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ABSTRACT 

A shaker dust collector was evaluated to 1. determine filter capacity in terms of 

mass loading, pressure drop, airflow, and runtime; 2. determine particle collection 

efficiency by size prior to and following repeated loadings. 

A shaker dust collector was setup in the laboratory to take in contaminated air, 

collect dust, and exhaust treated air. For each loading test, Arizona road dust (~1 to 200 

µm) was introduced into the airstream entering the dust collector at an emission rate and 

duration to simulate 3-months in a swine barn in winter. Filter pressure drop and exhaust 

velocity pressure were measured throughout loading. Filter collection efficiency was 

tested using polydisperse solid glass microspheres (~1 to 10 µm) and measured with an 

aerodynamic particle sizer at the startup and end of loadings. Cleaning cycles were run 

between loading tests. 

Overall efficiency was 44% for new filter, and ranged from 27% for 1-µm 

particles, increasing to 96% for 10-µm particles. Collection efficiency for loaded filter 

was 99% overall, and 99% over the range of 1 to 10-µm particles. Following cleaning, 

overall efficiency was 91%, and 91% for 1-µm particles, increasing to 99% for 10-µm 

particles. 

Exhaust airflow decreased linearly with pressure drop (R2=0.99) for all three 

loading tests. At startup, system airflows were approximately 1,700 m3 hr-1 and at 

shutdown, system airflows were approximately 1,200 m3 hr-1. Significant recovery of 

filter pressure drop was observed following primary cleanings (p<0.001). 

The shaker dust collector has adequate capacity to treat swine barn air 

continuously over a 3-month period at a dust concentration of 1 mg m-3. High collection 
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efficiency (>99%) of particles (dp 1-10 µm) was achieved after an initial loading period 

of approximately 2 days. High collection efficiency (90-99%) was also achieved after 

cleaning. The engineering control system is recommended for further testing to improve 

indoor air quality inside a Midwestern farrowing barn during winter. 
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CHAPTER I 

LITERATURE REVIEW 

Overview  

The U.S. pork industry has been growing and changing substantially due to the 

prevalence of animal feeding operations and technological advances in livestock 

production. The density of livestock in swine facilities has been increasing since the 

1960s due to increased herd size, decreased number of sites, and increased swine 

inventory (USDA 2008). High livestock density operations are facilitated by the use of 

large, enclosed facilities that are referred to as concentrated animal feeding operations 

(CAFOs). CAFO buildings in the Midwest have typical capacities of 1,000-2,400 head 

(Jacobson 2011). 

CAFO workers are exposed to a variety of airborne contaminants including 

particulate matter, bioaerosols, ammonia, hydrogen sulfide, carbon dioxide, carbon 

monoxide, and trace gases (Merchant et al. 2002). Although designs of contemporary 

CAFO buildings include mechanical ventilation and heating, control of hazardous dusts 

and gases is not addressed (Aland and Banhazi 2013). 

 This thesis explored the application of engineering controls to reduce simulated 

airborne dust concentrations in swine farrowing facilities. Control devices used in other 

industrial applications were considered, and a dust collector system was selected to be 

evaluated. 

Review of Literature 

Dust and Gas Concentrations 

Airborne particulate matter in swine CAFO buildings is generated from feed dust, 

livestock dander, hair, and dried manure (Donham 1986c). Swine CAFO dusts are high in 
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organic content (Heber et al. 1988b). CAFO dust largely consists of primary coarse 

particles, dp>1 µm (Cambra et al. 2011).  

Particle size distributions have been measured in nursery, farrowing, and finishing 

buildings and are available in the literature. The particle size distribution of CAFO dust is 

lognormal (Maghirang et al. 1997). In a study by Maghirang et al. (1997) the dust mass 

distribution in 13 nursery barns had an overall mass median diameter of 13 µm and 

geometric standard deviation (GSD) of 3 and was measured with an Andersen eight stage 

cascade impactor. Donham et al. (1986b) sampled areas for dust inside nine swine 

farrowing buildings and reported a mass median diameter of 9 µm (geometric standard 

deviation not stated) and used an Andersen eight stage cascade impactor. A study of 11 

finishing buildings by Heber et al. (1988b) reported a mass median diameter of 4.21 µm 

and geometric standard deviation of 1.61 and was measured using a resistive pulse 

particle analyzer. The respirable fraction in 21 swine buildings in Iowa was 

approximately 8% of total dust mass concentration and was measured with a 37-mm 

closed face cassette and 10-mm cyclone (Donham et al. 1986a). 

A range of airborne dust concentrations have been recognized inside swine 

CAFOs. Average total mass concentrations of 21 swine buildings in Iowa (nursery, 

farrowing, finishing) reported by Donham et al. (1986b) ranged from 3 to 15 mg m-3 

(GSD ranged from 1.4-1.6) Heber et al. (1988a) summarized data from gestation, 

nursery, farrowing, and finishing buildings where average total dust concentrations 

ranged from 0.8 to 15 mg m-3. Reeve et al. (2013) reported daily mean respirable dust 

concentrations in a farrowing room ranging from approximately 0.3 to 0.5 mg m-3 

(standard deviation 0.12-0.19, based on continuous photometer readings). 

Gaseous compounds inside swine CAFOs have several sources: generation by 

biological activity in the manure pit, animal respiration, and combustion gases from the 

building heating system. Ammonia and hydrogen sulfide are among gases generated in 

CAFO manure pits by biological decomposition of animal waste or the biochemical 
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reduction of aqueous compounds by anaerobic microorganisms. Livestock respiration 

produces carbon dioxide gas. Carbon dioxide and carbon monoxide gases are produced 

by open flame natural gas heaters which are common in livestock barns. An Illinois study 

by Hoff et al. (2005) reported annual (fall 2002 - spring 2004) average daily 

concentrations of gases in a 2400-sow farrowing room: ammonia (5.5±2.3 ppm), 

hydrogen sulfide (0.28±0.15 ppm), and carbon dioxide (1320±480 ppm). Reeve et al. 

(2013) reported mean winter concentrations in a 14-sow Iowa farrowing room: ammonia 

(3.9±0.8 ppm), hydrogen sulfide (0.11±0.05 ppm), carbon dioxide (2920±120 ppm), and 

carbon monoxide (1.2±0.5 ppm).  

In the Upper Midwest U.S., CAFO dust concentrations are seasonally higher in 

winter when ventilation rates are low compared to in summer when ventilation rates are 

higher (Takai et al. 1998, O’Shaughnessy et al. 2002). In swine finishing operations 

Duchaine et al. (2000) found elevated concentrations of ammonia, carbon dioxide, and 

dust in winter relative to summer. In cold climates, low ventilation rates are used to 

conserve heat (Donham 1977). Ventilation rates have been shown to be a dominant factor 

affecting dust concentrations (Peters et al. 2012, Zhu et al. 2000). The development of 

potentially hazardous contaminant concentrations under low ventilation conditions in 

winter months is of interest because CAFO workers perform a majority of their work 

tasks indoors.  

Ventilation systems are an integral component to any enclosed swine CAFO 

building. General ventilation controls, with recirculation to conserve heat, may be more 

practical than other control hierarchy options (e.g., personal respirator). 

Other factors that influence contaminant concentrations include daily feeding 

patterns, temperature, and worker tasks. Inhalable and respirable dust concentrations 

were expected to be higher in daytime coinciding with livestock activity as opposed to 

inactive night hours (Takai et al. 1998). Daily variation in temperature affects ammonia 

concentrations. High indoor temperatures are associated with elevated ammonia 
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concentrations and ammonia emissions per animal unit were directly proportional to 

indoor temperatures (Ni et al. 2000). Worker tasks such as hog loading and power 

washing can aerosolize particles resulting in high concentrations of particulates 

(O’Shaughnessy et al. 2012).  

Respiratory Health Hazards and Disease 

Respiratory health hazards and disease related to agriculture have been evident 

throughout history and were recognized by Olaus Magnus in 1555 (Radon et al. 2001). 

Occupational diseases identified among agricultural workers in the twentieth century 

include asthma, bronchritis, and pnuemonia (Fawcitt 1938). On the order of 100 cases of 

“Farmers Lung” were cited in literature prior to 1957 (Staines 1961); however, these 

cases predate CAFOs.  

Swine CAFO workers have a high prevalence of respiratory symptoms (Takai et 

al. 1998). These respiratory symptoms include: cough, sputum, chronic bronchitis, nasal 

complaints (Holness et al. 1987); airway inflammation, obstructive lung disease 

(Pedersen 1996); acute respiratory distress syndrome, pulmonary edema, acute bronchitis, 

occupational asthma, organic dust toxic syndrome (Merchant et al. 2002); sinusitis, and 

rhinitis (Rylander et al. 1994). 

CAFO workers are at risk of acute and chronic respiratory diseases that have been 

associated with exposure to indoor dusts and gases from CAFO emissions (Bowman et al. 

2000). Accumulation and high concentrations of pollutants are potentially hazardous to 

human health (Merchant et al. 2002, Donham 1995). A study of European livestock 

operations by Radon et al. (2001) concluded that a swine worker’s risk of developing 

adverse health effects increases with the number of hours per day spent in a swine 

building (duration of work ranged from 0.15 to 10 hours per day).  



5 
 

  

Regulatory Standards, Recommended Limits, and Guidelines 

In the U.S., regulatory standards that apply to worker exposure in CAFOs are 

defined by the Occupational Safety and Health Administration (OSHA). OSHA regulates 

farm production facilities that have more than 10 employees (29 CFR 1928). OSHA 

established permissible exposure limits (PELs) that are health based limits designed to 

protect workers; PELs are “regulatory limits on the amount or concentration of a 

substance in the air” (OSHA Table Z-1, 2006). PEL-TWAs are eight-hour time-weighted 

average exposure limits. TWAs applicable to CAFOs include: ammonia (50 ppm), carbon 

monoxide (50 ppm), carbon dioxide (5,000 ppm), and particulates not otherwise 

regulated (15 mg m-3 total dust and 5 mg m-3 respirable fraction) (OSHA Table Z-1, 

2006). Ceiling values are exposure limits that are not to be exceeded at any time. The 

PEL ceiling for hydrogen sulfide is 20 ppm. 

The National Institute of Occupational and Safety and Health (NIOSH) develops 

recommended exposure limits (RELs). REL-TWAs relevant to swine CAFO include: 

ammonia (25 ppm), carbon monoxide (35 ppm), and carbon dioxide (5,000 ppm) 

(NIOSH 2003). A limit for particles not otherwise regulated has not been established. 

Short-term exposure limits (STEL) are 15-minute TWAs that should not be exceeded at 

any time. The REL STEL for ammonia is 35 ppm and the STEL for carbon dioxide is 

30,000 ppm. The REL ceiling value for hydrogen sulfide is 10 ppm. 

Guidelines used for industrial hygiene practice that are based on observed health 

effects are developed by the American Council of Government Industrial Hygienists 

(ACGIH). ACGIH recommended threshold values, or TLVs, are in reference to airborne 

concentrations of compounds below which adverse health effects are not expected. TLVs 

relevant to CAFOs include: ammonia (25 ppm), hydrogen sulfide (1 ppm), carbon 

monoxide (25 ppm), carbon dioxide (5,000 ppm), and respirable particulates (3 mg m-3) 

(ACGIH 2013).  
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Recommendations for agricultural health limits are suggested in the literature. 

Donham and Cumro (1999) identified a significant dose-response relationship between 

exposure and decreased baseline pulmonary function that was observed over a shift in 

swine workers. Threshold concentrations were identified as 2.4 mg m-3 for total dust and 

0.23 mg m-3 for respirable dust. Additional suggested exposure limits for swine 

confinement workers include ammonia (7 ppm) and carbon dioxide (1500 ppm) (Donham 

et al. 1989). The recommended limits are lower than ACGIH TLVs. 

Guidelines based on human comfort are developed by the American Society of 

Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE). ASHRAE 

recommended indoor air quality based recommended limits include: carbon monoxide (9 

ppm) and carbon dioxide (700 ppm in excess of the ambient outdoor concentration). 

Typical values of outdoor carbon dioxide concentrations range from 300 ppm to 500 ppm 

(ASHRAE 1999). 

Current Control Practices 

Numerous strategies have been considered to reduce contaminant concentrations 

in swine CAFOs. Practices identified by the Pew Commission on Industrial Farm Animal 

Production include use of covered feeders, using extra fat or oil in feed, sprinkling of 

vegetable oil, power washing surfaces, using plastic coated flooring, and using vented 

heaters (PCIFAP 2008). The Commission recommended that health hazards in swine 

CAFOs should be addressed by a) using management procedures that decrease generation 

of dust and gases, b) using ventilation to reduce contaminants, and c) use of individual 

respirator personal protection equipment (PCIFAP 2008). More generally, the hierarchy 

of control methods to prevent exposure to occupational hazards are: elimination and 

substitution, engineering controls, administrative controls, and personal protective 

equipment (NOISH 2010).  
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Elimination and substitution have been considered to reduce contaminant 

concentrations in swine CAFOs. Feed modification can reduce feed dust concentrations. 

In a study by Takai and Pedersen (2000), in an 11 m x 11 m swine finishing room in 

Denmark, liquid feed was substituted for dry feed. Total dust was reduced by 27% but 

reduction of respirable dust was inconclusive. Feed amendments, or adding 5% fat, can 

reduce inhalable dust levels on the order of 50% (Pedersen et al. 2000). Feed 

modification does not address contaminant emissions from other sources.  

Outdoor or nonintegrated manure storage has been recommended as a new 

building design criterion by Jacobson (2011). Nonintegrated manure storage eliminates 

indoor manure emissions in CAFO buildings (ammonia, carbon dioxide, hydrogen 

sulfide, methane); however, it does not address feed or dander source emissions. 

Construction of nonintegrated facilities increases CAFO capital cost (Jacobson 2011). 

Dilution ventilation is practiced as a temperature control method in most swine 

CAFOs, however, ventilation rates are typically reduced during cold weather months to 

conserve heat (Donham et al. 1977). Operation of manure pit fans can significantly 

reduce airborne contaminant concentrations but dust control may be insufficient to 

control exposure (Reeve et al. 2013). Another type of ventilation control, purge 

ventilation, involves a brief period of elevated ventilation to temporarily reduce dust 

concentrations. However, dust concentrations can rapidly rebound following a purge 

event (Takai and Pedersen 2000, Robertson 1989). Filtration of contaminants from 

general exhaust and the incorporation of a recirculation loop of treated air is a logical and 

practical option that has been explored to reduce indoor concentrations while controlling 

heating energy costs. Dry filtration can remove 50% to 60% of dust, by mass, from 

recirculated air in livestock buildings (Pearson and Sharples 1995). 

Application of vegetable oil spray has been recognized as a promising treatment 

to reduce dust concentrations. Total dust concentrations were reduced by 58% - 82% 

following one month of daily vegetable oil treatments inside a 700-swine CAFO finishing 
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building in the Mid-Atlantic region (Rule et al. 2005). In a review of literature, Rule et al. 

(2005) identified spraying of vegetable oil as the most effective dust control method that 

has been tested in swine CAFOs. Nonnenmann et al. (2004) studied sprinkling of canola 

oil in a 71-swine finishing room in Iowa resulted in total dust reduction of 56% (from 

1.35 mg m-3 to 0.65 mg m-3) over 13 weeks. Application of oil droplets greater than 150-

µm diameter were recommended to prevent inhalation and health hazards (Pedersen et al. 

2000). A disadvantage to oil application was the accumulation of residue on surfaces 

demand for more stringent housekeeping.  

Richardson et al. (2003) used an electrostatic charge device to remove dust in a 

poultry-broiler building. The study was based on a poultry environment rather than a 

swine environment. The experimental setup included two environmentally controlled 

rooms (9 m x 7 m) and treatment resulted in an average reduction of 61% over 27 weeks 

(from 3.75 mg m-3 to 1.45 mg m-3 based on direct reading instrument measurements). A 

detailed investigation of electrostatic precipitators and swine CAFO dust was not found 

in the literature.  

Biofiltration of waste air from a 22-swine finishing barn in Germany was 

evaluated by Martens et al. (2001) as a method to control odors in exhausted air. The 

biofilter treated airstream was discharged to atmosphere and was not recirculated inside 

buildings. Data were collected from five biofilters on five days over two months. 

Reductions were observed in levels of bacteria, volatile organic compounds, and odors. 

However, the treatment was not effective at removing ammonia, fungi, or endotoxin.  

Personal protective equipment is considered last in the controls hierarchy (NIOSH 

2010). A 1993 study of approximately 300 subjects by Zejda et al. reported that 30% of 

swine CAFO workers used disposable respirators. A 2002 survey of more than 2,400 

farmers by Carpenter et al. the use of dust respirators was described as “rare”. 

Numerous strategies have been considered to reduce airborne contaminant 

concentrations in swine CAFOs. An individual strategy or array of complement strategies 
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that can be applied to existing CAFOs is desirable. Elements of such a solution may 

reside in control strategies that are in place in other industries. A control technology that 

has been used in general exhaust ventilation to clean industrial air is the shaker dust 

collector. 

Control Strategies in Other Industries  

Air pollution control devices found in industries other than agriculture may 

provide cost-effective performance to remove particles inside swine CAFOs. Several 

treatment alternatives that are commercially available for the control of airborne 

particulates are: shaker dust collector, cyclone, electrostatic precipitator, and wet 

scrubber. Although widely used in industrial applications, these technologies have yet to 

be applied to commercial swine CAFO buildings.   

Shaker dust collectors use a fan to draw exhaust air through a fabric filtration 

medium. Particles in the airstream are collected by impaction and interception on the 

fabric itself or on a residue layer atop the fabric. Particle collection efficiencies are 

commonly greater than 95% for sizes greater than 0.1 µm (Table I-1). Common industrial 

applications include: bin ventilation, buffing, grinding, mixing, packaging, polishing, 

sanding, and sawing (UAS Inc, 2013). Operation can be described by preloading time, 

duty cycle (time for airflow to decrease to a set limit), dust collection capacity (mass of 

dust accumulated over the duty cycle), filter collection efficiency, pressure drop, airflow, 

and cleaning cycle. Advantages of shaker dust collectors are high removal efficiency, 

relatively low pressure drop, and reusable filter. High dust concentrations in a swine barn 

are compatible with shaker dust collector loading. A possible disadvantage is reduced 

collection efficiency under moist conditions (Cooper and Alley 1986) that are expected in 

swine rooms that have manure pits.  

Centrifugal collectors, or cyclone devices, use centrifugal force to separate 

particles from an airstream. A fan driven airstream enters the cylindrical cyclone body 
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tangentially, travels around the cylinder wall, and exit through the central axis. Particles 

separate from the airstream at the cylinder wall and are collected in a hopper at base of 

the device. Typical removal efficiencies are greater than 90% for particles larger than 10 

µm (Table I-1). Cyclone industrial applications include collection of coarse particles in 

woodworking or machining, and recovery of powdered paint (Donaldson Co. 2012). 

Cyclones can be compatible with high concentrations of large dust particulates found in 

swine barns. While cyclones collect coarse particles, the collection efficiency for smaller 

particles, 1-µm to 10-µm, may be too low to use the cyclone as a standalone device. The 

cyclone may be best suited as a precleaner to remove particles larger than 10-µm. By 

removing dust from the airstream a precleaner device would extend the life of devices 

that follow in the cleaning process.  

Electrostatic precipitators electrically charge airstream particles that are 

subsequently collected on grounded plates. The exhaust airstream is driven by a fan. 

Collection efficiencies are above 95% for particle diameters larger than 0.1 µm (Table I-

1). Industrial applications include coal-fired power plants, cement kilns, and heating 

ventilation/air conditioning systems (Burgess, Ellenbecker, and Treitman 2004). 

Disadvantages of electrostatic precipitators are high capital cost, high operation cost, and 

large area requirements. Electrostatic precipitator use has been explored in livestock 

agriculture (Richardson et al. 2003) and is expected to reduce dust concentrations. 

However, performance specific to swine barns has yet to be investigated and no detailed 

research has been found for electrostatic dust collectors in livestock application (Pearson 

and Sharples 1995). 

Wet scrubbers remove particles from airstreams via contact with liquid. 

Particulate removal efficiency is high, greater than 95% for particle sizes greater than 2 

µm (Table I-1). However, these systems inherently produce high humidity exhaust 

airstreams, and their operation requires management and disposal of liquid waste. 

Industrial applications include incineration, steel furnaces, foundries, and asphalt plants 
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(Burgess, Ellenbecker, Treitman 2004). Wet scrubbers can remove over 80% of dust 

mass from room recirculated air in livestock applications (Pearson and Sharples 1995).  

Shortcomings of Literature 

Airborne contaminants at concentrations exceeding industry guidelines to prevent 

adverse respiratory health effects are common inside swine confinement buildings. 

Indoor dust concentrations are of particular concern during cold weather conditions when 

ventilation rates are low. Additional control strategies are necessary to reduce dust 

concentrations below recommended agricultural threshold levels. Research and 

development addressing hazardous indoor air quality and reduction of contaminant 

concentrations within CAFOs are being pursued (Rule et al. 2005). A treatment strategy 

is needed that improves indoor air quality, is cost effective, and is simple to operate and 

maintain. A dust collector control system for swine CAFOs may be a solution to reduce 

dust concentrations below recommended exposure concentrations for workers.  

Objectives 

The efficacy of a shaker dust collector for use in a swine farrowing barn was 

investigated in this study. Performance requirements for a viable control strategy include 

high airflow, high collection efficiency, low pressure drop, and treatment capacity for 

high dust loading. The specific aims were to: 

1. Determine filter capacity in terms of mass loading, pressure drop, airflow, and run 

time. 

2. Determine particle collection efficiency by size prior to and following repeated 

loadings. 

3. Determine the effect of filter preloading on startup lead-time. 

4. Determine the minimum number of cleaning cycles required to reclaim filter 

pressure drop. 
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To achieve these aims, laboratory testing of the shaker dust collector included an 

initial loading and two additional loadings to mimic three winter seasons in a swine barn. 

Accelerated filter loading was scaled at a ratio of one laboratory day equal to 20 days in a 

swine barn. Loadings occurred at a constant emission rate. Filter pressure drop and 

system exhaust velocity pressure were monitored. Collection efficiency was assessed at 

startup and conclusion of loadings. Cleaning cycles were evaluated between loadings. 
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Table I-1. Airborne particulate control systems. 

Control Device Pro Con 

 

Shaker Dust Collector 

 

η=90-99% for dp=1-10 µma 

∆p=125-1000 Paa 

 

High collection efficiency,c 

η>95%, dp>0.1 µm 

 

Low pressure drop,  

∆p<1500 Pad 

 

Filter cloth is reusablea 

 

Low collection efficiency in 
moist environmentsb 

 

Centrifugal Collector,  

Cyclone 

 

High collection efficiencyc η>90% 
for dp>10µmd 

 

Low pressure drop, 

∆p=500-1500 Pac 

 

Low capital cost,  

simple system 

 

Cyclone device is reusable 

 

Low collection efficiency 
for dp<10 µm 

 

Electrostatic Precipitator  

 

High removal efficiency, η>95% 
for dp>0.1 µmc 

 

Low pressure drop, 

∆p=125-250 Pac 

 

High capital cost and 
operating cost, large 
footprintc 

 

Wet Scrubber 

 

High removal efficiency, >95% for 
dp>2µmc 

 

Low pressure drop, 

∆p=500-1500 Pac 

 

High capital cost and 
operating cost, complex 
systemc 

Notes. η: collection efficiency, ∆p: pressure drop, dp: aerodynamic particle diameter, a 

Source: this study, b Cooper and Alley (1986), c Burgess, Ellenbecker, and Treitman 
(2004), d Donaldson Co. (2012) 
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 CHAPTER II 

SHAKER DUST COLLECTOR EVALUATION 

Introduction 

Since the 1960s, U.S. swine producers have increasingly implemented the use of 

concentrated animal feeding operations (CAFOs) with increased herd sizes at fewer sites 

(USDA 2008). High density livestock operations are facilitated by the installation of 

large enclosed CAFO buildings at swine production sites. Swine CAFO buildings 

accumulate indoor air contaminants including particulate matter, bioaerosols, ammonia, 

hydrogen sulfide, carbon dioxide, carbon monoxide, and trace gases (Merchant et al. 

2002). Swine CAFO workers have a high prevalence of respiratory symptoms (Takai and 

Pedersen 1998). In the Upper Midwest U.S., CAFO dust concentrations are seasonally 

higher in winter when ventilation rates are low compared to in summer when ventilation 

rates are higher (Takai et al. 1998, O’Shaughnessy et al. 2002). Ventilation rates have 

been shown to be a dominant factor affecting dust concentrations (Peters et al. 2012, Zhu 

et al. 2000). 

Contaminant control methods are necessary to reduce dust concentrations below 

recommended threshold levels. Research and development of technology addressing 

hazardous indoor air quality and the reduction of contaminant concentrations within 

CAFOs are being pursued (Rule et al. 2005): feed modification, nonintegrated manure 

pit, ventilation, oil spray, electrostatic device, and biofiltration. Feed modification, or use 

of liquid feed or fat amended feed, can reduce feed dust concentrations (Takai and 

Pedersen 2000). However, feed modification does not address contaminant emissions 

from other sources. Outdoor or nonintegrated manure storage has been recommended as a 

new building design criterion by Jacobson (2011). Nonintegrated manure storage 

eliminates indoor manure emissions in CAFO buildings; however, it does not address 

feed or dander source emissions. Dilution ventilation is a practiced as a temperature 
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control method in most swine CAFOs, however, ventilation rates are typically reduced 

during cold weather months to conserve heat (Donham et al. 1977).  

Spraying of vegetable oil has been found to be an effective way to lower dust 

concentrations in swine CAFOs (Rule et al. 2005). Nonnenmann et al. (2004) studied 

sprinkling of canola oil in a 71-swine finishing room in Iowa resulted in total dust 

reduction of 56% (from 1.35 mg m-3 to 0.65 mg m-3) over 13 weeks. A disadvantage to 

oil application is that the accumulation of residue on surfaces demands more stringent 

housekeeping. Richardson et al. (2003) used an electrostatic charge device to remove dust 

in a poultry-broiler building. Treatment resulted in an average reduction of 61% over 27 

weeks (from 3.75 mg m-3 to 1.45 mg m-3 based on direct reading instrument 

measurements). Biofiltration of waste air from a 22-swine finishing barn in Germany was 

evaluated by Martens et al. (2001) as a method to control odors. Reductions were 

observed in levels of bacteria, volatile organic compounds, and odors. However, the 

treatment was not effective at removing ammonia, fungi, or endotoxin. 

Several commercially available treatment alternatives used in other industries to 

control dust are: shaker dust collector, cyclone, electrostatic precipitator, and wet 

scrubber. Although widely used in industrial applications, these technologies have yet to 

be applied to commercial swine CAFO buildings. The shaker dust collector has higher 

collection efficiency than the cyclone for particles <10 µm and lower capital cost than an 

electrostatic precipitator or wet scrubber. Common industrial applications for the shaker 

dust collector are: bin ventilation, buffing, grinding, mixing, packaging, polishing, 

sanding, and sawing (UAS Inc, 2013). Advantages of the shaker dust collector over other 

air cleaners are high removal efficiency, low pressure drop, and a reusable filter. Particle 

collection efficiencies are commonly greater than 95%. The high dust concentrations 

found in swine CAFOs are compatible with shaker dust collector loading. A limitation of 

dry filtration is the inability to remove gaseous compounds.  



16 
 

  

Filtration of contaminants from general exhaust and the incorporation of a 

recirculation loop of treated air is a logical and practical option that has been explored to 

reduce indoor concentrations while controlling heating energy costs (Pearson and 

Sharples 1995). Dry filtration can remove 50% to 60% of dust, by mass, from 

recirculated air in livestock buildings (Pearson and Sharples 1995). The efficacy of dust 

collectors applied to swine barns has yet to be investigated in detail. 

In this work, we selected the shaker dust collector for further evaluation because 

of potentially high collection efficiency of particulates at low pressure drop, simplicity of 

operation, and low capital cost. The purpose of repeated testing in the laboratory was to 

enumerate values of collection efficiency and pressure drop using a standard test dust 

with consistent particle size distribution, constant emission rate, and controlled 

temperature and relative humidity. Repeated filter cleaning was tested to determine the 

number of cleanings required to reclaim pressure drop and minimize mechanical wear of 

the fabric. Laboratory evaluation provided a performance baseline that can be used for 

comparison between different filter fabrics and to other control devices. A baseline 

evaluation should not be performed under field conditions because of lack of test 

repeatability, uncontrolled temperature and relative humidity, variable particle size 

distribution, and influences of unknown field factors.   

Methods 

Experimental Setup 

A commercial off-the-shelf 1700-m3 hr-1 (1000-CFM) shaker dust collector (SDC, 

Model 140, United Air Specialists Inc., Cincinnati, OH) and exhaust ventilation system 

was assembled as shown in Figure I-1. SDC cabinet dimensions were 0.8 m x 0.7 m x 1.2 

m. The radial flow fan motor power was 2.2-kilowatts. All tests were conducted with a 

14-pocket, polyester sateen filter (SDC-140, 9-ounce cloth with 13-m2 surface area). 

Separated particulate matter accumulated in a storage drum beneath the unit. The 
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collector drum also accumulated dislodged dust from SDC cleanings. Airflow first 

entered the SDC and traveled around a baffle plate, which separated large particles from 

the airstream. Airflow and suspended particulate matter then passed through fabric filter 

media (subject to collection efficiency). Filtered, exhaust air was vented to the 

atmosphere.  

The duct system was assembled of 254-mm (10-inch) diameter, circular, 

galvanized steel ducting with clamp-together connections (NORDFAB USA, 

Thomasville, NC). The inlet duct length was approximately 3 m (longitudinal distance of 

12 duct diameters) and the exhaust duct length was 7.6 m. Airflow was controlled by a 

blast gate positioned at the inlet of the system.  

SDC filter pressure drop (Pa) and exhaust duct velocity (m s-1) were measured 

with electronic pressure transmitters (Model 616-2, Dwyer Instruments, Michigan City, 

IN). Velocity pressure of the exhaust was measured using a Pitot tube that was installed 8 

duct diameters downstream of the SDC outlet (Figure I-1). The Pitot tube ports were 

connected to the pressure transmitter using small diameter plastic tubing. Pressure 

transmitter signals were recorded using an electronic data logger (Arduino, Adafruit 

Industries, New York, NY). Measurements were logged once every second.  

All tests were conducted indoors where room temperatures ranged from 22-26°C, 

relative humidity ranged from 45-62%, and atmospheric pressure ranged from 737-745 

mm Hg. 

Loading 

Coarse Arizona road dust (ARD, dp <1 to 200 µm, A4 Coarse Test Dust, Powder 

Technology Inc., Burnsville, MN) was used to simulate swine barn dust. ARD was 

selected because ARD is a standard test dust, the size distribution includes inhalable 

particles, it is commercially available, and loading was repeatable. ARD was dispensed 

one-half duct diameters downstream from the inlet, at 0.6 g min-1, with an auger-type dry 
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material feeder (Model 53190, Accurate, Whitewater, WI) as per standard operating 

procedure (Appendix A). The lowest dispensary setting of the material feeder was used. 

ARD became entrained in the airflow prior to entering the SDC.  

Three loading tests were administered to simulate operation in a swine barn over a 

three-month period at a concentration of 1 mg m-3. This simulated dust concentration was 

near the lower limit of swine barn dust concentrations (0.8-15 mg m-3) summarized in a 

review by Heber et al. (1988a). Each test was stopped when the filter pressure drop 

reached the manufacturer’s recommended maximum of 1000 Pa. Continuous runtimes for 

each test were 7.1, 5.6, and 5.0 days at constant emission rate. The initial loading test 

duration was longer than subsequent tests because it included preloading of the filter. The 

cumulative 18-day laboratory run loaded approximately 14 kg and was equivalent to a 

simulated loading of more than 350 days. The mass loading for 1 day in the laboratory, 

based on emission rate, is given in Equation 1. The simulated mass loading for 1 day in a 

swine barn is given in Equation 2. The ratio of laboratory loading to simulated loading 

was 20 (i.e., 0.8 kg d-1/0.04 kg d-1). 

Daily Mass, Lab � �� � ∆�       (1) 

� 0.6 �
�
� � ��

10�� � 1440 �
�
� � 0.8 ��

�  

Where: ER = emission rate 

∆t = time, days 

Daily Mass, Simulated � ��∆�      (2) 

 � 1700 ��
�� � 1 ��

�� � ��
� !�� � 24 ��

# � 0.04 ��
#    

Where: Q = exhaust airflow of a control device 

C = dust concentration of a swine farrowing barn 

∆t = time, days 

Airflow can be estimated as a function of pressure drop. The coefficient of 

determination (R2) was calculated for each loading test in Microsoft Excel (Version 14, 
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Microsoft Corp., Redmond, WA). A change in unit pressure drop (Pa) explained 99% of 

the variability in a change in unit airflow (m3 hr-1).  

Collection Efficiency 

The collection efficiency of fabric filters is characteristically greater than 90% 

(Burgess, Ellenbecker, and Treitman 2004). Collection efficiency by particle size of the 

SDC was measured at startup of the first loading, at end of first loading, at the startup of 

second loading, and at the end of second loading as per the standard operating procedure 

provided in Appendix A. 

Polydisperse solid glass microspheres (3.3 µm CMD, 1.7 GSD; 5000A, Potters 

Industries, Valley Forge, PA) were used as the challenge aerosol. The density of the 

material was constant (2.5 g cm-3). Glass microspheres were compatible with the 

operation of the aerodynamic particle counter; ARD can form a buildup inside 

measurement devices that can interfere with particle counting. The challenge aerosol was 

generated using the same auger-type dry material feeder used in loading (Model 53190, 

Accurate, Whitewater, WI). Dry feed was dispensed into a Venturi valve (Model JD-

90M, Vaccon, Medway, MA) and the aerosolized challenge dust was introduced at the 

duct system inlet. Challenge aerosol was sampled isokinetically in the inlet and exhaust 

ducts using gooseneck nozzles (Model 401SS, Clean Air Engineering, Palatine, IL) at a 

sample airflow of 4.4 L min-1. Isokinetic sampling was necessary to avoid undersampling 

or oversampling from the duct airstream. 

Particle count by size was measured with an aerodynamic particle sizer (APS, 

Model 3321, TSI, Shoreview, MN). The APS measured concentrations in one of two 

locations: inlet duct or exhaust duct. Tubing length from either gooseneck nozzle to the 

APS inlet was identical. The operation in the inlet duct is denoted as “WO” and the 

operation in the exhaust duct is denoted as “W.” The APS was operated for three 

consecutive samples each with (W) and without (WO) filtration. The operation occurred 



20 
 

  

in the following sequence: WO-W-WO-W-WO-W-WO. The APS sample airflow was 4.4 

L min-1 and the sample time was 60 seconds per measurement. The sample airflow was 

decreased from the default 5 L min-1 to meet isokinetic requirements. Particle density was 

2500 kg m-3 and Stokes correction was applied to the aerodynamic diameter. Three 

measurements of SDC collection efficiency by particle aerodynamic diameter were 

calculated for each performance test for the SDC. For a particular aerodynamic particle 

diameter, collection efficiency was calculated as shown below in Equation 3. 

 

�� �  �
� $%1 &  '
'()*'()*1

2
+ * %1 &  '
*1'()*1*'()*2

2
+ * %1 &  '
*2'()*2*'()*3

2
+- 100% (3) 

where: CE = percent collection efficiency 

Wi, Wi+1, Wi+2 = measurements with filter 

WOj, WOj+1, WOj+2, WOj+3 = measurements without filter 

The overall collection efficiency was calculated as the arithmetic mean of collection 

efficiencies (CE, Equation 3) over the range of particle diameters. 

Quality Factor 

 Quality factor is a parameter that can be used to compare or rank different types 

of air pollution control devices. It is a function of collection efficiency and pressure drop. 

Quality factor was assessed at startup of the first loading, end of first loading, startup of 

second loading, and end of second loading. Quality factor was calculated using Equation 

4. 

qF = 
/012�/3456789::;

∆<                                                                               (4) 

where: qF = quality factor 

CEoverall = overall collection efficiency 

∆p = pressure drop      
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Cleaning 

The SDC was cleaned following each loading test using the standard feature 

reciprocating shaker arm mechanism that dislodged dust cake from the filter media. The 

time of the cleaning cycle was 35 seconds (manufacturer default). Cleaning was repeated 

three times following each loading for a total of nine cleanings. The filter pressure drop 

was measured at the end of each loading and following each filter cleaning to investigate 

pressure drop recovery. The change in pressure drop between cleaning cycles were 

compared using two-sample t-tests for equal variances. For all analysis a p-value <0.05 

was considered significant. Statistical analyses were performed in Minitab (Version 16.1, 

Minitab, Inc., State College PA). 

Results 

Loading 

A summary of loading tests is provided in Table II-1. The pressure drop and 

airflow during these loading tests are depicted in Figure II-2. Raw data is provided in 

Appendix B. The initial pressure drop for the clean filter was 120 Pa. The pressure drop 

gradually increased to 950 Pa at conclusion of the first loading that represented 140 swine 

barn days. Following cleaning, the pressure drop reduced to 350 Pa. Over the course of 

the second loading (110 swine barn days), the pressure drop across the SDC filter reached 

970 Pa. Following the second cleaning, the pressure drop was reduced to 370 Pa. Over 

the duration of the third loading (100 swine barn days), the pressure drop climbed to 1000 

Pa.  

In all three tests, the startup system airflow was approximately 1700 m3 hr-1. 

Airflow decreased linearly as pressure drop increased (Figure II-3). At shutdown, the 

system airflow rate was approximately 1200 m3 hr-1. Average velocity in the exhaust duct 

decreased from approximately 9.6 m s-1 at startup to 6.6 m s-1 at shutdown. Airflow 

through a filter fabric characteristically decreases with an increase in pressure drop. 
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Airflow reduced by approximately 30% over the course of loadings. The total mass of 

ARD dispensed was 5.6 kg for Test 1, 4.5 kg for Test 2, and 4.0 kg for Test 3. 

Collection efficiency 

As shown in Figure II-4, filter collection efficiency at startup before the first 

loading was 27% for 1-µm particles, increasing steadily to 96% for 10-µm particles, with 

an overall collection efficiency of 44%. At the end of the first loading, collection 

efficiency ranged from 98-99%, for dp 1-10 µm, and 99% for overall collection 

efficiency. At startup of the second loading, collection efficiency was 90% for 1-µm 

particles and increased to 99% for 10-µm particles. Overall collection efficiency was 

91%. At the conclusion of the second loading, collection efficiency for particle sizes 

between 1-10 µm was 99%, and the overall efficiency was 99% (Table II- 2). Raw data is 

found in Appendix A. 

Quality Factor 

Filter quality data is tabulated in Table II- 2. The filter quality factor ranged from 

0.005 – 0.009 Pa-1. The quality factors were slightly less than literature values. In a 

collection of studies by Dennis and Wilder (1975) a quality factor of 0.01 Pa-1 was typical 

for cotton fabric bags filtering fly ash.  

Cleaning 

Cleaning tests are summarized in Table II- 3 and depicted in Figure II-2. The 

effect of serial, repeated cleanings was examined to determine the recovery of pressure 

drop as a result of the cleaning operation and delineate the beneficial number of 

cleanings. The average pressure drop recovery for the first cleaning was 550 Pa. The 

average pressure drop recovery for the second cleaning was 25 Pa and the average 

pressure drop recovery for the third cleaning was 2.5 Pa. The pressure drop recovery for 

the first cleaning was statistically significant (p<0.001). The pressure drop recovery for 
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subsequent cleaning was not statistically significant (p=0.06). Statistical test output is 

provided in Appendix C. 

Discussion 

After an initial loading period the collection efficiency of the SDC was high and 

may be effective to control indoor dust concentrations in a swine barn. Initial, overall 

collection efficiency was low for the new filter, 44%. As loading proceeded, collection 

efficiency improved for the preloaded filter, and the overall collection efficiency was 

greater than 99%. Approximately 2-laboratory days or 40-simulated days of preloading 

were required to obtain high collection efficiency. “Just cleaned” collection efficiency 

remained high, 90% overall, and improved to greater than 99% with continued loading.  

Filter collection efficiency relied on the ability of the fabric to develop and 

maintain a dust cake. New filter collection efficiency was characteristically lower than 

the preloaded filter with residual dust. New filter media consisted of woven cloth fibers 

with open spaces. The loaded filter became coated with a layer of buildup, or dust cake, 

that was beneficial to particle capture and substantially increased collection efficiency. 

Collection efficiency trends in this work agree with the conclusions of Dennis and Wilder 

(1975) for cotton fabrics and fly ash. 

Collection efficiency by size, 90-99% for particles 1-10 µm, and a normalized 

filter pressure drop of 9800 Pa m s-1 (0.2 in. w.g. ft-1 min-1 at 7 ft min-1) in this study were 

consistent with findings by Dennis (1974) for industrial fabric filter systems and fly ash 

filtration: particle collection efficiency by size ranged from 85-99.5% and a normalized 

pressure drop of 9800 Pa m s-1 (0.2 in. w.g. ft-1 min-1 at 3 ft min-1). Billings et al. (1954) 

reported that preloaded fabric dust collectors typically collect greater than 99% of dust 

particles for particles <1-50 µm and the pressure drop ranges from 250-2500 Pa (1-10 in. 

w.g.).  
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In this work a single cleaning cycle was found to be sufficient to recover filter 

pressure drop. The first cleaning yielded an average pressure drop reduction of 550 Pa. 

The second cleaning yielded a reduction of 25 Pa, which was a statistically significant 

change (p<0.001). However, there is no practical significance to a second cleaning with 

such small yield. The third cleaning did not significantly reduce pressure drop (p=0.06) 

and was deemed unnecessary. Cleaning via mechanical shaking imparts stress and strain 

to the filter media and excessive wear shortens filter life. Determination of an appropriate 

cleaning schedule can prolong the life of the shaker’s mechanical components. Single-

cycle cleanings are typical in many industrial applications where shaker cleaning is 

performed at a predetermined pressure drop and varies by application. In an EPA report 

by Dennis and Wilder (1975) the upper limit of individual shakes in a single cleaning 

cycle was found to be approximately 200 (i.e., 20 s at 10 Hz). Their filters were cleaned 

for two 20-second cycles. Dust was removed in decreasingly smaller increments that 

decayed exponentially.   

Limitations 

 The primary limitation of the shaker dust collector is its specificity to dust 

collection. Gaseous compounds pass through the dust collector with airflow. Exploration 

of other control technology to remove contaminants such as ammonia would be 

appropriate where concentrations pose a hazard. Physical differences, especially high 

humidity conditions in swine barns, may result in increased collection efficiency than 

what was observed in the study (Billings and Wilder 1970). Aerosol characteristics of the 

test dust were consistent between tests in source emission, particle size distribution, 

inorganic content, temperature, relative humidity, and chemical composition. Actual 

swine barn dust has variable source emissions, size distribution, organic content, 

temperature, and relative humidity.  
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 In this study, dust cake accumulation occurred under a constant emission rate. 

Field loading conditions are subject to variability in dust concentration, ventilation rate, 

livestock inventory, feeding events, and activity in the barn. Under field conditions 

preloading-startup and loading to reach target collection efficiency may require more or 

less lead time. Depending on the pressure drop of swine barn dust cake additional 

cleanings may be required to maintain a desired airflow. 

 Laboratory loading tests that simulated preloading period and three winter seasons 

were conducted continuously. Loading ceased only to conduct cleaning and collection 

efficiency tests. Time between loading tests was on the order of hours. In field 

application loading is expected to be continuous for three months followed by inactivity 

for nine months. Potential effects on startup and collection efficiency following long 

dormant periods are unknown.  

 This study investigated one type of filter fabric that was supplied by default with 

the air cleaner. Other commercially available filters should be evaluated and filter quality 

should be used as a benchmark to quantitatively compare media performance. Filter life 

span is another issue to be addressed in the field. In the field filter material will be 

exposed to corrosive compounds such as ammonia. Weathering and premature 

deterioration of the filter should be investigated. 

Conclusion 

The SDC was capable of processing a mass of dust equivalent to 3-months of 

loading in a swine barn (Table II- 4). Based on a laboratory preload time of 2 days and a 

scaling factor of 20, a 40-day field preloading time was estimated to provide the 

opportunity for dust cake formation. In the laboratory approximately 4 kg of dust were 

loaded over a period of 5 days representing a field simulated time of 100 days (roughly 

one 3-month winter season) with an exhaust airflow of 1,700-1,200 m3 hr-1 and dust 

concentration of  1 mg m-3. Following preloading the SDC achieved greater than 99% 
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collection efficiency for particles 1-10 µm. The filter pressure drop in the laboratory was 

within the typical range of operation (370-1,000 Pa) for a fabric filter type collectors and 

is estimated to undergo similar airflow resistance in the field. A single cleaning cycle was 

estimated to be required approximately every 100 days and corresponds to a period of 

once per winter season.  
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Table II- 1. Summary of loading tests. 

Loading Mass Loading Increase in 
Pressure Drop, Pa 

Change in 
Airflow 

Q, m3 hr -1 
    

1st 
Runtime=7.1 d 
Mass=5.7 kg ARD 

830 -520 

    

2nd 

 
Runtime=5.6 d 
Mass=4.5 kg ARD 

 

620 -490 

    

3rd 
Runtime=5.0 d 
Mass=4.0 kg ARD 

630 -490 

 

 

 

 

Table II- 2. Summary of collection efficiency and quality factor. 

Test Condition 
Pressure 

Drop 
∆p, Pa 

Collection 
Efficiency  

 dp 1-10 µm 

Collection 
Efficiency 

Overall, ηηηη, % 

Quality Factor 
qF, Pa-1 

     
Startup of 1st Loading  
(see Figure II-4A) 

120 27-96 44 0.005 

     
End of 1st Loading  
(see Figure II-4B) 

950 98-99 99 0.005 

     
Startup of 2nd Loading  
(see Figure II-4C) 

350 90-99 91 0.007 

     
End of 2nd Loading  
(see Figure II-4D) 

970 99 99 0.005 
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Table II- 3. Summary of cleaning tests. 

Test Condition Pressure Drop, ∆p, Pa 

 Mean Standard Deviation 

Startup 1st load 120 9.5 

End 1st load 941 15 

Clean 1A 326 11 

Clean 1B 316 12 

Clean 1C 314 11 

Startup 2nd load 344 9.5 

End 2nd load 964 13 

Clean 2A 423 11 

Clean 2B 388 8.7 

Clean 2C 376 9.7 

Startup 3rd load 996 16 

End 3rd load 500 11 

Clean 3A 471 12 

Clean 3B 466 10 

Clean 3C 120 9.5 

Notes: Pressure drop data were recorded per second, one minute averages were reported. 
A, B, C represent sequential cleaning cycles. 
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Table II- 4. Dust collector parameters. 

Parameter 
Laboratory 

Value 

Extrapolated Field 

Estimate 
   
Preload time 2 d 40 d 
   
Duty cycle 5 d 100 d 
   
Dust collection capacity (within duty cycle) ~4 kg ~4 kg 
   
Overall Collection efficiency (preloaded 
condition) 

91-99% 91-99% 

   
Pressure drop (within duty cycle) 370-1000 Pa 370-1000 Pa 
   
No. of cleanings (per duty cycle) 1  1  
Note: Estimates are based on emission rate=0.6 g min-1, airflow=1700 m3 min-1 and field 
site dust concentration=1 mg m-3.  
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Figure II-1. Schematic of shaker dust collector system. 
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Figure II-2. Filter pressure drop and air flow observed during loading. Airflow was 
calculated from measured velocity pressure. Pressure drop and airflow lines 
are represented by hourly averages. 
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Figure II-3. Linear regression of airflow vs. pressure drop for (a) the first loading, (b) 
second loading, (c) and third loading. 
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Figure II-4. Collection efficiency by particle size for startup of first loading (a), end of 
first loading (b), startup of second loading (c), and end of second loading (d). 
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CHAPTER III 

CONCLUSIONS 

The loading parameters and collection efficiency of a shaker dust collector were 

evaluated using a standard test dust. SDC pressure drop and exhaust duct velocity 

pressure were measured per second at constant dust emission rate for three loadings over 

a total of 18 days. Cleanings were performed between loadings. Challenge aerosol 

concentrations were measured at startup and end of first loading, and at startup and end of 

second loading. Collection efficiency by size was calculated for particles 1-10 µm. 

Preloading was required to achieve high collection efficiency. The number of cleanings 

required to reach stable residual pressure was determined. The relationship between 

pressure drop and airflow was found to be a linear. Laboratory data that mimicked three 

winter seasons was used to estimate field performance in a swine farrowing barn. 

Results in Chapter II support the conclusion that SDC collection efficiency is high 

and pressure drop and airflow operate within ranges that might provide effective control 

of indoor dust concentrations in a swine barn (1 mg m-3). High removal efficiencies were 

achieved following loading periods (99% overall). The accumulation of dust cake was 

necessary to achieve high collection efficiency and SDC collection efficiency prior to any 

loading was low. Cleaning and removal of dust cake after loadings reduced overall 

collection efficiency from 99% to 91%. A single cleaning cycle between loadings was 

effective to remove excessive dust layers on the filter, recover filter pressure drop, and 

regain airflow capacity. Airflow decreased linearly as with respect to pressure drop 

increase. In all three tests, startup system airflow was approximately 1700 m3 hr-1. At 

shutdown, system airflow rate reduced to 1200 m3 hr-1. The three loading tests simulated 

the expected lifetime of a pocket filter. Three test loadings generated a total mass of 

approximately 14 kg. The mass of loaded dust simulated continuous operation in a swine 

barn equivalent to a 40-day preloading and three 90-day winter seasons.   
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This study investigated one type of polyester filter fabric that was supplied by 

default with the shaker dust collector. Other commercially available filters should be 

evaluated and filter quality should be used as a benchmark to quantitatively compare 

media performance. Filter life span is another issue to be addressed. In the field filter 

material will be exposed to corrosive gaseous compounds such as ammonia and traces of 

hydrogen sulfide. Wintertime startup of preloaded filters is also in question. The 

projected filter life was three winter seasons. Actual performance will likely vary due to 

environmental conditions and more frequent filter replacement may be needed. Effects of 

storage, weathering and possible premature deterioration of the filter should be 

investigated. High relative humidity atmospheres found in swine barns may be another 

important factor for filter material selection. The high organic content of swine barn dust 

in addition to high relative humidity may produce a “sticky dust” with characteristics 

unlike the mineralized Arizona test dust. Actual removal efficiency, pressure drop, 

airflow, and frequency of cleanings deserve further field evaluation.  

Future research is needed for field-based testing of the SDC and ventilation 

system to confirm laboratory-based estimates and affirm efficacy of the SDC under 

variable loading and environmental conditions in a swine farrowing barn. An estimated 

50,000 swine CAFO workers and 200,000 - 500,000 livestock CAFO workers spend the 

majority of their working days indoors. The use of personal protective equipment can be 

effective to protect against hazardous dust concentrations but the consistent use of 

personal respirators among CAFO workers has not been observed. PPE is the lowest 

option in the control hierarchy. Elimination of dust emissions by practices such as feed 

substitution using liquid or fat-amended mixtures have been studied but do not consider 

other emission sources such as dander and manure that continue to be an issue. The use 

of engineering controls have been of interest and practices such as oil spray application 

have been promising but not without incurred challenges. Ventilation engineering 

controls are a logical solution to dust control. This work, as a preliminary investigation of 
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the dust collector, is a complement to other work including field contaminant 

characterization, ventilation modeling, and simulation modeling with cost analysis. 

Ultimately, successful implementation of controls will require education and adoption by 

stakeholders, agricultural business leaders, and livestock growers. 

The actual startup time required to reach high collection efficiency (90%) would 

substantiate preloading requirements beyond the estimate provided by this study. More 

frequent concentration measurements would be needed to determine the change in 

efficiency over time. Frequent measurements with the collection efficiency method used 

in this work are impractical. A direct reading instrument could be used to quickly trend 

changes in efficiency and determine the appropriate time to conduct collection efficiency 

tests. 

Arizona test dust contains crystalline silica that is hazardous to respiratory health. 

An N-95 personal respirator was used when handling the test dust, loading the auger 

feeder, changing the filter, and while cleaning equipment. The auger feeder itself was 

fitted with a plastic enclosure to prevent unintentional release into the laboratory. All air 

handled by the shaker dust collector system was vented to atmosphere and was not 

recirculated indoors. 

The next phase of research to complement this work would include field 

deployment of a shaker dust collector and recirculation ventilation system in a swine 

barn. An intervention study could allow for comparison of dust concentrations of an 

uncontrolled work environment (without control device) to that of a controlled work 

environment (with a dust collector system). 

A study parallel to this work would be the application of other air pollution 

control devices. An investigation of a cyclone device would be of interest because of its 

low capital and operating costs, operational simplicity, and high removal efficiency for 

certain size particles. Two configuration options for particle collection include a 

standalone cyclone system and a pre-cleaner cyclone system. The use of a cyclone as a 
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pre-cleaner system may be beneficial to prolonging the equipment life of other control 

devices in a system. For example the addition of a cyclone device located upstream of a 

shaker dust collector may reduce the dust loading burden and extend filter life. 
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APPENDIX A: STANDARD OPERATING PROCEDURES 
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APPENDIX B: RAW DATA 

Table B- 1. Velocity pressure and airflow hourly data for loading test 1. 

Time Pressure Drop Airflow   Time Pressure Drop Airflow  
Hours inches w.g. CFM  Hours inches w.g. CFM 

       
1 0.50 1054  37 1.30 972 
2 0.54 1043  38 1.32 972 
3 0.58 1039  39 1.34 968 
4 0.62 1039  40 1.36 964 
5 0.65 1037  41 1.38 954 
6 0.68 1034  42 1.40 950 
7 0.71 1037  43 1.42 957 
8 0.74 1032  44 1.44 956 
9 0.76 1028  45 1.46 953 
10 0.78 1033  46 1.48 953 
11 0.81 1027  47 1.50 951 
12 0.83 1033  48 1.52 954 
13 0.85 1020  49 1.55 944 
14 0.87 1021  50 1.57 946 
15 0.89 1018  51 1.59 934 
16 0.91 1005  52 1.61 941 
17 0.93 1005  53 1.64 941 
18 0.94 1012  54 1.66 939 
19 0.96 1009  55 1.68 936 
20 0.98 1008  56 1.71 927 
21 1.00 1003  57 1.73 927 
22 1.02 1001  58 1.75 938 
23 1.04 994  59 1.78 922 
24 1.06 994  60 1.80 925 
25 1.08 988  61 1.83 917 
26 1.09 985  62 1.86 925 
27 1.11 956  63 1.87 925 
28 1.13 987  64 1.90 913 
29 1.15 985  65 1.92 904 
30 1.17 986  66 1.95 922 
31 1.18 994  67 1.98 901 
32 1.21 972  68 2.00 902 
33 1.22 981  69 2.02 912 
34 1.24 979  70 2.05 901 
35 1.26 970  71 2.07 908 
36 1.28 975  72 2.10 896 
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Table B-1 continued. 

Time Pressure Drop Airflow   Time Pressure Drop Airflow  
Hours inches w.g. CFM  Hours inches w.g. CFM 

       
73 2.12 901  109 2.87 804 
74 2.14 883  110 2.89 809 
75 2.17 897  111 2.91 811 
76 2.19 888  112 2.93 803 
77 2.22 892  113 2.95 796 
78 2.24 884  114 2.97 793 
79 2.27 882  115 2.99 790 
80 2.29 868  116 3.00 790 
81 2.31 874  117 3.03 787 
82 2.33 875  118 3.05 771 
83 2.35 880  119 3.06 785 
84 2.38 866  120 3.08 782 
85 2.40 872  121 3.09 784 
86 2.42 858  122 3.11 779 
87 2.44 859  123 3.13 762 
88 2.46 854  124 3.15 775 
89 2.48 856  125 3.17 772 
90 2.50 859  126 3.19 774 
91 2.53 846  127 3.21 769 
92 2.55 846  128 3.22 765 
93 2.57 846  129 3.24 763 
94 2.59 843  130 3.26 762 
95 2.61 843  131 3.27 762 
96 2.62 835  132 3.28 763 
97 2.64 835  133 3.30 755 
98 2.67 833  134 3.32 755 
99 2.68 829  135 3.33 760 
100 2.70 830  136 3.35 763 
101 2.72 819  137 3.36 752 
102 2.74 816  138 3.37 760 
103 2.76 802  139 3.39 742 
104 2.78 821  140 3.39 749 
105 2.80 821  141 3.39 734 
106 2.82 817  142 3.39 736 
107 2.83 809  143 3.39 740 
108 2.85 806  144 3.41 743 
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Table B-1 continued. 
 

Time Pressure Drop Airflow   Time Pressure Drop Airflow  
Hours inches w.g. CFM  Hours g. CFM 

       
145 3.40 740     
146 3.41 739     
147 3.42 740     
148 3.43 742     
149 3.45 749     
150 3.47 738     
151 3.47 740     
152 3.49 732     
153 3.50 734     
154 3.52 729     
155 3.54 724     
156 3.56 725     
157 3.57 720     
158 3.59 728     
159 3.61 716     
160 3.62 726     
161 3.63 706     
162 3.64 718     
163 3.66 723     
164 3.67 718     
165 3.69 712     
166 3.70 714     
167 3.72 707     
168 3.73 703     
169 3.75 707     
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Table B- 2. Velocity pressure and airflow daily data for loading test 1. 

Time Pressure Drop Airflow 
Days inches w.g. inches w.g. CFM CFM 

Average Std Dev. Average Std Dev. 
1 0.95 0.067 1008 9.32 
2 1.41 0.071 959 8.58 
3 1.96 0.086 911 9.47 
4 2.51 0.073 852 9.97 
5 2.97 0.067 794 11.72 
6 3.36 0.033 750 9.31 
7 3.65 0.050 716 7.33 
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Table B- 3. Velocity pressure and airflow hourly data for loading test 2. 

Time Pressure Drop Airflow  Time Pressure Drop Airflow 
Hours inches w.g. CFM  Hours inches w.g. CFM 

      
1 1.47 981  37 2.65 865 
2 1.52 979  38 2.67 856 
3 1.57 971  39 2.69 854 
4 1.63 966  40 2.71 852 
5 1.67 966  41 2.75 851 
6 1.73 960  42 2.77 847 
7 1.77 951  43 2.80 843 
8 1.82 945  44 2.82 840 
9 1.86 945  45 2.84 833 
10 1.90 945  46 2.86 837 
11 1.93 949  47 2.88 828 
12 1.97 924  48 2.90 823 
13 2.00 934  49 2.92 829 
14 2.03 925  50 2.94 822 
15 2.06 924  51 2.97 815 
16 2.09 923  52 2.99 810 
17 2.12 911  53 3.01 814 
18 2.15 905  54 3.02 826 
19 2.18 916  55 3.05 803 
20 2.21 903  56 3.06 801 
21 2.24 902  57 3.08 809 
22 2.27 898  58 3.09 807 
23 2.31 896  59 3.11 791 
24 2.35 893  60 3.12 795 
25 2.38 887  61 3.15 798 
26 2.40 884  62 3.16 785 
27 2.42 883  63 3.18 795 
28 2.45 880  64 3.20 799 
29 2.48 879  65 3.21 797 
30 2.50 874  66 3.24 782 
31 2.53 873  67 3.25 789 
32 2.55 873  68 3.27 782 
33 2.58 885  69 3.29 786 
34 2.60 874  70 3.31 780 
35 2.63 865  71 3.32 784 
36 2.63 858  72 3.34 778 
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Table B-3 continued.  

Time Pressure Drop Airflow  Time Pressure Drop Airflow 
Hours inches w.g. CFM  Hours inches w.g. CFM 

       
73 3.36 771  109 3.76 711 
74 3.37 774  110 3.77 714 
75 3.39 765  111 3.78 710 
76 3.40 769  112 3.79 709 
77 3.42 766  113 3.80 707 
78 3.44 767  114 3.81 697 
79 3.45 756  115 3.82 699 
80 3.47 758  116 3.82 699 
81 3.48 750  117 3.83 703 
82 3.50 743  118 3.84 693 
83 3.51 749  119 3.85 701 
84 3.53 751     
85 3.54 743     
86 3.56 746     
87 3.58 750     
88 3.59 738     
89 3.61 728     
90 3.62 741     
91 3.63 737     
92 3.64 728     
93 3.65 728     
94 3.66 730     
95 3.67 725     
96 3.67 730     
97 3.67 723     
98 3.67 719     
99 3.67 710     
100 3.66 731     
101 3.66 715     
102 3.67 713     
103 3.68 705     
104 3.69 725     
105 3.71 717     
106 3.73 715     
107 3.74 715     
108 3.75 714     
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Table B- 4. Velocity pressure and airflow daily data for loading test 2. 

Time Pressure Drop Pressure Drop Airflow Airflow 
Days inches w.g. inches w.g. CFM CFM 

Average Std Dev. Average Std Dev. 
     
1 2.19 0.105 908 11.51 
2 2.79 0.072 843 9.88 
3 3.25 0.059 787 7.07 
4 3.62 0.038 735 7.50 
5 3.80 0.030 705 6.55 
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Table B- 5. Velocity pressure and airflow hourly data for loading test 3. 

Time Pressure Drop Airflow   Time Pressure Drop Airflow  
Hours inches w.g. CFM  Hours inches w.g. CFM 

      
1 1.58 969  37 2.60 863 
2 1.64 960  38 2.63 857 
3 1.69 952  39 2.65 855 
4 1.73 958  40 2.67 840 
5 1.77 946  41 2.68 843 
6 1.80 942  42 2.71 849 
7 1.83 943  43 2.73 851 
8 1.86 942  44 2.75 843 
9 1.89 944  45 2.77 842 
10 1.92 938  46 2.80 830 
11 1.95 935  47 2.82 844 
12 1.97 937  48 2.84 844 
13 2.00 930  49 2.86 830 
14 2.03 931  50 2.89 832 
15 2.05 922  51 2.91 829 
16 2.08 920  52 2.93 826 
17 2.11 922  53 2.95 819 
18 2.14 916  54 2.97 814 
19 2.16 917  55 2.99 819 
20 2.20 901  56 3.01 815 
21 2.22 912  57 3.02 809 
22 2.24 909  58 3.04 802 
23 2.27 894  59 3.06 807 
24 2.30 906  60 3.08 800 
25 2.33 894  61 3.10 805 
26 2.35 898  62 3.11 803 
27 2.38 891  63 3.14 788 
28 2.40 885  64 3.15 792 
29 2.43 880  65 3.17 796 
30 2.45 884  66 3.19 785 
31 2.48 876  67 3.20 801 
32 2.50 878  68 3.22 786 
33 2.52 875  69 3.25 788 
34 2.54 874  70 3.27 799 
35 2.56 856  71 3.29 776 
36 2.58 866  72 3.30 779 
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Table B-5 continued. 

Time Pressure Drop Airflow   Time Pressure Drop Airflow  
Hours inches w.g. CFM  Hours inches w.g. CFM 

       
73 3.32 774  109 3.87 714 
74 3.34 778  110 3.88 712 
75 3.37 771  111 3.90 710 
76 3.38 772  112 3.91 714 
77 3.40 769  113 3.92 698 
78 3.43 766  114 3.93 698 
79 3.44 771  115 3.95 706 
80 3.45 764  116 3.96 684 
81 3.48 762  117 3.97 700 
82 3.49 762  118 3.98 693 
83 3.51 755  119 3.99 699 
84 3.53 749     
85 3.54 745     
86 3.55 747     
87 3.57 743     
88 3.58 750     
89 3.60 744     
90 3.61 737     
91 3.62 745     
92 3.64 738     
93 3.66 744     
94 3.66 736     
95 3.68 740     
96 3.70 729     
97 3.70 738     
98 3.72 729     
99 3.73 722     
100 3.75 727     
101 3.76 732     
102 3.79 721     
103 3.80 722     
104 3.81 723     
105 3.82 717     
106 3.84 721     
107 3.85 712     
108 3.87 721     
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Table B- 6. Velocity pressure and airflow daily data for loading test 3. 

Time Pressure Drop Pressure Drop Airflow Airflow 
Days inches w.g. inches w.g. CFM CFM 

Average Std Dev. Average Std Dev. 
1 1.98 0.209 931 19.5 
2 2.59 0.154 863 19.7 
3 3.09 0.132 804 16.4 
4 3.52 0.112 754 14.4 
5 3.85 0.091 714 13.6 
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Table B- 7. Collection efficiency by size, startup of first loading 

TEST # dp avg inlet exhaust collect eff 
 um #/cc #/cc % 

TEST #1 0.542 2.097032 1.91143 8.9 
 0.583 3.017285 2.68449 11.0 
 0.626 4.43872 3.804817 14.3 
 0.673 6.945563 5.78973 16.6 
 0.723 10.55207 8.500673 19.4 
 0.777 15.02642 11.83667 21.2 
 0.835 19.12985 14.7174 23.1 
 0.898 23.20282 17.41987 24.9 
 0.965 25.29453 18.54407 26.7 
 1.037 27.7773 19.64717 29.3 
 1.114 29.36442 20.09377 31.6 
 1.197 29.20512 19.69383 32.6 
 1.286 28.46493 18.45653 35.2 
 1.382 27.13408 17.16513 36.7 
 1.486 25.60642 15.53977 39.3 
 1.596 23.70512 13.53743 42.9 
 1.715 21.92547 11.84457 46.0 
 1.843 20.1988 10.19423 49.5 
 1.981 18.72033 8.76218 53.2 
 2.129 17.75633 7.55418 57.5 
 2.288 16.34303 6.341633 61.2 
 2.458 14.90063 5.157183 65.4 
 2.642 13.76927 4.25931 69.1 
 2.839 12.1387 3.214723 73.5 
 3.051 10.17624 2.29613 77.4 
 3.278 8.351282 1.56442 81.3 
 3.523 7.493188 1.125117 85.0 
 3.786 6.46269 0.74518 88.5 
 4.068 4.871275 0.436869 91.0 
 4.371 3.786045 0.27297 92.8 
 4.698 3.027122 0.171427 94.3 
 5.048 2.754908 0.134607 95.1 
 5.425 2.63158 0.120144 95.4 
 5.829 2.215068 0.121467 94.5 
 6.264 1.996938 0.124938 93.7 
 6.732 1.891093 0.121239 93.6 
 7.234 1.564705 0.106768 93.2 
 7.774 1.460553 0.094484 93.5 
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Table B-7 continued.  

TEST # dp avg inlet exhaust collect eff 
 um #/cc #/cc % 

TEST #1 8.354 1.308537 0.081731 93.8 
 8.977 1.120993 0.06947 93.8 
 9.647 0.940793 0.060779 93.5 
 10.37 0.831516 0.047586 94.3 
 11.14 0.743384 0.03393 95.4 
 11.97 0.553976 0.025083 95.5 
 12.86 0.441916 0.020853 95.3 
 13.82 0.361289 0.017417 95.2 
 14.86 0.281805 0.015758 94.4 
 15.96 0.201012 0.0099 95.1 
 17.15 0.099916 0.004484 95.5 

TEST #2 0.542 2.102435 1.853023 11.86299 
 0.583 3.005772 2.608513 13.21652 
 0.626 4.402147 3.648833 17.11241 
 0.673 6.932118 5.621247 18.91012 
 0.723 10.53275 8.41889 20.0694 
 0.777 14.92748 11.73437 21.39086 
 0.835 18.99167 14.54853 23.39517 
 0.898 22.96175 17.21373 25.03301 
 0.965 25.00313 18.32477 26.71012 
 1.037 27.44813 19.56423 28.7229 
 1.114 29.13105 19.89483 31.70575 
 1.197 28.70912 19.31733 32.71359 
 1.286 27.84222 18.01717 35.28832 
 1.382 26.4788 16.56707 37.43271 
 1.486 25.03538 14.9384 40.33085 
 1.596 23.25408 13.06813 43.80284 
 1.715 21.47327 11.23197 47.69326 
 1.843 19.73173 9.53432 51.68027 
 1.981 18.37815 8.17872 55.49759 
 2.129 17.46685 7.050813 59.63317 
 2.288 16.00872 5.824813 63.61474 
 2.458 14.66322 4.778307 67.41297 
 2.642 13.52148 3.8735 71.353 
 2.839 11.86685 2.97816 74.90353 
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Table B-7 continued.  

TEST # dp avg inlet exhaust collect eff 
 um #/cc #/cc % 

TEST #2 3.051 10.07897 2.116703 78.99882 
 3.278 8.231528 1.40176 82.97084 
 3.523 7.420437 0.974752 86.86396 
 3.786 6.366652 0.666406 89.53287 
 4.068 4.76755 0.377393 92.08412 
 4.371 3.71604 0.226213 93.91253 
 4.698 3.014868 0.149713 95.03418 
 5.048 2.755818 0.110533 95.98912 
 5.425 2.561552 0.104117 95.93541 
 5.829 2.199258 0.104525 95.24727 
 6.264 2.041302 0.108517 94.68395 
 6.732 1.858355 0.098655 94.69129 
 7.234 1.56078 0.078512 94.96969 
 7.774 1.462652 0.078393 94.64034 
 8.354 1.289468 0.061834 95.20471 
 8.977 1.125258 0.049317 95.61728 
 9.647 0.958234 0.038076 96.02639 
 10.37 0.825671 0.031881 96.13884 
 11.14 0.734857 0.027745 96.22449 
 11.97 0.55847 0.018822 96.62981 
 12.86 0.430667 0.01811 95.79497 
 13.82 0.361735 0.012137 96.6447 
 14.86 0.28149 0.007401 97.37075 
 15.96 0.202868 0.005039 97.5161 
 17.15 0.096407 0.002924 96.96663 

TEST #3 0.542 2.10819 1.878843 10.87884 
 0.583 3.002975 2.69999 10.08949 
 0.626 4.347765 3.84693 11.51937 
 0.673 6.872123 5.93909 13.57707 
 0.723 10.48592 8.929067 14.84706 
 0.777 14.89327 12.3435 17.12026 
 0.835 18.92085 15.54273 17.85394 
 0.898 22.82238 18.5035 18.92389 
 0.965 24.94622 19.62503 21.33062 
 1.037 27.53222 20.85243 24.2617 
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Table B-7 continued.  

TEST # dp avg inlet exhaust collect eff 
 um #/cc #/cc % 

TEST #3 1.114 29.16373 21.21093 27.26949 
 1.197 28.75772 20.10413 30.09134 
 1.286 27.74983 18.4972 33.34302 
 1.382 26.29665 16.68083 36.5667 
 1.486 24.85247 14.9907 39.68124 
 1.596 23.12225 13.03163 43.64029 
 1.715 21.28318 11.17597 47.48921 
 1.843 19.57353 9.489337 51.51955 
 1.981 18.22312 8.145407 55.30179 
 2.129 17.43803 7.07633 59.42014 
 2.288 15.95005 5.78557 63.72695 
 2.458 14.61235 4.731877 67.61728 
 2.642 13.51048 3.757223 72.19031 
 2.839 11.81023 2.788873 76.38596 
 3.051 10.01386 1.970293 80.32433 
 3.278 8.291318 1.302207 84.29434 
 3.523 7.542515 0.882631 88.29792 
 3.786 6.27765 0.576376 90.8186 
 4.068 4.664587 0.338053 92.75277 
 4.371 3.73246 0.194343 94.79317 
 4.698 3.0399 0.129093 95.75338 
 5.048 2.781783 0.102893 96.30117 
 5.425 2.519335 0.086432 96.56927 
 5.829 2.199957 0.072819 96.68998 
 6.264 2.061775 0.087588 95.7518 
 6.732 1.882668 0.073994 96.06975 
 7.234 1.572407 0.069702 95.56718 
 7.774 1.49257 0.055991 96.24867 
 8.354 1.296212 0.045887 96.45994 
 8.977 1.118023 0.043128 96.14251 
 9.647 0.983454 0.030358 96.91318 
 10.37 0.826368 0.025935 96.8616 
 11.14 0.732159 0.027938 96.18418 
 11.97 0.569758 0.015303 97.31416 
 12.86 0.428637 0.010491 97.55257 
 13.82 0.354495 0.008016 97.73879 
 14.86 0.272191 0.006093 97.76168 
 15.96 0.199143 0.00413 97.92629 
 17.15 0.094359 0.001365 98.55371 
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Table B- 8. Collection efficiency by size, end of first loading. 

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #1 0.542 3.796893 0.144919 96.18323 
 0.583 5.298685 0.199361 96.23754 
 0.626 7.090713 0.254601 96.40937 
 0.673 9.669258 0.325714 96.63145 
 0.723 12.91645 0.388425 96.99279 
 0.777 17.26173 0.463206 97.31657 
 0.835 21.75877 0.507973 97.66543 
 0.898 26.49035 0.57298 97.83702 
 0.965 29.1345 0.547573 98.12053 
 1.037 31.6868 0.543534 98.28467 
 1.114 33.29287 0.502932 98.48937 
 1.197 33.36865 0.46459 98.60771 
 1.286 32.38248 0.430383 98.67094 
 1.382 30.84857 0.405744 98.68472 
 1.486 29.60532 0.359751 98.78484 
 1.596 27.52668 0.307009 98.88469 
 1.715 25.50858 0.268341 98.94804 
 1.843 23.91012 0.248302 98.96152 
 1.981 22.167 0.221106 99.00254 
 2.129 21.09135 0.181945 99.13735 
 2.288 19.37665 0.159307 99.17784 
 2.458 17.31377 0.131319 99.24153 
 2.642 16.07687 0.112741 99.29874 
 2.839 14.67873 0.099282 99.32363 
 3.051 12.63905 0.078234 99.38102 
 3.278 10.43663 0.060171 99.42346 
 3.523 8.940843 0.043929 99.50867 
 3.786 7.847232 0.029902 99.61895 
 4.068 6.283982 0.02118 99.66295 
 4.371 4.967563 0.013105 99.73619 
 4.698 4.043723 0.011175 99.72364 
 5.048 3.476778 0.008339 99.76015 
 5.425 3.510927 0.005102 99.85468 
 5.829 2.872495 0.010176 99.64575 
 6.264 2.613843 0.005921 99.77349 
 6.732 2.414087 0.006653 99.7244 
 7.234 2.145133 0.003342 99.8442 
 7.774 1.912577 0.005059 99.73548 
 8.354 1.844443 0.002241 99.8785 
 8.977 1.555412 0.003097 99.80087 
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Table B-8 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #1 9.647 1.34883 0.003094 99.77063 
 10.37 1.157678 0.002473 99.78635 
 11.14 1.05232 0.000884 99.91597 
 11.97 0.807375 0.001047 99.87036 
 12.86 0.627074 0.000814 99.87016 
 13.82 0.519593 0.001331 99.74374 
 14.86 0.408993 0.000548 99.86591 
 15.96 0.280098 0.000336 99.88007 
 17.15 0.128672 0.000195 99.84848 

TEST #2 0.542 3.631022 0.147818 95.92902 
 0.583 5.084685 0.184895 96.36369 
 0.626 6.818603 0.227504 96.66348 
 0.673 9.234348 0.284319 96.92107 
 0.723 12.36737 0.360775 97.08285 
 0.777 16.6036 0.42562 97.43658 
 0.835 20.9811 0.463821 97.78934 
 0.898 25.62605 0.496135 98.06394 
 0.965 28.01445 0.49104 98.24719 
 1.037 30.4791 0.510228 98.32598 
 1.114 31.95837 0.47495 98.51385 
 1.197 32.02768 0.420858 98.68595 
 1.286 31.11422 0.396317 98.72625 
 1.382 29.58862 0.371493 98.74447 
 1.486 28.50163 0.308893 98.91623 
 1.596 26.54767 0.292964 98.89646 
 1.715 24.79248 0.261032 98.94713 
 1.843 23.27933 0.221774 99.04734 
 1.981 21.6544 0.203828 99.05872 
 2.129 20.76233 0.17681 99.14841 
 2.288 19.0877 0.147955 99.22487 
 2.458 17.0912 0.132886 99.22249 
 2.642 15.97278 0.115309 99.27809 
 2.839 14.85458 0.093149 99.37293 
 3.051 12.87997 0.078227 99.39265 
 3.278 10.63608 0.065503 99.38414 
 3.523 9.253228 0.045383 99.50954 
 3.786 8.211022 0.028861 99.64851 
 4.068 6.50135 0.022767 99.64981 
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Table B-8 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #2 4.371 5.138227 0.013041 99.74619 
 4.698 4.243345 0.006976 99.83561 
 5.048 3.647922 0.010507 99.71197 
 5.425 3.6907 0.005674 99.84626 
 5.829 3.033375 0.003881 99.87205 
 6.264 2.821328 0.005734 99.79675 
 6.732 2.575793 0.001952 99.92423 
 7.234 2.305958 0.00524 99.77274 
 7.774 2.08051 0.005721 99.72504 
 8.354 1.974817 0.004602 99.76695 
 8.977 1.661888 0.003374 99.797 
 9.647 1.450928 0.002703 99.81372 
 10.37 1.235202 0.001198 99.90303 
 11.14 1.099253 0.000687 99.93752 
 11.97 0.83456 0.001011 99.87892 
 12.86 0.640091 0.001714 99.73216 
 13.82 0.51764 0.001204 99.76731 
 14.86 0.411868 0.000206 99.9499 
 15.96 0.28395 0 100 
 17.15 0.126723 0 100 

TEST #3 0.542 3.577342 0.130863 96.34188 
 0.583 5.02355 0.165562 96.70428 
 0.626 6.677683 0.209269 96.86614 
 0.673 9.057385 0.254178 97.19369 
 0.723 12.14997 0.298202 97.54566 
 0.777 16.42408 0.363724 97.78542 
 0.835 20.85845 0.40987 98.03499 
 0.898 25.41488 0.446069 98.24485 
 0.965 27.8947 0.430148 98.45796 
 1.037 30.28483 0.459149 98.4839 
 1.114 31.77643 0.425485 98.661 
 1.197 31.88855 0.399364 98.74763 
 1.286 30.9969 0.362968 98.82902 
 1.382 29.56463 0.341119 98.84619 
 1.486 28.30458 0.303328 98.92834 
 1.596 26.42625 0.283983 98.92538 
 1.715 24.64162 0.242384 99.01636 
 1.843 23.22627 0.211218 99.09061 
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Table B-8 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #3 1.981 21.73733 0.190876 99.1219 
 2.129 20.94823 0.176053 99.15958 
 2.288 19.23603 0.155698 99.19059 
 2.458 17.22532 0.123626 99.2823 
 2.642 16.08395 0.106821 99.33586 
 2.839 14.97222 0.089993 99.39893 
 3.051 13.08387 0.071637 99.45248 
 3.278 10.77483 0.053392 99.50447 
 3.523 9.323537 0.047901 99.48623 
 3.786 8.307645 0.037972 99.54292 
 4.068 6.586847 0.022962 99.65139 
 4.371 5.179638 0.012549 99.75772 
 4.698 4.285245 0.015153 99.64639 
 5.048 3.728488 0.008612 99.76903 
 5.425 3.674445 0.010163 99.7234 
 5.829 3.085893 0.009755 99.68388 
 6.264 2.833803 0.00623 99.78016 
 6.732 2.693323 0.006054 99.77524 
 7.234 2.388575 0.0041 99.82835 
 7.774 2.179963 0.006573 99.69848 
 8.354 2.076718 0.004371 99.78951 
 8.977 1.736582 0.00365 99.78982 
 9.647 1.502305 0.002937 99.80448 
 10.37 1.30148 0.002584 99.80149 
 11.14 1.14371 0.0024 99.79018 
 11.97 0.896926 0.000902 99.89941 
 12.86 0.687481 0.001018 99.85191 
 13.82 0.552305 0.00085 99.84602 
 14.86 0.437696 0.001167 99.73328 
 15.96 0.303069 0.000336 99.88916 
 17.15 0.137933 0.000195 99.85866 
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Table B- 9. Collection efficiency by size, startup of second loading. 

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #1 0.542 3.949725 1.14208 71.08457 
 0.583 5.451987 1.48704 72.7248 
 0.626 7.200712 1.85541 74.23296 
 0.673 9.841162 2.25912 77.04417 
 0.723 13.17818 2.640287 79.96471 
 0.777 17.62755 3.147587 82.14394 
 0.835 22.40775 3.54565 84.17668 
 0.898 27.44682 3.820863 86.07903 
 0.965 30.35458 3.683997 87.86346 
 1.037 33.3555 3.538933 89.39026 
 1.114 35.1821 3.099217 91.19093 
 1.197 35.35625 2.557037 92.76779 
 1.286 34.59913 2.024977 94.14732 
 1.382 32.98092 1.584747 95.19496 
 1.486 31.30192 1.25017 96.00609 
 1.596 29.02857 0.976502 96.63606 
 1.715 26.70018 0.746876 97.20273 
 1.843 24.88525 0.607763 97.55774 
 1.981 23.00202 0.519104 97.74322 
 2.129 21.43462 0.411242 98.08141 
 2.288 19.48018 0.351643 98.19487 
 2.458 17.42813 0.307833 98.2337 
 2.642 15.9584 0.245777 98.45989 
 2.839 14.37837 0.202953 98.58849 
 3.051 12.2104 0.156269 98.7202 
 3.278 10.01134 0.112685 98.87443 
 3.523 8.535318 0.088321 98.96523 
 3.786 7.336897 0.066595 99.09232 
 4.068 5.721333 0.045721 99.20087 
 4.371 4.408288 0.03469 99.21307 
 4.698 3.498813 0.027755 99.20673 
 5.048 2.931595 0.020266 99.30871 
 5.425 2.541458 0.024801 99.02415 
 5.829 2.109757 0.019708 99.06586 
 6.264 1.805588 0.014988 99.1699 
 6.732 1.59533 0.018274 98.85455 
 7.234 1.422282 0.013376 99.05955 
 7.774 1.26996 0.014851 98.83062 
 8.354 1.197435 0.008622 99.27996 
 8.977 1.048846 0.010121 99.03504 
 9.647 0.941087 0.008577 99.08856 
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Table B-9 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #1 11.14 0.753384 0.006027 99.19999 
 11.97 0.592648 0.003844 99.35145 
 12.86 0.460695 0.00419 99.09047 
 13.82 0.368067 0.001712 99.53474 
 14.86 0.28309 0.00171 99.39578 
 15.96 0.203568 0.000988 99.51474 
 17.15 0.094749 0 100 

TEST #2 0.542 3.82743 1.06761 72.10635 
 0.583 5.250523 1.430043 72.76379 
 0.626 6.878077 1.74449 74.63695 
 0.673 9.232162 2.098563 77.26899 
 0.723 12.19003 2.510347 79.40656 
 0.777 16.18743 2.954027 81.75111 
 0.835 20.38042 3.32105 83.7047 
 0.898 24.74675 3.571737 85.56685 
 0.965 27.17565 3.451303 87.30002 
 1.037 29.58602 3.197223 89.19346 
 1.114 30.88488 2.749657 91.09708 
 1.197 30.7267 2.31063 92.48006 
 1.286 29.95685 1.822287 93.91696 
 1.382 28.56552 1.40029 95.09797 
 1.486 26.98327 1.09894 95.92733 
 1.596 25.07042 0.849075 96.61324 
 1.715 23.21148 0.670672 97.1106 
 1.843 21.60683 0.543631 97.48399 
 1.981 20.1042 0.437432 97.82418 
 2.129 18.91572 0.360406 98.09467 
 2.288 17.15768 0.313526 98.17268 
 2.458 15.38507 0.256956 98.32983 
 2.642 14.19057 0.222116 98.43477 
 2.839 12.98567 0.179104 98.62076 
 3.051 11.1597 0.139971 98.74575 
 3.278 9.021857 0.105401 98.83172 
 3.523 7.672457 0.077923 98.98438 
 3.786 6.590848 0.061465 99.06743 
 4.068 4.991933 0.04416 99.11538 
 4.371 3.702852 0.027462 99.25835 
 4.698 2.872282 0.022572 99.21414 
 5.048 2.371183 0.020339 99.14223 
 5.425 2.121033 0.021994 98.96304 
 5.829 1.784282 0.021564 98.79147 
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Table B-9 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #2 6.264 1.636443 0.013521 99.17373 
 6.732 1.50881 0.014104 99.06523 
 7.234 1.3929 0.013482 99.0321 
 7.774 1.299202 0.013146 98.98816 
 8.354 1.221242 0.009198 99.24682 
 8.977 1.057896 0.009037 99.1458 
 9.647 0.949485 0.003625 99.61823 
 10.37 0.82228 0.003448 99.58064 
 11.14 0.749437 0.004464 99.40429 
 11.97 0.596519 0.003375 99.43428 
 12.86 0.460292 0.0015 99.67413 
 13.82 0.373753 0.001762 99.52844 
 14.86 0.291009 0.001091 99.62494 
 15.96 0.207342 0.001818 99.12317 
 17.15 0.096309 0.00117 98.78542 

TEST #3 0.542 3.815093 0.967656 74.63612 
 0.583 5.168768 1.270533 75.41903 
 0.626 6.744368 1.575583 76.63853 
 0.673 8.963155 1.945223 78.29756 
 0.723 11.75923 2.313537 80.32579 
 0.777 15.51907 2.752533 82.26354 
 0.835 19.35933 3.128257 83.84109 
 0.898 23.49902 3.407393 85.49985 
 0.965 25.58045 3.223523 87.39849 
 1.037 27.83257 3.020027 89.14931 
 1.114 28.98472 2.587387 91.07327 
 1.197 28.7229 2.165993 92.459 
 1.286 27.9951 1.684573 93.98261 
 1.382 26.6141 1.30746 95.08734 
 1.486 25.20928 0.983245 96.09967 
 1.596 23.49767 0.736119 96.86727 
 1.715 21.91885 0.57608 97.37176 
 1.843 20.4455 0.466176 97.71991 
 1.981 19.0256 0.408714 97.85177 
 2.129 18.09992 0.347031 98.08269 
 2.288 16.43507 0.29495 98.20536 
 2.458 14.8594 0.239467 98.38845 
 2.642 13.74387 0.199038 98.5518 
 2.839 12.58132 0.173987 98.6171 
 3.051 10.91768 0.131243 98.79788 
 3.278 8.934863 0.096064 98.92484 
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Table B-9 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #3 3.523 7.680605 0.075658 99.01494 
 3.786 6.700855 0.058084 99.13318 
 4.068 5.173213 0.038237 99.26087 
 4.371 3.994515 0.027309 99.31634 
 4.698 3.240837 0.019289 99.4048 
 5.048 2.769037 0.020759 99.25031 
 5.425 2.57211 0.020806 99.19108 
 5.829 2.132408 0.015857 99.25637 
 6.264 1.938738 0.013587 99.29918 
 6.732 1.781942 0.016571 99.07007 
 7.234 1.59139 0.012065 99.24187 
 7.774 1.468152 0.014524 99.01074 
 8.354 1.368828 0.009781 99.28546 
 8.977 1.187898 0.006951 99.41488 
 9.647 1.025495 0.006515 99.3647 
 10.37 0.879651 0.004214 99.52098 
 11.14 0.789535 0.005156 99.34701 
 11.97 0.641174 0.005666 99.11624 
 12.86 0.477433 0.002733 99.42766 
 13.82 0.38478 0.002182 99.43294 
 14.86 0.298296 0.001852 99.37927 
 15.96 0.213428 0.001008 99.5278 
 17.15 0.099039 0.000585 99.40945 
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Table B- 10. Collection efficiency by size, end of second loading. 

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #1 0.542 2.89994 0.053787 98.14523 
 0.583 4.084598 0.077062 98.11336 
 0.626 5.65198 0.098901 98.25016 
 0.673 8.207617 0.142261 98.26672 
 0.723 11.84238 0.190087 98.39486 
 0.777 16.76042 0.242482 98.55324 
 0.835 21.81573 0.278919 98.72148 
 0.898 26.88253 0.321294 98.80482 
 0.965 29.60142 0.330804 98.88247 
 1.037 32.34065 0.323908 98.99845 
 1.114 34.09183 0.335879 99.01478 
 1.197 34.08972 0.294005 99.13755 
 1.286 33.19317 0.30033 99.09521 
 1.382 31.59457 0.258029 99.18331 
 1.486 30.18023 0.243942 99.19172 
 1.596 27.83937 0.206429 99.2585 
 1.715 25.94065 0.181017 99.30219 
 1.843 24.19385 0.166636 99.31125 
 1.981 22.48958 0.156112 99.30585 
 2.129 21.31222 0.129122 99.39414 
 2.288 19.35737 0.110262 99.43039 
 2.458 17.23838 0.105071 99.39048 
 2.642 15.86682 0.088693 99.44101 
 2.839 14.35188 0.066437 99.53709 
 3.051 12.23538 0.053753 99.56068 
 3.278 9.916852 0.045405 99.54214 
 3.523 8.407247 0.033373 99.60305 
 3.786 7.26628 0.020687 99.7153 
 4.068 5.701458 0.015554 99.72719 
 4.371 4.415942 0.011358 99.7428 
 4.698 3.5568 0.007212 99.79723 
 5.048 3.056078 0.007192 99.76467 
 5.425 2.970375 0.004728 99.84084 
 5.829 2.394108 0.00684 99.71432 
 6.264 2.163542 0.006111 99.71752 
 6.732 1.962498 0.002829 99.85586 
 7.234 1.741295 0.003759 99.78413 
 7.774 1.5805 0.003445 99.78203 
 8.354 1.49149 0.00345 99.76868 
 8.977 1.266647 0.002899 99.77111 
 9.647 1.068678 0.000922 99.91372 
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Table B-10 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #1 10.37 0.901678 0.001453 99.83887 
 11.14 0.781066 0.000687 99.91206 
 11.97 0.564642 0.000577 99.89773 
 12.86 0.43405 0.000579 99.86671 
 13.82 0.346209 0.0009 99.7399 
 14.86 0.259681 0.000548 99.78881 
 15.96 0.181159 0.000198 99.89094 
 17.15 0.080712 0 100 

TEST #2 0.542 2.739735 0.049905 98.17846 
 0.583 3.858717 0.058874 98.47426 
 0.626 5.339755 0.082204 98.46052 
 0.673 7.858393 0.123038 98.43431 
 0.723 11.49542 0.165834 98.55739 
 0.777 16.28277 0.199475 98.77493 
 0.835 21.29923 0.24845 98.83353 
 0.898 26.29498 0.284879 98.9166 
 0.965 29.10653 0.294936 98.9867 
 1.037 31.777 0.295272 99.0708 
 1.114 33.50942 0.282442 99.15713 
 1.197 33.52102 0.264484 99.21099 
 1.286 32.52847 0.241414 99.25784 
 1.382 31.11033 0.220734 99.29048 
 1.486 29.6311 0.208877 99.29508 
 1.596 27.45347 0.185114 99.32572 
 1.715 25.48063 0.16483 99.35312 
 1.843 23.75993 0.149252 99.37183 
 1.981 22.13605 0.133587 99.39652 
 2.129 21.03093 0.12165 99.42157 
 2.288 19.08632 0.09944 99.479 
 2.458 17.00675 0.082532 99.51471 
 2.642 15.67592 0.070619 99.54951 
 2.839 14.22488 0.063401 99.55429 
 3.051 12.1027 0.052674 99.56478 
 3.278 9.820645 0.0404 99.58862 
 3.523 8.334528 0.027083 99.67505 
 3.786 7.211197 0.017477 99.75764 
 4.068 5.508892 0.014604 99.7349 
 4.371 4.184272 0.011217 99.73192 
 4.698 3.367848 0.00838 99.75116 
 5.048 2.918297 0.006137 99.78972 
 5.425 2.770043 0.004933 99.82192 
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Table B-10 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #2 5.829 2.328412 0.007519 99.67708 
 6.264 2.114117 0.004469 99.78861 
 6.732 1.975553 0.003451 99.82531 
 7.234 1.739928 0.003448 99.80182 
 7.774 1.607823 0.003535 99.78011 
 8.354 1.484413 0.003798 99.74412 
 8.977 1.24063 0.002133 99.8281 
 9.647 1.07813 0.002172 99.79857 
 10.37 0.900498 0.001286 99.85715 
 11.14 0.767932 0.00103 99.86584 
 11.97 0.573403 0.001029 99.82061 
 12.86 0.439722 0.000911 99.79286 
 13.82 0.35735 0.000431 99.87939 
 14.86 0.264755 0 100 
 15.96 0.186228 0.000138 99.9257 
 17.15 0.085489 0.000195 99.77195 

TEST #3 0.542 2.773663 0.058042 97.90739 
 0.583 3.90059 0.078598 97.98497 
 0.626 5.382225 0.106721 98.01715 
 0.673 7.98657 0.153733 98.0751 
 0.723 11.7171 0.203753 98.26106 
 0.777 16.54683 0.25622 98.45155 
 0.835 21.51913 0.307102 98.57289 
 0.898 26.38733 0.361186 98.63122 
 0.965 29.09927 0.35907 98.76605 
 1.037 31.69348 0.349566 98.89704 
 1.114 33.448 0.346907 98.96285 
 1.197 33.21958 0.321759 99.03142 
 1.286 32.11175 0.291917 99.09093 
 1.382 30.76292 0.270609 99.12034 
 1.486 29.28295 0.249577 99.1477 
 1.596 27.16007 0.210679 99.2243 
 1.715 25.28385 0.191573 99.24231 
 1.843 23.63902 0.173198 99.26732 
 1.981 21.94803 0.157511 99.28235 
 2.129 20.92395 0.13603 99.34988 
 2.288 18.9594 0.120282 99.36558 
 2.458 16.9715 0.104803 99.38248 
 2.642 15.60052 0.088377 99.4335 
 2.839 14.13525 0.072603 99.48637 
 3.051 12.06612 0.053697 99.55498 
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Table B-10 continued.  

TEST # dp avg inlet exhaust 
collect 

eff 
 um #/cc #/cc % 

TEST #3 3.278 9.760662 0.042361 99.566 
 3.523 8.372292 0.033168 99.60383 
 3.786 7.308918 0.021976 99.69933 
 4.068 5.554337 0.013 99.76595 
 4.371 4.238973 0.010863 99.74374 
 4.698 3.374422 0.009896 99.70673 
 5.048 2.979172 0.009089 99.69491 
 5.425 2.790823 0.006141 99.77996 
 5.829 2.35537 0.006568 99.72113 
 6.264 2.147728 0.003165 99.85266 
 6.732 1.984368 0.004486 99.77392 
 7.234 1.720887 0.004449 99.7415 
 7.774 1.62052 0.003726 99.77005 
 8.354 1.472028 0.001206 99.91808 
 8.977 1.222417 0.002065 99.83108 
 9.647 1.056828 0.002063 99.80484 
 10.37 0.890038 0.001708 99.8081 
 11.14 0.760751 0.000588 99.92269 
 11.97 0.582553 0.000668 99.88539 
 12.86 0.435088 0.001372 99.68476 
 13.82 0.34959 0.001243 99.64445 
 14.86 0.250029 0.000619 99.75243 
 15.96 0.176518 0.000138 99.92161 
 17.15 0.086561 0.000195 99.77477 
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APPENDIX C: CLEANING TEST ANALYSIS  

Table C- 1. Cleaning test analysis. 

Pressure Drop 
∆p, in. w.g. 

 
 

Change in Pressure 
Drop 

 
∆[∆p], in. w.g. 

 

F-
test T-test 

Test 
Condition Measurement Difference Change Mean Standard 

Deviation p p 

       
Load #1 3.78      

  2.47 Loaded-
A 2.2 0.24  

1A 1.31     0.091 <0.001 
  0.04 A-B 0.10 0.05  

1B 1.27     0.069 0.062 
  0.01 B-C 0.02 0.01   

1C 1.26       
        

Load #2 3.87       
  2.17      

2A 1.70       
  0.14      

2B 1.56       
  0.03      

2C 1.53       
        

Load #3 4.00       
  1.99      

3A 2.01       
  0.12      

3B 1.89       
  0.02      

3C 1.87      
Note: A, B, C represent sequential cleaning cycles 
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