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ABSTRACT

An integrated, mobile collection and separation vehicle for use in concentrated animal feeding operations (CAFOs) has been conceptually designed and a working bench-scale model developed.  The design, as part of the WERC 15th Annual Environmental Engineering Design Contest, focused on separating collected manure into a concentrated, organic liquid stream as feed for anaerobic digestion and a dewatered solid stream containing a mixture of fibrous volatile solids and inorganic solids of sand, rock, and dirt for subsequent composting or land application.  Fibrous organic matter requires long detention times to achieve moderate volatile solids reduction during digestion.  Additionally, sand, rock, and dirt particles are inert and reduce the effective anaerobic digester volume and overall productivity.

Current practices for collection and separation of manure were investigated and evaluated.  Vacuum collection and rotary drum vacuum filtration (RDVF) were selected for the integrated design based on the following considerations:  (1) laboratory data indicated that CAFO manure can be dewatered efficiently using vacuum filtration at a vacuum differential consistent with current vacuum collection technology, (2) a high processing rate per unit area of RDVF or filter yield can be theoretically achieved, allowing for minimal hours of operation per day to collect and separate the manure, and (3) both vacuum collection and RDVF are adaptable to a mobile platform, achieving a compact integrated design. 

Potential advantages of this integrated collection and separation system include: (1) efficient removal of as-deposited manure with improved animal living conditions; (2) a smaller anaerobic digestion unit and overall construction footprint, (3) reduced detention times required for efficient methane production, and (4) lower operation and maintenance expense associated with removal of solids and solids disposal.
INTRODUCTION

WERC: A Consortium for Environmental Education and Technology Development (WERC) requested that three undergraduate students from the New Mexico Tech (NMT) Mechanical Engineering Department design and engineer a mobile, mechanized manure collection and separation unit that can be used on unpaved surfaces in Concentrated Animal Feeding Operations (CAFOs) in New Mexico.1  Although there are collection and separation units available for use in this type of situation, current technology does not combine the collection and separation unit onto a mobile, mechanized vehicle.  Improving upon the existing technology would allow the collection and separation method to be completed with minimal phases, machinery, and time.  Specific components could be removed from the waste stream via the integrated collection and separation unit that interfere with or limit anaerobic digestion operation.

Problem Summary

Agriculture is one of the largest contributors to New Mexico’s economy.  The livestock industry accounts for almost 70 % of the state’s agricultural economy, which is dominated by cattle and milk sales.  Within the state, there are over 1.5 million cattle, producing approximately 100 pounds of wet manure per day.  This equates to over 54 billion pounds of manure produced each year.2,3  Table 1 provides a summary of design CAFO specifications considered for this project.

Table 1: Design CAFO Specification.3
	Element
	Unit
	Range
	Design

	Herd Size
	hd
	1000-10000
	1000

	Animal Weight
	lb
	800-1200
	1000

	Stocking Density
	ft2/hd
	150-300
	250

	Manure Production (wet)
	lb/d
	60-120
	100

	Manure Moisture Content (wet)
	%
	80-90
	88

	Manure Moisture Content (as-collected)
	%
	40-60
	50

	Manure Total Solids (wet)
	%
	5-16
	14

	Manure Volatile Solids (wet)
	%
	4-14
	12


Existing technology for collection of wet manure and separation of fibrous materials and other unwanted inert solids (dirt, sand, and rock) consists of two separate phases: collection and separation, wherein the collection phase is mobile, and the separation phase is stationary.  Combining the two operations into one mobile unit would allow the collection and separation process to be completed in a more timely fashion and would reduce the amount of equipment needed.  The integration of processing equipment and reduction in time required to collect and separate the wet manure should result in significant cost savings and reduce the overall manure management cost.

Frequent and efficient collection and separation of manure from CAFOs has many benefits.  Accumulated manure is a potential hazard to human health and environment if not properly managed.  As manure decomposes, toxic gases, airborne particulates, odors, and bioaerosols are generated.4 Runoff is also a problem with uncollected manure waste, and can result in significant surface water and groundwater contamination.  In addition, timely removal of manure aids in overall animal health.

Objective and Goal

The objective of the team was to design an efficient mobile collection and separation unit capable of collecting wet manure from typical unpaved surfaces at CAFOs and separating it into two components:  a fibrous matrix of undigested cellulose solids, dirt, sand, and rock, and a aqueous stream of concentrated soluble and colloidal organics.  The concentrated stream would be sent to an anaerobic digester to produce methane gas for future energy use.   Segregated solids would be composted for land application to local farmland, or sold as a commercial product.  The goal is to maximize the concentration of extractable soluble and colloidal organics, while minimizing the amount of fibrous and inert solids in the separation output flow that would be sent to the anaerobic digester.   The design herein is intended to serve large open-air feedlot or holding pen operations and assumes that any anaerobic digestion facility for processing a manure-derived waste stream will be designed concurrently based on the mobile platform operation.

ANAEROBIC DIGESTION

Process Overview

Anaerobic digestion is a process by which complex organics are broken down by a consortium of bacteria in an oxygen free environment (Figure 1).  When this organic matter is decomposed, a mixture of methane and carbon dioxide is produced.  Efficient digestion can produce two to three times more electricity than a CAFO demands.5   In addition, federal tax incentives exist for New Mexico on the order of $0.01 per kW-hr produced.6   Aside from energy production from methane, anaerobic digestion provides for removal of odorous compounds and reduction of pathogens.  Biosolids produced during the reactions are nutrient-rich organic solids that can be used as a soil amendment and low-grade fertilizer.

Typical conventional farm digesters operate at retention times of 15 to 25 d and have organic loading rates between 3 and 7 kg/VS/m3 of digester volume at a total solids content of 7 to 12 %.7 Approximately half of manure volatile solids are cellulose, hemicellulose, and lignin; fibrous biopolymers that require long detention times for efficient volatile solids destruction.  Average volatile solids reduction range between 20 and 45 %.8
Figure 1: Anaerobic Digestion Flow Chart.
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Hydrolysis of Fibrous Solids

In a conventional anaerobic digester, the first step in the methane-production process is the breakdown of complex organics into soluble organics.  This initial breakdown process is called hydrolysis.  It is the major rate-limiting step in anaerobic digestion, especially with manure-derived solids.  Manure is a mixture of mostly water by weight with some fraction of dry solids (Table 1).  Most of the dry solids are volatile solids (Table 1) with a significant portion of those volatile solids being lignocellulosic biopolymers.  These fibrous components have low water solubility and their crystalline structure prevents rapid microbial/enzymatic degradation.  Long retention times are required for improved digestability for these fibrous solids and ultimately methane production.  Mechanical disintegration/maceration of fibers helps aid biodegradability in anaerobic digestion.  Pretreatment of fibers by acid hydrolysis will break the beta linkage of cellulose into two glucose units; however, this would require a pH neutralization step afterwards.  More aggressive means are available as well to improve biodegradability.   In sum, fibrous materials do not help in the overall digestion process and end up in the digested biosolids that must be removed from the digester and disposed as part of routine digester operation.  Any pretreatment steps to improve digestability of manure solids would be an added expense and add complexity to the overall manure management.9
An advantage to upfront removal of these recalcitrant solids would be a smaller conventional anaerobic digester.  Additionally, an alternative type of digester could be specified based on the characteristics of the input stream.   Fluidized-bed digesters have been successfully used to produce methane gas from concentrated liquid waste.   The design provides high surface area for microbial growth, which produces high biomass retention and yields high methane production with a short hydraulic retention time.10 High biomass retention would allow for greater hydrolysis of any residual fibrous solids that may be in the influent feed.   Overall, fluidized-bed digesters are more compact and require less of a footprint than a typical farm digester.

REVIEW OF CURRENT TECHNOLOGY
Collection Process

As a prerequisite to any separation process, the wet, semi-solid manure must first be collected from the feedlot surface.  Tractor-mounted box scrapers or front-end loaders are commonly used for outdoor feedlot applications.  Manure is moved to a detention area and stacked or directly into a stationary separation operation.  These mechanical methods allow the operator to control the height of the scraper blade or loader, thus controlling the amount of material left on the ground.  However, this collection process requires a highly skilled operator and can be inconsistent in collection efficacy.

Vacuum systems are widely used as a feedlot collection method as pull-along or self-propelled units.  These collection devices use a negative pressure to lift unprocessed manure from the feedlot surface.   Collected manure is then conveyed into an integrated storage tank, where the manure can be discharged later into a stationary separation operation or distributed onto agricultural land as a fertilizer.   The same power source can be used for both collection and redistribution, thus making these systems efficient and desirable.  Collection speed and vacuum differential are key operational parameters that control collection efficacy.

Separation Processes
Separation processes remove liquids from wet solids.  For the design herein, the objective is to separate fibrous organic material and other non-digestible components from the liquid stream, producing a highly concentrated soluble and colloidal organic feed for the anaerobic digester.  It is also necessary that the separation process be executed while in motion.  The size and weight of the separation system must be taken into careful consideration for a mobile unit to be practical.  An efficient process that effectively utilizes space on a mobile platform is necessary.   Several methods were evaluated based on these and other criteria. They include inclined screen, flight-conveyor inclined screen, vibratory screen, rotary screen, centrifuge, belt press, screw press, and rotary drum vacuum filter.

Overview and Preliminary Evaluation of Separation
Filtration screens come in a variety of types for many different applications.  Stationary inclined screens are often used in feedlot applications and are quite effective.  However, these screens require that the feed water be settled and then pumped over the top of the screen.  Any motion by the mobile application would disturb solids settling.   Stationary screens also require a large amount of both vertical and horizontal space, which makes them impractical for a mobile platform.

Similar to the stationary inclined screen, a flight-conveyor screen pumps liquid slurry over an inclined screen; however, the flight-conveyor has a series moving bars that scrape the surface of the screen, removing solids and allowing the liquid to fall through the screen.  Due to space limitations and configuration, this system is also not suitable for a mobile operation.

Vibratory screens work by vibrating an inclined screen, such that the liquid falls through the screen while fibrous material migrates to the edge of the screen where it is collected.  The unit requires mechanical input to provide the vibratory action and suffers from a space limitation.

Rotary screens can be any combination of the previous types of screens.  Instead of having the screen inclined, the rotary screen turns and effectively creates an infinitely long inclined screen.  Again, liquid falls through the screen and solids are removed from the surface.  Because of the effective use of space, rotary screens are the most efficient of the screen configurations.  Final cake solids of 5 to 16 % can be achieved.11

Centrifuges use the angular acceleration created by a rotating drum to remove liquid from a wet solids.   These units require high rotational velocities of large mass.  This creates unwanted rotational forces and high sensitivity to any unbalance.  Both of these factors severely limit the adaptability of a centrifuge to a mobile application.

Press filters use physical contact to dewater slurry solutions.  A belt press uses continuous a porous belt, which runs between rollers.  As the belt passes between rollers, the liquid is squeezed through the fabric leaving only the solids.  Successively tighter passes between rollers produces a high filter cake solids; however, the unit would require substantial space on a mobile platform.  Similarly, screw presses use a helical screw to press the slurry through a filter media.  Screw presses also produce effective separation of solids and liquids with final cake solids of 20 to 30 %.11, 13
Rotary drum vacuum filters (RDVF) are widely used in chemical plant operations.  These filters are space efficient and capable of producing high solids capture and cake output.  These units use a vacuum differential to draw liquid through a continuous porous media attached to a partially submerged rotating drum.  As the drum rotates within the wet slurry tank, solids collect on the porous media.   As the drums rotates out of the slurry, the vacuum acts to dry the collected solids, removing liquid and producing a solid cake.  The cake is then scraped off the media, which then rotates back into the slurry and the cycle is repeated.  Final cake solids of 15 to 20 % can be achieved .11
Some separation processes use chemical flocculants to accelerate solids separation.  Although solids capture and dewaterability can be improved, the addition of chemicals and chemical feeders to a mobile platform complicates the overall process.  Chemical addition was not considered feasible for CAFOs from a design, operational, and regulatory perspective.

PROCESS EVALUATION AND SELECTION

Decision Matrix

Several factors were considered in selecting a collection method for a mobile collection and separation unit: collection rate, collection efficiency, maximum solids size, ease of operation, and adaptability to a mobile platform.  A simple decision matrix with weighting multiplier was used (Table 2).  Weighting factors were based on the perceived overall impact of a parameter on the final design, and assigned on a scale of 1 to 10, with 1 being the least desirable and 10 being the most desirable.  The highest weighted total was chosen as the collection method.

Separation methods were also evaluated with a decision matrix using ten criteria: capital cost, solids capture (production rate and efficiency), operation and maintenance cost, reliability, operator skill, overall weight, adaptability, power requirement, health and safety, and aesthetics (Table 3).  Again, weight factors were chosen based on the relevance of each criterion to the overall design and its role in creating an effective system.  A scale of 1 to 10 was applied and weighted sum calculated.  Based on the decision matrix, the rotary drum vacuum filter was chosen as the unit to be used in the full-scale design.

Process Selection
Based on the decision matrix, a vacuum-based system was selected: vacuum collection and rotary drum vacuum filtration.  Vacuum collection systems are currently used in CAFO feedlots.  These systems are able to accommodate the range of solid sizes found in most feedlots and can collect fast enough to cover a typical feedlot holding area in a reasonable amount of time.  The vacuum piping can be modified to accommodate a rotary drum vacuum filter separation process.  Operator training will be minimal, since many feedlots already use a vacuum collection system.

Table 2: Collection Decision Matrix.

	Collection

 System
Decision

Parameter
	Weight Factor
	Vacuum Systems
	Mechanical Scrapers

	Collection Rate
	9
	9

81
	6

54

	Collection Efficiency
	9
	10

90
	6

54

	Maximum Solids Size
	8
	7

56
	10

80

	Ease of Operation
	7
	8

56
	4

28

	Separation Adaptability
	10
	10

100
	7

70

	
	Total
	383
	286


Table 3: Separation Decision Matrix.

	Separation

 System
Decision

Parameter
	Weight Factor
	Rotary Drum Filter
	Belt Filter Press
	Centrifuge
	Rotary Screen
	Slanted Screen
	Vibrating Screen
	Screw Press

	Capital Cost
	7
	7

49
	3

21
	5

35
	8

56
	8

56
	8

56
	8

56

	Solids Capture
	9
	10

90
	10

90
	10

90
	6

54
	5

45
	6

54
	9

81

	Maintenance Cost
	8
	7

56
	6

48
	4

32
	8

64
	9

72
	8

64
	7

56

	Reliability
	6
	8

48
	5

30
	5

30
	7

42
	10

60
	9

54
	6

36

	Operator Skill
	6
	7

42
	6

36
	4

24
	7

42
	10

60
	8

48
	7

42

	Weight
	7
	7

49
	4

28
	4

28
	6

42
	4

28
	4

28
	7

49

	Adaptability
	10
	9

90
	5

50
	1

10
	7

70
	3

30
	4

40
	8

80

	Power Requirements
	7
	6

42
	4

28
	3

21
	8

56
	10

70
	8

56
	7

49

	Health and Safety
	8
	7

56
	6

48
	5

40
	6

48
	8

64
	7

56
	6

48

	Aesthetics
	3
	8

24
	7

21
	8

24
	5

15
	3

9
	4

12
	6

18

	
	 Total
	 497
	379
	295 
	 433
	438
	412
	459


EXPERIMENTAL

Dewatering of a Manure Slurry

There are several variables that affect the dewaterability of manure solids: chemical and physical composition of the manure solids, slurry viscosity, compressibility of the manure solids, and initial manure solids concentration.  The following laboratory experiments were designed to evaluate the dewaterability of oven-dried feedlot manure, collected from a CAFO in Los Lunas, New Mexico.

Vacuum Filtration Procedure

In order to determine dewatering characteristics of the as-collected manure, Buchner funnel vacuum tests were conducted in accordance with established procedures.12   The specific resistance and coefficient of compressibility were determined.   Total solids concentrations of 6, 8, and 10 % were tested to obtain an average specific resistance at 5 in Hg vacuum.  A total solids concentration of 10 % and vacuums of 5, 10, and 15 in Hg were used to obtain the coefficient of compressibility.

Laboratory Data Analysis

The as-collected moisture content was determined gravimetrically to be 60 %.  At 5 in Hg applied vacuum, the average specific resistance was 2.62 x 107 s2/g for manure concentrations between 6 and 10 %wgt.  An example of a specific resistance run at 10 in Hg and 10 % solids is shown in Figure 2.  Typical specific resistance values for conditioned municipal wastewater sludges range from 5 x 107 to 70 x 107 s2/g .12  High specific resistance indicates poor dewaterability and large area requirements for rotary drum vacuum filtration.  The coefficient of compressibility is an empirical measure of the effect of the vacuum differential across a sludge cake on its permeability.  This coefficient is zero for a rigid, incompressible sludge cake, and specific resistance is, therefore, independent of applied vacuum.  Higher values of this coefficient mean that the sludge is more compressible.  Typical values for the coefficient of compressibility range between 0.4 and 0.85 for municipal wastewater sludges.12 The coefficient of permeability for a 10 %wgt manure concentration over a range of 5 to 15 in Hg vacuum was 1.12, with a cake constant of 4.46 x 107 s2/g.  This latter constant indicates the specific resistance of the manure solids as a non-compressible sludge cake.  Figure 3 shows the experimental data obtained for 10 % solids at 5, 10, and 15 in Hg.  Final cake solids of approximately 50 % were consistently achieved.

Bench-Scale Model Development and Testing

A bench-scale model was constructed in order to conceptually evaluate the feasibility of the selected mobile collection and separations process.  A 1/10th scale remote control model was utilized as a mobile platform to carry various components needed to process a design specified 5 kg of composted material.  The bench-scale model moves under its own power, unlike the full-scale specification. However, the operational concepts are similar in many aspects.  The bench-scale unit consists of an aluminum chassis, centrifugal vacuum blowers, a macerator, positive displacement slurry and feed pumps, a disposable pharmaceutical-grade RDVF, polyethylene storage tanks, and mounting hardware.

Figure 2:  Vacuum Filtration Data at 10 % Total Solids and 10 in Hg.
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Figure 3: Coefficient of Compressibility at 10% Totals Solids.
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FULL-SCALE DESIGN

Overview

The full-scale design of the mobile collection and separation vehicle consists of three basic components: collection, separation, and storage.  Each of these components has been specified to best suit the stated objective.  Also, components have been chosen for their adaptability and compatibility with each other.   The base unit will be a vacuum collection unit that is commercially available and currently in use at many CAFOs.  This unit will be modified with the addition of two rotary drum vacuum filters and the appropriate storage tanks.   The vehicle will be structurally sound to efficiently collect the wet manure, process collected solids at the required rate, create a concentrated liquid stream and a dewatered solids stream, and store all processed streams during operation.  In addition, the full-scale unit will be operator friendly and can be operated by minimally trained farm personnel.

Mobile Platform

The base of the mobile collector and separator will be a pull-along mobile platform, towed by a standard farm tractor.  It must operate on the unpaved and slightly sloped ground of an outdoor feedlot.  The platform is designed to operate on a typical grade of 4 % or less and on other non-level terrain.  Also, the base unit is capable of making a tight turning radius, such that the majority of the ground surface within the feedlot can be covered and accumulated manure collected.

All of the necessary mechanical equipment can be installed onto the trailer platform creating one mobile unit.   To ensure optimal placement of the components on the platform, a structural analysis of the unit was needed.  The amount of raw manure produced each day demands a high processing rate, which, in turn, requires a heavy static load of equipment and processed material.  A finite element analysis (FEA) was used to find the proper placement of each component to ensure structural integrity and balance, and to identify areas where additional structural support was required.  Structural safety factors greater than 2.0 were obtained during preliminary chassis design, which indicated that a mobile separations platform was feasible at the anticipated static load.  The analysis showed that a sufficiently strong chassis can be fabricated of commonly available hollow structural section (HSS) steel, using techniques similar to conventional farm equipment.

Vacuum Collection

The vacuum pick-up configuration will collect all loose material from the ground as the platform is pulled along.  This material will consist primarily of raw manure, but may include rock, sand, dirt, or other debris.  Airflow is most critical in the collection of loose materials.  A high airflow rate and low vacuum differential will be used.  These parameters can be field adjusted within certain tolerances.

Maceration

The collected materials will pass through a maceration phase before being mixed with recycled filtrate water and separated by the rotary drum vacuum filter.  Maceration breaks up large particles or hard debris, producing a more consistent, uniform solid particle size.  The selected macerator produces particles no larger than 0.5 in diameter.14 Size reduction aids in the extraction of soluble and colloidal organics and in the overall operation of the rotary drum vacuum filtration.  The macerator features automatic reversal upon sensing a jammed condition.  A cleanout cage is installed in case of a permanent jam.  The maceration device consists of a small inline grinder commonly found in wastewater treatment applications.

Mixing and Extraction of Soluble and Colloidal Organics

Aggressive mixing must also be incorporated into the system.  This keeps the macerated particles suspended and allows for predictable flow of the slurry between operations.  In addition, agitation helps dissolve and extract out soluble organics more quickly.  Mixing will be optimized to create a rich organic liquid stream as feedstock to the anaerobic digester.  Good extraction efficiency also produces a cleaner fibrous matrix for the subsequent RDVF.  Reactor volume is sized to provide 15 min. contact time.  A slow-speed turbine impeller should provide adequate mixing and extraction.

Rotary Drum Vacuum Filtration (RDVF)

Solids separation will take longer than collection; hence, separation will be the “bottleneck” of the overall process.  The RDVF must be able to operate at a rate such that all manure produced and collected during a day can be processed during a reasonable workday.  Deposited manure will vary in average moisture content depending upon several factors, such as weather and season.   In order for the RDVF to work properly, the liquid content of the feed must be above 80 %.15  Liquid will be added to aid the soluble organic extraction and to insure proper operation of the RDVF.  Once the liquid is removed from the solids, the filtrate will be recycled and reused in a continuous cycle, minimizing the need for the addition of make-up water until the concentrated liquid is discharged to the anaerobic digester.

The processing rate of the RDVF must exceed the amount of manure produced by a feedlot during a given time.  For example, a CAFO with 1000 animals should produce about 100,000 pounds of wet manure a day at 88 % moisture, or about 12,000 dry solids (Table 1).  If the processing rate of the mobile platform is below the required rate of the CAFO, multiple units would be necessary or additional 8 hr work shifts would have to be implemented.

Since the RDVF is the limiting factor in the overall operation, the dewatering rate of the RDVF must be considered.  This rate is determined by 1) the speed of drum rotation, 2) vacuum flow rate, 3) vacuum differential, 4) filter media type, and 5) drum surface area.  The drum speed, vacuum flow rate, and vacuum differential are set parameters based on the filter media type and, therefore, only the drum surface area was considered when deciding on RDVF sizing.

RDVF manufacturers offer many different filter configurations and media types.16   Typical sizing is based on the filter face length and diameter dimensions, and the effective surface area of the drum.  Given the manure specific resistance (see experimental section), applied vacuum, drum speed, initial solids concentration, final cake solids, and temperature, the dry solids yield from vacuum filtration can be estimated.12   A yield of 26.8 lb/ft3/hr was calculated based on a specific resistance of 4.58 x 107 s2/g at 8 in Hg vacuum, drum speed of 2 rpm, initial solids of 10 %, final cake solids of 50 %, and 20 oC.   Several RDVF configurations were evaluated to estimate the hours per day of operation needed to process a 1000 head CAFO’s manure production as per Table 1 design parameters.  Table 4 shows the results of this analysis.

Table 4: RDVF Processing Time.

	Number of Filters
	Filter Dimensions

(ft x ft)
	Filter Area (ft2)
	Process

Time (hr/d)
	Number of Filters
	Filter Dimensions

(ft x ft)
	Filter Area (ft2)
	Process

Time (hr/d)

	2
	6x3
	113
	4
	2
	4x3
	75
	6.0

	2
	4x4.5
	113
	4
	1
	7x4.5
	99
	4.5

	1
	8x4.5
	113
	4
	1
	12x8
	302
	1.5


The RDVF chosen has a face length of 6 ft and a diameter of 3 ft.  The geometry of the filters will affect the composition of the final output streams.  Several of the filter configurations have the same filter area; however, the 6x3 unit will process more solid material and produce a slightly wetter solid stream.  Conversely, the 4x4.5 unit will process fewer solids, but produce a dryer solid stream.  This difference is due to the amount of time the RDVF spends submersed and the time spent drying the solid cake.  If the two filters rotate at the same rpm, then the 4.5 ft diameter RDVF spends more time drying the solid cake.  Since a higher solid production rate is desired, the 6x3 RDVF was chosen.  The larger filter configurations were not considered for a full-scale design because of the physical size of the filter and the limitation of fit onto the full-scale chassis.

Storage and Discharge of Output Streams 

Storage equipment for the two output streams will also be required on the platform.  For a 1000 animal CAFO, a minimum of 24,000 lb or 480 ft3 of dewatered solids would be produced per day.  This assumes cake solids of 50 %, average bulk density of 50 lb/ft3, and is based on the experimental data herein.  Several cycles of the collection and separation process may be necessary to accommodate large operations.  Between cycles, solids and/or liquid can be removed from the unit.  Since the liquid stream (filtrate) is constantly being circulated through the system, liquids can be removed at any time by diverting the return stream to the anaerobic digester (Figure 4).  Similarly, the solid stream can be discharged to a holding area for composting, or directly into conventional manure spreading equipment for application to agricultural land.  All operations should be completed within a standard 8 hr day.

Adequate storage is provided onboard the mobile unit.  Commercially available mobile vacuum collection platforms come equipped with a collection tank.  This 1000 gal tank will be used as a liquid storage, including both a storage and manure slurry tank in separate compartments.  In the proposed design configuration, liquids are pumped from the storage tank to the RDVF.  Filtrate from the RDVF then flows by gravity into a filtrate tank, and is pumped back to the storage tank as shown in Figure 4.   This requires that the vehicle be equipped with a filtrate tank; however, this tank can be much smaller than the storage tank, since filtrate will be immediately pumped back into the storage tank.  An open bin at the back of the mobile platform provides for temporary storage of dewatered solids.  This bin can be actuated such that discharge of solids is a simple process.  For a three cycles per day, 160 ft3 of solids storage is needed.

Power Requirements

The mobile platform does not contain any forward drive engine and must be pulled by a tractor or other available farm propulsion device.  All CAFO’s have propulsion devices available and, thus, not having an integrated forward drive engine is not a design limitation.  Other power requirements of the mobile unit will be for the vacuum pumps, feed pump, macerator, mixer, return pump, and RDVF (Figure 4).  All necessary power can be taken off one central engine.  This engine will meet all the power requirements of the full-scale design as specified in Table 5.  Figure 5 provides plan and elevation views of the full-scale design.

Figure 4:  Process Diagram of the Full-Scale Design.
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Figure 5: Full-Scale Design Plan and Elevation View.
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Table 5:  Preliminary Full-Scale Specifications.

	
	Item
	Unit
	Value
	Description
	Quantity 

	Mobile unit
	 
	 
	 
	 

	 
	Steel Structure
	ea
	1
	welded rectangular tubing and plate steel
	1

	 
	
	in
	0.375
	thickness
	

	 
	Wheels
	in
	56
	tubeless tires provide excellent support and necessary suspension
	4

	 
	PTO Transfer Drivetrain
	hp
	350
	maximum power transfer of drivetrain/clutch
	1

	Collection
	 
	 
	 
	 

	 
	Vacuum Pump
	cfm
	750
	positive displacement pump
	2

	 
	
	hp
	65
	power provided via PTO for separation
	

	 
	Rubber Edged Scraper
	
	
	hydraulic actuation, operator controlled
	1

	 
	
	in
	8
	vacuum collection hose attached to center
	

	 
	
	
	
	adjustable width and height
	

	 
	2 Stage Pump Protection
	cfm
	3000
	screen baffles prevent uptake of moisture and solids into system pumps
	1

	 
	Positive Pressure Oiling System
	
	
	lubricates pumps continuously
	1

	Separation
	 
	 
	 
	 

	 
	Rotary Drum Vacuum Filter
	sq ft
	56.5
	simplified media replacement, steel construction
	2

	 
	
	
	
	polypropylene monofilament twill media
	

	 
	
	
	
	baffled to minimize problems due to machine motion
	

	 
	Vacuum Pump
	cfm
	1500
	sized according to RDVF demands
	2

	 
	
	hp
	160
	power provided via PTO for separation process
	

	 
	Positive Pressure Oiling System
	
	
	lubricates pumps continuously 
	1

	 
	Inline Disintegrator
	hp
	5
	stainless steel cutter, automatically reversing blades
	1

	 
	
	gpm
	200
	virtually invisible to flow
	

	 
	
	in
	8
	adapts to standard flange
	

	 
	
	
	
	cleanout cage installed in case of jam
	

	 
	Slurry Feed Pump Head
	gpm
	50
	positive displacement pump handles particles
	2

	 
	
	ft w.c.
	5
	pushes slurry mix into RDVF chamber
	

	 
	
	
	
	pump head operates via PTO
	

	 
	Filtrate Pump Head
	gpm
	40
	positive displacement pump overcomes vacuum
	2

	 
	
	ft w.c.
	5
	overcomes 10-15 in Hg
	

	 
	 
	 
	 
	pump head operates via PTO
	 

	Storage and Discharge
	 
	 
	 
	 

	 
	Integrated Slurry/Filtrate Container
	gal
	2000
	tank divided into slurry and filtrate compartments
	1

	 
	
	
	
	mild steel construction, reinforced to withstand 15 in Hg vacuum 
	

	
	
	min
	15
	detention and mixing time
	

	
	Agitation Device
	hp
	6
	provides necessary mixing of slurry
	1

	 
	Integrated Feed Auger
	in
	12
	conveys dried solids into storage
	1

	 
	
	hp
	3
	reliable and efficient, proven technology
	

	 
	Dewatered Solids Container
	gal
	3000
	hydraulic actuator empties solids container, operator controlled
	1

	 
	 
	 
	 
	mild steel construction, commercially available configuration
	 


Operation

The mobile collection and separation unit has been designed and configured to be a simple machine with a minimal amount of training required to effectively operate the unit.  Only basic controls will be required for maneuvering and monitoring collection.  Separation and storage is fully automated.  Forward movement will be identical to driving any farm tractor towing a trailer.  Collection can be switched on and off as necessary during operation to allow additional time for efficient separation.  Once a cycle is complete, a concentrated organic stream can be pumped out from the liquid storage tank and dewatered solids removed from the unit via an actuated storage bin.

Disadvantages of the Full-Scale Design

The design specification called for use of the mobile unit on unpaved surfaces.  Vacuum collection of excessive volumes of sand, rock, and dirt will accelerate machine wear and lower efficiency.  In addition, the RDVF process requires periodic media replacement every one to two years as an annualized replacement cost of operation.  Proficiency in maneuvering the vehicle will demand high operator skill.  Vehicle motion could potentially have a negative affect on cake formation or other aspects of the separation process, making the process slightly less efficient.  Again, operator skill plays a key role.  The separation process does require water addition as periodic make-up.  Water usage will be dictated by as-collected moisture content of the manure, as well as the effectiveness of RDVF filtrate recycle and reuse.

WORKER HEALTH AND SAFETY
Worker health and safety is a major concern when implementing an innovative mobile manure collection and separation unit. There are federal standards that mandate specific requirements under which an operator uses the machinery, the safety of the processes occurring on the full-scale unit, as well as worker protection during the operations of manure collection and separation.  Table 6 provides a summary of the applicable, or relevant and appropriate, Occupational Safety and Health Act (OSHA) regulations as codified in Title 29-Labor of the Code of Federal Regulations (CFR).  For example, all moving machinery parts, such as the maceration/mixer unit and the RDVF are completely enclosed as specified in 29 CFR 1928.57.  Similarly, accident prevention signs are placed in sensitive areas on the full-scale mobile platform in accordance with 29 CFR 1910.145.  Vitally important is compliance with worker safety training and hazardous communication provisions of 29 CFR 1910.1200.  No hazardous chemical additives are required for the process, eliminating the need to comply Title 40: Protection of Environment provisions, such as Emergency Planning and Notification (40 CFR 355) and Community-Right-to-Know (40 CFR 370 and 372).

ECONOMIC POTENTIAL

The overall project objective was to design a mobile collection and separation unit that was efficient and economically feasible.  Current technology includes a mobile collection system with a stationary unit to complete the separation process.  By combining collection and separation systems into a single mobile system, overall economics should be improved.  To determine the feasibility of the full-scale design, many factors must be considered.  These factors include the initial capital investment for a  

Table 6: Applicable OSHA Regulations as per 29CFR.17

	Part
	Section
	Rule
	Description

	1928
	57
	Guarding Farm Field Equipment
	Employee Protection:

Moving Machinery Parts

	1910
	95
	Occupational Noise Exposure
	Permissible Levels

	1910
	133
	Eye and Face Protection
	Exposure Protection

	1910
	134
	Respiratory Protection
	Exposure Protection

	1910
	145
	Accident Prevention Signs
	Preventive Protection

	1910
	1000/1001
	Air Contaminants
	Exposure Limits

	1910
	1200
	Hazard Communication
	Employee Information

Employee Safety Training

	1928
	21
	Applicable 29 CFR 1910 Standards
	Agricultural Operations


single mobile system versus a dual system, a comparison of annual maintenance and operation costs,  

including labor, between the two systems, and the resultant impact on anaerobic digestion design.

The mobile unit does have a significant impact on the anaerobic digestion costs, since removal of fibrous solids and other inert solids reduces the overall solids loading to the digester.  This allows for a more compact anaerobic design over a conventional farm digester design, with a concomitant cost saving in capital investment and operation and maintenance.  Treating a concentrated liquid stream with lower solids loading should result in an increase in process efficiency without a substantial reduction in overall methane production.  Use of alternative digester technology, such as fluidized-bed digester, is made possible by the single mobile design, resulting in a substantial reduction in overall footprint required for the design.

Operation and maintenance costs of the mobile unit should remain fairly low and consistent with the well-established vacuum collection units currently used within the agricultural industry.  The design team made simple modifications to an existing platform to enable the separation process to occur concurrently with the collection process.

An economic comparison between the proposed integrated design and the current design of collection and stationary separation was mandated for the design competition.  The analysis, not given herein, indicated a favorable net present worth (NPW) based on a CAFO herd size of 1000, a standard 7 year depreciation, and several assumptions relative to CAFO revenues, purchase equipment costs, operation and maintenance costs, service and replacement costs, interest rate, insurance rate, etc.  Empirical relationships were used to generate a net cash flow for each design using the various simplifying assumptions.18  Annual farm revenue for the conventional design was assumed to be lower than the proposed design due to lower productivity that results from less than optimal animal living conditions.  Conventional anaerobic digester service and repair costs were assessed to be greater, since solids removal and disposal would be more frequent.  Initial equipment cost was considered to be less, since the proposed technology of vacuum collection and rotary drum vacuum filtration is well-established.

Although favorable economics are projected, this rudimentary analysis should be viewed with caution.  A more detailed side-by-side economic analysis would need to be conducted following additional development of the full-scale prototype.  Additional testing will be required for optimization of individual components of the integrated mobile platform, such as vacuum collection, RDVF media type and specification, vacuum flowrate and differential, system pump operation and specification, chassis, and process control and actuation.

SUMMARY AND CONCLUSION

A mobile collection and separation vehicle could be an efficient, cost effective means of handling large volumes of manure produced at concentrated animal feed operations.  The two output streams created by the device can be reused to recover operational expenses, as well as providing a better living environment for the animals by frequent and efficient collection of the manure.  The concentrated organic liquid stream is sent to an anaerobic digester for generation of methane gas.  Removal of inert and fibrous volatile solids by mechanical separation increases the digester performance and allows for a more compact digester.  Routine maintenance to remove excess solids from the digester is significantly reduced, thus reducing digestion costs.  In addition, a smaller, more efficient fluidized-bed digester can be used with the liquid-only output stream as opposed to a conventional farm digester processing a liquid-solid stream.

By integrating rotary drum vacuum filter technology into the full-scale collection and separation design, a typical CAFO of 1000 head can be collected and processed in approximately 4 hours of operation per day.  Larger commercial operations could implement multiple units to meet manure production.  A preliminary economic analysis indicates a farm revenue increase over a standard 7 year depreciation.   The overall design facilitates use of a smaller, more efficient anaerobic digester, produces a solid stream that can be composted or land applied, provides for a healthier animal feed-lot environment, generates methane for energy production, and meets all governmental regulations.
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