces at all levels of depth. The
force increased with increasing depth of penetnat®ignificant differences in force were
observed between low speed and medium speed aasvalh speed (P<0.05), while there was
no significant difference in force between the mediand high speed setting (P>0.05). The
power exerted by the hooves on the manure layeduat of force and speed, was also positively

correlated with the PM emission potential with #of 0.90 as shown in Figure 5.5.
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Figure 5.4Mean force of hooves on the simulated pen sudacgfected by hoof speed and depth of

penetration. Each data point is the average oétteplicates; error bars represent standard error.
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Figure 5.5Mean PM, emission potential of the simulated pen surfacaffested by hoof power.

Results obtained above indicate that;ebmission potential could be closely related
with cattle live weight and degree of activity. Egetic actions of cattle on the loose manure
layer may cause high Plemission. With the same speed of movement onselowmnure
layer, heavier cattle may cause higher;P&mission compared with light-weight cattle.
Consequently, the type and age of cattle may bsidered in dust control strategies, and control

methods may focus on (1) frequent scraping of g#requrface to reduce the depth of loose

102



manure layer in contact with cattle hooves andZdréducing cattle activity, especially during

late afternoon hours when cattle tends to be mcireea

5.4.2 Surface treatments

Compared with the control (i.e., untreated manaye), application of wheat straw,
sawdust, and hay significantly reduced the;P&nission potential of the manure layer (Table
5.3), except for wheat straw and sawdust when eghii the smallest amount (i.e., 241 9/m
Also, the PM, emission potential decreased with increasing amafumaterial applied on the
manure layer, except for sawdust which had lowegavhission potential (25.6 mg) when
applied at 723 g/frcompared with that (30.5 mg) applied at 482%mgeneral, application of
hay on the manure layer resulted in the smallesfyRRiission potential, although it was not
significantly different from that of sawdust at t241 and 482 g/fevels. Also, there was no
significant difference between straw and sawdus0(@5) in the P\, emission potential of the
manure layer. Of all cases, application of hayatttighest amount (i.e., 723 djmesulted in
the smallest PM emission potential of the manure layer — this ctida was equivalent to a

mean percentage reduction in RMmission potential of 77%.

Table 5.3Effect of surface treatments (wheat straw, sawdhast) on PM, emission potential of the

simulated pen surfaté.

Amount Wheat straw Sawdust Hay
(g/m?) Mean SE Mean SE Mean SE
0 433 Aa 6.0 43.3Aa 6.0 48.7Aa 3.8
241 39.4Aab 1.1 37.3 AB ab 9.8 255Bb 0.1
482 30.7 Abc 3.1 25.6 AB b 14 18.3 B bc 2.1
723 236 AcC 1.8 30.5AD 2.2 11.1Bc 0.2

"Emission tests were done with hoof speed at higdl lend depth of penetration of 5.1cm. Each datat p®the

average of three replicates.

*For the same amount of material applied on theasarfmean values with the same upper case leteroa
significantly different at the 5% level; for thensa type of material applied on the surface, meduegawith the

same lower case letters are not significantly déffi¢ at the 5% level.
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For tests involving application of rubber mulchtbe simulated surface, results showed
no significant reduction in PM emission potential of the surface (Table 5.4)sThight be due
to the size and weight of the rubber mulch; asith@ves moved, the rubber mulch was displaced
along with the manure layer and did not provideetiactive barrier in capturing the emitted
dust. The extra movement of the materials mighehlmused additional dust to be generated
resulting in higher emission compared with the oantn addition, the manure layer used for the
tests involving the rubber mulch was taken fromatch of soil/manure sample different from the
one used in other tests. Compared to the untreateontrol for the other surface treatments, the
untreated soil/manure layer (i.e., control) for thBber mulch tests had relatively low B\
emission potential (17.5 mg), which could have affected the effectiveness of rubber mulch.
Consequently, another set of tests for hay wasuwzied with the soil/manure sample the same
as that used for rubber mulch. The reductions ind&vhission potential at 241 gfn#82 g/nf,
and 723 g/rhlevels were 55%, 56%, and 64%, respectively. Thakees were close to those
from the first set of tests involving hay.

As expected, application of water decreased thesam potential of the soil/manure
layer (Table 5.4). Also, the higher the amount afev applied, the greater was the reduction in
PMjo emission potential. Application of 6.4 mm of watesulted in a mean percentage reduction

in PMyo emission potential of 69%.
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Table 5.4Effectsof application of rubber mulch and water on 8Emission potential of the
simulated pen surface®.

Treatment Amount applied on the PM o Emission Potential (mg) *

surface Mean SE

0 g/nf 175a 1.2

1415 g/M 16.3 a 2.7

Rubber mulch 2834 g/m 18.5a 2.2
4253 g/M 155a 1.3

9217 g/m 135a 0.9

0 mm 37.7b 2.3

Water 3.2mm 220c 2.1

6.4 mm 11.7d 2.2

" Emission tests were done with hoof speed at higl lend depth of penetration of 5.1cm. Each daiat ithe

average of three replicates.

*For each treatment, column means with the same katé not significantly different at the 5% sigrait level.

*Amount of PM,o suspended in the air with one stroke of hoof mamnon a pen surface of 0.51 m x 0.41 m x 0.1
m.

Maximum reductions in PM emission potential using wheat straw, sawdust veater
were 46% (with amount applied of 723 gjm41% (with amount applied of 482 dfnand 69%
(with 6.4 mm penetration into the manure layergpestively. The maximum reduction in M
emission potential with application of rubber mulgas only 23% (with amount applied of 9217
g/m?). Generally, from among the candidate abatemetenass tested, hay reduced RM
emission potential better than all other matewlall application rates. Reduction in M
emission potential with application of hay (48%/#6) was comparable to that of water
sprinkling (42% and 69% for 3.2 mm and 6.4 mm ofewvapplied, respectively).

Hay had greater effectiveness in reducingfP@&mission compared with other materials
in this study, because hay had long fibers thaewgerlocked to each other forming a
continuous blanket on top of the manure layer. Wthermock hooves moved horizontally
through the layer, they displaced the manure lay#reir paths forming valley ridges on both
sides and in front of the hooves. Even after thevbe have moved through the hay and manure

layer, the fibers were held together and still cedehe surface of the manure layer including the
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ridges, capturing most of the dust generated. Alghowvheat straw had long fiber, the fibers
were thicker than those of hay and did not intéeldtherefore, for the same amount applied on
the surface, wheat straw had relatively less flattel had less surface area than hay, resulting in
less effective capture of particlékawdust and rubber did not provide effective besrie capture dust
particles. Although, at the highest applicatiore ridtey both totally covered the surface, they vibertd
loose and easily displaced and mixed with the lanarure layer by the moving hooves, lowering their
effectiveness in reducing Ryemission potential. In addition, the extra movetwdrihe heavier rubber
when displaced by the hooves may cause regeneHtoiurst.

The GMD varied with time for the surface treatmiewblving hay at 723 g/fand
untreated surface (Fig. 5.6). Note that it tookrfr@.5 to 1.0 s to move the hooves a distance of
0.24 m over the manure layer. After the hooves wareed, the GMD increased rapidly within

the first 3 min and then gradually decreased to baekground level as shown in Figure 5.6.

—a— Surface with hay at 723 g/m2
—o— Untreated surface

GMD (m)

Figure 5.6 Plot of geometric mean diameter (GMD) of partitesaas measured by the Aerodynamic
Particle Sizer Spectrometer for the surface treaitihay at 723 g/fand the untreated surface; error

bars represent standard error.

The maximum GMD values and corresponding GSD vdinethe manure layer treated
with hay and control are summarized in Table 5 fmean maximum GMD for the untreated
surface (i.e., control), 8.2 um, was significaritigher (P<0.05) than those for the surfaces
treated with hay. The amount of hay applied didsignificantly influence the GMD (P>0.05).
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In addition, surface treatment with hay reducedceotrations for all particle sizes from 0.5 to
20 um as shown in Figure 5.7, which presents thesrmancentrations of particles emitted from
the simulated pen surface during the period in Wwigd1D was highest. As expected, reduction
in concentration was higher for the larger pariddecause they can be easily entrapped by the

hay fibers, while the smaller particles can go tigitothe spaces between the fibers.

Table 5.5Maximum geometric mean diameter (GMD) and corresipgngeometric standard deviation

(GSD) values, as measured by the Aerodynamic Ra8izer spectrometer, for surface treatment with
hay .

Amount GMD (um) GSD
(g/m?) Mean SE Mean SE
0 8.2a 0.25 2.1 0.00
241 6.1b 0.38 2.0 0.12
482 59b 0.19 1.9 0.19
723 6.5b 0.09 1.9 0.06

" Emission tests were done with hoof speed at higdl lend depth of penetration of 5.1cm. Each datat p@the

average of three replicates.

*Mean values with the same letter within a colunerast significantly different at the 5% level.
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Figure 5.7 Effect of application of hay on the mass conceiatnadf particles (with size distribution of
0.5 to 20 um) emitted from the simulated pen se&;fas measured by the Aerodynamic Particle Sizer

spectrometer. Each data point is the average e¢ tleaplicates; error bars represent standard error.

5.5 Discussion

Water sprinkling is the most common method of adlfitrg dust in cattle feedlots.
Ledbetter (2005) indicated that about 3.2 mm ddltoet water was applied per day at 80% of
the pen surface area in one of the feedlots in Wesas using a sprinkler system. Bonifacio et al.
(2011) evaluated the effectiveness of a sprinklstesn in a cattle feedlot in Kansas with a
maximum water application rate of 5 mm/day. Resshiswed that the control efficiency for
PMjo based on 24-h mean concentration ranged from 8280% with an overall mean of 53%;
the effect of water application (less than 5 mmgmsgr) using the sprinkler system lasted about
one day or less. In comparison, in this researetggmtage reductions in the R\mission
potential were 42% and 69% for water application3.® mm and 6.4 mm, respectively. While,
water is effective in controlling PM emission iretlots, installation and operation of a sprinkler
system or traveling water guns are expensive (Boiofet al., 2011; Harner et al., 2008;
Amosson et al., 2006, 2007) and water resourcetrbigimited (Pimentel, et al., 1997). The
estimated cost of water sprinkler systems rangaa $0.60 to $2.40 per marketed head per year
depending on feedlot turnover rate and type oh&ter system (Harner et al., 2008) without
consideration of the cost of water and energy nessuused during sprinkler operation.

Furthermore, excess water used for dust controtpsate anaerobic conditions in the manure
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pack resulting in odor problems. In addition, Madeal. (2007) indicated that cattle
acclimatization to being sprinkled can result igtsi hyperthermia even during cooler days
when sprinkling would normally not be utilized.

Thus, application of hay or other mulch materiaiglee pen surface might be good
alternative methods to control dust emission frattle feedlots. Also, surface mulches will help
retain and preserve moisture by slowing evaporgdf#i10 Inc., 2007). In a study on crop
residues, Klocke et al. (2009) observed that sertawverage and amount of dry matter of crop
residues influenced soil water evaporation andeliaporation was reduced nearly 50%
compared with bare soil. With the reduction in wateaporation, application of mulches also
has the potential to reduce the amount of suppleahesater needed for sprinkler systems for
effective dust control. Surface mulches also caneot the manure layer from rain by reducing
its impact and slowing runoff speed (PM10 Inc., 20®dowever, that effect would need to be
balanced against the more traditional managemgetible of ensuring rapid pen drainage to
reduce odors and avoid muddy, performance-sapmindittons on the surface. Consequently,
additional investigation is needed to determineféasibility of applying mulches on the pen
surface of cattle feedlots. Factors to consideraaeglability, amount and frequency of
application, and cost, among others. Auvermanth ¢2@06) indicated that because manure is
continually excreted by cattle, some kinds of matemust be applied frequently on pen
surfaces to be consistently effective in reduciydmission. Additional labor costs would be
necessary if the candidate abatement materialpisegipmanually.

PMjo emission potentials resulting from this study r@lative values that can be used to
assess effectiveness of dust-abatement measuetsskidies should be conducted to verify
results obtained from this study, evaluate easegaacticality of the method, and assess
potential synergistic effects of surface mulched water sprinkling.
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5.6 Conclusions

This study developed a simple, repeatable methoeviauating and quantifying the
relative particulate control efficiencies of poiahtibatement measures for open cattle feedlots.
Results showed that Rylemission potential increased with increasing spédduohoves and
depth of hoof penetration on the manure layer. Realso showed that topical application of
mulches or water application significantly redutieel PMo emission potential of the simulated
pen surface. Of the candidate abatement mateestisd, hay and water were the most effective
in reducing the P emission potential, with control efficiencies faay ranging from 48% for
an application rate of 241 gfrto 77% for hay for an application rate of 723 §and control
efficiencies for water of 42% (for an applicatiate of 3.2 mm of water) and 69% (for an

application rate of 6.4 mm).
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CHAPTER 6 - Numerical Simulation of Airflow and Particle

Collection by Vegetative Barriers

6.1 Abstract

Vegetative barriers have the potential to mitigzeticulate matter (PM) and gaseous
emissions from open sources, including cattle fagsgdhowever, limited data are available on
their effectiveness in capturing PM and gaseoukifawits. This study was conducted to predict
airflow and particle collection efficiency of vegéive barriers. The applicability of
computational fluid dynamics (CFD) in modeling kivf around and through porous barriers
was first evaluated by simulating airflow passingoaous fence (1.2 m high x 0.01 m thick,
50% porosity), using standard and realizabtetkrbulence models. Predicted air velocities
compared favorably with available experimental d@tee CFD model was then applied to
simulate airflow and particle collection by tre@s2(m high x 1.6 m wide) with known surface
area density as a function of height. Predictetigdarcollection efficiencies for the trees
generally agreed with available experimental dathranged from less than 1% for 0.875-um
particles to approximately 32% for 15-um particlesrther work is being conducted to

investigate the effects of the structure of vegetdbarriers on particle collection.

6.2 Introduction

Previous researches have measured high dust coatoams in the vicinity of open beef
cattle feedlots during dry weather conditions (Rezi al., 2008; Purdy et al., 2007; Sweeten et
al., 1988). Particulate matter (PM) generated foattle feedlots has potential to cause health
problems in humans and livestock (Rogge et al.62B0Qrdy et al., 2004; Sweeten et al., 2000;
Reynolds et al., 1998). Cost-effective methodsthuce PM concentrations from cattle feedlots

are needed.

Particulate control methods for cattle feedlotsegatlty fall into two major categories.
The first is reducing emission rate and includeying stocking density (Auvermann and
Romanillos, 2000a, 2000b), modifying cattle behavetative to feeding schedule (Miller and

Berry, 2005), sprinkler systems (Sweeten et aB81$weeten et al., 1998; Bonifacio et al.,
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2011), manure harvesting (Auvermann and Romani#060a), and pen surface treatments
(Razote et al., 2006). The second involves eddgeeadiot or downwind control techniques,
including shelterbelts (artificial or natural) mnove and/or disperse particles (Adrizal et al.,
2008). Dauvis et al. (2004) indicated that treesfgd along the perimeter of a feedlot will
provide shelter from the wind largely containing/ dngitive dust. Currently, no data are
available on effectiveness of shelterbelts in remgpwr dispersing PM emitted from cattle
feedlots.

Research on porous barriers (i.e., windbreakstesbelts, vegetative barriers) started in
1930s and focused on reduction of wind speed ardifivation of microclimate based on field
measurements, wind tunnel studies, or numericallsitions (Lin, 2006; Dierickx et al., 2003;
Raupach et al., 2001; Cleugh, 1998; Wang and TaRI5; Wilson, 1985). Porous barriers have
been used primarily to control snow and sand actatmn and pesticide drift. They are also
recognized to mitigate fugitive dust and odors hying them with clean air, although the

process is still not fully understood (Lin, 2006aldne, 2004).

Tortuous airflows and surface roughness are majofs for the collection of PM by
porous barriers. Tortuous airflows lead to highebtlence and increased mixing of PM, and
surface roughness increases the likelihood of@astimpacting on foliage surfaces (Tiwary et
al., 2005). Early studies have led to considerpbdgress in understanding airflow and
turbulence characteristics (Boldes et al., 200dl). imderstanding of aerodynamics of
windbreaks is not available, even for relativeiyngle artificial barriers. Natural barriers are
irregular and difficult to characterize structuyaBesides variable topographical settings, wind
speed and direction change constantly in natutahge along with conditions of atmospheric
stability (Lin, 2006; Wang and Takle, 1995). Raupatal. (2001) noted that questions related
to particle entrapment by porous barriers are hawhrof the oncoming flow passes through
porous barriers and what fraction of particleshiese flows is deposited onto porous barriers. In
addition, prominent recirculation and flow sepaatif existing behind the barriers which tend
to interface with the main flow and lead to misesgEntative particle concentration data need to
be predicted before conducting field experimentsesiparticle concentrations measured in

highly distorted wake flows may be considered irmpd¢e (Tiwary et al., 2005).

Field investigations on airflow and particle cotiea by vegetative barriers in cattle

feedlots are time consuming and expensive. Numeaicailation with computational fluid
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dynamics (CFD) can augment field investigationse Traditional Gaussian type of particulate
dispersion models are only suitable for flat sugkaand do not apply to porous barriers (Lin,
2006). Therefore, new models are needed to prekgbattern of particle-laden airflow and the
distribution of particle concentrations resultimgrh vegetative barriers or fences. CFD models

have been successfully applied in studying aeratymphenomena (Bitog et al., 2009).

Field tests and wind tunnel experiments have beeducted to investigate effects of
natural and/or artificial windbreaks (Packwood, @0®/ang and Takle, 1995; Wilson, 1985).
Considerable progress in understanding airflowtangllence characteristics has been achieved,;
however, because of external and internal strustof@egetative barriers, it is difficult to fully
understand aerodynamics of windbreaks (Lin, 20Bé%ides the influence of vegetative barriers
on airflow, vegetative barriers also affect paeiicbncentration. Some of the oncoming patrticle-
laden airflow passes over the barriers while sdmed through them in which particles are
filtered from the flow by deposition onto vegetatielements (leaves, trunks, twigs) (Petroff et
al., 2008; Raupach, et al., 2001). Determiningitable resistance model for a given geometry
of barrier, given an estimated value of volumebiacosity, is the main problem for modelers
(Packwood, 2000).

This study was conducted to determine effects gétadive barriers on airflow and
particle concentration using CFD. Specific objeesiwere to simulate the airflow through

porous fences and trees and predict particle ¢aleefficiency of trees.

6.3 Methods

In general, the CFD simulation process has thiagest pre-processing, solving, and
post-processing (Tu et al., 200). Gambit (ver. Reéhanon, NH, FLUENT, Inc.) was employed
during pre-processing to develop the geometryaf fflomain. FLUENT (ver. 6.3, FLUENT,
Inc., Lebanon, NH) was used as the main modulettopn CFD calculations. Post-processing,
which involves organization and interpretation cégicted results, involved use of Excel
(Microsoft Corporation, Redmond, WA) and Tecplogr(v360 2009, Tecplot, Inc., Bellevue,
WA).
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6.3.1 Simulation of airflow around a porous fence
Several numerical simulation studies (Rosenfell.e2010; Bourdin and Wilson, 2008;
Santiago et al., 2007; Wilson and Yee, 2003) haesl @xperimental data for a thin fence
windbreak conducted by Bradley and Mulhearn (1988 fence was a vertical slat of wood
(1.2 m x 0.08 m x 0.01 m) woven in a sheep nettingesh 0.15 mx0.15 m. To evaluate the
applicability of the turbulence model, boundary ditions, and porous barrier prediction, this
study also chose the Bradley and Mulhearn (198&) asbenchmark to study the airflow across

a porous fence.

6.3.1.1 Computational domain

A 2D computational domain (Fig. 6.1) was used far simulation and it was divided
into a number of smaller subdomains. The discrabtees of the flow properties such as air
velocity and particle concentration were determiaed described in each of these cells (Tu et
al., 2008).

Syrmetry 62H

A irfloar
otlet

Porous jump

...... ;.. Wall
L,x -21H 0 125H

Figure 6.1 Schematic diagram of the geometry and domain fooymfence and (not drawn to scale).

The grids were generated by using straight eddes ofigin of the horizontal axis (x=0)
was defined to lie at the location of the fence. éamvenience, computational domains were

X R
denoted a{ﬁ, % é , W where H and W are barrier height and width (Tablg,6
N,, N

X ra

respectively; X, is horizontal distance from the airflow inlet teetbpwind edge of the

barrier; X . ,,i1S horizontal distance from the origin to the awloutlet; Z is distance from the

down
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ground to the upper boundary of the domdrepresents the stretching ratio from the barrier to
outer boundaries, which generated non-uniform ggsailts with finer grids near the barrier
region and coarser grids further away from theieato reduce computational time and improve

the accuracy; and, and N, denote the number of cell columns and rows folbteiers

(uniform vertical and horizontal spacing), respesly.

Table 6.1Input values for the CFD models.

Parameter Symbol Value

1.2 (for fence)
2.2 (for tree)
0.01 (for fence)

Height of vegetative barrier (m) H

Width of vegetative barrier (m) W
1.6 (for tree)
Air density (kg/r) P 1.225
Air dynamic viscosity (Ns/ nf) H 1.79x10°
Air temperature K ) T 293
Atmospheric pressure (Pa) P 101325
Turbulence model constant C, 1.44
Turbulence model constant C,, 1.92
Turbulence model constant C, 0.09
Turbulent Prandtl number fd¢ o, 1.0
Turbulent Prandtl number fer o, 13
von Karman constant K 0.4187
Particle density (kg/m Jo 1050
Mean free path (um) A 0.066
Boltzmann constant (R/K) { 1.38x107
Turbulent Schmidt number S¢ 0.7
Polhausen coefficient Coo 1.32
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The computational domain was se[-e&l, 125, 62, Oq:l Lo» In accordance with

Bourdin and Wilson (2008). The statistics of thenpaitational grids are listed in Table 6.2.

Figure 6.2 shows the computational grids nearehed.

Table 6.2 Gomputational grids for the porous fence and trees.

Porous Fence Trees
Cells 2220 58000
Faces 4537 116722
Nodes 2318 58722
_ min -25.2 -66
X coordinate (m)
max 150 110
_ min 0 0
Z coordinate (m)
max 74.4 17.6
, min 6.4x10° 5.3x10°
Volume (n)
max 308 21
min 6x10° 4x10?
Face area (M)
max 25 0.2

Figure 6.2 Computational grids generated near the fence.
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6.3.1.2 Governing equations and numerical solver
The 2D Reynolds-averaged Navier-Stokes (RANS) égpsmtvere the governing
equations for the continuous flow field. Airflow wassumed steady, incompressible, and
isothermal, and the neutrally stratified turbulatrhospheric surface layer was assumed.
Equations for continuity and the momentum conséaadre as follows (Tu et al., 2008; Nunn,
1989):
[

x =0 (6.1)

Oy __oP_ 0| 0y
Y OX, 6)§+6>g LﬂaxJ 3 (6.2

where x , x; is Cartesian coordinate (m); andu, are velocity components in the stream wise
(u) and vertical directions) (m/s); o is air density (kg/ff); P is pressure (Pa)y is air
dynamic viscosity (N-s/fx andS is source tern§ was assumed to be zero everywhere except

for the porous barrier which was treated as a momnesink and discussed in Section 6.3.1.4.
Values ofp, P , andu are listed in Table 6.1.

Standard and realizable- £ models were used in this study based on previaakest
(Rosenfeld et al., 2010; Bourdin and Wilson, 2008; 2006; Tiwary et al., 2005). The transport
equations for the standakd- & model (FLUENT Inc., 2006) are as follows:

0 0 H,

—(pk + +G + E — 6.3

a)g(pu) OXH,U ja)J G+G-p (6.3)
0 0 U, g
—(peu, +=L |— + - — 6.4
o (%)= OXK’U J] } C.7(G+C.G)- Go, (6.4)

whereG, represents generation of k due to mean velocaglignts, calculated as
= 0u,
G, =-puy a (6.5)

G, is generation of k due to buoyancy, calculated as

aT
S (6.6)
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Pr, is turbulent Prandtl number for energy and eqoui&l.85; g, is component of the

gravitational vector in th&" direction; ang3, the coefficient of thermal expansion, is

defined ags = —%(g—’?j .'Y,, in Equation 6.3 represents the contribution offthetuating
P

dilatation in compressible turbulence to the ouatiglsipation rate; ¢ and G.in Equation

X‘ _in which

6.4are constants; £ in Equation 6.4 is constant calculate€€gs= tanh
u

C,. =1 for buoyant shear layers that main flow directi®aligned with the direction of
gravity andC,, =0 for buoyant shear layers that are perpendicultirdgravitational
vector; ando, andg, are turbulent Prandtl numbers for k andespectively. The

Boussinesq hypothesis is employed to relate Regraiteésses to mean velocity gradients.

The turbulent (or eddy) viscosity, , is computed by combining k anchs

H=pC, S 6.7

Model constants have the following default valu@g:=1.44, G.=1.92,C,=0.09, g, =1.0,

o, =1.3 (Table 6.1).

The realizablek — £ model (FLUENT Inc., 2006) differs from the stand&re & model
in two ways: (1) it has a new formulation for tuldnt viscosity; and (2) the transport equation
fore is based on an exact equation for the transpdheomean-square velocity fluctuation. The
expression for the normal Reynolds stress in annmeessible strained mean flow is obtained
by combining the Boussinesq relationship and tliy etscosity definition as
=2k Y (6.8)
3 pox

To ensure realizability, namely positivity of nornséresses and Schwarz inequality for shear

stresseSL(_u} < y*y?®), C, is sensitized to mean flow and turbulenke().

The pressure-based solver used the SIMPLE (Semnlieitndethod for Pressure-Linked
Equations) method to introduce pressure into caitirequation. The entire set of simulations

was run using second-order upwind scheme. For tes&duals of continuity, momentum,
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turbulence, and scalars, the absolute criteriazoafrergence was set to 0.0001 over 1000

iterations. In most cases, from 500 to 700 iterstivere needed to achieve convergence.

6.3.1.3 Boundary conditions

Boundary conditions in this study are shown in Fegb.1 (El Gharbi et al., 2009;
Bourdin and Wilson, 2008; Santiago et al., 200%)th& upper boundary, symmetry boundary
condition was imposed. Outlet airflow was considetdly developed and treated as outflow.

No slip shear condition was used on the ground witlyhness heightz, (m). z, is empirical
constant, where, /H=0.0017 (Bourdin and Wilson, 2008). The standaatl function was

applied for the near-wall treatment.
The inlet velocity profile used in the simulatiooresponded to the logarithmic profile
(Bourdin and Wilson, 2008; Santiago et al., 2007):

at
u, =—In| —
K z, (6.9)

v, =0
whereu, andv,, are inflow velocity at stream wise and verticakdtions (m/s), respectively; z
is height from the ground (m is von Karman constanty. is friction velocity far upstream
from the barrier. For the porous fenee,was set as 0.4 m/s (Bourdin and Wilson, 2008).
The magnitude of turbulent kinetic enerdy, § and dissipation4,) at the inlet can
significantly influence the CFD solution. In thesaince of measurement gf and ¢, , the

following equations (Bourdin and Wilson, 2008; Sagt et al., 2007) were used based on the
assumption of equilibrium boundary layer:

Kk, = (6.10)

(6.11)

6.3.1.4 Simulation of fence as momentum sink
Aerodynamically, porous barriers are wind momensimks (i.e., pressure loss) when the

rough surface interacts with airflow above and wiith Momentum is absorbed from the flow
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by both form and skin-friction drags on elementd ransported mainly by turbulent diffusion
to produce the leeward wind speed reduction (Bouadd Wilson, 2008; FLUENT Inc., 2006;
Lin, 2006; Tiwary et al., 2005; Wang and Takle, 89Raupach and Thom, 1981).

Porous barriers can be treated as a pressure trsaonsurface by applying porous
medium condition (porous jump for fence and porouse for tree). The porous medium may be
normally modeled with a viscous loss term (1) ameriial loss term (II), as shown in Equation
6.12 (FLUENT Inc., 2006). The model was added &standard fluid flow equation as

momentum sink.

1
S =_(§ u*r Gl ”) (6.12)
I I
wherea is permeability (rf), C, is inertial resistance ™, and S is equivalent to pressure
gradient and the pressure drop is related to thespy of the porous medium.

The porous jump condition is one-dimensional sifigation of the porous medium
model (FLUENT Inc., 2006). For turbulent flow anedeling of a perforated plate, the viscous
loss term can be ignored (Bourdin and Wilson, 2G08JENT Inc., 2006). Consequently, the
face permeability in the user inputs for the porjousp model in FLUENT was set as'{em?

C, is related to the resistance coefficient or prestass coefficientK, ) of the porous barrier
and can be expressed as Equation 6.13 (BourdiMaisdn, 2008; FLUENT Inc., 2006; Tiwary
et al., 2005; Wilson, 1985).

k
C =y (6.13)

k. is a dynamic parameter that depends not only oosfig but also on the shape of the barrier
elements, i.e., barriers of equal porosity may Hdifferent k. and different effects (Wang and
Takle, 1995). For the porous fende, was set to 4 (Bourdin and Wilson, 2008; Santicgal.e
2007; Wilson, 1985). With a thickness of 0.01 ne, inessure-jump coefficiel@,, was then set

as 400. Inputs for porous jump models in FLUENTs@ammarized in Table 6.3.
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Table 6.3User inputs for porous medium modeldShUENT.

Porous fence Tree

Model Porous jump Porous zone
e+20

Face permeability (A1 Direction-1 vector: X=0, Y=1
Inertial resistance: Direction-1 (=0
User inputs in  Porous medium thickness (m)=0.01 Cc.d
P m) Direction-2 (m")=—9—52 (using UDF)
FLUENT W
Power low model: C0=0, C1=0

Pressure-jump coefficient (=400 , , , ,
Fluid porosity: Porosity=1 (all fluid)

6.3.2 Simulation of airflow and particle transport for the trees

The airflow around and through a row of trees wasikted considering their external
and internal structures. An Eulerian-based modekaticle transport through the trees was
explored in this study, in which the number concatidns of different sized particles were
calculated using a modified User-Defined Scalai@$Yequation by implementing User-
Defined Functions (UDFs) in FLUENT. Fluid flow wésst solved without the presence of
particles, and then particle flow was calculatesidabon the solution of fluid flow (Wang and
Lin, 2006).

6.3.2.1 Computational domain

Computational domain size and geometry of the rbtkees (Fig. 6.3) were based on
research on Hawthorn trees by Tiwary et al. (2006 origin of the horizontal axis (x=0) was
defined to lie at the downwind edge of the treee Thmputational domain was set

.01
0, 16"

as[—30, 50, 8§, 1.§ The length of edge of each cell within the trexs&x:Nﬂ in X

X

direction andAz :W in y direction. Information on the computationaidgrare listed in Table

z

6.2. Figure 6.4 shows the distribution of generagstiangular grids near and within the tree.
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Figure 6.3 Schematic diagram of the geometry and domain ®rakw of trees (not drawn to scale)

Figure 6.4 Computational grids generated near and within ¢ieaf trees.

6.3.2.2 Governing equations and numerical solver

The governing equations for airflow and assumptiwase similar to those for the porous

fence. Equations 6.1 and 6.2 were also used fdimnzoty and the momentum conservation. The

source terng in Equation 6.2 was also assumed zero everywheepefor the tree, which was

treated as a momentum sink. Standard and realixabkemodels were also used. For local

residuals of continuity, momentum, turbulence acalas's, the absolute criteria of convergence

was set to 0.0001 over 1000 iterations. In mostgasom 600 to 1300 iterations were needed to

achieve convergence.
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6.3.2.3 Boundary conditions

Boundary conditions for the trees are shown in Fgu3 (ElI Gharbi et al., 2009; Tu et
al., 2008; Mohebbi and Baroutian, 2007; Tiwarylet2005; Richards and Hoxey, 1993).
Similar to the fence, symmetry boundary conditicaswmposed at the upper boundary and
outlet airflow was treated as outflow. No slip sheandition was used on the ground with
roughness heightz, (m). In this study,z,was assumed to be 0.0086 H based on the studies of
Tiwary et al. (2005) and Packwood (2000). The saathavall function was applied for the near-
wall treatment. The inlet velocity profile usedtire simulation corresponded to the logarithmic

profile as in Equation 6.9, in whian =0.0548J ,, . U,,, was air velocity at x/H=-10 and z/H=1.
A value of 2.3 m/s was used fok,,, based on experimental data in Tiwary et al. (2005)
Equations 6.10 and 6.11 were also used for the muags of turbulent kinetic energk () and

dissipation €,,) at the inlet.

6.3.2.4 Simulation of the trees as momentum sink

The row of trees was treated as a porous zonelsogiaulated based on Equations 6.12
and 6.13 (FLUENT Inc., 2006; Tiwary et al., 2005il8vn, 1985). For ambient airflow, viscous
loss term in Equation 6.12 was ignored (Tiwarylgt2905). Thus, viscous resistance in the user

inputs of FLUENT for the porous zone model wasased. Thek. , related toC,, was the
product of leaf area density, (m*) and drag coefficien€, (normal range of 0.1 to 0.5)

(Rosenfeld et al., 2010; Melese Endalew et al.9200wary et al., 2005; Wilson, 1985).

o : : c,d
Consequently, the inertial resistance at the zetlor was set af, :ﬁ. Thed, values

were extracted from Tiwary et al. (2005) and fitbet functions related to heights from the

ground (Fig. 6.5). Inputs for the porous zone mad@&LUENT are summarized in Table 6.3.
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Figure 6.5Surface area densityl{,) as a function of height.

6.3.2.5 Particle transport

Processes of particle deposition onto vegetativadra include transport of particles by
turbulence and sedimentation and collection bydifferent elements of the barriers, including
stems, twigs, and leaves. Particle collection leydlement combines the collection efficiency
due to diffusion, impaction, and interception, whither processes like diffusiophoresis,
thermophoresis or electrophoresis, which are legp®rtant for natural plant surfaces (Petroff et
al., 2008; Peters and Eiden, 1992; Bache, 1979k neglected. The overall collection
efficiency of a single element is equivalent to skien of the components. The collection
efficiency of these mechanisms depends on winddsme@opy structure, together with many
physical and physico-chemical parameters (Petiadf.e2008).

The particle-laden airflow was treated as a twosphaixture of air and particles. The
Euler-Euler approach was used because of its catipoél efficiency and relative ease of
integration into Eulerian-based CFD codes. In #@pgroach, both phases were considered as
two continua and treated mathematically by solwiogservation equations for both phases.
Similar to previous studies (Zhang et al., 2008i€ta and Oliemans, 2006; Predicala, 2003,
Vlachos et al., 2002), one-way coupling was assuneeduse of relatively small particle

concentration, i.e., presence of particles doesnfloience airflow. Spherical polystyrene
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particles with density of 1050 kgfrand diametersd;,) of 0.875 pm, 1.5 um, 2.75 pm, 4.25

pm, 6.25 um, 8.75 um, 12.5 um, and 15 pum, basédvaary et al. (2005) data, were considered
in this study.

The particle number concentratioN ( was solved by a modified scalar transport
equation coupled with the flow field as Equatioh45(Zhang et al., 2008; FLUENT Inc., 2006;
Hinds, 1999):

M_i(r a_'\l«]:_ N s k=12, (6.14)

ox  ox| “ax ax -
where N, is number concentration of th& lgroup of particles with knowthiameter (i.e., 0.875,
1.5, 2.75, 4.25, 6.25, 8.75, 12.5, and 15 pim)js diffusivity coefficient of particles in air; @n
U, is particle settling speed of th8 Igroup of particles, defined as
Uy,=Cr.9 (6.15)
whereC, is slip correction factor, g is gravitational alecation (m/$), and r, is particle

relaxation time. C and  are defined in Equations 6.16 and 6.17, respegtivel

p) 0.3
C, =1+ 2.34+ 1.05exp-— P (6.16)

p

where A is the mean free path (um).

2
T, =Pl (6.17)
18u
I, in Equation 6.14 combines the laminar and turbudéifusion componentsl; ; and
M (r, =T, +D;). The laminar diffusion coefficient; ;, is calculated using the Stoke-Einstein

equation as
_4T7C
3rud

where ¢ is Boltzmann constant; T is absolute temperatkijegnd p is dynamic viscosity of the

(6.18)

D

air. The turbulent diffusion coefficienE,, , is defined as

M, =—L (6.19)

127



wherev, is turbulent viscosity an&g¢ is turbulent Schmidt number. The turbulent Schmidt

number is a measure of the relative diffusion ofmaatum and mass due to turbulence. Because

it is an empirical constant that is relatively insgive to the molecular fluid propertie3; was

set 0.7 for all cases (Table 6.1) (Zhang et aD82®1inds, 1999).

In Equation 6.145, is the source term. Outside the barriers, iteevéd zero. Inside the

barriers, on the other hand, it represents pafficiechange per volume. The total particle flux

to the tree can be determined using (Tiwary eR805):

H 0
F=] [ ux (N, - N,) dxd (6.20)
whereu(x, 2) is face velocity profile of the grid cell,, is particle concentration entering a cell,

and N_, is particle concentration emerging from the cBfle collection efficiency of the

out
elements of the tree in each cell can be calculased
— Nin B Nout

CEceII _N— (6.21)

in

Then, Equation 6.20 can be expressed as

F :IOH j_owu(x, 2 CE,, N, dxd (6.22)

Consequently, the source term can be calculatéajaation 6.23 considering only the horizontal

wind advection, i.e.

S = ——”CE“\f'} NA2 (6.23)

whereV is cell volume.CE_, was estimated by accounting for the differencéectbn

mechanisms of the tree elements in each grid salkacribed in Section 6.3.2.6.

6.3.2.6 Calculation of particle collection efficiency of vegetation elements

Tree elements, such as leaves, stems, and twidgseciaated as filter fibers. Particle
collection is due to particle interaction with thedements. Specific geometrical properties (i.e.,
shape, size, and orientation) of each elementibormérto collection. However, models do not
reflect this variability and an implicit averagiongeration over the elements has been applied in

most cases (Petroff et al., 2008).
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Two main particle collection mechanisms were cogrgd in this study: Brownian
diffusion and inertial impaction (Tiwary et al.,@® Raupach et al., 2001; Hinds, 1999; Fuchs,
1964). Brownian diffusion is the dominant collectimechanism for very fine particles (Petroff
et al., 2008; Hinds, 1999). The single elementedficy due to diffusiork, , is (Raupach et al.,
2001)

11
_,Cp, RE? SC
Bo = du

e~ cell

(6.24)

whereC,,, is the Polhausen coefficient equal to 1.32 fav@s$ided flat plated, is diameter of
the element with an average of 6 mm ranging fromm2to 10 mm (Tiwary et al., 2009)} , is

air velocity in each cellSc is Schmidt number, given by

gc=_H (6.25)
Mop

andReis Reynolds number for flow around an element ofsrsectiord,, defined as

Re= PAY oy (6.26)
U
Inertial impaction occurs when a particle with kigertia is unable to adjust
quickly to follow the streamline and collides wite tree elements (Petroff et al., 2008;

Hinds, 1999). Single element collection efficierfd; ) due to inertial impaction is

commonly expressed as Equation 6.27 (Tiwary eR@D5; Raupach et al., 2001; Peters and
Eiden, 1992).

2
= :(Stf:) 8} (6.:27)
Stokes numbeBt, is defined as
2
St=% (6.28)

Collection via diffusion should be estimated focle@lement type by using thk, and

via impaction by using only the projected surfasEmaawhich is related to the angi@)(between
the element orientation and stream wise direcfitv collection mechanism for leaves is

different from that of other elements such as stdrasause the orientation of leaves may be
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changed by the wind (Tiwary et al., 2005); howetteg, angle variation of those elements was
not considered in this study. Instead, a weightaogorr of 1.9 assuming? =90° (Tiwary et al.,
2005) was applied to calculate the overall colatefficiency of all tree elements. The overall

collection efficiency contributed by the tree witleach grid cell was expressed as

CE, = r[1-exp(-d, (E,+ E; B X | (6.29)
Particle collection by the tree at certain heighswalculated by
Nu - Ndown
CE=_t _ dowmn N (6.30)

up

are number concentrations at the upwind and donthwides of the tree at

down

where N and N

certain height, respectively.

6.3.3 User defined functions

With user-defined function (UDF) called ‘DEFINE_PRIDE’, the computational inlet
flow expressed in Equations 6.9-6.11 and the iakterm C, in Equation 6.13 were calculated
and compiled to FLUENT solver.

The particle phase transport equation (Eq. 6.14)swéved by a passive scalar transport
equation solver in FLUENT with some modificatioAsgeneral steady scalar (convection-
diffusion) transport equation for a passive scglas (FLUENT Inc., 2006)

M—i[rka—ﬂzs@k k=1,2,....N (6.31)
ox 0% 0X
It can be solved in FLUENT solver, in which thesfiand second items in the left side are
convection and diffusion termg ( is the diffusion coefficient), respectively; a&l, is the
source term that can be supplied by the user fdr eathe N scalar equations.

In order to use the solver for Equation 6.31, Eiquaf.14 can be re-written as Equation
6.32 (Zhang et al., 2008):

ol ;Usk)Nk]_i(rd ONKJ:SK k=12, (6.32)
X, 0% 0X

In this format, fluid density was excluded, was calculated aB, in Equation 6.31 with UDF

called ‘DEFINE_DIFFUSIVITY’, and the diffusion coifient on every grid point of the
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computational domain can be calculated th§nwas implemented as the source term using the

UDF ‘DEFINE_SOURCE'. The source term was handleplieily as Equation 6.23.

Modification was needed for the convection term panng the formats of Equation 6.32
and Equation 6.31. The convection and settling sevfrEquation 6.14 were combined as the
convection term and was solved implicitly. The cection term in its original scalar transport
Equation 6.31 has the following form (FLUENT In2Q06):

O @ (6.33)
wherey is a vector field. In the default convection tegn by default is the product of density
and velocity vector{):

W getaur = PU (6.34)
Using the UDF ‘DEFINE_UDS_FLUX’, the convection teiin Equation 6.32 could be
defined. However, the UDF needs to return the scalae ¢ (A to FLUENT, wheréA is the

face normal vector of the cell face. In Equatiod2there is ngo term and the settling term is

added, then the returnelCA becomes

wdefault m
Yo

Notice thatp is density on the cell face and only tpevalue of the cell is recorded in the flow

@A= +U, [A (6.35)

solver, so the face value is calculated as the average of two neighborifigregies.

The second-order upwind scheme was used for caougetrms, and the second-order
central differencing method was used for diffusierms. Once flow-field solutions were
obtained, the velocity field was inputted to thetjgalate phase computing subroutines to solve
Equation 6.32.
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6.3.4 Data analysis

6.3.4.1 Airflow

Previous research indicated that vegetative bardan provide shelter for some distance
downwind and the efficiency may be determined whay that wind speed and turbulent flow
are modified (Raupach et al., 2001; Cleugh, 1988ugh (1998) indicated that the
effectiveness of a porous barrier as shelter cagubatified by the following parameters:

1) ratio of wind speed (normalized velocity) measunear the barriew() to a reference

wind speed () that is not affected by the barrier;

2) minimum downwind speedi(,, ) and downwind distancex(,,) to u,,.; and

min ?

3) distance k,) to u/u,<c, wherec is an arbitrary factor and is often 0.7 or 0.8.

Simulation results of airflow obtained in this sgutherefore, began from analyzing
general airflow patterns around the barrier and tieéated parameters were compared with
published experimental results. Based on publigx@erimental data (Bourdin and Wilson,
2008; Bradley and Mulhearn, 1983), the upwind meslacity at z=3.33H was chosen as the
reference velocityy,) for both the fence and tree; and the normalizedipted velocities,
u/u,, at z=0.38H and z=1.88H were analyzed and compared with experimental data.
Contours of the normalized horizontal velocity/{,) around vegetative barriers were used to
represent specific wind speed distributions ofdinffow predicted by CFD models.

The sensitivity of predicted velocity to values@fand z, were assessed along with
turbulent models. NormallyC, ranges from 0.1 to 0.5 and 0.5 was used in treysitiTiwary
et al. (2005).z,/ H =0.0086 was applied in their study based on the studyréiba through

fences conducted by Packwood (2000). This studlieapfhese values and also adjusted them
by -50% to determine their effects on airflow. T@abl4 lists the cases tested for airflow analysis

in this study.
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Table 6.4Study cases of airflow through the trees.

k—& model Cq z,/H
Casel Standard 0.5 0.0086
Case 2 Realizable 0.5 0.0086
Case 3 Standard 0.25 0.0086
Case 4 Realizable 0.25 0.0086
Case 5 Standard 0.5 0.0043
Case 6 Realizable 0.5 0.0043

6.3.4.2 Particle collection efficiency

For the particle collection, simulation was basedield measurements of particle
concentration taken at upwind and downwind of the {Tiwary et al., 2005). In the said study,
two identical optical particle counters (OPCs) welaced at points of
(x=-W-0.1H,z= 0.75H and (x=0.1H ,z= 0.75H away from the tree. Predicted particle
collection efficiencies (CEs) of the tree, whichrevealculated based on predicted concentration
values at these two points, were compared withigldl experimental data using paired t-tests.
In addition, to evaluate the rationality of thedlioted concentration, horizontal variation of

normalized particle concentratiolN( N,) for d, =15 ymat z=0.75H and vertical variation
of N/ N, for d, =15 umat different locations predicted by CFD models wade® analyzed in

this study.
6.4 Results and Discussion

6.4.1 Airflow around the fence

Figure 6.6 shows the horizontal airflow streamlinesund the fence. A roughly
triangular shape of wind speed reduction zone wasdd and extended to far downwind of the
fence. A smaller portion of wind speed reductiomeawas also observed on the windward side of
the fence. Streamlines above the fence sharplyedunpward and showed slight downward
curvature towards the ground, which are relatetieadisplaced profile and mixing zone,
respectively, in Figure 6.6. These agreed withoteervations described by Judd et al. (1996), in
which the flow is divided into six distinct zonespproach profile, displaced profile, bleed flow,

quiet zone, mixing zone and re-equilibration zof&ere was no recirculation region; this is
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consistent with the observation by Wang and Tak#9%) and Bradley and Mulhearn (1983),
that there was no evidence of a recirculating regiben the porosity reached and exceeded
50%.
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Figure 6.6 Predicted airflow streamlines (m/s) above and thhotine fence (colored by horizontal air

velocity).

The normalized velocitiesu(/ u,) at z=0.38H and z=1.88H are shown in Figure 6.7.

Also shown are published experimental data of Bnadind Mulhearn (1983). In general,
predicted normalized velocities for the two turlmnde models agreed well with published
experimental data. The standde ¢ model had better results at= 0.38H further downstream
of the fence compared with the realizakle £ model; however, &=1.88H , the

realizablék — £ model had better results.
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Figure 6.7 Comparison of normalized predicted air velocitiesugh the fence with published
experimental data (Bradley and Mulhearn, 1983).

Contours of the normalized horizontal velocity/{,) predicted by both standard and

realizablek —& models are shown in Figure 6.8. For the stanklareimodel (Fig. 6.8a), the

Upin (Uin /Uy <0.2) was inthe area @ H < x;,, < 5H andz<0.2H, x,was greater than
30H for u/u,<0.7. For the realizablk — £ model, theu,_,, (u.,,/ u, <0.2) was in the area of
3H<x,,<9H andz<0.2 H, x,was also greater theBOH for u/u,<0.7. The realizable

k —& model (Fig. 6.8b) predicted slightly lower velocdgwnwind of the fence and higher

velocity over the fence compared with the standard model (Fig. 6.8a).
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Figure 6.8 Contours of normalized horizontal velocity {u,) near the fence predicted by (a) standard

k —& model and (b) realizable— & model.

6.4.2 Airflow around the trees and particle collection

6.4.2.1 Airflow

Figure 6.9 shows the flow streamlines around amultyh the trees. Similar to the porous

fence, a roughly triangular shape of wind speedcton zone downwind of the tree was also

observed; the area was less than that for the fam¢elight speed reduction was observed at the

bottom and upwind of the tree. This was causedbyifferent resistance of the tree at different

heights with low and/or no resistance at the bottbie tree. Above the tree, flow streamlines
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also curved upward and showed slight downward ¢urggowards the ground. There was no

separating recirculation zone also.
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Figure 6.9Flow streamlines (m/s) above and through the teki(ed by horizontal air velocity)
predicted by realizabl& — & model withC, =0.5and z,/ H = 0.0086(Case 2).

Figure 6.10 shows predicted results on airflowthar six cases in Table 6.4. In general,

at z=0.38 H, predicted/ u, values were greater whet), = 0.25than whenC, =0.5 (Fig.

6.10a). At z=1.88 H, on the other hand, prediaiéd, values were not affected considerably by
the C, values. Thez,/ H had slight effect on the predicted u, values as shown in Figure
6.10b.
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Figure 6.10Comparison of predicted/ u, valuesby (a) varyingC, values atz,/ H = 0.0086(Cases

1 and 2 vs. Cases 3 and 4); (b) varymgvalues atC, = 0.5(Cases 1 and 2 vs. Cases 5 and 6) for the

trees by different turbulent models.

Figure 6.11 shows predicted velocity profiles tigiothe trees az=0.75 H. In this
figure, the stream wise distance was normalizethbyvidth of tree. The predicted velocities at
the upwind edge of trees were reduced gradually digtance. Predicted velocity values were
greater wherC, =0.250r z,/ H =0.004< than whenC, =0.50r z,/ H =0.0086. These

indicated the velocities through the tree wereaased when the resistance was reduced and/or
the inlet velocity was increased.
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Figure 6.11Predicted horizontal velocities of airflow throutjte trees at z=0.75H.

Figure 6.12 shows contours of predicted normaliagddcities U/ u,) around the trees,
which represent specific wind speed distributiohsi bu, predicted by realizabl& — & model,
with different C, and z,values. In general, the three models had simitéioai patterns. There

were two speed reduction zones. One was locatadahd-5 H and close to the ground as that
for the fence. Another one was located within thpar part and at the downwind edge of the

tree wherek. was higher. Predicted/ u, values increased within the lower part of the tree
wherek. was lower or zero. In addition, the distributidnu u,values varied withC, and

z,values.
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Figure 6.12Contours of normalized horizontal velocity {u,) around the trees predicted by realizable
k —& model with (a)C, = 0.5, z,/ H=0.0086; (b)C, =0.25, z,/ H=0.0086; and (c)C, =0.5,
z,/ H=0.004:.
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6.4.2.2 Particle collection

Figure 6.13 shows the predicted CE values for thiedard and realizable—- & models at
z,/ H=0.0086 andC, =0.5(i.e., Cases 1 and 2, respectively). With the zaale k — £ model,

predicted CE values were closer to experimentaleslespecially for particles with diameter
greater than 5 um, compared with the standard model. However, both models
underestimated the CE for large particles compatittdexperimental data. There was strong
correlation between predicted CE and experimerathies (Pearson correlations were greater
0.9); however, the P (T<=t) values were less th@b @r Case 1 and Case 2, indicating that

there were significant differences between simdlated experimental values.

80 -
0 — -/ — Realizable k-e, z0/H=0.0086, Cd=0.5
7 |
— <~ — Standard k-e, z0/H=0.0086, Cd=0.5
60 -
o Published experimental data (Tiwary et al., 2005)
50 -
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20 - § //’ _o
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§ ’5 ===
0 N \Q‘ === T T 1
10 0 3 6 9 12 15
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Figure 6.13Published experimental collection efficiency (CE}he tree (Tiwary et a., 2005) and
values predicted by standakd- £ (Case 1) and realizable (Case 2) modetk z,/ H = 0.0086, and

C, =0.5.
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Better agreements of predicted values and expetahdata were observed when

C,=0.25 orz,/ H=0.0043 (Fig. 6.14). Predicted CE values were withe range of
experimental data, except for particles with=6.25mand d, =8.75um, in which predicted

values were slightly less than experimental datirel t-tests indicated that there were no

significant differences between predicted valuess@s 4 and 6) and experimental data.

80 -
—2— Realizable k-e, z0/H=0.0086, Cd=0.25
70~ _4 Realizable k-e, Z0/H=0.0043, Cd=0.5
60 o Published experimental data (Tiwary et al., 2005)
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8
0 N T T T ]
10 0 3 6 9 12 15
dp (m)

Figure 6.14Published experimental collection efficiency (CE}te tree (Tiwary et al., 2005) with that
predicted by realizabl& — & model withC,; =0.25,7, /H = 0.008¢((Case 4) and

C, =0.5,z, / H= 0.004: (Case 6).

Horizontal variation of normalized particle conaation (N/ N, ) for d, =15 ymat
z=0.75H and vertical variation of normalized particle comtcation (N/ N, ) for d, =15 um

at different locations predicted by realizalddle £ model withC, =0.25and z,/ H = 0.0086

(Case 4) are shown in Figures 6.15 and 6.16, résphc Figure 6.15 shows slight variation of
particle concentration upwind of the tree; it waduced significantly through the tree and
gradually recovered approximately to the upwindieal The near-surface particle concentration
increased with increasing downwind distance bectheséiow above the barriers are mixed
downwards into the sheltered region, eventuallpvedng approximately to their values far
upwind (Raupach et al., 2001; Cleugh, 1998). Figui® shows that concentrations above the
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barrier were slightly reduced, most likely duehe gravitational settling. However,
concentrations were greatly reduced near and wiki@rbarrier, especially at the upper part and
downwind edge of the tree. Higher reduction of @miation near the ground was observed at

the stream wise direction around 10 H downwincheftree.
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Figure 6.15Horizontal variation of normalized particle conaation (N/ N,) of d, =15 ymat

z=0.75H height predicted by realizable— & model withC, =0.25and z,/ H = 0.0086(Case 4).
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Figure 6.16Vertical variation of normalized particle concetita (N/ N, ) of d / =15 ymat different

locations predicted by realizable— & model withC, =0.25and z,/ H = 0.0086(Case 4).
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6.5 Conclusions

This study investigated the airflow around a porous fence using computatiodal fl
dynamics (CFD). Predicted results agreed well with availalgerenental data. The CFD model
was then applied to simulate airflow around and through a row of trees. lroadditiEulerian-
based model of particle transport was implemented in the CFD model to pretiote pa
collection by the trees. Predicted particle collection efficesxcompared favorably with
available experimental data. This study indicated the potential of nangriculation with CFD
to predict collection efficiency of vegetative barriers. Future work isetetmestablish effects
of the structure of vegetative barriers — geometry, species, numbersof cowparticle

collection.
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CHAPTER 7 - Conclusions and Recommendations

7.1 Summary and Conclusions

Emissions of particulate matter (PM) are an increasing concerrrdgerdaen beef cattle

feedlots. Research is needed to develop science-based information on PM emmissions

abatement measures for mitigating those emissions. This resessdomducted to (1) measure

PM concentrations emitted from large cattle feedlots, (2) compare diffaraptess for

measuring concentrations of PM with equivalent aerodynamic diameter of d0 lpss (PMb),

(3) evaluate the relative effectiveness of pen surface treatmentiicing PMo emissions, and

(4) predict PM control efficiency of vegetative barriers.

The following conclusions were drawn from this research:

Measurement of PM concentration with gravimetric samplers at fedt&itand

KS2 showed the downwind and net mass concentrations of PM with equivalent
aerodynamic diameter of 2.5 um or less (RMPM;o, and total suspended

particulates (TSP) varied seasonally. The mass concentrations ahntdS™\, were
closely related to the pen surface water content. The mass concentr&hss@iso

was related to the pen surface water content, but not to the same degree. For PM
control, the water content of pen surface should be at least 20%. Measurement of the
particle size distribution at the downwind perimeter of the feedlot with adasc
impactor showed geometric mean diameter ranging from 7 ponl 8dicating that
particles that are emitted from the feedlots were generally largeein si

Collocated PMp samplers at feedlots KS1 and KS2 showed similar trends but
significant differences in concentrations. In general, the TEOM tended tsaovele

PM;o (by approximately 6%) compared with the high-volume sampler. The low-
volume PM, sampler tended to undersample (by about 47%) compared with the
high-volume sampler.

Laboratory experiments showed Bj¥mission potential due to the horizontal

shearing action of cattle hooves increased with increasing speed of hooves hnd dept

of hoof penetration into the uncompacted manure layer. Topical application of
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mulches or water application significantly reduced;P&mission potential of the
simulated pen surface. Of the materials tested, hay and water werestheffective

in reducing PMy emission potential, with control efficiencies for hay ranging from
48% for an application rate of 241 d/bo 77% for an application rate of 723 §/m
Control efficiencies for water ranged from 42% (for an application rate of .2t
69% (for an application rate of 6.4 mm).

The applicability of computational fluid dynamics (CFD) in modeling airfloauad
and through porous barriers was evaluated by simulating airflow passing a porous
fence in two-dimensional domain, using standard and realizabtarkulence

models. Predicted air velocities agreed well with published data. The CFD madel wa
then applied to simulate airflow and particle collection by trees with knowrcsurfa
area density as a function of height. Predicted particle collectioreeifieis for the
trees generally agreed with published data and ranged from less than(L8v &

pum particles to approximately 32% for 15-um particles.

7.2 Recommendations for Further Study

Particulate matter emitted from cattle feedlots is influenced byermums factors that

must be examined closely to improve and/or develop effective control strafEggef®llowing

are recommended for future studies:

Multiple-day, seasonal sampling of PM is needed to assess animal and worker
exposure as well as improve the effectiveness of control strategies. inraddit

standard PM measurements in open feedlots need to be established to facilitate
comparison of results from different studies.

Determine factors, such as weather conditions, pen surface water conteattland c
behavior, which can be used to predict the PM emission from feedlots.

Further investigate potential methods to control pen surface water contenmalopti
range for both PM and odor control. Especially, the sprinkler system and pen surface
treatment need much field or laboratory study to improve their effectivenéss a

capability.
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» Establish effects of height, width, and shape of the trees on particle cwolldnti
addition, experimental measurements must be conducted to validate the numerical

prediction under feedlot conditions.
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