Final Report

RP 1284 Research Project
Develop a Standard for Testing and Stating the Efficiency
of Industrial Pulse Cleaned Dusbllectors

(ASHRAE 1284TRP)

Robert B. Burkhead (GBrincipal Investigator)
Charles E. Rose (GBrincipallnvestigator)

Blue Heaven Technologies
2820 South English Station Road
Louisville, KY 40299

Submitted21 January2010

Pagel of 145



Table of Contents

OVERVIEW SUMMATION oot eemmms e ettt s e e e e e et immmmmt s s et s e e s s s et bass s st s s e e s s e eabanseeess 3.
I 0 Y1 U] = 1\ PP T
2. RESULTS ONTASK ASSIGNMENTS ..uuituuiieueirnsssmmmmmmmsssesssessnssssmmmmmmmnssssssssssssssssmmmmmmmnssssssssnsssssdonnnns
3. CONCLUSIONS ANDRECOMMENDATIONS. .. .cuiituietseisnssimmmmmnmmsessssssssssnssimmmmmmmmssssssssssssnsssmmmmmnnms s L3

SUPPORTING DOCUMENTIAON. ......uutiiiiiiitiiiieessimmmmmte s s ssisteeaeessssessmmmmmsssseeaeessssseeesessmmmemeeeeeennsees 15
1. TERMS, DEFINITIONS AND ACRONYMS....ccttttiteeeesssssssimmmmmmemssseeeesssssssssmmmmmmmnssssssssessssss smmmmmmmms s L)
2. RP1284ADOCUMENT ABSTRACTS....cittteieueuurreennnimmmmmmmms s ssseeeeesaesssmmnmmaamsessssssssssnnnnmmmmmmmmseseeeeeesss e
3. HISTORY OF THEMETHODSDEVELOPMENT....iiiiieieeeieeeiiesicceemmemseebsneii s s smmmmmmmme e e e e e eeeeeee e s meeene lD
4. TESTSCONDUCTED (SUMMARY LISTING AND INDIVIDUAL REPORT .....cvvvririinnnnnnnssmmmmmmmmeeee e 23..
5. METHODSDEVELOPMENTISSUES ANDEXPLANATIONS ....uuuuiiiiieieeeeeeessmmmmcmmeeeeeeeesseseesmmmmmmnms oo OO
6. QUALITY CONTROL...ceieeeeeiiieeieeessimmmmmmmmssssssnns s smmmmmmmmsaeeseseseeessssmmmmmmmnsssnnsssssssssssmmmmmmmmreseeeesess DOhes

APPENDIX A - BID REQUEST ...ttt eeemes et vmemes e en s vmnmes s eenen s 71
APPENDIX B - BID PROPOSAL .....o.ovieeeeeeeeeeeesecemees e eeee s omemsms s een s een s emmms e 76
APPENDIX C - PHASE ONE REPORT .....ovuiieieeeeeeeeeeesecemames ettt ese s cemams s eeees et en s s enmenes 90
APPENDIX D - INSTRUMENT CALIBRATION PROCEDUR ES & RATIONALE ................. 114
APPENDIX E - PARTICLE SIZE MEASUR EMENT REPORT .....c.covviuiuieieeeeeseceees e 125
APPENDIX F - PROPOSED TEST METHOD SYNOPSIS........coiieieeeseeeeeememesses e 141
Acknowledgement

We would like to express our appreciation for the material contributitoosr
research effort. These came in the form of donated equipment and test filters and
were essential to the charter and expectations of the research. We are deeply
appreciative to the following companies for such corporate stewardship:

Camfil Farr Air Pollution Control in Jonesboro Arkansas
Donaldson Company in Minneapolis Minnesota

GE Energy Filtration Technologies in Kansas City Missouri
MAC Equipment Company in Sabetha Kansas

Page2 of 145



Overview Summation
1. Focus Point

This report is thetammary communication of completed ASHRAE sponsored research under the
title i R-R284 Research ProjettDevelop a Standard for Testing and Stating the Efficiency of

|l ndustri al Pul s e CThedabjactve of ihis edeardd wds to eamplete as 0
threefold set of tasks aimed at facilitating the promulgation of a formal test method to be
published by ASHRAE in the near future.

The specific objectives are well detailed in the supporting documentation and appendixes
attached to this report but cee summarized as follows:

e Use a -BBXx @ c &owheretipettest system to be evaluated will be operated as
per the manufactures instructions without modification and without measuring internal
variables. The performance assessment elements of tisggtsh (inlet challenge
hardware, outlet emissions quantification instrumentation and means to provide regulated
air flow through the system) are to be physically separate elements. These elements
should be designed so that they can be arranged and nodeyly fastened to the
ABl 8ok o0 to be evaluated.

e Use real world dApul sedo aipheprimarareasom aotheo f f ul
methods have been shown to be ineffective ways to access performance is that they do
not accurately portray the dymés of pulsed operations of multiple, full filter
arrangements. This protocol addresses that pivotal issue by requiring that a sequential
pulsingbeused (defined as 0 Guhalmaienunoaf25% pussiaghi ng C
occurring on full filter arrangments.

e Assess the performance in at least two waysTotal mass emissions and fractional
efficiency by particle count where no more than 25% of the filter elements are pulsed at
one time, should be reported. We elected to add a third gravimetric teslasiguell.
Specifically:

1. Mass emissions In both total concentration being emitted and mass removal
efficiency. Total concentration to be expressed in Mghparticulate matter
exiting in the PM 2.5 or PM 10 ranges. Mass removal to be expressed as a
percentage of the emissions to the challenge inlet mass concentration.

2. Efficiency by particle sizé expressed as a percentage of the inlet vs. the outlet
aerosol in particle size ranges fr@3 um to 10um. A minimum of at least six
evenly distributedands across that particle size range is required.

3. Gravimetric efficiencyi We have fieletesting experience using EPA method 5
(see reference 12nd recommended adding this technique. Performance is
measured by sampling isokinetically onto a downstreambnane. The weight
of the membrane would be used to calculate mass removal efficiency as a
percentage of the upstream mass concentration.
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The tasks and objectives were completed over a imdygth period using filters and equipment

donated by four diffrent organizations. Several developmental trials were conducted to

determine the best technique, equipment and instrumentation to achieve the goals. We then ran a
series of nine Acriteria testso to depmoanst r at
threetest repeatability study using one filter/housing arrangement to identify sources of

variability.

All these efforts are intended to provide the necessary technical support that will be needed in
publishing a new ASHRAE test standard fastiteg industrial pulse cleaned filters and

equipment systems. Figure 1 below is the initial general layout from the Phase One Report
(summarizedn the supporting documentatisne ct i on 2 and attached i n i
C). Figures 2 and 3 on tliellowing pages show how this initial concept manifested in complete

test system arrangements.
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Figure 2 - Finished Arrangement of full test- Vertical Cartridge
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Figure 3 Finished Arrangement of full test- Horizontal Cartridges
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Overview Summation
2. Results on Task Assignments

The three specific tasks tife project and our results in achieving them are outlined as follows:

Task Onei_Literature and technical review

Specific Goal = assemble, review and report on all relevant prior art.

We compl eted a r epor t-RRI284iReseactidjettfDevelopea One Rep
Standard for Testing and Stating the Efficien
report was approved by the PMS on 20 January 2008. A short abstract of the report is in the
supporting documentation section 2 and therkpbrt is attached as Appendix C.

Task Two i Experimental Program

Specific Goal = propose and evaluate a series of protocol steps and recommend best options

Based on the findings of the Phase One report and the guidance of the PMS, we developed and
completed a program to determine the proposed protocol. We then initiated action to complete

the steps and test out our recommendations. The specific efforts completed and used to set the
protocol are detailed here. The protocdpecifically outinednt he A Task Threeo se
as a proposed test protocol synopsis in Appendix F.

1. Stages after some analysis of the prior art and discussions with several experts in the
field, we initially looked at a foustage format to emulate a loading sequeni
performance testing (reference details in the supporting documentation section 5). The
intent was to provide a defendable Acondi't
under operating conditions. On further review we elected to adgdrstt allowed us to
initiate normalsystemy cl i ng (defined as nbetoreemdl Cl ean
after the rapid pulse conditioning. This fiseage sequence was used in all testing and is
our recommended methodology.

2. Concentration measuremenpeaility i a significant amount of effort and time was
invested in this area. We ran a number of full feed trials solely to determine the capability
of feeding the correct challenge concentration and measuring both the upstream and
downstream concentratisnWe settled on an inlet range of 500 to 10,000 rhgf
were able to measure concentrations asaswhe required1 mg/ni downstream. For a
more detailed description of how and why these changes were made, see the supporting
documentation section 5.

3. Upstream characterizatioariWe made a decision early in the project, with the blessing of
the PMS, to not attempt to measure the upstream concentrations in real time. This was a
considered a compromise position by some but was judged to be an accdyaaiaave
to the technically wdefendable options (variability of cascade impactors or dilutors for
example). For a detailed defense of this position, please reference appendix D, Section
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Al ssues related to RP 12840insteatflsouselamwtalappend

mass measurement and characterization of the distribution based on a lab analysis of a
much smaller concentration developed with an identical aspiration technique. We have
since learned of a real time instrument capable of bothagwstand downstream
measurements in the ranges that are desired. As of this writing, we have purchased that
instrument and hope to rerun several of the criteria trials that we conducted to improve on
our capabilities.

. Dust feedei we ran a thorough set o&pability trials on products from two different

dust feeder manufacturers. We settled on one thahbhgple lead screw options and

was shown to be capable of feeding as required. We did also choose to load and confirm
throughput manually, a decisidmat could be upgraded easily to automated methods that
included a scale and feedback controller provided by the manufacturer.

. Flow ratei The accurate control of airflow is vital in any test method development. We
have experience with several styles ofice and feedback loops, correcting for ambient
conditions. Based on this experience, we elected to use a radiused ASTM nozzle that we
crosschecked with a calibrated flow element. Many of the tests were conducted using
both devices at the same time. W filnd some slight variation in the two methods and
recommend that standardized pitot tube traverse testing also be used to confirm accurate
flow.

Instrumentation We ran two pairs of instrument trials before we settled on the laser
particle counter, mass meter and gravimetric techniques outlined in supporting
documentation section 5. The general criteria for these selections were:
e For the particle countérPartcle size range frord.3 um to 10um. Flow rate of
one ft/min. Minimum sixbands of delineation over the full range. Cost under
$10,000.
e For the mass metérReal time feed back and capable of data logging feature.
Expressed size ranges as PM 1, PM 2.5 or PM 10. Small portable and easy to use.
Cost less than $5,000.

The general technical specifications of these instruments are detditedTiask Three
section below.

. Criteria testing Upon completion of the proposed protocol steps, we ran a series of tests
to prove out the method. We | abeled these
our findings. Please reference the sugpgrtiocumentation section 4 for these results.

The last three tests in this sequence are a small repeatability study using tparsame
numberfilters, housing and test parameters on all three tests. This was not part of the
original scope of work but wgsdged to be an important issue by the PMS.
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8. 25% cyclingi in an effort to approximate real world conditions, the RFQ required that
any testing arrangement have the cajigtof a 25% pulse sequence (defined in this
report as @dCol | eSpecifically it rmeans that ge ekppeat tb leave) .
25% of the filters pulsed at any one time. In practical terms, this means that we required
that any test system proposed have filters arranged in multiples of four with individual
pulsing for each set of féts. (For examplé the cartridge filter test rigs we evaluated
had four filters and an individual pulse valve for each filter while the bag style unit we
evaluated had 16 filters with an individual pulse valve for each set of four filters).

9. 96 s a p pve lme tehtatively proposed that these filters be evaluated as performing
in decade ranges of particle size and mass removal efficiency. In practical terms, the
filters perform so well that this terminology makes good use of the performance outcome.
Pef or mance would then be expressed as 05 Ni
efficiency or A6 Nineso with a filter perf
delineation is possible and may be reqiil@make the standard evaluation meaningful
in sane instances.

10. Operating Parameterswe reached a set of minimum input criteria for the operating
parameters that should be supplied from the test requesting organization/individual. They
are:

e System test housing layolueach test system will consistahousing and filter
arrangement. The physical details of the system should be well defined in the
form of a drawing or schematic. Service requirements should be clearly
communicated and the control system operating instructions should be provided.

e Flow Rédei a computedestflow rate for the arrangement.

e Pulse @tailsi Frequency, duratioiminimum tank pressurand compressed air
flow.

e Test challenge du$tmaterial and concentration expectations as well as PM
portion that is desired (PM 2.5 or PM 10).

e High and low pressure drop pulse settings established.

Task Threei Compilation of Results

Specific Goal = report the details of the proposed protocol.

There are five general protocol areas detdilee as well as a proposed test method synopsis in
Appendx F. A presumption is that the test system and particular operating parameters have been
agreed to prior to testing and that the unit has been installed with the proper services, airlock
system and the filters have been correctly installed.

1. Pretestystems checks and verifications:
a. Calibrate the mass metering instrumentation for the specified test dust per the
manufacturers instructions.
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b. Perform an aerosol distribution measurement per Appendixlibect
measurement is not possible.

c. Establish airfbw and confirm that the flow is accurately being measured and
corrected for ambient conditions (or measured directly if instrumentation is
available).

d. Perform a dust feeder throughput check to make sure that the proper amount of
dust is being effectivelgspirated per time interval (periodically checking the
aspiration/dispersion nozzle for flow and wear).

e. Confirm that all three instrumentation packages are installed correctly and that
they are sampling properly.

f. Perform pulse trials to confirm that thelgeiparameters have been met and that
the reservoir pressure recovers between pulses, specifically during rapid pulsing
of the stage three conditioning.

g. Make sure there is sufficient dust on hand and that it is properly dried and
maintained.

h. Make sure thair lock and bulk dust removal is operating properly and that there
are no leaks.

i. Insure that all safety measures have been addressed (unit is securely mounted,
electrically grounded and all moving parts are guarded).

2. Procedural steps:

a. Stage Ond Statc Load Phase = Feed dust without pulsing to the prescribed
resistance. Record the amount of time and dust to reach this resistance.

b. Stage Twoi Transition Phase = Establish and run the specified upper and lower
pressure drop targets for pulsing. Recorrgsistance data through a minimum
of two and one half full cycles of pulsing. A pulse cycle is considered a full
sequence through all four quadrants of pulsing.

c. Stage Threei Conditioning Phase = Establish tifimatiated pulsing for a rapid
sequence gbulsesfor the specified number of pulsd®ecord the pressure drop
readings throughout the phase.

d. Stage Fouri Recovery Phase = Return to the pressure initiated pulsing used in
stage two. Run ten full cycles. Record the pressure drop reading througfsout t
sequence.

e. Stage Fivei Operation Phase = Maintain the continuous pulsing per the
requirements in stage four. Start the sampling sequences for all three
instrumentation packages. Record the system pressure drop such that it can be
matched up with the @ssions from all instrumentation for a minimum of ten full
pulse cycles.

3. Data reduction and reportin@See below for a recommended data summaryitool
referenceéAppendix D for calculation specifics and to Appendix F for the proposed test
method synops)s
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Table 1. RP 1284 Test Results (Test 1)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Static Transition Conditioning Recovery Operation
Dust Fed vs Time Graph #
Start Point {kg, hrs)
End Paint (kg, hrs)
P e
Start Point ("wg, kg)
End Point ("wg, ks]
Number of Cycles
JResidual Pressure Drop ("wg)  Graph #
First cycle
Last Cycle _
Cycle Time (Minutes) Graph #
First cycle
Last Cycle _
F‘M1U emissions vs dust fed Graph #
Total mass emissions t'mu.-"mdl
Total mass efficiency (%)
PMm Pen vs dust fed Graph #
Eff vs Particle Size (0.3 - 10 um)
End Point Definition
Procedure Reference nge B-1 Sect 2 Page B-3 Sect 2 nge B-5 Sect 2 Page B-6 Sect 2 Page B-8 Sect 2

e.

Color codes — > don't keep keep, if available | informative | mandatory |

Plot the mass emissions vs. dust fed for the gravimetric results. This has been
shown to be less than meaningful and may be pulled from our recommendation as
we gain more experience.

Plot the mass emissions vs. dust fed for the mass meter data.

Calculae and plot the mass efficiency using the upstream mass established in the
set up vs. the measured mass per the instrument.

Calculate and plot the particle size efficiency usingtieasuredipstream
distributionor the upstream distributicstablishedn the set up procedure vs. the
downstream measurement from the particle counter.

Format all graphs onto a single page such that the dust fed x axis for all is lined up
(again reference supporting documentation section 4 for examples).

4. Instrument/hardwaregpecsof equipment used during this research project

a.

Particle counteri Laser diode particle countd);3 to 10um (micrometer) range;
minimum of 6 size ranges; 28.3 L/min (one cfm) flow rate; coincidence loss of
maximum 5% at 400,000 particles pér étounting efficiency of 50% 06.3 um
(micrometer) particles.

Mass meteri 9C° light scattering laser photometer; .001 to 100 nigange; +
0.1 or +/.001 mg/m3 resolution (whichever is greatér}; to 10um

(micrometer) size range; output reportedaerosol mass concentrationd”df 1,

2.5 or 10 per EPA specifications.
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c. Gravimetric sampling i Recommendation is to use a calibrated gas meter and
membrane sampling protocol similar to EPA huoet 5 (see reference 12 and the
schematic below).

ﬂ hp-wgmmwam

5. Material specifications:
a. Challenge Dust Calcium Carbonate dust in various size ranges. The preferred

material size has a mass mean diameter@i® (Atomite) but there are several
size ranges available.

b. Membrane sampler materialTeflon with a minimum micron size @3 pum.
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Overview Summation
3. Conclusions and Recommendations

Conclusions

In our research and development of this protocol, it became clear that quantifying the performance
of pulse cleaed dust removal equipment is exceptionally difficult. Given the wide range of
variables and differences in inlet/outlet concentrations of up to six orders of magnitude, we were
compelled to add the gravimetric method to the mass concentration and patrtitieg

expectations in the original request for quote or1RB4. This additional method will be effective

in judging performance of lower efficiency products and becomes less useful as the level of
product performance increases.

The protocol developed capable of delineating performance of these products and enhancing
decisionmaking capabilities when designing and specifying the systems. We did find that the early
stages of the test can be as informative as conducting the full form of the tedtc&peci

1. Stage one loading can be a quick and accurate wastéat verypoor performance with
out ever having to pulse and quantify emissions.

2. Stage two and three pulse conditioning can be used as stand alone assessment technique
when evaluating dynamjmerformance of the systems.

3. ltis likely that a significant amount of testing cost can be avoided by using these
preliminary data products to make early judgment, thereby accelerating the design process.

Recommendations

The techniques developed in thioject were subject to instrument availability and prior art at the
time the project was initiated. Many aspects of the research were also limited in the project request
in an effort to reduce the complexity of the protocol. For these reasons, we @é&vkotling
recommendations as follow up to our work. It should be noted that we have taken the initiative to
act on the first of these recommendations as of this writing.

1. The accurate measurement of real time upstream concentrations shbeftlrsuedi
while the body of the report details why we elected to avoid this, new instrumentation has
become available that has this capability. We have procured this equipment and begun the
assessment of it as a replacement for the instrument recommendatiorigeneade

2. Reliability and Repeatability studies should be conductdtie results of our thretest
repeatability study are explained in the body of the report. Additional works needs to be
completed in this regard to derive the meaningful span of applicaft@my standard
written around our findings.

3. Challenge dust material trials should be initiatédWe used one specific material
composition in varying size ranges and concentrations. Other materials with industry
specific physical and composition variabkhould be experimented with to satisfy the
application needs anticipated.

4. An ASHRAE standards project committee should be initiateds of this writing,
preliminary efforts have been made to do so under the auspices of ASHRAE 199P.
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5. Comparative Field tralsi It should be a clear goal to have the lab protocol indicative of
meaningful real world results. Additional testimgthe field to compare to latpenerated
results should be sought to attain the goal.
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Supporting Documentation
1. TermsDefinitionsand Acronyms

Air-To-Cloth A number representing what i g

ratio other air cleaning disciplines. Aio-cloth ratio equals the total air
volume per unit time (fimin, typically) moving through the
collector, divided by théotal media area (frtypically) in the
collector. Units are important; it is not a dimensionless number.

ASHRAE American Society of Heating, Refrigerating and Air Conditioning
Engineers

ASTM American Society for Testingnd material¥ now officially called
ASTM International

Black Box In the context of this report, this term refers to the concept of
isolating the system to be tested from the other elements of the
protocoli thereby confirming that the system parameters being te
are set only by the test requesting organization ahdardrolled or
influenced in any way by the elements of the protocol.

cfm Quantity air flow in cubic feet per minute

CNC Condensation Nuclei Counter

Collector The sequence of operational steps in completing a full pulse (se¢

Cleaning Cycle

pulse) segence of the filtration elements in the test system. The
incremental steps include pulse duration and the time needed to
to pulse tank pressure expectation. For the purposes of this prot
the cycle includes the total time to individually pulsele 25%
segment of the filter elements.

Concentration, | The amount of contamination material in the air expressed as a |

Mass mass per unit volume of direxample- mg/n? (milligrams per cubic
meter).

Concentration, | The amount otontamination material in the air expressed as a

Particle Count

number of particles per unit volume of aiexample- #/ft°> (particle
count per cubic foot)

Criteria tests

A set of tests completed in the proposed protocol format to judge
effectiveness of the methotlhere are nine documented tests deta
in the body of the report.

Filter, Bag

Generic filter style consisting of a material fabricated into a close
end tube or bag and assembled into a housing/system for dust
removal.

Filter, Cartridge

Generic filte style consisting of a pleated cylindrical, or nearly
cylindrical, construction and assembled into a housing/system fo
dust removal.

ISO International Organization for Standardization (ISO is NOT an
acronym)
L/min Quantity air flow in liters per minet

Mass emissions

The quanfication of mass in the exitingir of the filtration system
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expressed as a concentration (see concentration, mass or partic

Mass removal

Quantification of system or filter performemexpressed as a

Efficiency percentage ahe mass removed to the total mass challenge.

MERV Minimum Efficiency Reporting Value (from ASHRAE 52.2 standa
for testing air filtration products)

Micron Micrometer- One millionth of a metelExpressed agm

NAAQS National Ambient AirQuality Standards

Normal Cleaning
Cycle

The pulse cleaning cycle using upper and lower pressure drop S¢
point criteria. This can have any number of pulses (see pulse)
required to bring the system from one pressure drop setting to th
next prescribed sing. Used in Stages 2,4 and 5 of the protocol.

PM 2.5, PM 10 | Airborne particulate matter smaller than the accompanying nume
value of aerodynamic particle size expressed in microns.

PMS Project Monitoring Subcommittee

Pulse Cycle The Initiation ofcompressed air into one filter element set for one
occurrence.

Pulse Clean The term for identifyinguir cleaning systems that use compresse

Systems in various techniques and arrangements to momentarily reverse

air flow through a filtration systm with the objective of removing
residual contamination from the systems filtration elements.

Pulse Duration

The amount of time that each individual pulse is maintained in th
pulse pressure release mode of the pulsing valve. Typically expr
in milliseconds.

Pulse Pressure

The pulse tank gage pressure at pulse initiation.
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Supporting Documentation
2. RP 1284 Document Abstracts

Bid Request abstract

The original bid invitation for this research was sponsore®iRAE Technical Committee

5.4,- Industrial Process Air Cleaningnd distributed for proposal solicitation on 15 Oct 2005.

In the background section of the document, the status of standards development is explained with
the emphasis on the fact that no domestic prior art formally affréise issue of assessing full
system performance measurements for industrial air cleaning equipment.

Additionally, the document focuses on the need for research in this area, specifically because the
complexity of various styles of satfeaning filtrdion equipment can be difficult to bench mark
or categorize.

The document lays out a specific set of research objectives to be delivered along with a scope
expectation that includes a literature review and an experimental program development

Bid Proposal Abstract (with supporting schedule modification details)

Blue Heaven Technologies was one of three bidders on the project. Our research proposal
entitled fnDevelop a Standard for Testing and
DustColleco r s 0 ( A S HRRR)Ewvaslsg@bdndted on 12 December 2005.

A brief background and history of known prior work was reported that included a supporting
argument for the need of the research under consideration. The scope and objectives from the
bid requestvere reemphasized with some additional effort suggested as inclusive of the

proposal. Specifically, this was a commitment to build and provide a draft standard document of
the test method as one of the deliverables of the research leffioreasons of eoplexity and

schedule expectations, no such additional effort draft was constructed. It is assumed to be one of
the initial tasks of a standards writing effort.

A task list of three general areas was proposed in the document and a working schedule to
compete those tasks by September 2007 (driven from the bid request document) was detailed. A
comprehensive outline of qualifications of the key personnel to be involved in the research was
reported along with a section on what facilities would be used toletetpe work.

It should be noted here that the formal notification of successful funding approval was received

on 31 January 2006 from Mike Vaughn, Manager of Research and Technical Services (MORTS
The research agreement was submitted from Mr. VaugtthMarch 2006 and the signed copies
were returned to ASHRAE on 14 March 2006. Thi

Pagel7 of 145



expected time frame for the work as beginning on 3 April 2006 and completion by 30 September
2007.

Subsequent to that submittal,gro ess on t he project was del ayed
requested of the project monitoring subcommittee. Formal approval of the extension request was
generated from Mr. Vaughn on 21 July 2008 that extended the dead line of the project to 28

Februay 2009. The PMS granted additional time to complete on 21 June 2009 with the goal of

final approval at the January 2010 meeting in Orlando Florida.

Phase One Report Abstract
A draft phase one report was submitted to the PMS in July 2007 and maeéie@l times. The
final approval from the PMS was granted on 20 January 2008.

The document focused on three general areas:
1. Existing Global Test Methods and Standards
2. Prior research Efforts
3. A proposed test method outline

A rationalization and backgroursgction highlighted a history of the prior art in a much broader

way than the bid proposal. The impact of this preceding work was anticipated to heavily

influence the outcome of the experimental program. A key element of the section was the

AGui di migsRPY 240 graphic on page 6 of the repor
presentations and reports related toe RB4. It is anticipated that it will be used further in follow

up reports and publications.

Detailed preliminary operating parameters proposed, as was a specific fstep process
performance assessment technique. These proposals were intended to be the basic groundwork
for the methods development in the experimental program.

Finally, a proposed set of system qualification expectatd@sssuggested based on prior
ASHRAE standards publications. Two appendices were includggbendix A was a broad

table of existing test method comparisons with details on how each dealt with fifteen different
criteria. Appendix B was a summary reportloading dust trials of matched HVAC filters with
various dusts.
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Supporting Documentation
3. History of the Methods Development

The steps taken to reach the final form of the method and reporting formats were tedious and
evolved over a nearly two and® half year period beginning in July 2006. The areas of interest
and meaningful judgments gleaned from these efforts are documented here for the record.

Area of Interesti_Instrumentation
We listed over twenty potential instruments to consider and redewrious technologies for
the performance areas that were committed to on otkZ8R bid proposal. Specifically, we
were looking for instruments that could accurately quantify emissions and characterize
particulates. Some specific areas that we consitler
o Gravimetric Sampling (Isokinetic flow onto a membrah@)easuring mass
concentr atdhanlsl earsg eigp odsat a was Vviewed as sufr
We elected to use a variation of EPA metbddee reference 1#) the twelve criteria
tests that we ran with the understanding t
later as redundant. The sensitivity of this techniqgue comes into question in that the
concentrations and performance levels of many of the tfpeoducts to be assessed
with this method would provide very little downstream measureable mass in a reasonable
amount of ti mef idvuerdi npge rtfhoer .nflasntcaeg ee val uati on
e Microscopic analysi$ we abandoned this method early in the project. Aghelack of
real time feedback was critical and the complexity of the hardware and software needed
to do the analysis was judged to be more problematic than other methods considered.
e Tagged particlet we looked closely at using fluorometric techniques hizae
successfully been used in the past to quantify mass concentrations and flow patterns in
dusty environments. It was also judged to be less effective than other, more traditional
techniques.
e Opacity of emissions This was never a serious contendertifigr project, but in the
interest of investigating all options, we did look at assessing the opacity of the full
emission stream or a collected sample of the emissions. The materials and performance
ranges of the product s ningfullcheangesansopaeitgof s i mp | vy
the emissions to make it a viable technique.
e Mass emissions measuremergince the total mass emissions and mass efficiency is a
critical deliverable of the test method, we spent a considerable effort here in making a
defendale selection of an instrument. We made a judgment on a real time mass monitor
that is commercially popular in EPA ambient air quality studies. The instrument is
capable of measuring PM 1 as well as the PM 2.5 and PM 10 expectations with regard to
theEPANat i onal Ambient Air Quality Standards
e Light Scattering particle measureméniVe spent most of our trial and analysis time in
this area. We considered photometers, CNC counters and white light instruments. We ran
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trials an (and subsequently abandoned) a popular photometer. We then made a final
selection of a laser particle counter based on capability and ease of use. The instrument
has a one #min sampling rate and delineates particulate in five bands covering particle
sizes from0.3 to 10um (micrometers).

e Inertial Separators We reviewed the commercially available aerodynamic particle
sizers, cascade impactors and cyclone devices traditionally used in air quality and dust
sampling analysis. We elected to not emplogéhechniques due to a variety of reasons
ranging from the lack of quick feedback and quantification of data to cost and
complexity.

Area of Interesti Support Equipment

e Dilutorsi We ran several trials of two different commercially available dilutoemin
effort to dilute the upstream concentrations to a more manageable level for the
instruments. A 41 and a 2001 dilutor were used to conduct trials over a three week
period. We looked closely at the statistics and variability of the data output ambtfain
the variation in these devices is dramatic and far exceeded the sensitivity we hoped to
achieve. This is a primary reason that we abandoned the attempt to sample the upstream
concentration and instead, elected to model the upstream concentratdstabdtion
from set up data (refer to Appendix D).

e Dust feedei We ran trials on two models of feeders deemed capable of the task. The
wide range of concentrations required was achievable with one particular model. We ran
all 12 criteria trials and atge amount of throughput trials with this device and have
judged it to be capable. It has a specific feature of interchangeable lead screws that give it
a unique ability to adjust for dramatically different size distribution and packing
characteristics. \& chose to manually load the feeder but automating the feed and
providing real time feed back via scale was one of the features that can be added to this
particular feeder.

e Dust aspiratioi We used several different techniques to assess the best wayrabeas
the mass feed of the dust feeder. We arrived at a simple blower and venturi method
showninthdi Focus Poi ntQversew Summation andfaddedrae air
powered vibrator to further enhance the capability.

e Blower and airflowr We initially considered using the blowers recommended by each
equipment manufacturer to provide the airflow through each test device. On further
analysis and in an effort to reduce variables as much as possible, we elected to abandon
this philosophy in favor of providing blower capable of all possibilities and using it on
all tests. The blower we used in development testing and the 12 criteria tests is an
induced draft, 75 horsepower, radial bl ade
pressure at 10,000fnin. The air is recirculated back into the test room after it has
passed through MERYV 16 extended area filtersfifigzed with MERV 8 pleated filters.
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Flow Controli We elected to use manual techniques and a radiused ASTM nozzle orifice
to control the flowin all testing. Our experience with auto correcting flow and feedback
loops isgood for daily testing. For the pure research work required in this effort, we
elected to manually check and adjust, correcting for changes in ambient conditions as we
progressed.

Test Buildingi We took measures to provide a controlled environment to the room

where this testing is conducted. Added insulation was applied to the building and
additional environmental controls were inlgd. Specifically we added a threan, gas

fired heating and aiconditioning unit as well as a large industrial humidifiex! in

keeping with a focus of controlling the relative humidity in the room to 50%0F/b.
Temperature was allowed to vary as needed to maintain humidity levels.

Area of Interesti Procedural revelations

Compressed air We learned that the compressed air usage could be more than 50% over
the manufacturers claims. Stage 3 rapid pulsing dictates a significant usage outside the
normal operating ranges of the fourttends. For this reason we planned on

compressed air flow at least 200% of expected usage. This required that we added
compressor capacity on some tests.

Mass balancé We did a cursory check of total mass in versus total mass out as we ran
each test. Ithe haste of running 24 hour shifts, we did make an error on one sequence
where we loaded the housing to nearly almost full, struggling with pressure drop issues
that should have been a flag as to the problems that were occurring.

Concentration issuésVariable concentrations were viewed as a primary potential source
of error in the performance assessments. In manual monitoring of the dust feeding cycle,
we learned that there are many opportunities for error. Error being defined aeshort
variability in the feed rate and a resultant variation in the upstream concentrations. This is
important to monitor closely or add automated features to resolve.

Ambient conditions monitoring In the long term (70 hour plus) testing that is proposed
here, ambient galitions could change dramatically. As mentioned earlier, we added

room controls for humidity and temperature. The problems from poor control here can
manifest quickly in the form of caked or bridged dust in the dust feeder but can also
impact the performace of the overall system.

Data acquisition The complexity of all the data being gathered can be overwhelming for
manually employed techniques. We elected to use conventional data logging equipment
after the first few tests. This was shown to reducar emd accelerate the writing of the
finished report.

Fresh dust we made a decision early to avoid the reuse of dust in any way. We core
sampled and measured patrticle size distributions of several variations/blends of dust that
had beerpreviouslyaerosolized. We clearly could show that the distribution and
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characterization of all theseddusts that we looked at changes in such a way as to make
calculations of projected upstream values meaningless.
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Supporting Documentation
4. Tests Conducted (Summgd.isting and Individual Reports)

Summary Listing

During the formative portions of the methods development, several techniques were used to demonstrate technicalrfdasibility a
capability. The pertinent details of these steps are addressed in paragraphs three and five of this supporting docasienta@dn
the numerous trials and experimentations that occurred, ten full test runs were conducted from late 2006 to May of 2008.

The goal of these efforts was to develop a stage strategy that made for proper conditioning of the bag and cartridde peoduct
tested. The resultant five stage strategy that was proposed and approved by the project monitoring subcommittee wés then used
conduct a series of controlled testing. The results of that series of twelve tests are as follows:

Run # 1:
Date: 14/15 July 2008
Objective: First run(s) at using 5 stage techniques develdpesgtrument check out and dust feed confirmation

Four pleated filter elements

Pulse pressure = 90 psi, stage 3 pulse cydlenmutes (individual pulse per element), pulse duration

=150 milliseconds, stage 5 pulse cycle = 30 dp p
Aborted in stage 3 when concentration measurement was suspect (measurement technique was judged
insufficient and mathods put in place to resolve).

Filter/Housing description:
Parameters/settings:

Additional Notes:

Challenge Challenge Air Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material | Concentration Flow | Duration| Emissions| Efficiency | Emissions| Efficiency | On .39 ym| On 1.73 | On 7.07
mg/nt Rate | Hours | mg/nt % mg/nt % Hm um
ft3/min
Atomite 570 2000 aborted | Nottested| Nottested| Not Tested| Not Tested| Not Tested| Not Tested| Not Tested
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Run # 2:
Date:
Objective:

Filter/Housing description:

Parameters/settings:

19 July 2008
Second run(s) at using 5 stage techniques developedt ARAMCO concentration

Four pleated filter elements
Pulse pressure = 90 psi, stage 3 pulse cycle = 3 minutes (individual pulse per element), pulse duration

=150 mi |l i seconds, stage 5 pulse cycle
Additional Notes: Full sequence tested on Dust trak instrument.
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 um| On 7.07 pm
mg/m® ft/min Hours mg/nt % mg/nt %
Atomite 570 2000 138 Not Not .00273 | 99.99947 | Not Tested| Not Tested| Not Tested
Tested Tested
Run # 3:
Date: 19 July 2008
Objective: Third run(s) at using 5 stage techniques develdpgetond run oARAMCO concentration

Filter/Housing description:

Parameters/settings:

Four pleated filter elements
Pulse pressure = 90 psi, stage 3 pulse cycle = 3 minutes (individual pulse per element), pulse duration

=150 milliseconds, sta&ge 2% pwl seseycl e
Additional Notes: Rerun of #2.
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On1.73 pm| On 7.07 pm
mg/m £t3/min Hours mg/nt % mg/m3 %
Atomite 570 2000 116 NT NT .0005 99.9995 NT NT NT
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Run # 4:
Date:
Objective:

Filter/Housing description:

Parameters/settings:

23 through 27 July 2008
Fourth run(s) at using 5 stage techniques develeped at higher concentration

Fourpleated filter elements

Pulse pressure = 90 psi, stage 3 pulse cycle = 3 minutes (individual pulse per element), pulse duration

=150 mi |l i seconds, stage 5 pulse cycle
Additional Notes:
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 um| On 7.07 pm
mg/m® ft/min Hours mg/nt % mg/nt %
Atomite 3000 2000 75
Run # 5:
Date: 31 July through 5 August 2008
Objective: Fifth run(s) at using 5 stage techniques developed

Filter/Housing description:

Parameters/settings:

Four pleated filter elements
Pulse pressure = 90 psi, stage 3 pulse cycle = 3 minutes (indipidsalper element), pulse duration

=150 mi |l i seconds, stage 5 pulse cycle
Additional Notes: First full run with the Marblend dust
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration  Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 pm| On 7.07 pm
mg/m £t3/min Hours mg/nt % mg/nt %
Atomite 500 2000 48 NT NT .0047 99.99964 | 99.99985 | 99.99999 | 99.99999
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Run # 6:

Date:

Objective:

Filter/Housing description:
Parameters/settings:

27 August through $eptember 2008

Sixth run(s) at using 5 stage techniques develepggh end concentration trial

Four pleated filter elements

Pulse pressure = 90 psi, stage 3 pulse cycle = 3 mifintigidual pulse per element), pulse duration

=150 milliseconds, stage 5 pulse cycle = 30 dp p
Test was abortedi mass balance of the entire unit was not being monitored up to this point on any test.

The airlock bin evagation was significantly lower than the high feed rate. Net result was a full housing

Additional Notes:

(approximately 75% of the cartridge depth). Implemented a mass balance check as this point.
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 um| On 7.07 um
mg/n £t/min Hours mg/n % mg/n %

Atomite 10,000 2,000 100 +

Run # 7.

Date: 27 August through 9 September 2008

Objective: Seventh run(s) at using 5 stage techniques developed- high end concentration trial

Filter/Housing description:

Parameters/settings:

Four pleated filter elements

Pulse pressure = 90 psi, stage 3 pulse cycle = 3 minutes (individual putdenpent), pulse duration

= 30

=150 mi |l i seconds, stage 5 pulse cycle
Additional Notes:
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissins | Efficiency | On .39 um | On 1.73 um| On 7.07 pm
mg/m> £t/min Hours mg/nt % mg/nt %
Atomite 10,000 2000 68 NT NT .0209 99.99977| 99.99952 | 99.99992 | 99.99998
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Run # 8:
Date:
Objective:

Filter/Housing description:

Parameters/settings:

2471 25 September 2008
Eighth run(s) at using 5 statgchniques developed

Four pleated filter elements
Pulse pressure = 90 psi, stage 3 pulse cycle = 3 minutes (individual pulse per element), pulse duration

=150 mi | i seconds, steage2d® dpulrseesectycl e
Additional Notes: Test Stopped before the end of stagevdry high pressures
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 um| On 7.07 pm
mg/m® ft3/min Hours mg/nt % mg/nt %
Run # 9:
Date: 29 September to 31 October 2008
Objective: Evaluate a pleated bag cartridgald in Test for one customer request and interest irstiiis

Filter/Housing description:
Additional Notes:

Pleated bag configuration usiadpag style housing

Added to the matrix after the initiationof interest to all

Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency

Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 um| On 7.07 pm
mg/m ft3/min Hours mg/nt % mg/n %

Atomite 500 2000 166 <.01 99.998 .011 99.9976 99.997 99.99985 | 99.99995
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Run # 10:
Date:
Objective:

11through 18 November 2008
Repeatability Study compare with Run #11 and #12

Filter/Housing description: Four pleated filter elements
Additional Notes:

Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 um| On 7.07 um
mg/n t3/min Hours mg/n % mg/n %
Atomite 2280 2000 71 .031 99.9986 .031 99.9985 99.98 99.992 99.99979
Run # 11:
Date: 20 Through 23November 2008
Objective: Repeatability Study compare with Run #10 and #12
Filter/Housing description: Four pleated filter elements
Additional Notes:
Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On .39 um | On 1.73 um| On 7.07 pum
mg/nt® ft/°min | Hours | mg/m® % mg/n® % % % %
Atomite 2280 2000 71 <0.013 | >99.9994 .026 99.9988 NT NT NT
Atomite 2280 2000 80 <.01 >09.9996| .0234 99.989 99.998 99.9997 99.99996
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Run # 12:
Date:
Objective:

24 November through 3 December 2008
Repeatability Study compare with Run #10 and #11
Filter/Housing description: Four pleated filter elements
Additional Notes:

Exterior gasket leak secondun completed as planned but used to assess performance impact of leak

Challenge Challenge | Air Flow Test Mass Mass PM10 PM10 Efficiency | Efficiency | Efficiency
Material Concentration Rate Duration | Emissions| Efficiency | Emissions| Efficiency | On.39 um | On 1.73 um| On 7.07 um
mg/n £t/min Hours mg/n % mg/n % % % %
Atomite 2280 2000 71 .028 99.9987 .043 99.9979 99.9979 99.9996 99.9996
Atomite 2280 2000 81 .009 99.996 .033 99.9983 99.9997 99.9999 99.9998
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Individual Reports (note thattest No. 6 was aborted and not included in this listing)

RP-1284
Initial “Complete” Test — Run 1 “Demo”
Method Description and Data Presentation

Operating and Test Parameters

Preference is to allow as much freedom of choice as possible to the one providing equipment to
be tested. Some parameters are specification restrained. A couple are lab constrained. But most
allow a choice. Objective with this approach is not to compare one collector with another under
standardized conditions but to determine emissions and fractional efficiency etc of a collector
when operated according to manufacturer's operating instructions.

Those used in first “complete” test are bold, red in table below

Parameter Units | Spec/Lab Constraint Equipment Supplier Choice

Airflow CFM 2000 minimum Size to fit airflow
(Lab pref: 2000 only)

Dust CaCoO; “coarse” & “fine”
Fresh feed, no recycle.
Imerys Grade Atomite with
3um mean particle size.

Inlet concentration mg/mJ 10 to 10,000 (570 mg;’ma} 10, 100, 1000, or 10000
(Lab pref: Limit choice to orders

of magnitude) Whoops. So much for
lab preference in first test.

Quitlet mg/m® | Threshold sensitivity n/a
concentration 0.01 m_q;fm3 when measured
gravimetrically.

0.001 m(_:u’m3 when measured
electronically

Pulse system Max 25% of units at once Supply w/constraint shown
One of four filters at once.

Pulse cycle “wg AP driven, not time (except Choose AP (2.0 to 3.0 “wg)
Stage 3).

Stage 3 pulse cycle is 4
minutes between pulses

Pulse pressure psi Lab limit exists (90-100) Choose with max noted

Pulse duration ms Choose pulse duration
(?). It was set and not
changed during test
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RP-1284
Initial “Complete” Test — Run 1 "Democ”
Method Description and Data Presentation

Comments on Operating / Test Parameters and Test Equipment

a.

FM 10 outlet mass emission (mg/m3) is monitored continuously with TS Model
8520 DustTRAK Asrosol Monitor. It has a five-log range from 0.001 mgfm3 to
100 mg/m3

Outlet emission by particle size (from 0.3 to 10 pm) is monitored continuously
with HACH Met One 3400. Size bands used are:

0.310 0.5 pm (0.39 um geometric mean)

0510 1.0 pm (0.71 pm geometric mean)

1.0 10 3.0 pm (1.73 pm geometric mean)

3.010 5.0 pm (3.87 um geometric mean)

5010 10.0 pm (7.07 pm geometric mean)

=100 pm (not used in calculations or graphs since it has no
upper size limit.)

We have the particle size data for the entire duration of the test but aren’t yet
comfortable with it and have not included it in the report yet. It's a necessity in
Stage 5, but optional in earlier stages.

Mote that the gravimetric downstream threshold sensitivity of 0.01 mg/m3
requires about 8 hours sampling time with balance threshold of 0.0001 gms. This
iin turm limits the best statement that can be made about efficiency and
penetration. With zero weight gain, downstream concentration is </= 0.01 mg/m3.
Best efficiency statement then is determined by solely by upstream concentration
as shown in Table

Table. Maximum gravimetric efficiency claims with zero weight gain on downstream target affer &

hours sampling time.

Lpstream Downsiream Penetration Efficiency
Concentration Concenftration (%) (%)
(mg/m3) (mg/m3)
10 =+ 0.01 =0.1 =009
100 =+ 0.01 < 0.01 = 0099
70 =+ 0.01 = 0.002 = 99 998
1000 =+ 0.01 = [0.0M1 = 00,909
10000 =+ 0.01 = 0.0001 = 00 9999
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RP-1284 Industrial Pulse Air Cleaner

Run 2

Collector and Test Parameters

Units

Spec/Lab Constraint

RE 1284, Iun 2

28-29 May, 14-19 Jul 05

Industrial pulse: Air Cleaner.
Anonymous for report. Photo on file.

our pleated cartndges; cellulose polyester m
microfiber synthetic meltblown surface laminate
Anonymous for report. Photo on file.

12 Wi

Adrflow

BCEM

2000

| i

CaCQ,; "fine”. Fresh feed, no recycle.
Imernys Grade Atomite with 3 pm mean particle size.

|iniet concentration

568 mg/m?
1.93 kghr

Cutlet concentration

Threshold sensitivity
0.01 mgfm? when measured gravimetrically for 8.8 hrs.

0.002 mgim® when measured electronically for 1 min.

Mot OF Ners cleaned on each pulse cycle.

Fulse system
Pulze cycle

3] driven, except Stage 3
Upper st point — 3.0 "WG
Lower set point — 2.0 “WG.
Stage 2 "Transition™ - 10 cycles
Stage 3 "Conditioning” is time activated - 3 minutes between
pulses. (1580 pulses total; 79 hours)
Stage 4 "Recovery” 32 Cycles
Stage 5 "Operation” - 8.7 hre; 12 cycles

E‘ ulge pressure

psi

B0

Results Summary - §

tage FGPEFEHDH“

Mote: Early method development

Item

Results

Method

est Duration

138 Hrs
265 kg

Reference
Reference

Emissions - Total mass
Efficiency - Total mass

not tested

Gravimetnic
Gravimetric

0.00273 mgim®

light-scattering laser photometer calibrated to mass

0.39 um
D.707 um
1.73 um
387 um

7.07 um

Efficiency - PMy; 99.99947% light-scattering laser photometer calibrated to mass
Efficiency (by count) vs
Particle Diameter not tested light-scattering laser particle counter
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PM,,; Outlet Emissions (mg/m?)

Pressure Drop (in WG)
&
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RP1284 (Run 2)

Pressure Drop ve Dust Fed
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| B - 000 CFM
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| ) i Al |
|I||'.'||I Ll had g,
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PM,p Outlet Emissions vs Dust Fed
COMMENTE:
Theesheid Sansiviy - LD mgée
Fleated Cariridpe Coilector l-tndlud:h-'15
Alrfiow - 2000 CFM || g:#:tsﬁnmj
— . - , Esage 4 frst SO kg [180-230)
Aomiis Dust - 3 um | |exn0= 3 1ot pertinent o s chart
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it
3t
L
o] 50 100 150 200
Dust Fed (kg)
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RP1284 (Run 2)
PM;o Emissions (mg/m”)
by Stage and pulse status

Stage 1 Stapge 2 Stage 4 Stage 5
"Static” “Transition" "Recovery” "Operation”
Data not
Stage Avg available 0.00405 0.00308 0.00273
Stage Avg
lpulse only* not applicable 0.02976 0.01407 0.01287
Stage Avg
[non-pulse not applicable 0.00322 0.00235 0.00206
RP1284 (Run 2)
PM,, Emissions
by Stage and Pulse Status
0.035
E 0.030 -
©
£ 0.025 -
0
S 0.020 1
.ﬁ EStage 1 "Static”
o 0.015 1 BStage 2 "Transition™
£ EStage 4 "Recovery™
I.IJI: 0.010 - EStage 5 "Operation”
= 0.005 -
o
0.000 -
- &
H £ g
& ¥ 23
22
] <5 % a
2 g
b @0

* Pulses are clearly identifiable in Chart of PM10 Emissions vs Dust Fed
The "pulse only” emissions are calculated from these specifically separated data points

Calibration factor for Atomite - 0.494
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RP-1284 Industrial Pulse Air Cleaner

Run 3

Collector and Test Parameters

Farameter Units §pe|:":aE Consiraint
Test ID |RE 1284, Run 3
Test Dates 19 - 24 Jul, 2008
[Device Industrial pulse Air Cleaner.

Anonymous for report. Photo on file.
[Fitter Four pleated =] cartridges

Anonymous for report. Photo on file.
Aitlow ACET e
Dust CaC0, “fine”. Fresh feed, no recycle.

Imerys Grade Atomite with 3 pm mean particle size.
Inlet concentration mgim® 568 mag/m?

1.93 kg/hr
Outlet concentration mgim® hreshold sensitivity

0.01 mg/m® when measured gravimetrically for 8.8 hrs.
| 0.002 mgfm" when measurad electronically for 1 min.
Eulse system 25_“.-'{1 of filters cleaned on each pulse cycle.
Pulse cycle “wg AP driven, except Stage 3

Upper =2t point — 3.0 "WG
Lower set point — 2.0 “WG.
Stage 3 (Conditioning) is time activated - 3 minutes between
ulses.

Pulse pressure psi Igﬂ

Results Summary - Stage 5 ='IZ]'[:he-rati-:rn=

Item Results Method
Test Duration 116 Hrs Fteference
223 kg Reference
[Emissions - Total mass not tested Gravimetric
Efficiency - Total mass "o, Gravimetric

[Emissions - E'Mm
Efficiency - PM,,

0.0005 mg/m*
99,9995 %

light-zcattering laser photometer calibrated to mass
light-zcattering laser photometer calibrated to mass

mclency |by count) vs
|Farticle Diameter

0.39 um
0.707 um
1.73 um
3.87 um
7.07 um

not tested

light-zcattering laser particle counter
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PM., Outlet Emissions (mg/m7)
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&
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RP1284 (Run 3)

Pressure Drop vs Dust Fed
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RP 1284 Run 3
Particle Count / Penetration / Efficiency Data

Particle Diameter um 0.39 0.707 1.73 387 7.o7
Upstream Count #1ft3 204E+09 1.23E+09 B46E+08 9.70E+07 1.51E+07
@ 568 mg/m3
Downstream Count #/ft3
Stage 1 1.1E+05 4.22E+04 1.27E+04 B49E+02 1.70E+02
Stage 2 187E+05 B812E+04 249E+04 8S.8BBE+02 1.45E+02
Penetration by count %
Stage 1 0.0055 0.0034 0.0015 0.0009 0.0011
Stage 2 D.0092 0.0066 0.0029 0.0009 D.0010
Efficiency by count %
Stage 1 99995 99997 99.998 99.999 99.999
Stage 2 99.991 99.993 99997 99.999 99.999
Efficiency vs Particle Size
RP 1284 Run 3, Stages 1 & 2
100
99.999 —— =3
AT A
599998 /
//r
99.997 -
—_ 4 —d—Stage 1
38 99.996 1
599.995 // ¥
2 & /|
& 99,994 /
i 4
599993 ,f’
599992 / ‘/
99991 (1
9999
0.1 1 10

Diameter (um)
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RP1284 (Run 3)

PM;y Emissions (mg/m~)

by Stage and pulse status

Stage Avg

Stage Avg pulse
only

Stage Avg non-
pulsea

Stage 1 Stage 2 Stage 4 Stage 5
"Static" "Transition™ "Recovery” "Cperation™

Stage Avg 0.00840 0.01601 0.00282 0.00249

Stage Avg

Lpulse only not applicable maybe later maybe later maybe later

Stage Avg

[non-pulse maybe later maybe later maybe [ater mayhe later

RP1284 (Run 3)
PM,, Emissions
by Stage and Pulse Status
0.018
r‘E 0.016 -
‘En, 0.014 -
" 0.012 1
E 0.010 -
— N Stage 1 "Static™
:_g 0.008 - B 5tage 2 "Transition™
E 0.006 - BStage 4 "Recovery”
'-“E 0.004 BStage 5 "Operation™
= i
o 0.002
0.000 - T T
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RP-1284 Industrial Pulse Air Cleaner
Run 4

Collector and Test Parameters

[Parameter Units Spec/Lab Constraint
Test ID RP 1284, Run 4
Test Dates July 23 through July 27, 2008
Device Industrial pulse Air Cleaner.

Anonymous for report. Photo on file.
Filter Four pleated cartridges

Anonymous for report. Photo on file.
Airflow ACFM 2000
Dust CaCO, “fine". Fresh feed. no recvcle.

Imerys Grade Atomite with 3 ym mean particle size.
Inlet concentration mg/m? 3000 mg/m?

10.2 kg/hr
Outlet concentration mg/m® [Threshoid sensitivity

0.01 mg/m® when measured gravimetrically for 8.8 hrs.
| 0.002 mg/m3 when measured electronically for 1 min.
Pulse system One of four filters cleaned on each pulse
Pulse cycle “wg AP driven, except Stage 3

Upper set point - 3.0 “WG
Lower set point — 2.0 “WG.

Stage 2 "Transition” - 3 cycles

Stage 3 "Conditioning” is time activated - 3 minutes between

pulses. 1000 pulses total; 50 hours

Stage 4 "Recovery” - 30 cycles
B Stage 5 "Operation" - 8.5 hours
Pulse pressure psi 80

Results Summary - Stage 5 "Operation”

Note: Early method development; memory stick damaged
after test. Emission data lost

Item Results Method
[Test Duration 75 Hrs Reference
769 kg Reference
Emissions - Total mass not tested Gravimetric
Efficiency - Total mass not tested Gravimetric
[Ernissions - I5Mm not tested light-scattering laser photometer calibrated to mass
Efficiency - PMy, not tested light-scattering laser photometer calibrated to mass
ﬁciency (by count) vs
Particle Diameter light-scattering laser particle counter
0.39 um not tested
0.707 um not tested
1.73 um not tested
3.87 um not tested
7.07 um not tested
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RP1284 (Run 4)

Pressure Drop vs Dust Fed
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RP-1284 Industrial Pulse Air Cleaner

Run b

Collector and TESI F'arameters

T’arﬂ meter Units Spec/Lab Constraint
Test D RP 1284 Run5____
'_I'est Dates July 31 mrcrugh .&.ug 5, 2008
Device 4 Carindge Industnal pulse Air Cleaner.
| Anonymous for report. Photo on file
Filter
Annnzmous for report. Photo on file.
erﬂcmr CFM 2000 EDPD_DAE]
Dust Marhlend. Fresh feed, no recycle.
Inlet concentration ma/m? 7500 mg/m®
255 kafhr (or 56.2 lbsfhr)
Outlet concentration ma/m* Threshold sensitivity
0.01 mg/m? when measured gravimetrically for 8.8 hrs {min).
0.002 ma/m® when measured electronically for 1 min.
ﬁulse system 25% (Max) of filters cleaned on each pulse cycle.
[Pulse cycle “wg AP driven, except Stage 3
Upper set point — 3.0 “WG
Lower set point — 2.0 “WG.
Stage 3 (Conditioning) is time activated - 3 minutes between
pulses.
ﬁulse pressure psi a0

Results Summary - Stage 5 "Operation"

Item Results Method
Test Duration 48 Hrs Reference
1205 kg Reference
FMISSIONS - T 0tal Mass NG Data Gravimennc
Efficiency - Total mass Mo Data Gravimetric
Emissions - PMyg 0.0047 mg/m3 [iight-scattering laser photometer calibrated to mass
Efficiency - PMyg 99.99964 % light-scattering laser photometer calibrated to mass

[ETCIency (Dy COUnt) vs
Particle Diameter

0.3% um
0.707 um
1.73 um
3.87 um
7.07 um

light-scattering laser particle counter

Mo Upstream Data
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PM,, Outlat Emissions jmgim®)

RP1284 (Run 5)
Pressure Drop vs Dust Fed
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RP1284 (Run 5)
PM,, Emissions (mg/m*) by Stage

5t da Stage 4b
Stage 1 Stage2 . o oge  otage sh Stage 5
S ", — Recovery™ 1st Recovery " tion™
ic ransition half 9nd half peration
Stage Avg 0.0080 0.0053 0.0053
0.009 7| Threshold sensitivity
0.002 mg/m*
0.008 0.0080
’ Inlet Concentration
7500 mg/m®
0007 -
Stage 4 was split in half to look
e at the separate parts to
_E 0.006 - compare with Stage 5 for
E‘: stability judgment 0.0053 0.0053
w 0.005 -
=
L=
2 0.004
E
i
= 0.003 1

=
o

0.002

0001

0000

Stage 1 "Static” Stage 2 Stage 4a Stage 4b Stage 5
"Transiton™ "Recovery™ 1st "Recowvery™ 2nd "D peration™
half half
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