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EXECUTIVE SUMMARY

Emissions of free particles are of concern because these particles can be deposited in
the lower respiratory system through normal breathing. The potential problem is further
compounded because hazardous trace elements, such as selenium and arsenic, are known
to be concentrated on such free particles. Control device removal efficiency is lowest for
respirable particles, so the potentially most hazardous particles from coal combustion are
collected with the lowest removal efficiency. The 1990 Clean Air Act Amendments
address the issue of emissions of acid rain precursors, require the study of air toxic
emissions, and provide for possible expansion of visibility protection measures. Therefore,
a current need exists to develop superior, but economical, methods to control emissions of
air toxic particulate matter. One approach is to model the relationships between the
cohesive properties of fly ash and particulate collector performance in electrostatic
precipitators (ESPs) and fabric filters. In ESPs, a balance between good dust release and
minimum redispersion must be achieved for optimum ESP fine-particle collection
efficiency. To achieve high free-particle collection efficiency with fabric filters, the large
pores in the fabric must be adequately bridged, and reentrainment must be kept to a
minimum while still allowing for adequate dust cake release. However, the defining
relationships between cohesive dust properties and particulate collector performance have
not been adequately developed.

Therefore, the goal of the Fine Particulate Control project is the development of
methods to measure the cohesive strength and reentrainment potential of fly ashes and to
model emissions of free particles based on these measurements. A long-term project goal
is to develop the models to the point where they can be used to help design particulate
control devices for the lowest level of fine.particle emissions at a reasonable cost.

Recent results show that tensile strength, aerated porosity, and packed porosity
measurements are appropriate methods to quantify the cohesive properties of fly ash. Fly
ashes with tensile strengths of less than 50 N/m 2 are likely to have significantly greater

ESP rapping dispersion of f'me particles than fly ashes with tensile strengths greater than
250 N/m 2. Fly ash tensile strength also appears to be a good predictor of fabric Filter
particulate emissions. Fine-particle emissions from a pulse-jet baghouse with Ryton felted
fabric were 100 times greater for a fly ash with a tensile strength less than 100 N/m 2
compared to fly ashes with tensile strengths greater than 250 N/m _. In direct pore-
bridging experiments with monosized openings, tensile strength was found to be an
indicator of maximum bridging velocity. In tests with pulse jet-cleaned Ryton bags,
packed porosity was a good indicator of initial or effective K2. Bench-scale tests, however,
indicate that particle size and face velocity must also be incorporated into a model to
predict pressure drop as a function of dust properties. Reentrainment tests indicate that
velocity is one of the most important parameters affecting pore-bridging ability and
whether reentrainment will occur. Future efforts will attempt to incorporate particle size
and velocity into a more general model.
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TASK 2.0 AIR QUALITY ASSESSMENT AND CONTROL

Subtask 2.2 Fine.Particulate Control

Introduction

The Air Quality Assessment and Control project category consists of three tasks as
presented in the Annual Project Plan:

Task 2.1: Air Toxics
Task 2.2: Fine-Particulate Control
Task 2.3: Novel Flue Gas-Cleaning Methods

Only Task 2.2, Fine-Particulate Control, is currently funded, and research activities
for the project this reporting period have been entirely in support of Task 2.2. Therefore,
the semiannual report for this project summarizes work in the fine particulate control
area only.

@ BACKGROUND

Emissions of free particles are of concern because these particles can be deposited in
the lower respiratory system through normal breathing. The potential problem is further
compounded because hazardous trace elements, such as selenium and arsenic, are known
to be concentrated on such fine particles. Control device removal efficiency is lowest for
respirable particles, so the potentially most hazardous particles from coal combustion are
collected with the lowest removal efficiency. In addition to potentially causing adverse
health effects, fine particles, including secondary sulfates, are the primary cause of
visibility impairment in the atmosphere. The 1990 Clean Air Act Amendments address
the issue of emissions of acid rain precursors, require the study of air toxic emissions, and
provide for possible expansion of visibility protection measures. Therefore, a current need
exists to develop superior, but economical, methods to control en_issions of S02, NOx, and
air toxic particulate matter.

Previous research at the Energy & Environmental Research Center (EERC) has
focused on two areas: 1) bench-scale efforts to investigate the relationships between
fine-particle emissions from fabric falters or electrostatic precipitators (ESPs) and the
cohesive properties of fly ash and 2) investigation of the ;,mpact of coal combustion on
atmospheric visibility. Control of fine-particle emissions from coal-fired boilers is an issue
because of the current concern over air toxics in the a'_mosphere, which contain high
concentrations of trace elements. The best method of .minimizing the emission of these air
toxic trace elements to the atmosphere is to install high-efficiency fine-particle control
devices. Previous research has shown that the collectibility of fine-particles from coal
combustion is highly dependent on the cohesive properties of the fly ash. Therefore, past
research has focused on quantitative measurements of cohesive properties of fly ash and
filtration behavior. The goal is to achieve the lowest level of fine-particle emissions,
without an economic penalty, either by modifying the ash properties or by other design
optimization methods. Significant progress has already been made toward this goal, but
further bench-scale work is needed to develop and test models that predict fine-particle
emissions based on ash properties.
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Objectives

The goal of Task 2.2 is the development of methods to measure the cohesive
strength and reentrainment potential of fly ashes and to model emissions of Free particles
based on these measurements. Past research has concentrated on development of reliable
methods to measure the cohesive properties of fly ash. While further refinement of these
methods is desirable, they are already developed to the point where they can be used for
modeling efforts. Therefore, the primary goal of the free-particulate control task for the
current project year is to develop a model that relates cohesive properties to fine-particle
emissions and one that relates cohesive properties to flow resistance. The primary
elements of the models will include tensile strength, porosity, particle size, pore-bridging
ability (or, conversely, reentrainment potential), and face velocity. A long-term project
goal is to develop the models to the point where they can be used to help design
particulate control devices for the lowest level of fine-particle emissions at a reasonable
cost.

• PLANNED WORK

The planned work, as stated in the Annual Research Plan, consists primarily of
bench-scale experiments to measure the cohesive properties of fly ash samples and bench-
scale pore-bridging/reentrainment tests. Procedures have already been developed from

previous work, but tests have been completed with only a limited number of ash samples.
Preliminary review of existing data indicates that the pore-bridging ability of a dust can
be predicted by cohesive measurements such as tensile strength. However, the
relationship needs to be verified with more data. Similarly, existing data indicate that
the flow resistance of a dust can be predicted from cohesive measurements such as the
aerated or packed porosity. However, results also show that both particle size and face
velocity must be incorporated into the model to accurately predict the flow resistance from
measured dust characteristics.

The fly ash samples for testing this project year were to be selected from our stored
fly ash sample inventory, based on previous fabric filtration experiments at the EERC.
The planned cohesive measurements consist primarily of tensile strength measurements,
conducted with a Cohetester, and aerated or packed porosity measurements, conducted
with a powder characteristics tester. The planned pore-bridging]reentrainment tests
consist of filtration tests with precision metal electroformed sieves of exact pore
dimensions. The dust for these tests is dispersed with a dry powder disperser, and
particulate emissions are measured downstream of the filter with a laser particle sizer.
Visual observation of the clean and dirty sides of the screens provides information on the
conditions when complete pore bridging occurs or when reentrainment occurs. The new
data will then be combined with the existing data to provide the information necessary for
model development. The model will attempt to predict fine-particle collection efficiency
and pressure drop as a function of fly ash tensile strength, aerated and/or packed porosity,
particle size, pore-bridging ability (or, conversely, reentrainment potential), and face
velocity. Other possible model inputs include chemical composition, particle morphology,
and specific surface area. Model development will follow a logical progression, starting
with the parameters that are known to have major effects, and then progressing with
inputs from the minor effects. Parallel to the experimental work will be an ongoing
evaluation of pertinent literature to aid in the modeling efforts.



Accomplishments

Work for this reporting period is divided into three activities:

- Preliminary modeling efforts to relate cohesive measurements to particulate
collector performance

- Measurement of cohesive properties of additional fly ash samples

- Bench-scale pore-bridging and reentrainment experiments

• PRELIMINARY MODELING EFFORTS

Recent col_cern about fine-particle air toxic emissions has generated renewed
interest in economical methods to improve free-particle collection efficiency of both ESPs
and baghouses. One approach is to model the relationships between the cohesive
properties of fly ash and particulate collector performance. Cohesive properties of fly ash
have been known for many years to influence the collectibility of fly ash in ESPs. White
(1) devotes a whole chapter in his book to reentrainment effects in ESPs, but does not
identify a specific dust characteristic that influences the level of reentrainment.
Dismukes (2) identifies a change in fly ash cohesiveness as one of the mechanisms by
which conditioning agents improve ESP performance, but does not present any
quantitative data on the cohesive properties of fly ash. Spencer (3) identifies fly ash
tensile strength as an important consideration in the study of ESP rapping, but does not
relate tensile strength to any specific performance data. Particle adhesion was recognized
by Billings and Wilder as an important parameter affecting fabric cleanability (4) and
Dennis and coworkers stress that cohesive fly ash properties are important to fabric filter
performance, but they were not incorporated into their filtration model (5). More recently,
Bush and coworkers (6) have identified cohesivity as the primary ash characteristic
affecting baghouse pressure drop and have presented effective angle of internal friction
and compacted porosity as quantitative laboratory measurements of cohesive fly ash
characteristics. Bush and coworkers correlate effective angle of internal friction and
compacted porosity with residual dust cake weight for a narrow data set of baghouses
with reverse-gas cleaning and woven-glass fabric. No attempt was made to correlate
particulate emissions with cohesive characteristics. We have previously emphasized the
importance of cohesive dust properties in the study of how conditioning can be applied to
fabric filters to improve performance (7, 8). However, the defming relationships between
cohesive dust properties and particulate collector performance have not been adequately
developed.

In ESPs, an ideal dust would readily release from the plates upon rapping and fall
to the hopper with minimum redispersion. Cake release, rapping reentrainment, and
hopper reentrainment are all likely to be impacted by the cohesive properties of the dust.
To achieve good dust cake release, a minimum cohesive or tensile strength would appear
desirable, but to minimize redispersion of the dust into its original particle-size
distribution, high dust tensile strength is preferred. Since these two factors are in direct
opposition, a balance between good dust release and minimum redispersion must be
achieved for optimum ESP performance.
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Fabric filter performance is also impacted by cohesive dust properties. Since most
fabrics have significantly larger pore sizes than the median particle size of the collected
dust, high particle collection efficiency cannot occur unless the pores are effectively •
bridged. If pores are not adequately bridged, high-velocity pinholes can develop in the
dust cake, leading to poor collection efficiency. Ideally, starting with a new fabric, the
large pores should be bridged in the first filtration cycle and then remain bridged when
the bags are cleaned. If emissions spikes occur after bag cleaning when many of the
larger pores are opened, the pores must be bridged over again during each cleaning cycle
to maintain a high collection efficiency. To achieve good pore bridging in fabric filters,
high cohesive strength would appear to be desirable.

Independentofthepore-bridgingabilityofthedustisthecake-releasecharacterof
thedustcake.The cakeshouldreleasefromthefabricwithminimum energyinput,
withoutsignificantredispersionofthedust,whilemaintainingsome mhdmum residual
dustcaketohelpachievea highcollectionefficiency.The relationshipbetweencohesive
dustpropertiesand collectionefficiencyina fabricfilterisanalogoustothatinan ESP.
Inbothcases,thedustmust below enoughincohesivestrengthtoreleasereadily,but
highenoughincohesivestrengthtominimizereentrainment.However,withfabricfilters
theimpactofcohesivedustcharacteristicson performanceismorecomplex,becausethe
cohesivepropertiesarealsolikelytohavea majoreffecton pressuredrop.Besides
particle-sizeeffects,theprimarycakepropertiesthatdeterminepress1_redroparethe
cakeporosityand thickness.Low cohesivestrengthappearstofacilitategoodcakerelease
and lowresidualdustcakethickness,whilehighcohesivestrengthseemsnecessaryto
maintaina highdustcakeporosityand preventsignificantdustcakepacking.Obviously,
theremust be a properbalancebetweenthesefactorstooptimizebothparticulate
collectionefficiencyand pressuredropinfabricfilters.

The cohesive properties of fly ash are important to the optimization of ESP and
fabric filter performance. However, cohesive strength, along with other similar terms
such as cohesivity and cohesiveness, is not well defined. Therefore, the first step to
optimize collector performance is to select key cohesive characteristics that are well
defined and can be quantitatively measured. Tensile strength and aerated or packed
porosity are two such quantitative measurements. We have previously presented
extensive data on the tensile strength and porosity of fly ash and here present initial
correlations between these properties and control device performance.

- Measurement of Cohesive Fly Ash Properties

Previous attempts to quantitatively measure cohesive properties of powders included
the Jenike flow-factor tester and a tilting table apparatus. Several shear methods have
also been used to measure the flow properties of bulk solids. One shear method is the
rotational ring shear device, which Southern Research Institute has used to measure
cohesive properties of fly ash (9). From the ring shear data, the effective angle of internal
friction was selected as the most useful parameter, with typical values ranging from 31°
to 47 ° for coal fly ash. One apparent disadvantage of the ring shear method, however, is
that the porosity of the shear layer is generally not known. More recently, Pontius
reported that an electrostatic tensiometer can measure the tensile strength of powders by
exposing a sample of the powder to an electrostatic field generated in a parallel-plate
electrode system (10). Tensiometer-determined tensile strengths for powders, including fly



ash in the range of i to 15 N/m 2, appear to be somewhat lower than fly ash tensile
strengths reported for other methods.

Initial development of an instrument to directly and quantitatively measure the
tensile strength of powders occurred in the early 1960s at Warren Spring Laboratory in
England (11). In the Warren Spring Laboratory apparatus, a powder sample was
compacted under a controlled normal load into a cylindrical cell that was split
diametrically. This apparatus served as the basis for the development of a commercially
available instrument, called a Cohetester, which directly measures the tensile strength of
bulk powders as a function of compaction pressure and is commercially available from
Hosokawa Micron International, Inc. Yokoyama reported tensile strengths for bulk
powders in the range of 18 to 440 N/m 2 in developmental research for the Cohetester (12).
Since we have previously presented extensive data obtained at the EERC with the
Cohetester, no further discussion on the Cohetester is given here (13, 14).

Since dust cake porosity will have a major effect on baghouse pressure drop, a direct
determination of fly ash porosity in the laboratory would appear to be a relevant
measurement. ASTM standard test methods for determination of the tap density of
refractory metal powders (B527) and for determination of tapped packing density of
catalyst particles (D4164) are possible measurements that could be applied to fly ash.
Both methods are straightforward in that a bulk sample is placed in a glass graduated
cylinder, which is tapped either 1000 (D4164) or 3000 (B527) times. The volume after
tapping and sample weight provide the information to calculate the tapped density.
Quantachrome Corporation manufactures an instrument called the Dual Autotap which
conforms to ASTM standard test procedures B527 and D4164. These ASTM methods have
not been applied to fly ash, but could be, if appropriate sample preparation methods were
added to the procedures.

For determination of the packing properties of fly ash, we selected an instrument
called a Powder Characteristics Tester, also available from Hosokawa Micron
International, Inc. Again, we have previously reported extensive aerated and packed
porosity data obtained with this instrument and discussed experimental procedures (14,
15). The aerated bulk porosity represents the maximum porosity at which the dust
sample can support itself. The packed porosity values appear to be a good indication of
the tendency of the fly ash to pack under dust cake conditions, which means that packed
porosity might be used to predict pressure drop. While many researchers have discussed
cake collapse as a possible result of increased pressure drop, Schmidt and Loffier (16), by
looking at porosity as a function of cake depth, quantified the effect. Packed porosity
values as low as 31% have been measured for a fairly noncohesive fly ash, reflecting the
potential of the dust cake to collapse under increased pressure drop and repeated bag
cleaning. The aerated porosity, however, is more indicative of the initial porosity of the
dust layer as it originally developed.

Both the tensile strength and aerated or packed porosity measurements appear to be
good methods to quantify the cohesive properties of fly ash. A question exists as to
whether the tensile strength and porosity measurements are simply different methods of
determining the same cohesive characteristic; however, Figure 1 indicates that since there
is not a good correlation between tensile strength and aerated or packed porosity, the two
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Figure 1. Correlaton between aerated or packed porosity and tensile strength.

measurements provide independent information. Even though these measurements look
promising, a consensus needs to be formed to standardize measurements and procedures
for determination of cohesive fly ash properties.

- Correlation Between Rapping Reentrainment and Tensile Strength

A pilot study was conducted at the EERC to evaluate enhanced flue gas conditioning
methods for improving ESP performance for Wahlco, Inc. and U.S. Department of Energy
(DOE) (17, 18). Since one of the mechanisms of performance improvement with
conditioning agents was known to be changes in cohesive dust properties, the tensile
strengths of conditioned and baseline ESP hopper ash samples were measured with the
Cohetester. Tests were conducted with a pilot-scale pulverized coal-fired combustor and a
single-wire tubular ESP that had a plate length of 79 in and an inside diameter of 8.3 in.
The gas velocity through the ESP was held constant at 5 ft/sec, giving a specific collection
area (SCA) of 124 ft2/1000 acfm. Respirable mass particulate emissions were measured
continuously with a TSI model APS 33 laser particle sizer. Respirable mass is defined by
the American Council oz Governmental and Industrial Hygienists as a weighted sum of
particles between 1 and 10 _m with greater weighting given to the smaller particles.
Rapping reentrainment was not a primary focus of the study, but rapping emissions data
were taken for a variety of conditions since the APS could quantify very short emissions

- spikes. Respirable mass rapping emissions as a function of maximum tensile strength
(i.e., the tensile strength measured at a maximum compaction of 2.5 x 104 N/m 2) are
shown in Figure 2 for a West Virginia bituminous coal. Tensile strengths were altered by

6



injecting varying amounts of ammonia and SOs as dual conditioning agents into the flue
gas upstream of the ESP. The lowest tensile strengths occurred for baseline tests with no
conditioning. Note that there was a two-orders-of-magnitude decrease in rapping
emissions with an increase in tensile strength. At the higher tensile strengths, there was
no measured increase in respirable mass emissions with on-line rapping over the
backgrou1Ld emissions, even though ash was removed from the plate. This implies that
particles in the 1- to 10-_m range were not redispersed as individual particles, but
remained as large agglomerates that easily reached the hopper. On the other hand, the
data indicate that for low-tensile-strength dusts, particles are readily redispersed as
individual particles with rapping. To achieve low emissions with a very-low-tensile-
strength dust would require a much larger ESP with more fields. The data indicate that
dusts with a tensile strength less than 50 N/m 2 are quite susceptible to particle
redispersion and that dusts with a tensile strength of 500 N/m =will have minimal free-
particle reentrainment. The data also suggest that no further benefit is seen when the
tensile strength is increased beyond 500 N/m 2. Caution must be emphasized that the
relative value of the rapping emissions is more important than the absolute value of the
emissions, because of the significant differences between a full-scale ESP and the pilot-
scale system. The data do show, however, a quantitative relationship between the level of
fine-particle rapping reentrainment and fly ash tensile strength and suggest that
knowledge of the tensile strength of fly ash might be used to improve ESP performance,
either by design changes or by the use of conditioning agents.
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Figure 2. ESP rapping reentrainment of respirable mass particulate emissions as a
functionofflyash tensilestrength.
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- CorrelationBetweenFabricFilterEmissionsand TensileStrength

Previous research at the EERC investigating methods to improve fabric filter
performance by flue gas conditioning has shown that the conditioning process
sign_cantly changes the cohesive properties of fly ash (7, 8). In general, the conditioning
increases the tensile strength at constant porosity, which indicates that there is an
increase in particle-to-particle binding forces. While the evidence is strong that
particulate emissions are related to the cohesive characteristics of the dust, a quantitative
relationship between emissions and any well-defined cohesive measurement has not
previously been developed. In addition to cohesive fly ash properties, fabric filter
emissions will depend on particle size, fabric pore size, fabric fiber diameter, bag-cleaning
frequency, and face velocity. Therefore, the other variables should be held constant to
evaluate particulate emissions as a function of cohesive properties.

A pilot-scalestudywas recentlyconductedattheEERC toevaluatetheeffectiveness
offluegasconditioninginreducingtubesheetpressuredropand free-particulate
emissionsfroma pulse-jetfabricfalter(8,19).The projectwas jointlyfundedby DOE, the
ElectricPower Researchinstitute(EPRI),and theCanadianElectricalAssociation(CEA).
The investigationincludedbaselinetestsand testsinwhichammonia and SOs were
injectedupstreamofthebaghousetodeterminetheeffectofconditioningon baghouse
performance.The primaryindependentvariablesincludedcoaltype,conditioningagent
concentrations,air-to-cloth(A/C)ratio,and fabrictype.The main dependentvariables
were particulateemissions,baghousepressuredrop,and cohesivepropertiesoftheflyash.
Resultsdemonstratedsignificantbenefitsofusingconditioningwitha pulse-jetbaghouse,
includinga substantialreductioninparticulateemissionsand pressuredrop(orthe
abilitytooperateata higherA/C ratiowithoutincreasingpressuredroporbag-cleaning
frequency).The improvementsinfabricfalterperformancecorrelatedstronglywitha shift
inthetensilestrengthand withincreasesintheaeratedand packedporosityofthefly
ash.Figure3 providesa quantitativelookattherelationshipbetweentensilestrength
and fine-particleemissionsfor100-hourpulse-jettestswithRytonfabricand a constant
A/C ratioof4 ft/min.Averagerespirablemass emissions,measuredwithan APS 33
particlesizer,areplottedasa functionofmaximum tensilestrength.Notethattherewas
a two-orders-of-magnitudedecreaseinrespirablemass particulateemissionsasthetensile
strengthincreasedfromabout100to250N/m _,and no furtherdecreaseinemissionswas
seenwitha furtherincreaseintensilestrength.The dataindicatethatdustswitha
maximum tensilestrengthoflessthan100N/m 2aremore difficulttocollectina fabric
filter;therefore,greatercaremust be takenwithfabricselection,facevelocity,and
cleaningmethod toensurea highcollectionefficiencywithlow-tensile-strengthdusts.
ThesefabricfilteremissionsresultsareconsistentwiththeESP rappingreentrainment
resultsinthatdustswithtensilestrengthslowerthan100N/m 2presentthegreatest
collectibilityproblem.Thisisnotsurprisingbecausethelevelofdustredispersionis
likelytocontributetohighemissionsinfabricfiltersaswellasinESPs. However,in
fabricfilters,thepore-bridgingabilityofthedustwillalsohavean effecton particulate
emissions.Ifthepore-bridgingabilityofthedustcouldalsobe predictedby thedust
tensilestrength,therewouldbeevenstrongerevidencethattensilestrengthisa good
indicatorofdustcollectibilityinfabricfilters.
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Figure 3. Respirable mass particulate emissions as a function of fly ash tensile strength
for 100-hour pulse-jet tests with Ryton fabric at an A/C ratio of 4 ft/min.

We have previously presented results from pore-bridging experiments with a bench-
scale system consisting of an 8- x 8-in Filter and a dry powder disperser to introduce the
fly ash into the carrier gas upstream of the filter (14, 20). Tests were conducted at
ambient temperature without added conditioning agents under controlled relative
humidities. Dust was introduced at a rate of 1.6 g/rain for a period of 35 rain, while
particulate emissions and pressure drop were recorded as a function of time. Inspection of
both the clean and dirty sides of the filters through sight ports gave visual proof of
complete pore bridging or the formation of pinholes.

An initial test matrix was conducted at 10% relative humidity with five pore sizes:
300, 150, 75, 40, and 20 _m; four face velocities: 1, 2, 4, and 8 ft/min; and two dust types:
baseline and conditioned Monticello fly ash. The filters were precision electroformed
nickel sieves, available from Buckbee-Meers, and had square openings. The data from
thistestmatrixshowedthatconditioning,velocity,and poresizewerecriticalparameters
inpredictingwhethercompleteporebridgingwilloccurwithoutreentrainmentorpinhole
formation.The dataappearedtobewellbehavedintermsofestablishingthemaximum
velocityatwhichbridgingoccursfora givenporesize,asshown inFigure4. Results
indicatethattheeffectofconditioningistoincreasetherangeofporesizeand velocities
atwhichgoodporebridgingwilloccur.Ifporesizeand velocityarekeptbelowthe
maximum valuesshown,excellentcollectionefficiencyshouldbe achieved.
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Pore-bridging tests were also conducted with the baseline and conditioned fly ash
samples at 50% relative humidity. For the baseline ash, results showed that an increase
in relative humidity had very little effect on the maximum pore-bridging velocity.
However, the pore-bridging ability of the conditioned ash was greatly improved at 50%
relative humidity, as shown in Figure 4. These results are consistent with the tensile
strength data. Increasing the relative humidity from 10% to 50% did not increase the
tensile strength of the baseline ash but did increase the tensile strength of the conditioned
ash. Maximum bridging velocity as a function of maximum tensile strength for the 150-
#m pore size is shown in Figure 5. Although only three data points were available, the
data indicate that pore-bridging ability is predicted by tensile strength and that low
filtration velocities are required to achieve high collection efficiency for dusts with tensile
strengths less than 100 N/m =. The bench-scale pore-bridging data and fabric filter
emissions data provide strong evidence that tensile strength is a good predictor of dust
collectibility in a fabric f'flter. The relationships are quantitative in that both emissions
and maximum bridging velocity are given as a function of tensile strength. The
usefulness of the correlations will depend on whether fabrics can be simulated by screens
of exact pore sizes and whether other variables of interest such as porosity, particle size,
velocity, cleaning methods, and cleaning frequency can be included in a more general
model.

Figure 4. Effect of pore size on maximum pore.bridging velocity for screen tests with
baseline and conditioned Monticello fly ash.
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Figure 5. Maximum pore-bri_ging velocity for 150-#m screen as a function of fly ash
tensile strength.

- Correlation Between Fabric Filter Pressure Drop and Packed Porosity

Assuming viscous flow, pressure drop across a fabric f'flter is given as:

AP ffi KfV + K_WRV + K_CVh/7000 [Eq. 1]

where AP = differential pressure across the baghouse tube sheet (inches of water)
Kf = fabric/dust resistance coefficient (inches of water.min/ft)
V = face velocity or air.to-cloth ratio (ft/min)
K2 = specific dust cake resistance coefficient (inches of water-ft.min/lb)
WB = residual dust cake weight (lb/ft_)
C = dust loading (grains/acf)
t ffi filtration time between bag cleanings (rain)

The first term in Equation 1 accounts for the pressvre drop across the fabric. For a new
fabric, pressure drop across the fabric alone is generally negligible, but in cases where the
dust packs permanently into the interstitial spaces of the fabric, this may be a significant
term. The second term in Equation 1 accounts for the pressure.drop contribution from the
permanent residual dust cake that exists on the surface of the fabric. In many cases,
after long-term operation, this is a significant term. The third term in Equation 1
accounts for the pressure-drop contribution from the dust accumulated on the bags since

11



the last bag cleaning. K_ is determined primarily by the fly ash particle.size distribution
and the porosity of the dust cake. For accurate prediction of pressure drop, the primary
challenge is to predict both K_ and W_. As previously stated, both the resJdtal dust cake
weight and the porosity of the dust c_ke will depend on cohesive dust properties. This
means that both can probably be prsdicted from quantitative measurements _uch as
tensile strength or porosity. K2 values can be reported as an initial value and as the
effective value. The initial value is based on the linear part of the AP-versus-tLme curve
from the first filtration cycle, starting with new bags. During the first filtration cycle, the
AP contribution from the first term is negligible, and there is no residual du_t cake, so K2
can be readily obtained from the third term ix Equation 1. An effective K2 value is based
on a _P that is an average of the difference between the before- and after.cleaning APs.
Effective K2 is higher than the initial K2 because the bags generally do not clean
uniformly, and some of the dust is dispersed and redeposited on the bags after on-line
pulsing. Therefore, effective K_ includes cake release and redispersion in addition to
particle size and porosity. The correlations shown in Figure 6 for the 100.hour pulse-jet
tests indicate that both initial and effective K2 can be predicted by the packed porosity of
the fly ash. The data are from tests with Ryton fabric at A/C ratios of 4 and 6 fffmin with
three different coals. These correlations likely would not be valid, however, if the
particle-size distributions varied significantly.

The more complex dependence of K2 on face velocity and particle size in addition to
cohesive properties is shown in Figure 10, which presents K2 data from bench-scale pore-
bridging experiments. The K2 dependence on velocity is much less significant for the
more cohesive conditioned samples than for the baseline samples. The 4.5-_m-mass.
median-diameter (MMD) dusts had higher K2 values, as expected. Pressure-drop models,
such as Carman-Kozeny, exhibit an inverse square relationship between K2 and particle
size, which indicates that K2 for a 4.5-_m dust would be approximately 8 times greater
than the K_ for a 13-_m dust at constant porosity. Typically, a smaller particle size forms
a more porous cake, partially offsetting the particle-size effect. Thus, the K2 values of the
4.5-_m dusts were only from 1.2 to 2.5 times greater than the K 2 values of the 13-_m
dusts. In addition, MMD values generally cannot be used in the theoretical Carman-
Kozeny model, which is based on monosized particles. For fabric filters with a narrow
range in face velocity and filtering dusts of similar particle.size distribution.q, it appears
that packed porosity measurements are good predictors of K2, as indicated by Fi_tre 6. A
more general predictive model for K_, however, must include particle siz_ and face
velocity in addition to packed porosity.

- Summary and Discussion of Preliminary Modeling Efforts

Tensile strength, aerated porosity, and packed porosity measurements are
appropriate methods to quantify the cohesive properties of fly ash. Fly ashes with tensile
strengths of less than 50 N/m 2 are likely to have significantly greater ESP rapping
dispersion of f_ne particles than fly ashes with tensile strengths greater than 250 N/m 2.
Fly ash tensile strength also appears to be a good predictor of fabric filter particulate
emissions. Fine-particle emissions from a pulse-jet baghouse with Ryton felted fabric were
100 times greater for a fly ash with a tensile strength less than 100 N/m _ compared to fly
ashes with tensile strengths greater than 250 N/m 2. In direct pore-bridging experiments
with monosized openings, tensile strength was found to be an indicator of maximum
bridging velocity. In tests with pulse jet-cleaned Ryton bags, packed porosity was a good
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indicator of initial or effective K2. Bench-scale tests, however, indicate that particle size
and face velocity must also be incorporated into a model to predict pressure drop as a
function of dust properties.

e BENCH.SCALE PORE-BRIDGING AND REEN_AINMENT EXPERIMENTS

Last year, the EERC conducted tests with a horizontal reentrainment test system
(flow parallel to the ash surface) to determine the threshold velocities at which
reentraiment would occur (21). An objective of the horizontal reentrainment tests was to
detei°mine the velocity at which reentrainment occurs, relating reentrainment velocity to
tb_ cohesive properties of the ash and, ultimately, to the particle.particle binding forces.
The particle.particle binding forces can be approximated as follows. Measured tensile
strengths of baseline and conditioned fly ash with an MMD of about 13 _m have ranged
from 10 N/m 2 to 2000 N/m 2. Assuming monosized 13-_m spherical particles and simple
cubic packing (corresponding to a porosity of 47.6%), there would be 590,000 particles in
contact in an area of I cm2. This corresponds to an average p_icle-particle binding force
of 1.7 x 10_ N for a dust with a tensile strength of 10 N/m _. The actual particle-particle
binding force will likely be somewhat higher because the porosity is typically greater than
47.6% and the pore structure will not result in a perfect packing arrangement. The
particle-particle binding forces must be overcome by a fluid drag force for particle
reentrainment to occur. Applying Stokes' law, the velocity at which the drag force is
equivalent to a 1.7 x 104 N particle.particle binding force is 25 ft/sec for a 13-_m spherical
particle. This velocity is within the range of velocities for which significant
reentrainment was observed. The actual conditions at the boundary layer, where the
reentrainment occurred, are unknown; however, the Reynolds numbers for flow through
the flow gate in the horizontal reentrainment test system were well within the turbulent
flow region. The most significant reentrainment occurred somewhat downstreaw from the
gate and may have been influenced by turbulent eddies. Although a laminar sublayer
may exist at the dust suffdce, calculation of the exact drag force on the particles that
were reentrained is difficult because the exact location where the particles were initially
at rest (relative to the gate orientation) is unknown, and turbulent conditions were
present. Nevertheless, the results indicate that fairly high velocities are necessary to
produce a Stokes' drag velocity of 25 ft/sec in order to overcome a particle-particle binding
force of 1.7 x 10_ N.

Velocities in the range of 5 to 25 ft/sec are 75 to 375 times greater than the common
filtration face velocity of 4 ft/min used with pulse-jet baghouses. For a dust cake porosity
of 50% the actual velocity of the gas through the cake would be twice as great, which is
still 37 times less than the minimum velocity at which reentrainment occurred. This
implies that particle reentrainment due to viscous drag within the bulk of a dust cake
should not occur under normal filtration conditions since the velocities are too low. On
the other hand, if velocities are greater than 5 ft/sec, particle reentrainment is expected.
Local velocities can greatly exceed 5 ft/sec when pinholes develop in the dust cake. From
capillary flow calculations, the velocity through a 100-_m-diameter pinhole car. be 100 to
1000 times greater than the face velocity, or 400 to 4000 ft/min (6.7 to 67 ft/sec) for a
typical face velocity of 4 ft/min. Therefore, once pinholes form beyond a critical diameter,
it is difficult to bridge them again because of the potential for reentrainment along the
edges. After bag cleaning, many of the larger pores are opened, which can also result in
localized high velocities. These pores must be bridged quickly for high particulate-
removal efficiency. Therefore, dusts with superior pore-bridging ability will obviously be
collected with higher efficiencies, and if pore-bridging ability (or resistance to
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reentrainrnent) can be predicted from cohesive measurements, then collection efficiency is
also predicted from these measurements.

Since the horizontal reentrainment tests indicated reentrainment will occur only at
much higher velocities than are typically found in conventional filtration (except in
pinholes), a different type of reentrainment experiment is being conducted this year. The
procedure involves the use of the electroformed sieves that were used in the previous pore-
bridging experiments. However, ash is fed for only a short interval at a velocity of 2
ft/min so that dust accumulates only along the edges of the openings in the screens.
During this interval, particulate emissions are high because bridging of the openings has
not occurred yet. The dust feed is then stopped and the velocity is reduced to 1 ft/min
while particulate emissions decrease to background levels. The velocity is then increased
back to 2 ft/min, which typically results in only a slight increase in emissions. Then the
velocity is increased to 4, 8, and 16 ft/min while emissions are monitored. Results from
these tests, shown in Figures 8-18, indicate that significant reentrainment spikes occur
when the velocity is increased beyond 2 ft/min. This reentrainment occurs at velocities
far below the 5-ft/sec (300-ft/min) threshold reentrainment velocity seen with the
horizontal reentrainment test system. Since the reentrainment must occur as a result of
fluid drag overcoming particle.particle binding forces, and the particle.particle binding
forces are expected to be similar, the reentrainment geometry must be different. To
bridge the 150-/_m openings in the screen, 10 _o 15 particle layers are required.
Therefore, Lheparticle deposit structure prior to bridging must consist of long chains of
particles that are loosely attached to the edges of the screen openings. These structures
protruding from the screen edges evidently can be reentrained at much lower velocities
than individual particles. The exact nature of the reentrainment that occurs would be
more obvious if photographs of the deposit structure were available before and after the
reentrainment. Attempts to produce photographic evidence of the reentrainment are
discussed later.
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Figure 9. Particle reentrainment from a 150-/_m screen measured with a condensation
particle counter with an initial ash feed time of 5 minutes.
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Figure 10. Particle reentrainment from a 150./_m screen measured with a condensation
particle counter with an initial ash feed time of 7.5 minutes.
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Figure 11. Particle reentrainment from a 150-/_m screen measured with a condensation
particle counter with an initial ash feed time of 10 minutes.
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Figure 13. Particle reentrainment from a 150-pro screen measured with a condensation
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Figure 17. Particle reentrainment from a 75-/_m screen measured with a condensation
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One ofthevariablesofinterestistherelationshipbetweenthelengthoftimeof
initialdustfeedand thelevelofemissions.Similarreentrainmenttestswereconducted

withinitialashfeedtimesrangingfrom2.5to20 minutes.At 20 minutes,completepore
bridgingstillhad notoccurred.Resultsfroma seriesofthesetests,shown inFigures15
and 16 indicatethattheconcentrationsofthereentrainmentspikesat4,8,and 16ft/min
weresomewhat affectedby theinitialfeedtimebutperhapsnottotheextentexpected.
Velocity,however,appearstobethemostcriticalparameteraffectingthelevelof
reentrainment.Ingeneral,thereentrainmentat2 ft/minwas justdetectableabovethe
background.Thisisnotsurprisingsincetheparticleswere initiallycollectedata face
velocityof2 ft/min.Iftheparticleswereretainedatthatvelocityduringinitial
collection,theywouldnotbeexpectedtoreentrainafterthevelocityisreducedto1 ft/min
and thenincreasedagainto2 ft/min.However,when thevelocitywas increasedto4
ft/min,noticeablereentrainmentoccurredovertheentirerangeofinitialashfeedtimes.
When thevelocitywas increasedto8 ft/min,thereentrainmentspikewas a factorof10
timesgreaterthanat4 ft/min.Thisreentrainmentisinadditiontothereentrainmentat
4 ft/min,sincethetestswereconductedinsequencewithoutadditionalashfeedbetween
theincreasesinvelocity.At 16ft/min,thereentrainmentspikewas aboutthesame asat
8 ft/min,butthisalsorepresentsadditionalreentrainmentthatdidnotoccurat8 ft/min.
Figures17 and 18indicatethatsimilarlevelsofreentrainmentwereseenwhen the
screensizewas reducedto75_m. Evidentlymultipleparticlechainsarestillformed
duringtheinitialbridgingprocessand thesestructuresareverysusceptibleto
reentrainment.

Initial attempts to photograph the pore-bridging structure indicate that the particles
initially form chainlike structures that eventually meet to form a bridge over the 150-/_m
openings. Further tests are being conducted in which we are attempting to photograph
the structure of the deposit before each increase in velocity to determine the type of
structure that is reentrained, but these tests have not been completed yet. Occasionally,
after complete bridging (depending on velocity and dust tensile strength), an entire bridge
will break loose. This results in a higher-velocity pinhole that is then more difficult to
bridge again since the level of reentrainment is greater at the higher velocity.

These reentrainment tests indicate that face velocity is one of the most important
parameters affecting pore-bridging ability and reentrainment potential. Therefore, future
modeling efforts to relate emissions to cohesive properties should also attempt to
incorporate velocity. We expect the general trend that was demonstrated in Figure 3 to
hold true, showing the strong dependence of emissions on tensile strength. However, at
higher velocities, a much greater tensile strength may be required to achieve the same
level of fine particulate collection efficiency that can be achieved at lower velocities.
Therefore, a model that can adequately predict emissions from both tensile strength and
velocity data is needed.
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