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ABSTRACT 

A major objective of this program was to augment the present data base 
for modeling fabric filter systems designed for the control of inhalable par
ticulate (IP) emissions from coal-fired boilers. Emphasis was placed on the 
determination of K2, the flyash S?ecific resistance coefficient and ac, a 
parameter describing fa~ric cleanability. Fabric filter design, operating, 
and per!ormance data were analyzed with the assistance of utility personnel 
from Harrington and Monticello Stations in Texas and Kramer Station in Nebraska. 
Supple~entary laboratory determinations of K2 were made for flyashes produced 
by the above facilities because K2 values could not be estimated from field 
data alone. Based on laboratory tests it was determined that flyash surface 
deposits underwent negligible porosity changes for fabric pressure losses 
<2000 N/m2. Additionally, a simple field procedure was developed to measure 
K2 directly with the aid of heat resistant membrane filters and a Method 17 
in-situ sa~pling probe. Detailed analyses and modeling trials indicated that 
Ki and ac estimates developed frorr. routine cottpliance or 'acceptance tests 
were too rough for dependable modeling although providing useful guidelines. 
Esti~ated K2 values ranged from 0.89 to 3.79 N-nin/g-~ while ac values varied 
from 0.01 to 0.52. Special pilot tests and equipment is the recouu:iended 
approach to obtain "modeling quality" data inputs. 
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------

El'!GLISH AND METRIC EQUlVALENCIES FOR KEY FTI.TRATION PARAMETERS 
-~~--=-==== 

Units 
·-----·----- -----

Metric English Equivalency 

Filter resistance N/m2 in. H20 249 N/m2 = l in. water 

Filter drag N min/m 3 in. H20 min/ft 817 N min/m 3 = 1 in. water min/ft 

Velocity m/min fpm 0.305 rn/min = 1 fpm 

Volume flow m3 /min cfm 0.0283 m3 /min l cfm 

m2 ft 2 2 ft 2Fabric area 0.093 m = 1 

Areal density g/m2 lb/ft 2 4882 g/m 2 = 1 lb/ft' 

Specific resistance N min/g-m in. H2 0 min ft/lh 0.167 N min/g-m = 1 in. H20 min ft/lb 
I-'· coefficientx 

Dust concentration g/m3 grains/ft 3 2.29 g/m 3 = 1 grain/ft 3 
======================· ... __.,._,. -=~-= = -. --====·.= "=--·-· =-=== 
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SECTION 1 

EXECUTIVE SL"'MMARY 

BACKGROV~lJ AND STATEMENT OF PURPOSE 

The expectation that the control of particulate emissions from the combus
tion of coal in utility, industrial, and commercial boiler applications ~ill 
entail progressively stricter emissions regulations suggests that fabric 
filter systems will assune a ~ore pronounced role in the future. For those 
situations where fabric failure as the result of thermal stressing, chemical 
corrosion, or moisture condensation cannot be avoided, electrostatic precipi
tation and/or wet scrubbing may provide acceptable alternatives in certain , 
applications. 

The ease with which a new fabric filter syste:n can be brought on-line 
often depends more upon good luck than the application of solid design and 
operating ?rinciples. There are mc.ny reasons for the occurence, and frequently 
t~e persistence, of field shakedo~'n problems although lack of information 
certainly plays a key role. In some cases, there may not be a full understand
ing of the process to be controlled or exactly what takes place during the 
operation of a large multi-cha~bered fabric filter system. Furthermore, even 
when the system designer is ?roperly informed from the technical perspective, 
there may be an unfortunate lack of solid quantitative data relating to the 
key para~eters deter~ining the overall filter system perforrr.ance. 

1~ith the present availability of experimental modeling techniques for 
predicting filter syste~ O?eration, there exists a developing capability to 
eliminate much of the guess work in filter design by augmenting the data and 
experie~ce inventories of the reputable fabric filter vendors and designers. 
On the other har.d, the surface has barely been scratched in two areas dealing 
with fabric pressure losses encountered with many dust fabric combinations 
(defined by the specific resistance coefficient of the dust, K2 , and the ease 
with which a dust may be removed from the fabric du~ing its cleaning). In 
current modeling approaches, the degree of cleaning has been defined by the 
di~ensionless term, ac, that specifies the fraction of the total fabric sur
face fron which the superficial or dislodgable dust layer has been removed. 

The critical proble:n at present is that numerical values for K2 and ac 
have been neasured for relatively few dust/fabric combinations and the capa
bility to calculate accurately K2 and ac based solely upon theoretical consi
deratior.s is non-existent. Direct measurement of the above terms is advocated, 
preferably by well controlled laboratory experiments and, given the opportunity, 
by specially designed field tests on full scale equipment. A study now in 
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progress, EPA Contract No. 68-02-3151, is intended (a) to develop useful rela
tionships between coal assays and the f ilterability of their flyash emissions 
and (b) to increase the data base for typical K2 and ac values for U.S. coal 
flyashes. 

The primary purpose of the present program is to examine alternative 
approaches for obtaining improved or new estimates of K2 and ac values typify
ing real field situations. It has been proposed that for selected field oper
ating conditions and with prior estimates either for K2 or ac, the steady-state 
filtration parameters such as air-to-cloth ratio, inlet dust concentration, 
baghouse temperature, total nu.~ber of compartments, number of compartments 
cleaned at one time, cleaning frequency and cleaning duration can be used to 
estimate eit~er ac or Kz. If the available data do not suffice to make indivi~ 
dual estimates of K2 and ac• various compatible (Kz-ac] pairs for these param
eters may be inf erred fron the steady-state field operating and performance 
parameters. The above ap?roach is of little value, however, unless supporting 
evidence can be obtained to narrow the range of the resultant pairs. 

It was recognized at the outset of this study that the use of raw field 
data without the advantage of special equipment modifications or controlled 
changes in operating rr.ode could not be expected to produce other than interim 
working values serving as temporary guidelines until more sophisticated mea
surements could ~e performed. It was also suspected and later demonstrated 
that certain groupings of field data that inititally proved promising were not 
a~ena~le to analysis. On· the other hand, it ~as believed that if the deter
mir.ation or assurrption of rational values for K2 and ac based upon laboratory 
tests or co~parable field measurements led to predicted pressure loss values 
in fair agreerr.ent with field observations, the viability of supporting model
ing procedures would have been validated. It w~s recognized that the labora~ 
tory esti~ates for Kz based upon the re-dispersion of dust hopper flyash 
sarr.ples followed by the cevelo?nent of drag-fabric loading curves suffer from 
the particle size simulation problems always present when a bulk dust sample 
is re-aerosolized. Eence, the laboratory estimates of K2 may differ from the 
values 2ssociated with the freshly deposited flyash. 

In t~e ?resentation of technical data, we have adhered to metric units 
with their still commonly used English counterparts shown in parenthesis. 
However, raw field data have been given in their "as received" English form 
for.convenient reference to the original sources. Additionally certain for
mulas appear in the text that are designed to compute the values of selected 
variables in netric units. 

PROGRA'I RES CLTS 

Laboratory Measurements 

The laboratory phase of this program involved the determination of K2 
values at typical field filtration velocities for coal flyash samples supplied 
by the baghouse operators of three co-operating utility groups, Southwestern 
Pu:,lic Service Co~pany (SPS), Harrington Station; Texas Utilities Generating 
Group (TU), J>!onticello Station; and the Nebraska Public Power District, 
Kramer Station. Flyash samples were filtered on used but cleaned woven glass 



fabrics such as those connnonly used in the field while observing the changes 
in pressure loss as the dust accumulated (mainly upon the fabric surface) to 
areal densities up to -800 g/r.i2 

• Average K2 values for the re-aerosolized 
flyash were 2.75, 0.89 and 3.79 N-min/g-m, respectively for SPS, TU and Kramer 
Stations. Limited tests at two velocities showed that K2 values for the SPS 
flyash were dependent upon filtration velocity but to a lesser extent than 
estimated in earlier studies for a cyclone boiler flyash. 

A very significant outgrowth of the laboratory test program were the 
results of concurrent K2 measurements in which membrane filters (HA Millipore) 
were used as the substrate for the deposited f~yash layer. It was observed 
that the slopes of the pressure loss/fabric loading curves were almost com_
pletely linear from their origins (zero dust loading) to the maximum dust 
lo~ding. First, the characteristic concave-down form normally found with 
woven glass fabrics during the early fabric loading period was no longer pre
sent because there is no preliminary pore filling phase such as found with 
most woven mecia. What is measured as an overall pressure loss for the flyash 
membrane filter combination is the simple algebraic sum of two series-connected 
resistances to gas flow. Second, a frequently observed slightly upward curva
ture noted previously with some flyash/glass fabric combinations was not seen 
with the membrane filter substrate. Because of the linear slope, it appears 
that the flyash layers per se undergo no compression due to increased pressure 
gradient over no~inal ranges, up to 1500 N/m2 • Conversely, the observed curva
ture is probably related mainly to the compression of the less resilient fabric 
substrate. 

Field Data Analvses and Modeling 

The results of the analysis of field performance data from the co-operating 
power staticr.s indicated that because essentially continuous cleaning was re
quired at all plants, no meaningful field estimates of K2 were possible. Only 
in those instances where extended filtration intervals without cleaning allow 
for the development of a uniforrr.ly distributed dust layer can be inferedK2 
directly fron field operating data. Accordingly, no determination of the 
cleaning parameter ac was possible fron the field data alone because the esti
mation of ac requires that K2 be known unless the unlikely situation exists 
where a direct rneasurer:ient of the fraction of the sur:ace dust dislodged Cac) 
has been rr.ade. Therefore, it was necessary to use the laboratory generated Kz 
values not only to characterize their field counterparts (with their recognized 
li~itatior.s), but also to determine the cleaning parameter ac• 

The above technique was a?plied to selected data sets that appeared to 
represent the steady-state filtration conditions for which the GCA fabric fil
ter model has been designed. By treating the above values of K2 and ac as 
data inputs in conjunction with design, operating, and cleaning parameters 
customarily used in the modeling process, pre.dieted values were generated for 
average pressure loss and dust penetration properties for the field systems. 
In view of the assumptions involved, the relatively good agreement between 
observed and predicted pressure losses (roughly a 10 to 40 percent error) 
appears to justify the analytical approach. 
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The level of agreement is somewhat deceptive, however, because the initial 
calculation of ac is based upon the field operating parameters, including pres
sure loss, as well as an independent K2 measurement. It is emphasized that the 
prirr.ary objective of this program was to derive field estimates of ac (and pos
sibly K2 ) for dust/fabric combinations not previously studied in detail at the 
pilot plant level. Hence, the extent to which a confirming prediction of 
pressure loss agrees with the actual field measurement indicates the reasonable
ness of the ac value. 

However, in applying the modeling relationship for filter system design 
or diagnostic purposes, it must be realized that casual estimates of either 
K2 or ac at the ±50 percent level can lead to large variations in predicted 
performance and/or estirr.ated air/cloth requir~~ents. Because of the mathema
tical role played by ac in predictive modeling, predicted pressure losses are 
highly sensitive to snall changes in ac, particularly when ac is in the 0.1 
range. 

A second observation arising from the field analyses was that the com
puted values of ac in sorr.e cases fell below the 0.1 value constituting the 
lower limit for model application. (Actually the model will function with ac 
entries of less than 0.1, but will treat them mathematically as if they were 
0.1). Although this probleo was solvable by long-hand approximation techniques, 
it is recom:nended that the model application be broadened by reducing the 
lower limit for ac. 

The unique cleaning approach used by Kramer Station, which often results 
in variable cleaning and filtration intervals, represents a practical advance 
in adjusting the available filtration c~pacity to variable boiler load and 
variable inlet concentrations. However, the present model structure is not 
directly amenable to handling the above operating mode unless the system 
variability can be established beforehand. 

CO~CL:sro~s A.'D RECO~~~~'"DATIOKS 

Laboratory Measurements 

I~ the following section, conclusions and reconur.endations pertaining to 
the laboratory measurements program are presented. 

1. 	 The non-linearity observed with pressure loss versus fabric 
loading curves with many glass fabrics results from compres
sion of the fabric and not the dust cake over the typical 
ranges of pressure loss <2000 N/m2 (8 in. water) encountered 
in the field. Although the degree of curvature involved does 
not lead to serious corr.putational error for most flyashes, 
the capability to distinguish between substrate compression 
and dust compression will facilitate the ~odeling of other 
dust/fabric combinations. 
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2. 	 The technique of using a membrane filter as the dust collec
ting substrate provides a simple, economical means for direct 
field measure~ent of K2• A filter circle consisting of 
Teflon or other appropriate membrane material nounted in an 
in-stack filter holder with provisions to measure pressure 
loss across the filter over a 30 to 60 minute sampling per
iod and to determine the resulting flyash weight gain by 
subsequent removal of the filter from the holder will enable 
simultaneous estimates of both K2 and local mass concen
tration. In contrast to similar measurements with woven 
fabrics or other substrates where the initial curve path 
is always curvilinear, the membrane approach requires 
only two ~ressure measurements, initial and final, and a 
net dust weight to establish the slope (and K2) for the 
pressure-fabric loading curve. 

Field Data Analyses and Modeling 

The attenpts to estimate ac and/or K2 values for various flyash/fabric 
combinations based upon the analyses of steady-state field performance data 
and the use of computer modeling techniques has led to the following conclu
sions and recomnendations: 

1. values could not be deter~ined fro~ the field dataK2 
provided by the co-operating utilities because continu
ous cleaning was required to keep systerr. pressure loss 
within pre-set bounds. 

2. 	 The need to use laboratory estimates of field valuesK2 
introduces errors relating to probable differences in 
pa~ticle size parameters. Vse of the field K2 technique 
involving Teflon me~brane filters and in-stack collection 
of tte ~lyash as a conventional testing procedure would 
greatly improve the accuracy of K2 neasurements and hence 
the reliability of oodeling predictions. It is recommended 
that this technique be used for future measurements. 

3. 	 The estimation of ac values from a combination of laboratory 
Kz ~easurements and typical field measurements associated 
with co~pliance test data supplenented by inlet (uncontrolled 
effluent) concentrations depends not only upon the representa
tiveness of the K2 value but also upon the accuracy of measured 
field operating parameters, such as pressure loss, air flow, 
inlet concentration, end adherence to indicated cleaning 
parameters. 

4. 	 Except for rough esti~ates of the probable behavior of a 
given flyash/fabric combination, the r~sults of the cur
rent analyses demonstrate the need for specialized measure
ments programs based upon laboratory or field pilot scale 
testing to determine accurately the values for the andK2 
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ac parameters. It is not recommended that these terms be 
computed from theoretical considerations except for guide
line 	purposes until the dust permeability and adhesion 
phenomena can be described in ter~s of practically and 
easily measured parameters. 

5. 	 The apparent occurrence of ac values less than the present 
lower lioit of 0.1 set for the GCA filtration model suggests 
minor changes in the model structure. It is recommended 
that these changes be implemented, based on future field tests. 

6. 	 Those dust fabric/combinations, which, in conjunction with 
certain filtering and cleaning parameters cause s~all Be 
values, will produce the greatest errors in predictive 
rr.odeling because of the inherent sensitivity of pressure 
loss to small changes in ac in the low, ~0.1, ac range. 

7. 	 The present model structure is not designed to predict 
variable systerr. behavior where, due to rapid load shifts 
and possibly concurrent changes in inlet loading, the 
system never achieves a steady-:-state condition. The 
model can be used on a step by step basis to predict 
moderate variability in system behavior when sufficient 
time is allowed for near steady state to be established , 

Iand the nature of the syste~ variability is known beforehand. 
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SECTION 2 

INTRODUCTIO~ 

BACKGROl')."D 

Fabric filtration appears as a logical candidate for control of particu
late emissions fron both utility and industrial coal-fired boilers in those 
situations where ash properties preclude cost competitive applications of 
electrostatic precipitation. However, the present data bases are limited and 
those systems recently installed are still undergoing major shakedowns with 
the likelihood that some changes will be made in both design and operating 
parameters. In addition, the pro?osed installation of large scale filter 
syste:ns for 2 250 !-~w (elec) boilers, requires that extreme caution be used in 
choosing design and operating conditions. The capability to perform predic
tive modeling, which has seen only limited field validation, can reduce signi
ficantly t~e guesswork involved in constructing filter systems. 

PRESE~T !<ODELTNG CAPA:3ILITIES 

At the present tine, field measurements performed at three utilities: 
Bow, New Hanpshire; Nucla, Colorado; and Sunbury, Pennsylvanial,2,3 appear to 
be predicted within reasonable levels by the GCA fabric filtration model for 
collapse and reverse flow and mechanically shaken systems. 4 , 5 ,G, 7 ,a A compari
son of estimates of the fabric cleaning parameter, ac, by laboratory and field 
measure~ents showed good ag:eement in view of the technical difficulties 
involved in develo~ing these data. 7 Note that ac values for the power sta
tions cited above tend to lie close to the laboratory-based experimental 
curve, Figure 1. Siffiilarly, mass penetration and fabric resistance proper
ties for Nucla, Colorado and Sunbury, Pennsylvania coal-fired utility boilers 
were also predicted with acceptable accuracy according to the measured and 
predicted values shown in Table 1. 4 

Additionally, use of the model to predict operating losses to be expec
ted at the Amarillo Station of the Southwestern Public Service Company (SPS) 
has indicated high pressure losses, -10 to 12 in. water, (2.5 to 3.0 kPa) 
which were consistent ~~th field observations. Because these computations 
"ere based 'Jpon a conbination of pilot tests performed in the field plus esti
mates of certain parameters where there were doubts as to their accuracy or 
re?resentativeness, the excellent agreement between predicted and observed 
pressure losses has been accepted with due caution. 

Actually, the data base for determining the values for two parameters 
essential to the modeling ?rocedure, ac (the fraction of filter surface 
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'.:.'ABLE 1. KEASURED AND PREDICTED PERFOR.'1ANCE 
FOR WOVEN GLASS BAGS WITH COAL 
FLYASHt+ 
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cleaned) and K2 (the specific resistance coefficient of the dust of interest) 
is very lirr.ited,. Furthermore, the irranediate prospects for providing improved 
estimates of these variables, short of direct measurereents, are contingent 
upon the results of continued laboratory and field research such as the EPA 
sponsored study now in progress at GCA/Technology Division, "Development 
and Evaluation of l;nproved Fine Particulate Filter Systems," EPA Contract 
~;o. 68-02-3151. 

Therefore, an important facet of the present program is to examine field 
and laboratory data from as nany sources as possible to provide improved esti
mates for the modeling parameters. 

CRITICAL MODELING PARA..'1ETERS 

The core model proposed by Dennis and Klemm for predicting system·pres
sure drag across fabric filters used to control flyash emissions from coal
fired boilers is represented in Equation is 

n ac au1 au1)-l (1)S =( r - + · ··- A
i=l Sc Sul Sui. 

~here S and A refer to overall dra~ and filter area, respectively, i desig
nates the ith fractional area ai and its associated properties, n is the total 
number of elenental areas naking up the whole surface, and the subscripts c 
and u refer to the clear.ed and uncleaned filter areas, respectively. Equa
tion 1 describes the behavior of a large, multicompartmented baghouse that 
undergoes sequential chamber cleaning in accordance with a fixed time cycle 
or pre-set limiting pressure loss. As a result, although the pressure losses 
are essentially the same across each compartreent, the local gas flow through 
each conpartillent is dictated by the instantaneous dust holding (which depends 
upon when the compart~ent was last cleaned). The drag through any section of 
the filter surface over which the.fabric dust loading is uniformly distributed 
is 

(2) 

where S is the total filter drag, SE the effective residual drag, K2 the spe
cific resistance coefficient for the dust, and W the fabric dust loading in 
mass per unit area. 

Specific Resistance Coefficient 

The K2 value for any dust is readily deternined on an experimental basis 
provided that the fabric dust loading, W, is uniform. However, W is often 
not uniform because of frequent cleaning in many field applications. Thus, 
routine field testing used to assess baghouse performance may not provide 
sufficient data for correct estimates of K2 . 
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If one attempts to calculate K2 based upon theoretical considerations 

by way of various modifications of the classical Kozeny-Carman relationship; 

i.e.: 


(3) 

where ~ is the gas viscosity, e the cake porosity, p the discrete particle 
density, and the specific surface pararr.eter for the size distribution, theS0 
results will at best be only within ±50 percent of actual measured values; 5 

hence, the advisability of determining K2 by direct measurement whenever 
possible. 

Cleaning Paraneter, ac 

Exce?t for special testing procedures involving direct weighing of filter 
bags immediately before and after cleaning, the cleaning parameter ac must be 
determined by indirect means for filter syste~s using bag collapse and low 
velocity reverse flow <1.5 m/min for dust removal. Furthenr.ore, there are 
not sufficient data to deter.nine dust release properties based upon the funda
mental adhesion relationship between the overlying dust layer and the fabric 
substrate. 

I~ the K2 value for a specific dust can be established, it is possible 
tc use t~e data deriving from routine acceptance, compliance or performance 
tests to nake a practical esti~ate of the cleaning para~eter. 

(metric ur..its) (4) 

In the above case, WP is the estimated (uniformly distributed) fabric loading 
correspo~ding to the resistance Pm; i.e., the overall system maximum pressure 
signaling the start of cleaning, ~W is the average increase in fabric loading 
over the filtration interval, and WR is the residual fabric loading for the 
cleaned regions of the fabric. By means of Equation 5 below, Wp can be deter
oined on the basis of the assigned operating values for Pm and filtration 
velocity, V provided that the K2 value has been established. 

( 5) 

PROGR.AY. OBJECTIVES 

The major objectives of this study were to aug-:nent the existing data base 
(a) for identifying specific problen areas encountered in fabric filtration 
applications for control of flyash emissions from coal-fired boilers and (b) 
to suggest how these problems might be solved. The program was also intended 
to encourage the use of ~athematical ~odels in both the eesign and analysis 
of filter system behavior by providing inproved definition of the variables 
appearing in the model and by demonstrating the merits of the modeling approach 
by further field validation. Additionally, laboratory tests were planned to 
estimate certain filtration parameters whose field estimations suggest the 
need for refinement or validation. 
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SCOPE OF WORK 

To realize the full value of current ~odeling capabilities, regardless of 
the filter systen type, certain controlling parameters were investigated in 
the field and/or laboratory because there were no accurate means to predict 
these parameters from theoretical considerations alone. 

Dust deposit resistance to gas flow as defined by K2 and the degree of 
cleaning, ac, as defined by the relationship between dust adhesion and separa
ting forces were computed on a basis of direct measurement, a combination of 
laboratory and field neasurer.ients, or by trial and error approaches. 

Docurr.entation of overall boiler and filter systen operations including 
relevant input para~eters was carried out to provide a rational basis for 
assessing system performance as well as flagging specific problems detracting 
from system effectiveness. 

t.:TILITY BOILERS STUDIED IN MO:::lEL VALIDATIO~S 

Southwestern Public Service Company (SPS) - Harrington Station 
Boiler No. 2, A.~arillo, Te~as9,10,ll,l2 

Boiler and Fuel Para~eters--
Harrington Station is a pulverized coal burning installation with two 

350 Mwe boilers now on line and a third unit under construction. A combina
tion of electrostatic precipitation and scrubbing is used with Boiler No. 1 
whereas a bag~ouse is the control device for Harrington ~o. 2 boiler. The 
present foel consists of a Wyoning coal with the following properties: 0.3 
to 0.4 percent sulfur, 5 to 7 percent ash and a heating value (as received) 
of 8425 Btu/l~. The boiler functions as a peak loaded unit that cycles through
out the day in accordance with the electrical demand. Best estimates of fabric 
filter system availability since it became operational on Boiler No, 2 in June 
1979 are roughly 90 percent .. It is expected that a significant il'lprovement in 
availability will be observed once selections of filter fabrics and key 
operating parameters are decided. 

Flyash Control Equipnent-
The Boiler ~o. 2 baghouse was designed and constructed tci operate with a 

fabric pressure loss of roughly 4 in. water and a flange-to-flange loss of 
5 in. water. The flyash control system consists of two identical baghouses, 
designated as the East and West units, each containing 14 compartments; see 
Figure 2. Each compartment contains 204 bags, 30 ft 8 in. long and 11.5 in. 
in diameter, manufactured fron a glass twill. The original bags were desig
nated as ~.~. Criswell 445-04, a 10.5 oz/yd 2 twill with a silicone-graphite 
coating. A di:ferent Criswell weave, 442-57 DC2 with a Teflon B coating was 
used in later tests. At the desig~ air-to-cloth ratio of 3.4 af~m, total 
gas flow :or the Harrington Xo. 2 baghouse is a nominal 1.6 x 10 acfm at 
baghcuse temperatures ranging from 320° to 380°F. 

Althoug~ the original operating plan called for the pressure actuated, 
sequential cleaning of all co~partments in groups of two, with varying per
iods whe~ all compartments would re~ain on-line, unexpectedly high fabric 
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Figure 2. Boiler and control equipment configuration for Harrington, 
Station, Southwestern Public Service Company, Amarillo, Texas. 
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pressure losses prevented the latter operating mode. Consequently, the actual 
cleaning reginen typifies a tine-controlled system wherein the sequential 
cleaning of compartments is constantly repeated. Thus, the steady-state pres
sure loss conditions will depend upon inlet concentration, air-to-cloth ratio 
and the fabric cleanability as influenced by any changes in flyash properties. 
During normal operation, 2 minutes are required for the concurrent cleaning 
of one West and one East baghouse compartment such that the overall cleaning 
cycle takes 28 ninutes. The actual data inputs representing the essential 
information used in the model validation analyses are listed in Section 4 for 
selected operating periods. 

Juring the first year of field operation, the observed SPS pressure losses 
ranged fron 8 to 10 and 10 to 12 in. water, respectively, for the fabric and 
flange-to-flange resistance parameters. In fact, the·continuous monitoring 
systen sho~ed occasional pressure losses even higher than the levels cited 
above. Insofar as particulate enissions were concerned, the discharges were 
well below the compliance level; i.e., 0.035 versus 0.1 lb/106 Btu. Excessive 
pressures and bag replace~ent problems experienced during shakedown were attri
buted to (a) cleaning procedures, (b) a finer ash than anticipated, (c) elec
trostatic charge effects, (d) variations in mass loadings and coal ash charac
teristics, and (e) the glass fabric properties. 

Several ste?s were taken (with measurable improvements noted) to solve 
the excess pressure loss pro~l~~. These included the substitution of differ
ent fabrics, careful attention to bag tensioning, changes in the mechanical 
shaking paraneters and installation of a flow control on the deflation systen. 
Although the multifaceted program to i~prove both system perforrr.ance and avail
ability is ?roving effective, it has led to data outputs that make difficult 
the analysis of some baghouse data for modeling purposes. In subsequent sec
tions o: this report, we have indicated that the number of periods depicting 
steady-state operation ~~th the same bag type used in all compartments are 
quite limited. 

Kramer Station, Bellevue, ~ebraskal3,1 4 ,1s,16 

Boiler and Fuel Paraneters-
Kramer Station consists of four pulverized coal, peaking boilers, three 

designed for ~25 Mwe operation and a single 37.5 Mwe unit. Prior to installa
tion of the present baghouse, the particulate control ~quipment consisted of 
mechanical, cyclonic-type collectors designed to remove approximately 83 per
cent of the flyash at a maximum pressure loss of 3.3 in. water. Several types 
of coal have been burned with the most recent supply a Kemmerer, Wyoming coal 
having a heating value o~ 10,000 Btu/lb and with sulfur and ash contents of 
O.S to 0.8 percent and 3.2 to 4.2 percent (as received). Although several 
control optior.s had been considered, such as electrostatic precipitators, scrub
bers, filters or combinations of the above, it was elected to burn a low sul
fur coal, thus ~inimizing the SOx emission problem followed by the selection 
of fabric filtration for flyash removal because of the recognized difficulties 
in ~apturing flyash from low sulfur coals with electrostatic precipitators. 
It was also decided to use the existing mechanical collectors in a standby, 
parallel-flow configuration, should the need for emergency repair and/or plant 
turndown arise. The above approach also as~ures a broad (unfractionated range 
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in particle size for the flyash depositing on the fabric as opposed to the 
narrower size spectrum afforded by an upstream, series-connected cyclone. In 
many cases, the removal of the coarser particles appears to increase dust cake 
resistance to gas flow. The only noted difference in· the operation of the four 
boilers is that the use of a dolomitic linestone-precoat with Baghouse (Boiler) , 
No. 1 has led to a consistently higher fabric pressure loss. The possibility- 
of moisture pick-up on the linestone was co~sidered by Kramer personnel to 
explain the higher operating pressure loss. Flyash was used to pre-coat sys
tems 2, 3, and 4 prior to fire-up procedures. 

Flyash Control Equipment-
The baghouses for Boiler Nos. 1, 2, and 3 are similar, each designed to 

handle 122,000 acfm at design flow with a total of 720 Teflon coated fiber- .. 
glass ba~s* housed in 10 sequentially-cleaned (collapse and reverse flow} com
partments. The filter unit for Boiler No. 4 ·is basically the same except that 
it consists of 1152_bags housed in 16 compartments and fiiters a flue gas 
flow of 192,000 acfm at temperatures in excess of 325°F. Tiie reverse flow 
rate per compartment is 14,400 acfm in all cases. The schematic arrange
ment for the Kramer bahouses is shown in Figure 3. Although the basic bag 
designs were very similar to those used by SPS and Texas Utilities, 4 anti
deflation rings were sewn inside each bag, starting 6 ft from the top and 5 
ft apart. No cleaning augnentation by nechanical shaking is provided for the 
Kraner systens. 

A unique bag cleaning approach is used whereby the normal cleaning cycle 
is interrupted if baghouse pressure loss exceeds the preset level of 5 to 6 in. 
water followinr the cleaning of one compartment. The normal cleaning cycle 
allows for approxinately 9 ~inutes o~ filtration between cessation of one 
corr?artnent's cleaning and the inititation of the next compartment's cleaning. 
If the preset pressure loss is exceeded after any compartment has been cleaned, 
this 9 minute interval is reduced to zero and the baghouse cleans constantly 
until the pressure loss is reduced below the preset limit. It should also be 
noted that once the pressure loss has been decreased to a point below the 
allo~able naximu~, the system will operate with all compartments on line for 
a 9 rr.inute ?eriod ~efore corrective cleaning is initiated. Therefore, in the 
event cf very sudden increases or decreases in concentration, greater than 
average excursions from average pressure loss conditi.ons will take place. 

Followir.g the usual gamut cf shakedown problems, many of which were pri
marily of a nechanical or electrical nature - electrical circuitry, solenoid 
valves, current limiting switches - the system has evolved to a relatively 
~aintanance free operation. Specific details for the design and operating 
parameters persisting during the ~odeling intervals are given in Section 4. 

Texas Utilities, Monticello Station, Units 1 and 217 

Boiler and Fuel Parameters-
Two boilers rated at 575 Mwe (Units 1 and 2) and one 750 Mwe boiler 

(~o. 3) constitute the Monticello Station equipment. enits l and 2 are con
trolled by a co~bination of electrostatic precipitators and fabric filters 

*Fabric Filters, I~c., 25 ft~ 4 in. long, 12 in. dianeter. 
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operating in parallel while Unit 3 uses a series-connected ESP and scrubbing 
syste~. All boilers are designed for base-loaded operations with the firing 
of pulverized Texas lignites having the following analyses: heating values of 
5400 to 6450 Btu/lb, sulfur contents ranging from 0.75 to 1.3 percent, and 
very high ash contents, 16 to 28 percent (as received basis). 

During early shakedo'INn operations, baghouse availability was less than 
90 percent and visible emissions in excess of 30 percent opacity suggested a 
?OSsible need for boiler derating. Fabric pressure losses in excess of design 
levels plus inadequate collection of the fine particles contribut1ng to exces
sive opacities by the electrostatic precipitators operating in parallel with 
glass fabric filters appeared to be the major problem. Note that the Texas 
Air Control Board (TACB) limits plume opacity to 30 percent. 

Flyash Control Equipment-
The fabric filters currently installed on Boilers 1 and 2 are retrofit 

systens whose major role is to gre~tly reduce the gas flow through the origi
nal precipitators such that the ESP treated fraction will produce a reduced 
effluent concentration. The physical arrangenent for the combined fabric fil
t~r-ESP systems is shown in figure 4. The remaining flue gas that passes 
through the filter (initially expected to be 80 percent of the total flue gas 
emissions) after re-combining with the ESP effluent, was expected to provide 
a resultant emissio~ with concentrations well below the 0.3 lb/106 Btu level 
set by the Texas Air Control Board (TACB). Two baghouses operating in parallel, 
each consisti~g of 18 individual compartments with 204 bags, 30.5 ft long 
anc ll.5 in. in diameter constituted the filtration equipnent. Because of 
high operating pressure losses, both A and B Baghouses are cleaned simultane
ously such that two out of a total of 36 compartments are always in the clean
ing :node. 

During preli~ir.ary testing. the glass bags were identified as W.W. 
Criswell 445-04, 3 x l twill with a weight of 10.5 oz/yd 2 and a silicone-graphite 
surface treatment. However, several types of bags were tested and, at the 
present time, the boiler No. 1 filter system uses a Criswell bag described as 
No. 442-57 DC2 with a 10 percent Teflon B surface treatment. Bags are installed 
with the warp side out (or on the clean side) which means that the dust should - - . 
be less readily dislodged from the interior (filtering) surface. The actual 
fabrics in use when field data were used for modeling analyses are indicated 
in Section 4 of this report. The nominal flue gas rate for both boilers 1 and 
2 is 2.3 x 106 acfm at 380°F. With -80 percent of the total gas flow 
passing through the baghouses, the design air-to-cloth ratio is 2.74 afpm 
with 36 conpartments on line and 3.08 afpm with 32 compartments on line 
(2 out for cleaning and 2 on standby to allow rapid maintenance with minimal 
pressure loss fluctuations) ..l\lthough the design flange-to-flange operating 
pressure loss ~as 7 to 8 in. water, the actual values were nearer to 11 to 12 
in. water when 80 percent of the gas flow was directed through the baghouse. 
Some reduction in press~re loss occured when only 61 percent of the flow was 
handled by the baghouse although the result of this compromise led to exces
sive plu~e opacity (>30 percent according to TACB measurements). Pressure loss 
problems were believed to result in part from unexpectedly high K2 values for 
the dust although electrostatic charge phenomena were also suspected. After 
extensive sha~edown tests with different fabrics, the boiler now operates at 
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rated load with roughly 72 percent of the flow through the baghouses as origi
nally planned. Concurrently, the TACB 30 percent opacity limit is usually met. 
It is pointed out that the ooacity problem arises from the fraction of the flue 
gas flow that passes thro~gh the electrostatic precipitators before rejoining 
the baghouse effl~ent whose opacity is far below the allowable level. 

Operating and design parameters relating to the modeling analyses are 
provided in Section 4. 
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SECTION 3 

LABORATORY PROGRAM: EQUIP~!ENT, 


TECHNICAL PROCEDURES, A1"D TEST RESULTS 


EQUIPMENT AKD TECHNICAL PROCEDURES 

Bench Scale Filtration Equipment 

The laboratory progran was designed so that filter performance tests 
involving fabric resistance characteristics and particle size properties 
could be carried out on a bench scale system. This system is fully described 
in a previous report.S While it is recognized that dimensional or dynamic 
similarity cannot always be satisfactorily attained, the bench scale approach 
offers such advantages as higher measurement precision and reduced testing 
time. 

The test asse:nblv used in this program operates with a filtration area of 
approxinately 345 cm2. (15 cm x 23 cm). A rigid, steel picture frame assembly 
~unctions as the actual filter holder, ena~ling the filter panel to be rettoved 
for weighing and subsequent replacement. The framed filter panel is held in 
a vertical ?OSition between inlet and exit manifolds (as shown in Figure 5) 
with no physical support or backing behind the fabric. The flat inlet distri 
bution ~anifold section ensures a vertical air flow, parallel to the filter
ing surface, as is the case in a typical field installation. By reducing the 
depth of the manifold to approximately 2.5 cm, a vertical velocity sufficient 
to support flyash particles of 30 \Jm aerodynamic diameter is attained (based 
on an air-to-cloth ratio of 0.61 m/min, or 2 fpm). 

Flyash enters the system through an inlet pipe that discharges into a 
hopper section below the inlet manifold. The inlet pipe diameter enlarges 
prior to entering the hopper to minimize particle impaction losses on the 
opposite hopper wall. Samples of the upstream aerosol for particle size 
analysis and for alternative K2 measurement (see below) are withdrawn through 
the top of the inlet manifold. The probe opening is located opposite the 
center of the fabric panel. On the clean air side of the systen, the entire 
fabric filter effluent is passed through a glass fiber filter prior to flow 
measurement, so that fabric collection efficiency can be determined. 

Both the filtration system and the dust generation system (described 
belo~) are electrically grounded (to the extent expected in the field) to 
reduce the possibility of electrostatic particle losses and to minimize the 
potential impact of electrical charge on dust cake structure. 
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Dust Generation Apparatus 

Test aerosols are generated with an l\'"BS dust feeder, 18 a device that pro
vides a regulated dust feed over a delivery range of approxi~ately 0.1 to 2 
grams/min. After discharging from a small storage hopper onto a slowly rotat
ing spur ~ear, the dust (or flyash) is transported to an aspirating tube lead
ing to a com~ressed air ejector. A clean, dried compressed air supply of · 
about 0.11 ~ /nin (4 acfm) at 276 kPa (40 psig) first entrains and then redis
perses the dry dust by the high velocity (sonic) shearing action in the nozzle. 
The well dispersed dust is injected into an aerosol test loop resulting in a 
conbined air flow, compressed plus entrained air, of 0.23 m3/min (8 acf~). 

Excess air fron the test loop is vented to a waste gas treatment system. 
The aerosol sample for the test equipment is extracted by means of a probe 
attached to the filter systerr. inlet pipe. By varying the probe diameter, it 
is possible to extract an isokinetic sample (±10 percent) from the test loop 
for fabric air-to-cloth ratios ranging from 0.45 to 1.70 m/min (1.5 to 5.6 
f pm) . The above procedure ensures that flyash size properties will be 
unaffected by the extraction flow rate over the range of experimental filtra
tion velocities used in filter testing. A schematic drawing of the filter test 
assembly is shown in Figure 5. 

Test Aerosols 

Flyash samples from the baghouse hoppers were obtained from each of the 
tr.ree utility fabric filter users assisting in the study - Nebraska Public 
Power District, Kramer Station, Bellevue, Nebraska; Texas Utilities Generating 
Conpany, ~onticello Station, Mt. Pleasant, Texas; and Southwestern Public 
Service Company, Harrington Station, Amarillo, Texas. 

Prior to analysis, flyash samples were mixed and sieved through an ASTM 
120 nesh (125 ~m pore size) sieve to ~emove any coarse material present. This 
step was followed by storage in a 100 C drying oven prior to use. The condi
tioned flyashes were then redispersed by the NBS dust generator described 
previously. 

Filtration Media and K2 ~easurement 

Two types of filtration media were used in the laboratory program. The 
15 cm x 23 err. fabric panel consisted of a new, unused section of Menardi
Southern 601 TUFLEX woven glass fabric with 10 percent Teflon B coating. Air 
was drawn through the fabric panel with a rotary vane sampling pu:np. Instan
taneous air flow was monitored with an orifice meter while the total volune 
filtered was measured by a dry test meter, corrected to pressure-temperature 
conditions at the fabric surface. 

Static pressure taps on both the inlet and outlet manifolds allowed for 
determination of pressure loss across the fabric at frequent intervals. The 
fabric ';)anel and frane were periodically removed from the test assembly and 
wedghed to ceterrr.i':le the rr.ass of flyash accumulated. This procedure was 
carried out without serious disruption 0£ the dust cake surface. By assuming 
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a constant dust feeder output and inlet loading, and by using the frequent 
pressure loss readings, intermediate points (between actual panel weighings) 
on the drag versus dust loading curve were obtained. 

At least one K2 measurement was carried out at the air-to-cloth ratio 
expected in the field for each of the three flyash samples.9,15,1 7 The air-to
cloth ratios at Kramer Station and ~onticello Station were similar (~ 0.6 
m/~in), while the air-to-cloth ratio for Harrington Station was higher (~ 1.0 
~/min). To facilitate a velocity-independent comparison of all three flyash 
samples, K2 for the Harrington Station flyash was detennined at the lower air 
to-cloth ratio as well. 

Upon completion of each test, the fa~ric panel was cleaned by a two-stage 
process. First, the dust cake was re~oved by rapping the panel frame on a 
flat surface, with the filtering side of the panel facing downward. Next, 
the panel and frame were shaken by hand about 20 times at two cycles per 
second to remove any additional loosely deposited flyash. This cleaning pro
cess produced residual dust loadings ranging from 20 to 56 grams/m2 , with an 
average value of 39 gra:ns/m2. The above values were in good agreement with 
previously deter~ined residual dJst holdings. Insofar as could be seen by 
direct observation, comple~e removal of the superficial or dislodgable dust 
layer was accomplished. 

Juring each fabric filter test, flyash was also collected on a merr.brane 
filter (~illipore Corporation, type HA, 0.45 ~m pore size, effective area 
9.62 crn2), by extracting the aerosol sample from a point opposite the center 
of the fabric ?anel. Flow through the membrane filter was held constant by 
means of a calibrated critical flow orifice having a diameter that provided 
a face velocity esse~tially the same as that for the woven glass fabric panel. 

Static pressure taps on either side of the menbrane filter holder were 
also provided to record pressure loss during the test. The initial pressure 
loss across the clean menbrane filter ranged from 920 to 1920 ~/m2 (3.7 to 7.7 
inches H20), depending on the filtration velocity. This initial reading was 
subtracted frorr. all subsequent readings to obtain values for incremental pres
sure loss, which were used to construct a drag versus dust loading curve. 

Because of t~e fragility of the membrane filter and its dust cake, it was 
not ?OSsible to remove the filter from its holder for weighing at intermediate 
points curing the testing. To obtain intermediate points on the drag versus 
dust loading curve, it was necessary to assu~e that the rate of dust accu~u
laticn on the merr.brane filter w~s proportional to that of the fabric panel. 
In this way, the final dust loading on the me~brane filter could be apportioned 
over each of the test intervals. 

Particle Size Measurement 

The particle size properties of each flyash were measured with an Ander
sen Mar~ III cascade impactor using glass fiber collection substrates. The 
im?actor inlet was modified by attaching a straight, 25 cm long, 0.8 cm i.d. 
probe to the inlet cone. With this arrangement, the impactor could be mounted 
in a vertical j:Jsition above the inlet manifold, as shown in Figure 5. 
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Sarr.ples of the inlet aerosol were extracted from a location opposite the cen
ter of the fabric test panel. 

Impactor flow rates were kept at approximately 0.020 m3/rnin (0.7 acfm), 
and instantaneous and curr.ulative flow measurements were made with a calibrated 
orifice meter and dry test meter, respectively. To maintain similar size 
properties between the aerosol extracted from the test loop for particle size 
analysis and that extracted for K2 measurement, a total flow of 0.023 m3/oin 
(0.81 acfn) was sampled, with the excess air passing through the fabric panel. 
The total flow corresponds to the required extraction for K2 measurement at 
0.64 rr./min (2.1 ft/min), the filtration velocity at which most tests were 
conducted. 

Because the concentration of the inlet aerosol averaged 4 grams/m3 , short 
sampling times (of the order of one minute) were required. Duplicate measure
ments were nade for each flyash sample. Standard proceduresl9 for impactor 
clean-up were followed. Substrates and filters were weighed on a Mettler 
balance to 0.01 mg and constant weights (to within 0.1 mg) were recorded to 
0.1 mg for calculations. The manufacturer's calibration data for the inertial 
impaction parameter (.['f) and stage jet diameters were used to calculate 
individual stage cut diameters by an iterative procedure. 2 0 

EXPERU~ENTAL RES'!.TLTS 

Filtration Parameters 

Experimentally determined filtration parameters for the three field fly
ash samples are presented in Table 2. For the Menardi-Southern glass fabric 
panel, residual drag (SR) and dust loading (WR) were determined from the 
cleaned panel pressure loss and weight at the start of each test. Residual 
dust loadings were sufficiently small such that the initital pressure losses 
were generally less than 25 N/m2 (0.1 inch HzO). 

TA3LE 2. 	 LABORATORY DETERMINATIO~S OF Ki, S£, S~, .~~D WR FOR THREE UTILITY 
FLYASHES USING GLASS FABRIC AND .MEMBRANE FILTERS 

~-==----=-= -==- =-=--=-:"-==---=-: 

Fabric filterb Membrane filterc 

Face K2 	 ,. Face K2SE SRvelocity 	 "R velocity1~) (N-r:iir./r.1 3) (~'."lir./r 3 ) (g/m2) (N-:nin)
(n/min) I g-rn 	 (r/r.iin) g-tr.

' . ' 

~?S 0.61 2.82 s.:. 29 36 0.62 2.85 
SPS 0.62 2.30 Bl 32 L.6 0.63 2.76 
SPS 1. C·2 3 .12 64 17 20 1. 88 3.27 
n: 0.64 C.89 81 31 37 0.67 1.12 
~PPD 0.63 3.79 40-68 	 56 0.62 3.77 

a SPS So~thwestern Public Service Company, Harrington Station. 

Tl' Texas ::tillties Generating Corr.pany, 1".o:'lticello Station. 


~?PD s Ne~ras~a Pu~lic Po~er District, Kramer Station. 


~Henardi-Scuthern D~visicn of l'nited States Filter Corporation, Style 601 
':'UFT.FX wove:i glass .:abr~c with 10% Teflon B coating. 

c 
'.'lillipore Corp:iration, Type EA O.LiS 1.m pore size, L.7 r.im diameter. 
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Filter drag versus dust loading curves (Figures 6 through 10) were con
structed for each of the filtration tests. The raw data from which the smooth 
curves in the text were constructed appear in Appendix A, Figures Al through 
A4. These data are the basis for the characteristic curvilinear form of the 
drag/filter loading curves when a cleaned fabric is returned to service. The 
flyash-fabric specific resistance coefficient (K 2 ) for each curve was obtained 
f ron the slope of a line that was fitted (by the method of least squares) to 
the test interval endpoints and the estimated point at which drag increase 
becomes essentially _linear with areal density. Extrapolation of this line to 
a zero dust' loading provided an estimate of effective residual drag, SE. 

At the common filtration velocity of approximately 0.6 n/min (2.0 fpm), 
flyash-fabric K2 levels varied over a four-fold range; 0.89 ~-min/g-m for the 
Texas Utilities, Monticello Station (TU) sample to 3.79 N-min/g-m for the 
Nebraska Public Power, Kramer Station (~PPD) sanple. The only flyash evalua
ted at xore than one filtration velocity was the sanple fron Southwestern 
Public Service, Harrington Station (SPS). Filtration velocity exerted only a 
moderate e:fect on K2. For a 67 percent increase in filtration velocity ~from 
0.61 m/min to 1.02 n/~in), there was an 11 percent increase in K2 (from 2.82 
N-min/g-m to 3.12 N-mir./g-m). The velocity-K2 relationship is indicated in 
Figure 11 for filtration velocities of 0.61 and 1.02 m/min. 

E~fective resicual drag (SE) values, with one exception, were in the 
rar.ge cf 50 to 100 ~ min/~ 3 . The one value which fell outside this range, 
-68 ~ nin/~ 3 , has no physical meaning except to provide a reference point for 
determination of curye slope. It is possible that the negative SE value nay 
have resulted from inco~plete fabric cleaning. A higher residual dust load
ing, WR, would have shifted the drag versus dust loading curve to the right, 
thereby further decreasing SE· 

Figures 6 through 10 also provide increnental drag versus dust loading 
curves for the si~ultaneously run Millipore HA membrane filter measurements. 
In o~der to show more clearly the relationship between the woven glass fabric 
and ma~brane filter curves, the axes of the membrane filter curves were dis
placed. This was accomplished by adding the fabric SR and WR values to each. 
point on the menbrane filter curve, thus creating a common origin. 

:he flyash-nenbrane filter specific resistance coefficients (K2) shown in 
Table 2 were again obtained fro~ the slopes of linear regression lines based 
on the nethoc of least squares fit. For each test, the data points consisted 
of the neasured initital and final drag and the dust loading, supplemented by 
the calculated intermediate points at the end of each test interval. 

The flyash-mernbrane filter K2 values were generally in good agreement 
with the flyash-fabric K2 values. A greater than three-fold range in K2 was· 
observed anong the three field flyash sam?les; 1.12 N-nin/g-m for the TU sam
ple to 3.77 ~-min/g-rn for the NPPD sample. 

As shown in Figure 11, the moderate velocity-K2 relationship noted for 
the SPS flyash with woven glass fabric as the substrate was also noted for 
the membrane filter tests. A 74 percent increase in filtration velocity 
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(frore 0.62 m/min to 1.08 m/~in) caused only a 15 percent increase in K2 (fron 
2.85 	K-nin/g-n to 3.27 N-min/g-m). 

Particle Size Properties 

Cumulative particle size distributions were plotted on log-probability 
paper for the two impactor sizings performed for each sampling of the resus
pended flyash. Samples were collected immediately before the fabric test 
panels, Figure 5. A straight line was fitted by eye to each plot and values 
for aerodynanic mass :nedian diameter (aMMD) and geometric standard deviation 
Cog) were obtained from the curve. The cumulative size distributions for the 
three flyash sa:nples are shown in Figures 12 through 14. Aerodynamic mass 
median diarr.eters ranged from 5.9 µm (NPPD sample) to 9.7 µm (TU sample), with 
the geometric standard deviation falling between 2.3 and 2.8. The observed 
~ and Og v~lues fall within the range expected for redispersed flyash 
from pulverized coal-fired utility boilers. 

SIGNIFICA.l\CE OF Fl~l)INGS 

Cmr.parison of K2 t-'.easurements on Woven Glass Fabric and Merr.brane 
Filter ~ecia 

An exarr.ination of the filter drag versus dust loading curves for the 
wover. glass fabric and membrane filter ~edia (Figures 6 through 10) reveals 
the :allowing di:ferences and sinilarities: 

• 	 absence of an intermediate zone of cake formation for 

merr.~rane filter flyash deposits 


• 	 a linear drag versus dust loading curve for membrane 

filter ~edia versus a curvilinear relationship for the 

woven glass fabric 


• 	 corr.parable K2 values for flyashes deposited on the two 

types of necia in each of the five tests. 


Although the laboratory program was not aimed directly at investigating 
the preceding phenomena, the end results are important from both the theoreti 
cal and practical viewpoints. 

Early Ca~e Formation-
Tr.e initial nonlinear portions of the drag versus dust loading curves, 

characterized by sharp increases in drag for small increments of dust accumu
lation, are often observed for woven fabrics, particularly those without 
heavily napped surfaces. The surface of a new fabric is characterized by 
depressed regions at the junctures of the warp and fill yarns with an overlay 
of projecting fibers in areas where bulked or staple yarns are present such 
as evidenced by the Menardi-Southern glass fabric.* 

*T~e ~enardi-Southern glass fabric media used for testing consists of multi 
filiment warp yarns with bulked fill yarns. 
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At the start of filtration, dust deposits within and upon this loose yarn 
substrate. The higher pore velocities and greater dust cake thickness per 
unit mass of deposited dust at the inception of filtration are largely respon
sible for the inititally concave downward shape of the drag versus dust load
ing curve. After the fabric depressions have been completely filled and a 
pronounced surface dust deposit formed, the drag versus dust loading curve in 
most cases assumes a near linear path. 

For fabrics con?osed entirely of tightly woven multifilament yarns, the 
zone of early cake formation is nuch less pronounced, probatly because of 
shallower surface depressions. The membrane filters used in the testing repre
sent an even more extre:ne situation. The membrane filter is essentially a 
sieving or screening device for the preponderance of particles in the approach
ing flyash aerosol. Because of the small pore diameter (~0.45 µm for the 
~fillipore HA filters), particles are collected almost entirely upon the mem
brane surface, such that a sharp line of demarkation exists between the filter 
and the dust layer with little evidence of an intermediate pore-filling region. 
Hence no zone of early cake formation was seen in any of the membrane filter 
perfornance curves generated during current testing. 

Form of Drag Versus Dust Loading Curves-
In addition to lacking a zone of early cake formation, membrane filter 

?erformance curves differ from their fabric counterparts in another important 
aspect. Wl:at is referred to in the literature as the region of homogeneous 
cake filtration (i.e., the linear or near linear portion of a drag-loading 
curve) was shown to he almost completely linear with a membrane filter sub
strate. Conversely, a slight but consistent concave upward curve form was 
exhibited for flyash deposits on the woven glass medium, Figures 6 through 10. 
The repetitious nature of the above phenorrena precludes the liklihood of 
experimental error. 

The woven glass fabric curves, which were developed from several measured . 
drag and dust loading points, displayed a constantly increasing slope from poin~' 
to point following the transient zone of early cake formation. Additionally, 
the estimated intermediate points, based on an assumption of constant inlet 
loading (as shown in Figures Al through A4 in Appendix A), also show a concave 
upward trend. While the assumption of constant inlet loading may be question
able because of the inherent variability of any dust dispersing apparatus, it 
is improbable that dust feed deviations would always follow a pattern such as 
to generate the curve forms discussed here. 

As previously noted, weighing of the membrane filters and sample holder at 
intermediate points during a test was not possible because of cake fracture 
problems. As a res~lt, all intermediate points are based on the assumption 
of constant inlet loading plus the additional assumption of proportional dust 
accu~ulation on the two types of filter media. However, all five curves 
constructed on the basis of these assumptions show a striking adherence to a 
linear form (minimum coefficient of correlation, r = 0.999). Erroneous or 
invalid assumptions would not be expected to produce such a consistent 
relationship. 
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The phenomenon of a nonlinear filtration curve for woven fabrics may have 
gone unrecognized or unreported for a number of reasons. Difficult to control 
dust feeders in conjunction with limited pressure loss measurements for any 
one dust-fabric combination might conceal nonlinearity. Failure to carry 
filtration to a sufficiently high faerie dust loading can also obscure the 
tendency for curvature. Most important, unless the curvature is extremely 
pronounced, the construction of a·linear "best fit" is convenient from the 
computational viewpoint, and orobably_ well within the error boundaries for 
measure~ents of this type. The linearizing approach has been applied to sever~ 
al filtration curves for woven glass fabrics found in the literature. 21,22 

Since syste~atic error is probably not a valid explanation for the observed 
curvatu~e of the fabric pressure loss or drag versus duGt loading curves, some 
other nechanisn must be found. Dust cake compaction has been suggested as a 
cause of nonlinearity with some dusts,23 As the dust cake builds up, incoming 
particles may slip past previously deposited particles or force them further 
into the dust cake. In view of the large void volume, greater than 70 percent 
for most dust cakes, such an explanat~on is not unreasonable. The result of 
cake compaction or compression is a gradual decrease in porosity accompanied 
by a resultant increase in pressure loss for equal increments of dust deposit. 

If such a phenonenon were solely responsible for the observed nonlinearity 
in the g:ass fabric curves, one should expect a similar nonlinearity in the 
membrane filter curves, since both filters were loaded simultaneously under 
nearly ide~tical conditions. The extreme linearity of the me~brane filter 
curves suggests that cake co:r.paction is not the explanation. While the possi
bility of so::ie cake compaction is acknowledged, no visual evidence is shown 

. for the nembrane filter results. 

Hence, a more likely explanation for the fabric nonlinearity, given the 
linearity of the membrane filter curves, is the probable co~pression of the 
fabric substrate, in particular the bulked fill yarns with their residual dust 
holdings. Even when dust deposition has progressed such that the entire fabric 
surface is covered, up to surface loadings of 800 g/m2 , occasional fibers from 
the fill yarns can be found projecting through the dust cake. It is suggested, 
therefore, that the fiber presence may tend to increase.slightly the dust cake 
porosity during the early stages of filtration until overcome by cake compres
sion as tb.e pressure loss increases. This would explain the slightly lower 
slopes (or incremental K2 levels) at low to moderate surface loadings. How
ever, once the cake compresses to the porosity found on the menbrane filter, 
any further rise in apparent K2 levels must be related to compression within 
the fabric substrate itself. The final concave (up shape of the nonlinear 
pressure) loss-fabric loading curves is attributed mainly to substrate 
compression. 

Although the drag versus dust loading relationship for woven glass fabric 

was consistently curvilinear, the extent of concavity was small enough to 

enable a reasonable straight-line approximation for K2· In fact, the minimum 

correlation coefficient (r) obtained from the linear regression method used 

to esti~ate K2 was 0.99. 
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Similarity of Calculated Values on Fabric and ~err.brane Filters-K2 
Despite the basic differences in form between the woven glass fabric and 

ne~brane filter performance curves, the K2 values calculated for the two media 
by linear approxi~ation were in good agreement (Table 2). The K2 values for 
the surface deposit on the two substrates agreed to within 5 percent for three 
of the five filtration tests. For the remaining two tests, flyash-membrane fil 
ter K2 values ranged from 20 to 26 percent higher. One of these tests (20 per
cent) however, was termir.ated while the substrate dust loading was still rela
tively low, 270 g/~2 (see Figure 7). Had the filtration cycle been extended, 
it is expected that the upward concavity of the fabric curve would have contin
ued while the membrane curve would have maintained an essentially linear path. 
Calculated K2 values for the two media might then have shown better agreement. 

Inspection of Figures 6 through 10 shows that the slopes (i.e., Kz values) 
of the filtration curves for the two media are not radically different over the 
dust loading range of 300 to 600 g/m2 . The significance of this finding is 
that field ~abric loadings generally center about this range. Hence, the use 
of an appropriate rne~brane filter is suggested as a convenient method for mak
ing field K2 determinations. 

One of the problems in working with simulated dust clouds generated by 
redis?ersion of bulk sam?les is that conditions - temperature, size properties, 
electrostatic charge, etc. - for the field aerosol never can be reproduced 
exactly in the la~oratory. Por this reason, the applicability of laboratory
determined paraneters, such as K2 , is always open to question. A technique 
for field deter~ir.atior. of Kz values based upon in-stack collection of flyash 
on high-temperature me:nbrane filters (~ethod 17 a?proach), coupled with con
current measure~er.t of pressure loss across the filter, should provide improved 
estirr.ates of K2 , thereby enhancing the value of the fabric filter predictive 
nodels. 

A high correlation was observed between K2 values determined on membrane 
filters and on the type of ~enardi-Southern woven glass fabric used in the 
present tests. ~easured K2 values for the same flyash collected on two com
monly used woven glass fabrics were identical in previous bench scale tests. 5 
In addition, the K2 values developed fron flyash collection upon other fabrics 
(i.e., cotton and Dacron) were approximately the same. 5 Since most woven glass 
fabrics used ~or flyas~ collection are structurally very si~ilar, it appears 
that membrane filters should afford a convenient means for K2 determinations 
in the field. 

Effect of Velocity on K2 

Previous investigators have observed a moderate dependence of K2 on fil 
tration velocity. While the actual relationship between K2 and filtration 
velocity in field installations may depend upon many factors, bench and pilot 
scale studies have generally shown that K2 is proportional to filtration velo

23 • 24city raised to a fractional power ranging from 0 to l.0, 5 , with the 0 to 
0.5 range best describing more recent measur~~ents.5,23 
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Results fron the current testing, fall within 0 to 0.5 range, although 
only one of the flyash sarr.ples (SPS) was filtered at ~ore than one velocity. 
A corr.parison of K2 values for the first and third SPS tests in Table 2* indi
cates a proportionality to velocity raised to the 0.20 and 0.25 powers, for 
woven glass fabric and membrane filter media, respectively. 

Effect of Particle Size on K2 

The Kozeny-Carman theory predicts an inverse square relationship between 
Kz and the particle diameter characterizing the ratio of surface area to unit 
volurr.e; 24 i.e. , 

!his relationship can also be expressed in terms of a specific surface param
eter, S0 , which relates to the surface to volume ratio for the solids contained 
in a given volume. 

s 2 a: l/d2 
0 sv 

For a polydisperse aerosol, the specific surface parameter can be calcu
lated fron the equation 

S0 = 6 d~ 
dv 

where d 8 and dv are the diameters of average surface and average volume, 
respectively. For a log-normal distribution of kno>;Jl"I mass nedian diameter and 
geometr_ic standard deviation, both d5 and dv are readily computed by the Hatch
Choate equations.25 

values were calculated for each of the three field flyash samples,S0 
using the ~w.Il anc vg values from Figures 12 through 14 (a discrete particle 
density of 2.0 g/cr.i3 was assumed in converting a.MMD to ~ID). Table 3 sho\Vs 
flyash-fabric K2 values for each flyash filtered at ~0.6 m/min, along with 
calculated S0 

2 values for each flyash. 

The s0 2 values shown in Table 3 were plotted on a graph showing earlier 
flyas~ measurements used to ex?lore the K2-s0 2 relationship, Figure 15.s The 
results demonstrate that particle size distribution plays a very large role 
in deternining K2 despite the possibility of variations in other flyash pro
perties that bear upon K2 estimation; e.g., shape, individual particle density, 
and electrical charge. Although the data are limited, the K2 -s0

2 relationship 
for the present flyashes follows the trend observed for the earlier measurements. 
Note that the size parameters for the N.H. Public Service flyash vary in accor
dance with the dust generating characteristics of each experimental system. 

*As discussed above, the flyash-fabric K2 value for the second SPS test is 
considered artificially low because of the low fabric loading. 
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ing, for various flyashes. 
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TABLE 3. 	 SPECifIC RESISTAKCE 
COEFFICIE~T (K2) AND 
SPECIFIC SURFACE 
PARA.~IETER <so2) FOR 
TEST DUSTS FILTERED 
AT 0.6 ~/min FACE 
VELOCITY 

Test dust 
K2 

(N-min) 
g-m 

s 2 
0 

(cm-2) 

TU 0.89 1.53 x 108 

SPS 2.82 3.90 x 108 

NPPD 3.79 4 .14 x 108 

Effect of 	Relatively Humidity on K2 

Although relative hunidity was not controlled in the five tests reported 
here (recorded levels ranged fron 25 to 53 percent*), no conclusive effect of 
relative humidity on was observed. T~o of the five tests were carried outK2 
over three day periods. For o~e test (Test No. 11, Appendix A), relative 
hu~idity i~creased from 41 to 53 percent over the test intervals. For the 
second test (Test ~o. 14, Appendix A), a decrease in relative humidity from 
52 to 32 percent ~as recorded. Flyash-fabric K2 increased with successive 
test intervals duri~g both tests. This observation is better explained by a 
gradually decreasing fabric substrate-dust cake interaction and fabric compres
sion, as postulated above, than by the effects of changing relative humidity. 

Because of their linear form, the membrane filter drag curves provide a 
better indication of humidity effects. Table 4 shows the calculated K2 values 
for the dust cakes accumulated during four separate time intervals for two 
tests. During each interval, SPS flyash was filtered for 90 to 100 minutes 
at a filtration velocity of 0.62 or 0.63 m/min (approximately 2.05 fpm). 
Kz values varied by only 5 percent (2.76 to 2.90 N-nin/g-m) over a more than 
two-fold range of relative hunidity (25 to 53 percent). 

In any earlier study, Dennis et al. 5 reported that no perceptible changes 
in K2 and flyash penetration were noted during filtration with Dacron fabrics 
over the relative humidity range 16 to 42 percent. Poor and good electrical 
grounding did not alter .the results. Therefore, it is difficult to reconcile 
the above.f~ndings with those of Durham and Harrington 26 and Ariman and 
Helfritch 2 

i who report significant reductions in K2 as relative humidity in
creases. In the first case, 26 

K2 was not determined on the basis of a uniform 
dust deposit, while changes in airborne particulate size caused by differentia~ 

*Relative 	humidity data are presented in Table Al, Appendix A. 
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settling may have magnified the Ki changes described by Ariman and Helfritch, 27 

It is also important to note that humidity and electrical charge effects can 
be readily confused with respect to their possible effects on dust deposits. 
Since preli~inary model validation tests had suggested that electrical charge 
and humidity effects may play sufficiently similar roles in many field situa
tions to allow them to be grouped with more readily measured parameters, the 
conflicting data appearing in the literature emphasize the need for rigidly · 
controlled tests to clarify the roles of charge and humidity. 

TABLE 4. 	 EFFECT OF CHANG
ING RELATIVE 
HL'MIDITY ON 
FLYASH-~EMBRANE 

FILTER K2 8 

Test % relative Kz 

nureber humidity (N-nin) 
g-m 

llA 41 2.87 

llB 43 2.90 

llC 53 2.79 

17A 25 2.76 

8 Results for SPS flyash at 
a filtration velocity of 
0.62-0.63 m/min. 

Ex?erirnentally Derived WR, SR, and SE Values 

Experi~entally derived values for residual drag (SR), residual dust load
ing (~R), and effective residual drag (SE) are all based upon a completely 
cleaned, new fabric surface with less tha~ 100 ~ours use. As will be dis
cussed later in this report, new fabric values for these parameters do not 
describe the state of well-used fabrics where WR, SE, and SR values are much 
higher. 
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SECTION 4 

ANALYSES OF OPgRATI~G DATA 

ESTI~TION OF FABRIC FILTER SYSTEM PERFOR.~NCE 

A complete description of fabric filter perforrr.ance requires that the 
following parameters be defined unless K2 and/or ac have been previously 
deter:nined. 

• inlet and outlet particulate concentrations 

• volumetric gas flow 

• baghouse pressure loss 

• baghouse design parameters 

• outlet particle size properties 

Particulate concentrations are necessary for the determination of fabric load
ings (~). fa~ric loading rate (W/t), and baghouse particulate collection effi 
ciency. Volunetric gas flow in conjunction with the effective fabric area 
deternines the operating air-to-cloth ratio of the baghouse, (m3/min/m2). 
Continuous pressure loss measure~ents reflecting pressure changes during fil 
tration and fabric cleaning intervals aid in determining the fraction of fabric 
.surface cleaned as defined by the cleaning parameter, (ac)• However, the 
o~served change in pressure loss over an extended filtering period (with no 
cleaning interruptions) wherein a nearly unifor~ surface dust loading can be 
establishe2, provides the best means to estimate ac or K2 . In actual practice, 
the above conditions may not be encountered except for moderate inlet concen
trations of a dust whose K2 value is relatively low. The baghouse design 
pararneters necessary for the modeling analyses are the total filtration area, 
the nurr.ber o: com?art~ents, and the frequency and intensity of cleaning. The 
various procedures used to calculate both K2 and ac are described in detail 
in earlier no2eling studies. However, in order to appreciate ho~ these con
cepts relate specifically to the analyses of the present field data, the key 
steps in their computation are reviewed here. It must be noted that the spe
cific resistance coefficient (K2) can only be estimated ~~th confidence under 
the follo,.;ing circumstances. 

First, for pressure or time controlled cleaning cycles where lengthy 
intervals of filtration exist between cleaning cycles, K2 can be estimated 
from the rate of pressure drop increase over the final third (roughly) of the 
filtering period after the surface dust loading has again approached a nearly 
uniform distribution. The above procedure is considered valid provided that 
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the average fabric loading just before the next cleaning is three to four times 
larger than that for a single bag immediately after cleaning. When the filtra
tion period is not long enough to establish a linear rise; i.e., gross differ
ences still prevail between surface loading at various points on the fabric, 
K2 must be estimated by other methods. 

A second approach for estimating K2 is possible when cleaning is continu
ous and when ac is known or very large (~70 to 100 percent). The above situ
ation rarely occurs except with multifilament weaves that display excellent 
dust release properties but usually poor efficiency characteristics. Although 
K2 may, in theory, be estinated without considering ac in the above situation, 
its estimated value is still subject to error since assumptions about the 
effective drag, SE, and the form of the drag versus loading curve are required. 
Determination of the cleaning level, ac, can be made under circumstances 
similar to those described previously w~th the more reliable estimates asso
ciated with pressure and time-controlled cleaning systems having lengthy 
periods of filtration. The calculation process is reasonably straightforward 
since the follow~ng quantities are readily determinable: 

• 	 The amount of dust removed from the fabric - which equals 

that deposited over the complete filtration cycle. 


• 	 The amount of cust on tr.e fabric just before cleaning 

which can be computed when K2 and the cycle time are known 

and provided that the assumption of uniform dust distribu

tion over the fabric surface is valid. 


If, on the other hand, the length of the filtration period is not suffi 
cient to establish a uniform distribution, the calculation of ac becomes more 
difficult. First, K2, whose magnitude must be known to compute ac, cannot be 
estimated wit~ confidence. Second, it then becomes necessary to establish 
the actual dust loading distribution when a non-uniform distribution exists 
so that the fabric dust loading just before cleaning can be calculated. When 
cleaning is perforned on a continuous basis, a similar approach must be taken 
since an uneven load distribution exists throughout the baghouse. 

Basec upon the preceding discussion, there exists only one set of circum
stances where both ac and K, can be estir.i.ated from operating data alone; i.e., 
pressure- or time-controlled cleaning systems with extended periods of filtra
tion between cleanings. In all other cases, one of the two parameters must be 
known. Ho~ever, a partial analysis can be performed in which the results 
indicare possible sets of K2 and ac values. 

The analyses of SPS Harrington Station data fell within the latter cate
gory, until subsequent laboratory measurements by GCA yielded the drag versus 
loading relationship for the dust. The first of two analyses was based on 
operati<lg data alone while the second analysis entailed the use of both opera
ting data and the laboratory-determined drag - loading relationships. Detailed 
discussio~s of the analytical approach and the results of its application are 
presented later in this section. Since both nethods required the use of opera
ting ~ield data, a review of the availability and reliability of the data is 
presented next. 
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AVAILABILITY Am) ASSESSMENT OF OPERATING DATA, HARRINGTON STATION, 
SOUTifo"ESTERK PUBLIC SERVICE COMPANY 

Three sources of operating data were available for the det~iled analyses 
of the Harrington Station Fabric filter system. The first two were the 
results of conpliance-type tests performed by GCA12 and SPS28 while the third 
consisted of output from a computerized, automated data logging system used 
by SPS to ~onitor selected filter and boiler operating parameters for charac
teri~ing system performance. 

The performance tests, which were carried out in accordance with EPA 
Methods 2 and 5 included measurement of inlet and outlet gas flows, inlet and 
outlet particulate loadings, particle size distributions, flue gas analyses, . 
and associated boiler operating parameters. Aside from providing the informa~ 
tion necessary to define baghouse performance; e.g., pressure loss and effi 
ciency characteristics, these data may also be used to verify the accuracy of 
the automated data monitoring systen. 

The SPS automated data logging system continuously records S02, NOx, 02 
and particulate concentrations, and volunetric gas flows in the inlets and 
outlets of the East and West baghouses and in the single stack serving both 
collectors. Flue gas temperatures and duct static pressures are also monitored 
at the inlets and outlets of the two baghouses. In addition, operating load 
:evels (~we), fuel firing rates, and cleaning mode and frequency are continu
ously nonitorec and stored either as direct inputs or derived values based 
upon data in?uts. The various data inputs are summarized and stored for 
retrival on a~ hourly basis. 

The co:r.puterized sys ten, which came on-line during September 1978, under
went debugging and calibration until Dece~ber 1978. During these months, the 
only data considered reliable by SPS were tenperature and flow neasurements. 
Since pressure loss data are necessary for an evaluation of the system, the 
data recorded prior to the end of November could not be used to assist in the 
filter nodel validation e:forts. As discussed in Section 2, SPS instituted 
a bag replace~ent program in January 1979 as part of an effort to reduce oper
ating pressure losses while si~ultaneously providing the required gas handl
ing capacity and effluent properties. Since several bag types were often 
installed in the same or adjacent compartments, there is no way that the 
behavior of any single bag type can be determined. Thus, all test data devel
oped under the above conditions have little value from the nodeling perspec
tive unless applied to a system ·which replicates the bag arrangements used by 
SPS (a highly unlikely situation). A conplete rebagging of both baghouses 
was carried out in June of 1979. With the exception of two compartments, the 
same bag type was installed in the West baghouse. Thus, by discounting the 
effect of two odd cornpart~ents, the data collected after June 1979 for the 
West ~aghouse can be used for model assessments. However, because the East 
baghouse was rebagged ~~th several test fabrics, data from this source are 
not suitable for model development. 

~ata for the nonth of Nove~ber 1979 and the July-August period 1979 were 
considered by SPS to be accurate and representative of system behavior. How
ever, certain entries appearing in the fabric filter system log were, according 
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to SPS, inaccurate with the more serious errors associated ~ith the inlet and 
outlet particulate loadings. 

REVIEW OF 	 OPERATI~G DATA 

Particulate Concentrations 

A summary of particulate concentration data is presented in Table 5 
based on stack sampling measurements by GCA and SPS. Note that during GCA 
test 6, a nixture of coal and gas was fired and that during SPS Test 3, no 
sootblowing was performed. A nunber of conclusions may be drawn from the 
entire test series. First, the particulate concentrations differ between the 
East and West side baghouses, but with no consistent pattern. Second, with 
regard to the SPS tests, the concentration is higher, as expected, during soot
blow~ng. Finally, a comparison of measured and expected (based on 80 percent 
carry over of coal ash) concentrations shows that only two tests (SPS 1 and 2) 
showed particulate concentrations any·where near the theoretical levels. 

TAALE 5. 	 MEASURED AND PREDICTED UNCO~TROLLED FLYASH CONCENTRATIONS 
li~RRINGTON ~O. 2 BOILER, SOUTHWESTERN PUBLIC SERVICE, GCA, 
AND SPS TESTS 

Inlet concentrations grains I Sf t 3 
Test Theoreticalbnunber East 

baghouse 
\\'est 

baghouse 
Weighted 
averagea 

GCA/Technology Divisionl2 

1.03 
0.99 
1. 34 
2.21 
1.53 
1.36 

1. 57 
1.68 
1. 20 
1. 36 
1.02 
2.36 

l. 36 
1.41 
1.26 
1. 66 
1.26 
1. 97 

2.76 
2.44 
2.89 
2.94 
2.27 
2.32 

Average, Tests 1-5 1.42 1. 37 1. 39 2.66 

Southwestern Public Service28 

2.28 
2.04 
1. 67 

2.74 
2.56 
1.63 

2.39 
2.24 
2.59 

Average, Tests 1-2 2 .16 2.65 2.32 

a
Based East and West concentracions and gas flows in each branch.on 

b
Assumes 80 percent of coal ash appears as flyash (computed by GCA). 

cContinuous sootblowing.29 
dPartial gas firing. 
eNo soot°'.:)lowing. 
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The discrepancy between the measured GCA results and the theoretical con
centrations may be due to (1) settlement in the air preheater hoppers and 
throughout the inlet ducts between the air preheaters and the baghouse, (2) 
a loss of ash-forming material in the pulverizer due to rejection of pyrite 
and associated material and/or (3) an accidental loss of particulate material 
from the sampling trains when removing the probe or changing its location due 
to the relatively high negative static pressure in the duct and because of 
its vertical alignment. 

Although estimates of inlet concentrations were obtainable from the SPS 
fabric filter syste~ log (FFSL), program operational problems led to uncertain
ties in the data outputs. Since the above data as well as those developed-- -- 
from actual stack sa~pling did not appear dependaole, we elected to estimate 
inlet loadings directly based upon current log entries for fuel ash content 
(6 percent), firing rate, 80 percent carryover as flyash, and the measured 
flue gas flow. Additionally, since the difference in concentration between 
East and West cannot be readily determined, the assumption was made that equal 
amounts o: particulate matter enter each baghouse. In reduced form, the inlet 
concentration per section may be calculated as follows: 

C. = 12,815 T/Q. (4)l l. 

where C-; inlet concentration, g/n 3 

r tons/hr of coal fired 
Qi • actual gas glow rate through East or West sections, acfm 

Volumetric Gas Flew Rates 

A stuC.y was perfor:ned to deter~ine which data should be used to determ.ine 
the actual operating gas flow rates without which estir.IBtes of baghouse per
formance are not possible. Hourly entries for average flow rates given in 
the FFSL and esti~~tes based upon GCA flow measurements are summarized in 
Table 6. 7hree procedures were used to generate the gas flow data: (1) 
measurements by EPA Method 2, (2) continuous measurement by "anubar" instru
mentatio:'l that were recorded in the SPS log and (3) by mass balance based 
upon :uel consurr.ption rate and excess air statistics. 

Inspection of computations based upon Method 2 measurements suggests a 
maldistribution of flow between the East and West side baghouses. The same 
conclusion can be drawn by exa~ining the continuous measurements recorded in 
the FFSL. Based on discussions with plant personnel, this phenomenon is real 
and not due to measurement errors. The gas flow pattern is cyclonic at the 
poi~t where the flow partitions between East and West compartments such that 
more flue gas enters the West baghouse. Since the ratio of the outlet flows 
as determined 'Y Xethod 5 performance tests and distribution as reported by 
the FFSL also confirm the non-uniforn flow, the FFSL data appear reliable. 

The GCA rr.easurements also indicate significant flow differences between 
the inlets and outlets cf both baghouses. Flow also appears lower through 
the East baghouse and higher through the West baghouse. It is suspected that 
problems with the sa~pling locations noted in the original field test report 
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TABLE 6. FLUE GAS STATISTICS FOR HARRINGTON NO. 2 BOILER (SPS) BASED ON GCA STACK 

MEASUREMENTS, SPS INSTRUMENTATION AND FUEL RURNING RATES 

3
Test numbcr

H-2-1 H-2-2 H-2-J H-2-4 H-2-5 H-2-6 

Station load, Mwc 362.0 361. 9 362.4 362.0 362. l 301.7 
Coal consumption tons/hr 196.2 197.8 199.7 194.2 190.3 issh 
Coal - higher heating value, Btu/lb 8850 8744 8487 8502 8594 8709 

c 3Flue gas rate x io- dscfm 

GCA. East inlet~ 263 112 380 290 399 302 
GCA, West inlet d 488 510 475 474 396 331 
GCA, East outletd 385 391 367 384 396 331 
CCA, West outlet 411 432 463 428 395 332 

GCA, total inletdd 751 8?.2 855 764 864 694 
GCA, total outlet 796 823 830 812 791 663 

SPS, East outlete 420 431 428 417 409 356 
SPS, West outlet 443 41t8 447 439 428 380 
SPS, total outlet 863 879 875 856 837 736 

f
Theoretical, total outlet 800 840 743 782 782 660 

% difference, GCA v0rsus theoretical og-1 -2 5 4 1flow 

%difference SPS (Anuhar) versus 
8 7 5 5 6 l 1 

measures flow (Method 2) 

eaCCA test designation.12 By SPS, in-line "Anuhar" measurement from 
b FFSL.
Partial gas firing with load variations. 

fBascd on fuel firing rate, F factors andc68°F. 
02 data. 

dBy GCA, Method 2.12 
gActual difference <0.5%. 
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may be the cause. For example, flow disturbances were located within one 
diameter of the measurenent locations for both up and downstream tests and 
an obstruction in the West outlet duct prevented a complete velocity traverse. 

The last two lines in Table 6 show comparison between (a) measured and 
theoretical flows and (b) FFSL printout and measured values. ~easured flow 
rates were consistently within 5 percent of theoretical levels and the flow 
rates recorded ~y the FFSL were generally within 10 percent of the Method 2 
measurements. The FFSL data were used to determine the flow rates in the 
modeling analyses. 

Baghouse Pressure Loss 

The only source of baghouse pressure loss data was the information given 
in the FFSL as averaged hourly values for the East and West baghouse. 

Bag~ouse Face Velocity 

The filtration velocity, Vi (m/min), is determined from the actual gas 
flow, Qi (acfm), and the filtration area, Af; i.e., Vi= Qi/Af where the 
average fabric area is about 26,000 ft2 or in reduced form: 

Vi (m/min) = 1.172 x io-G Qi (acfm) (5) 

SELECTIO~ OF DATA 

In the preceding sections, the types of data available and their respec
tive sources have been discussed. Since the analysis of baghouse data for 
ooceling applicatio~s de?ends upon measurements representing "steady state" 
O?eration, it is imperative that the proper information be chosen. Thus, a 
review of the data with respect to load variations must be made in order to 
find periods of "steady state" operation since n:any boilers are expected to 
O?erate under variable load conditions. 

Reference to Figure 16, which indicates the coal firing rate for Harring
ton Boiler No. 2 for Nove~ber 21 and 22, 1978, shows that over the time spans 
2200/11/21 through 0600/11/22 and 0900 through 2000/11/22 the boiler firing 
rates (and load levels) are fairly constant. It should be noted, however, 
that a constant load level firing rate does not necessarily mean that the 
baghouse has arrived at steady-state conditions. Although step increases or 
decreases in boiler load to a new level will be rapidly followed by corre
sponding changes in velocity (provided that no significant changes in air-to
fuel ratio or gas temperature take place), additional time may be required 
for the system pressure loss characteristics to reach the new steady state 
conditions. In fact, if the periods of constant load are not long enough, 
the baghouse ItaY never reach true steady-state. The boiler load variations 
sho~"tl in Figure 16 for the period 0100, November 21 through 2400, Nove~ber 22 
reflect intervals of both constantly varying load and relatively stable loads. 
Exce?t for the hourly trends where some pressure loss changes appear to be 
out of phase with boiler load and/or filtration velocities, the velocity and 
pressure loss curves follow quite rapidly any change in boiler load level. 
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It is comparatively easy to explain why pressure loss changes will either 
lag or exceed those reported for changes in load levels. If, for example, the 
boiler load level and the arrival rate of the surface dust loading increase, 
it will take some finite time for the fabric loading to reach its equilibrium 
and maxirr.um cleaning rate for the new load level. Thus, the cleaning wo~ld not 
be able to keep up with the increase in surface loading for a length of time 
determined by the actual fabric dust accumulation rate. Conversely, with a 
reduction in boiler load level, fabric cleaning will lead to a more rapid 
decrease in pressure loss until the equilibrium fabric surface loading is 
reached for the new operating conditions. It should be noted that the slopes 
of increasing or decreasing pressure-tine traces are always steeper than those 
for the velocity-time curves. This follows from the fact that pressure varies 
as the square of the velocity provided that there are no significant differences 
in· gas temperature or flyash loadings for the periods being compared. 

Inspection of the concentration-time curve appears to present some anom
alies until one takes into account that the actual deviations from mean con
centration are only a~out ±10 percent. In cases where small increases in 
excess air acco~pany load reductions, the measured particulate concentrations 
at constant gas temperature would be expected to decrease and vice versa. On 
the other hanc, significant decreases in gas temperature are often associated 
~~t~ boiler turndown such that the particulate concentration reported at the 
lower te:nperature will actually show an increase. The above interactions are 
reflected in t~e inlet concentration versus tine curve shown in Figure 16. 

The fact that there exists a very close parallel between velocity and 
pressure loss changes on the one hand and boiler load levels_on the other 
indicates that changing load conditions can be modeled as well as steady
state conditions provided that the boiler load veTsus time relationship is 
known beforehanc. For many peaking boilers, it appears quite reasonable 
that the caily ~ower demands would follow the same pattern and thus 9 adapt 
readily to modeling. 

For the purpose of the present study, however, it is preferred to deal 
only with those data blocks where boiler load level is constant and indisput
ably representative of steady-state.conditions. 

Three such time periods and their related operating conditions are listed 
in Table 7 for SPS boiler operation at approximately 40 percent full load. 
Two additional data sets are provided for near full load operation although 
there are.doubts as to how well they describe steady-state conditions. In 
the case of the July 1979 tests, several bag types were installed in the East 
baghouse whereas W.W. Crisswell (Teflon B) bags were used in all but one 
co~partme~t of the West baghouse (the latter contained Menardi Southern 601-T 
bags). 

PRELI't-:I::\ARY ANALYSIS OF K2 AND ac 

As stated previously, the SPS field testing data did not provide suffi 
cient information for the independent determination of K2 and ac. It is again 
emphasized that the field data are in no way deficient because of this limita
tion. The proble~ is that the routine measurements used to establish mass 
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TABLE 7. STF.ADY-STATE (Jl'ERATI N(; PARAMETERS, HARR I NCTON NO. 2 BOTLl':R (SPS) AT 40 PERCENT 
AND APPROXIMATELY FULL LOAD OPERATION 

Time period 

1. 	 ll /20/78 
(0400-0600) 

2. 	 11/29/78 
('H00-0500) 

3. 	 l l /30/78 
(0100-0500) 

Averace 
ll1 (1 through J) 

11/22/78 
( 1 000- l 700) 

07/11/793 

(1200-2100) 

Koller 
load 
Mwe 

l 58 

158 

153 

156 

351 

324 

Velocity 
m/min 

0.350 

0.359 

0.356 

0.355 

0. 795 

0.798 

Ecist bar,house West baghouse 

Inlet Pressnre Inlet Pressure
Velocity

concentration loss 	 concentration loss
m/ming/m3 N/m 2 	 g/m3 N/m2 

--- ··------------------------ 
670 0.335 3.65 700 

3.47 670 0.371 3.36 750 

3.36 660 0.363 3.30 730 

3.44 667 0.356 3.43 733 

2.95 2270 0.800 2.93 2120 

3.05 1530 0.687 3.58 1400 

a
Several bag types installed in East baghouse. Thus data represent a mix of bags. 



emissions, pressure loss and size properties were not designed to furnish the 
special inputs needed for nodel develop~ent. Therefore, preliminary analyses 
were carried out wit~ the expectation that they would yield several possible 
combinations of K2 and ac values, rather than finite solutions. The results 
of these exploratory analyses are discussed in the following paragraphs. 

The nethod for estimating ac from the operating data of a continuously 
cleaned system is sumnarized here. Continuous cleaning means that following 
the seque~tial cleaning of all compartnents (~ 30 ninutes for 14 co~partments) 
the process is resumed iremediately with 1/14 of the total fabric area out of 
service at all times. The fractional area cleaned is defined as 

ac 1= - Wp - £:.W - WR 
w - WRp 

(6) 

which reduces to ac 
l:.W 

Wp 
(7) 

when WR is much less than wp - tiw 

ac = fractional area cleaned 
w? = fajric dust loading just prior to cleaning 
/:;W - anount of dust rerr.oved during cleaning, which is 

also the amount added during filtration 
WR = residual fabric dust loading 

The amount of dust added (and removed) from a compartment (~W) over an entire 
cleaning cycle; i.e., the sequential cleaning of all conpartments, is the pro
duct of the inlet dust concentration (C ), the filtration or face velocity1
(Vi), and t!:e cleaning cycle time (tc). Thus, the numerator of Equation 7 is 
readily defined. The dust loading on a compartment just prior to cleaning, 
however, rr.ust ~e estirr.ated. The approach used here is to estimate the first 
average loading across the entire baghouse from the average pressure loss and 
second the distribution of loadings across the baghouse. This procedure, in 
co~junction with the assum?tion of a linear loading distribution, permits the 
developnent of the following set of equations: 

P = PE+ K2 (wP - wR)- vi n/(n-1) (8) 

WP = WP - C1Vi (tc/2) n/(n-1) (9) 

where p = average pressure loss 
::;PE effective pressure loss = SEVi 

n = number of compartments 
\O:p average loading across bag 
K2 = specific resistance coefficient at actual operating 

conditions 

Co~bining Equations 7 through 9 yields 

(10) 

52 




which, by rearrangeM.ent, provides a means to determine ac if K2 is known or 
vice versa since all other terns in the equation are calculable from available 
data. 

(11) 

Although PE (or SE) may not be known, a reasonable estimate of this paraneter 
may be inferred from other systems for which SE is known. In general, a rough 
SE estimate will not cause large errors unless the average opera.ting pressure 
loss is very low. A summary of the parameters used in conjunction with 
Equation 11 in the preliminary analyses is given in Table 8. The operating 
parameters (C1 , Vi and 1') for the low load conditions are the averages for 
the East and West baghouses given in Table S. The parameters for the medium 
load situation are also averages of the East and West values, while the high 
load condition refers to the West side only. A value of 300 N-min/m3 was 
assu~ed for SE ~ased on test data for similar dust/fabric combinations. 
ERrlier tests at SPS with the Mobile Fabric Filter Systere yielded an SE value 
of 275 N-min/n3. 

TABLE 8. 	 EXPERI~fENTAL VAL"CES USED IN 
PRELI~INARY ESTIMATES OF ac 
Af'..1) K2, HARRINGTON NO. 2 
BOILER (SPS) 

Boiler load level 
Variable 

Low Medium High 

Ci (g/m3) 3.44 3.32 2.93 
vi (:r./min) 0.355 0.743 0.800 
p (::1/m2) 700 1465 2120 

(min) 28 28 28tc 
n 14 14 14 
SE ~~-rr.in/rn 3 )a 300 300 300 
T ( C) b 133 157 165 
(SE)t N-rr.in/m3 370 350 390 

a
Assumed value at 25°c. 

b Corrected to operating temperature. 

The results of the preliminary analysis of the three data sets are pre
sented in Table 9. The first column gives the assumed or trial value for K2 
at the operating temperature and velocity of the data set (low, medium or 
high load) under ir.vestigation. Inspection of Table 9 leads to the follow
ir.g conclusions: 

• 	 First, ac is approximately linearly related to K2, which 

indicates that the second term in the denominator of Equa

tion 8 is rr.uch smaller than the first term. 
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• 	 Second, for identical K2 values, ac levels at the high boiler 
loads are less than those at the medium levels, which appears 
contrary to previous findings; i.e., higher boiler loads lead 
to increased fabric loading and higher ac values, Figure 1. 

TABLE 9. 	 PAIRED VALUES FOR K2 AND 
ac SATISFYI~G OBSERVED 
PRESSURE LOSSES AT l~""DI
CATED BOILER LOAD LEVELS, 
HARRINGTON NO. 2 BOILER 
(SPS) 

Cleaning parameter,Speci!'ic ac (dimensionless)resistance 

coefficient 


Low Medium HighbK2 ("l-min/g-m) a 
loadb loadb load 

0.5 0.01 0.02 0.01 
1.0 0.02 0. 04 0.03 
2.0 0.04 0.07 0.05 
3.0 0.06 0.11 0.07 
4.0 0.08 0.14 0.10 
5.0 0.09 0.17 0.12 
6.0 0 .11 0.21 0.14 
7.0 0 .1.3 0.24 0.16 
8.0 0.15 0.26 0.19 
9.0 0.16 0.24 0.21 

10.0 0.18 0.32 0.23 

aAt operating te::r.perature and face 
velocity. 

bRefers to boiler output. 

~he rationale for an increase in ac with higher loading is that with all 
other variables held constant (including the time between bag or compartment 
cleanings) a greater fabric loading must accumulate during the filtration 
period. Since mere d~st is present just before cleaning, the separating force 
is larger and, in turn, no re dust is dislodged fro1:1 the fabric (.hence a larger 
ac value). 

Generally, this criterion appears to be satisfied when the low and high 
boiler load conditions are compared but not for the medium and high values a·s 
stated above. There exists a nu~ber of possible explanations for this differ
ence. During high load operations the type of fabric used was different fron 
that used during the low and medium load situations. Thus, there could be a 
distinct difference between dust-fabric adhesion properties and, hence, 
cleanability. 
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Another possibility is that steady-state may not have been reached during 
the medium load time period. This would result in a lower pressure loss and, 
hence, higher values for ac· Another factor that can influence ac estimation 
is the inlet concentration, Ci, which along with increasing load level, should 
produce greater ac values. Note that the indicated K2 values reflect the oper
ating conditions at each load situation. Thus, if a velocity effect exists 
(as has been noted previously with other dusts), the ac values on a single 
line cannot be corr.pared directly for the low to high load operations. In this 
instance, however, even if K2 were to vary as the square root of the face 
velocity, the actual increase from medium to high load operations would pro
duce less than a 10 percent increase. It is concluded, therefore, that velo
city effects cannot explain the "abnormally" low ac values at high boiler 
loads. It is further concluded that there is a tremendous range of potential 
values for K2-ac combinations that will satisfy the pressure predicting con
ditions of Equation 11. Therefore, unless one term or the other is known, 
there is little likelihood of estimating the other. In the next section, data 
analyses based upon prior information for K2 are discussed. 

ESTIMATIOK 	 or ac FRO~ SPS OPERATING DATA 

Various laboratory tests were performed to deternine approxinate K2 values 
for the SPS :1yash. The tec~nical procedures used and the interpretation of 
these rneasurenents have been described in Section 3. Because the laboratory 
tests involved the redispersion of bulk flyash sampled from the SPS baghouse 
hoppers, it is recognized that the estimates of particle size parameters and 

are subject to error. Ordinarily, it is expected that such laboratoryK2 
measure~er.ts will indicate coarser size properties and possibly lower K2 values 
because ever. high pressure compressed air dust generators <~ 90 psig) fail to 
provide corr?lete breakup of agglomerated particles. Key properties for the 
SPS flyast are sumr:i.arized in Table 10. 

TABLE 10. 	 SU:'.-11".ARY OF FILTRATION PA.RA:'.-1ETERS FOR SPS FLYASH BASED ON 

LABORATORY TESTS AT zs0 c 


V·l. 	 K2 SE SR WRTest Substrate (r:-./nin) (N-:nin/ g-m) (N-min/m3) 01-min/m2) (g/m3) 

11 Glass 	fi1Jer 3 0.61 2.98 25 36 29 
12 Glass 	fiber b 1.03 3 .13 75 20 17 
11 Mem~rane filter 0.61 2.85 
12 ~embrane filter 1. 08 3.26 

8woven glass, Menardi-Southern. 

bHA Millipore filter. 

Based upon measurenents at two face velocities, the laboratory tests on 
the SPS dust indicate that K2 was less dependent upon face velocity than had 
been determined for other flyashes; i.e., K2 = f(v)o. 2-o. 2 s rather than f(V)o.s 
as noted for the GCA flyash.s The above variance is believed to reflect 

SS 

http:f(v)o.2-o.2s
http:measure~er.ts


differe~ces in flyash properties and not errors in measuring techniques. 
Laboratory ~easurenents also indicated lower values for residual (effective) 
drag, SE, because the test mediurr. had seen only brief service. Allowing for 
the fact that all filter media experienced a slow but gradual increase in 
interstitial dust deposits over their service life, we have elected to assume 
a higher and more conservative value for SE,~ 300 N-min/m 3 

• The measurements. 
presented in Table 10 represent less than two days fabric use such that the 
residual dust holding, SR, and the effective residual dust holding, SE, are 
well below their quasi-steady-state levels. The negative SE intercept is 
merely a ~athematical convenience for defining the curve of best fit for the 
drag-fabric lo3ding relationships. 

The use of HA membrane filters as the flyash substrate revealed that dust 
cake properties per se underwent little change over the range of pressure loss 
and fabric loading levels studied. Therefore, it appears that it is the com
pression (and hence, reduced porosity) of the woven glass fabric and not the 
dust layer that causes the slightly concave upward shape noted during labora
tory drag versus loadings measurements (Figures 6 through 10). In actual prac
tice, ~hatever the reason for the concavity, it can be readily defined mathe
matically. However, force fitting to a linear relationship is generally 
acceptable for current modeling purposes. 

Since (a) the effect of velocity on K2 appeared to be relatively small 
for the SPS f lyash and (b) the range of average velocities for the field tests 
under investigation was encompassed by the laboratory tests, a linear relation
ship was assumed for the drag versus loading curve. This led to selection of 
3.0 N-nin/g-n as the average K2 value at 25 C and 25 N-min/m3 as the effective 
residual drag, SE. Based upon the design and operating parameters given in 
Table 11, wherein the K2 values have been corrected to their equivalent levels 
at operating baghouse temperatures, the ac values calculated from Equation 11 
were 0.07, 0.13 and 0.10 for boiler firing at low, medium, and high load levels, 
respectively. Adjusted SE values were essentially the same, 31 to 33 N-min/m 3 
regardless of firing rate. The fact that ac values do not continue to increase 
with boiler load may be due to the lower dust loading at high load, differences 
in fabric, or some parameter change not detected during the test periods of 
interest. It has been demonstrated in the past studies that the dust dislodg
ing forces and ac will increase for a fixed cleaning mode when the thickness 
of the dust; i.e., the fabric loading, is increased. 

The ac values along with the relevant operating parameters shown in 
Tahle 11 were used in the computer model to calculate the SPS system perfor
mance d1arac ter istics surr:marized in Table 12. Predicted pressure losses were 
between 40 and 75 percent lower than the actual measured values. In the low 
load case, low esti~ates may be due to one of the model's limitations; i.e., 
the mocel operation is restricted to ac values equal to or greater than 0.1. 
Therefore, although the corr:puter program will function for ac entries of less 
than 0.1 values, ac will be processed as if it were exactly 0.1. The result 
is that the r.iodel will automatically predict a lower pressure loss in ·such 
cases. ~ith respect to the mediun and high load predicitons, however, the 
low ac estimate must be explained by some other mechanisms. 
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TABLE 11. IKPUT PARA.'IETERS FOR MODEL VALIDATIOK, HARRI~GTOK 
NO. 2 BOILER, SPS WITH SLIGHTLY [SED FABRIC 


Low MediumParameter 
load load 

~u~ber of compartments 14 14 

Cleaning cycle time (min) 28 28 

Individual compartment cleaning time (min) 1. 9 l. 9 

Reverse flow velocity (m/CTin) 1. 54 1.54 

Average face velocity (m/oin) 0.355 0.687 

Gas temperature (0 C) 133 157 

Inlet dust concentration8 (g/m3) . 3 .44 3.58 

S?ecific cake resistance, K2a (N-min/g-m) 3. 77 3.87 

Effective drag, SE8 (~-min/m3) · · 31 32 

Residual loading, WR (g/m2) 28 28 

Fractional area cleaned, acb 0.07c 0.13 


a 
~eported at actual operating tenperatures and gas flows. 

:, 
ac computed from Equation 11. 

cCom?uter program converts this value to 0.10 for subsequent 
calcu:ations. 

TABLE 12. 	 PERFOR.'1ANCE PREDICTIONS FOR 
SPS, HARRIKGTO~ NO. 2 BOILER 
WITH SLIGHTLY USED FABRIC 

Average pressure 
Load loss8 (~/m 2 ) Fractionalh 

level penetration 
Predicted Measured 

Low 400c 700. 0.0036 

Medium 1000 1400 0.0047 

High 1400 2200 0.0058 


aEased on SE values for slightly used 
fabrics, 31 tc 33 K-min/rr.3. 

bAvera~e penetration by GCA tests,

o.oos:o.006. 12 


c .. 
Based on computer value of 0.1 for ac· 

High 
load 

14 

28 

1. 9 

1.54 
o. 798 


165 

2.94 
3.98 


33 

28 


0 .10 
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The difference between the predicted ac value for low load operation and 
that whic~ would haye resulted had the model been designed to operate over the 
ra~ge (ac = 0.05 to 1) has been estirr.ated by an equation developed during 
earlier model sensitivity studies; i.e., 

(12) 

in which average ?ressure loss is related to system design and operating param
eters. The units for the indicated variables renain as defined previously in 
Equations 8 through 11 and Table 8 for actual temperature and flow conditions. 
By substitution of the same para~eters used to generate the model output sum
marized in Table 13, in conjunction with the previously calculated ac values 
of 0.07 ar.d 0.10, pressure loss data were developed for low boiler operation. 

The data presented in Table 13 mcy be interpreted as follows: first, 
Equation 12 provides a good pressure loss estimate relative to the more sophis
ticated model solution. For an ac input of 0.1, the Equation 12 value is only 
15 percent greater than that deriving from the model. Second, if the cleaning 
para~eter is actually 0.07 as conputed from Equation 11, the pressure loss 
based on Equation 12, 666 N/m2, is in reasonable agree::r.ent with the measured 
value cf 700 N/m2. Despite the approximations involved, the above analysis 
suggests that t~e model disagreenent under low load conditions may be at least 
partly due to the lower limit (O.l) set for ac· If further field trials indi
cate that lo~ cleaning levels, ac<O.l are very comnon, the model ~ill be 
revised to take this situation into account. 

TA3LE 13. ESTI~!ATIO~ OF ~ODEL ERROR IN 
PREDICTING PRESSURE LOSS KHE~ 
ac VALUES ARE LESS THA~ 0.1 

Average pressure loss, N/rr.2 

Cleaning 
parameter, ac 

Computed 
from 

equation 

Computed 
by 

model 

Actual 
neasured 
value 

0.07 
0.10 

666 
462 

400 
400 

700 
700 

The preceding analysis cannot be applied to nedium and high load condi
tions because the calculated ac values are already within the 0.1 to 1.0 range. 
Predicted pressure losses for the medium and high load cases, respectively, 
were roughly 29 and 36 percent lower than the rr.easured values. 



Since the reodel assumes that K2 varies as the square root of the filtra

tion velocity whereas present tests suggested a lesser exponent; i.e., 


= F (V)0.2-0.25, the velocity effect was suspected as a possible cause of
K2 
the low predicitons. However, when the model was actually adjusted so that 
the velocity dependency was eliminated altogether; i.e., K2 is constant, the 
predicted pressure loss for the medium load level was found to be the same as 
that forecast when the velocity exponent was 0.5. 

Therefore, the fact that the input parameters in Table 13 included a very 
low value for SE• ~ 31 N-min/m3, was exa~ined as a possible cause of low model 
predictions. Based upon prior laboratory and field measurements, it had been 
noted that SE values in the range of 300 N-min/m3 at 25°c were not uncommon for 
fabrics that had been in service from 1 to 2 years. In terms of overall pres
sure loss across the filter, the difference between 30 and 300 N-min/m3 for SE 
translates to a pressure loss increase of 183 N/m2 (~ 0.75 in. w.c.) for a 
filter system with a face velocity of 0.61 -:n/min (2 ft/min). Thus, although 
the high EE selection is conservative, its impact on overall system pressure 
is co-:nparatively s:nall, (<10 to 15 percent). New estimates of ac were made by 
means o: Equation 12 for lo,W, medium, and high load conditions assuming the SE 
value to be 300 N/min/m 3 , Table 14. 

TABLE 14. 	 CALC[LATE~ OPERATI~G A..\D PERFORMANCE PARAMETERS 
FOR HARRI:::;GTON NO. 2 BOILER (SPS) FOR A.'\ SE 
VALUE OF 300 N-min/m3 

Average pressure Percentd 
Load SEa b loss, ~/m2 pressure Fractional 

aclevel (};-min/J:i3 ) loss penetration 
Predicted Measuredc deviation 

Low 370 0.08 580 700 -17 0.0033 
Medium 380 0.16 1080 1400 -23 0.0037 
Eig:'1 390 0.11 1600 2200 -27 0.0042 

as-- corrected to Table temperature from 300 N-min/m3 at 25°C. 
b ac conputed from Equation 11. 

cFror.l Table 12. 
d . 
Percent deviation fro:n measured value. 

According to Table 14, it appears that the assumption of a higher SE value 
(which ~ay be more in line with the estimated service life of the SPS bags) 
brings the model pressure loss predictions into closer agreement with the 
measured (field test) values. A comparison of the flyash penetration levels 
given in Tables 12 and 14 shows relatively small changes in emissions. A 
direct relationship, however, is indicated between penetration and ac which 
is consistent with increased dust removal from the fabric. It should be noted, 
however, that with both ac and Sr undergoing change, the end result could be 
either an increase or decrease in flyash penetration. 
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With respect to the effect of increased SE or pressure loss, basic theory 
suggests that if the substrate pressure loss is increased with no change in 
the amount (W) and K2 properties of the overlying dust layer, the overall 
fabric pressure loss should also increase. However, these effects are not 
necessarily directly additive for sequentially cleaned rnultico~part~ent 
systens as demonstrated in prior model sensitivity studies. 

AVAILABILITY AKD ASSESSMENT OF OPERATING DATA, ~!ER STATION, 
NEBRASKA PUBLIC POWER DISTRICT 

A considerable part of the operating data for Kramer Station has been 
obtained from plant log sheets and strip charts. These data include coal con
su~ption and stean production rates, baghouse inlet temperatures, pressure 
drops across each conpartnent and overall baghouse pressure drop. As mentioned 
earlier in this section, two additional pieces of information are necessary to 
appraise baghouse resistance characteristics; gas flow rate and the inlet (or 
uncontrolled) particulate concentration. Outlet particulate concentration is 
also necessary to define baghouse collection efficiency for the aerosol. 'l;'he 
latter inforrr.ation (flow rate and inlet and outlet concentrations) was provided 
for so~e ti~e periods by seyeral field tests performed at Kramer Station. 

Shortly after the baghouses were placed in service, corr.pliance tests were 
perfor~ec (~:ay 19i7) that provided data on gas flow, te~perature, and outlet 
concentrations. During the sa~e time frame, acceptance tests provided similar 
data as well as estimates of inlet particulate concentration. Compliance tests 
were performed for each stack rather than for Boilers 1 through 4 whereas 
acceptar.ce tests were performed only on Boilers l and 4. The result of these 
tests alo~e with all relevant cetails are described in References 13 through 16. 

In addition to the corr.pliance and acceptance tests cited above, special 
performance tests were conducted on the Kramer baghouses by ~I* under contract 
to the Electric ?ower Research Institute (EPRI). Partial results for the 
October 1977 ar.d May 1978 tests are reported in References 14 through 16. A 
fir.al EPR: report is now in preparation that will provide information on bag
house outlet and inlet concentrations, efficiency, all gas flows and steam 
generation rates, anc plume opacity. 

Finally, operating data were also obtained for more recent time periods, 
July 13, 1979 and January 22, 1980, when no concurrent stack measurements 

11 11were performed. The July date was chosen since on that date an urge test 
was performed. During this period the boilers were operated at maximum load 
(actually 20 percent over the design level). One reason for selecting the 
January date was that the Boiler 2 load level was reasonably constant through
out the day. The only inforr..ation sources for these tests were the plant log 
sheets and strip charts. 

In general, all the time periods for which data were considered for analy
sis reflect fairly steady boiler load levels over at least 3 or 4 hours of 

*Meteorological Research, !nc., Altadena, California. 
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operation. Tvo of the acceptance tests, however, were run over a much shorter 
(1 hour) period. The data also represent a broad range of operating conditions 
and operational exploration. It was observed, for example, as will be dis
cussed in the following sections, that baghouse operating procedures have 
undergone modifications as ~ore field experience accrued. The available data 
are included in the time periods listed in Table 15. 

TABLE 15. 	 DATA AVAILABILITY AND CU~IDLA

TIVE BAGHOCSE SERVICE 
PERIODS 

Data available Cumulative on-line service 

~ay, 1977 	 <l month 

October, 1977 	 5 months 

~ay, 1978 	 1 year 

June, 1979 	 2 years 

A corr.pilation of the operating data extracted from plant log sheets, 
strip cha~ts and various reference sources 13 through 16 is presented in 
Table 16. With the exce?tion of the tests ending with "avg" all test numbers 
were assigned by GCA. Inlet gas flow rates were available only for the compli
ance and/or acceptance test data. All outlet particulate concentration and 
collection efficiency data reported for EPRI tests were used to calculate the 
inlet concer.tratio~. Two sources of in:ormation were available for baghouse 
pressure dro? as well as the pressure <lrops through the individua~ compart
nents. Bag~ouse pressure loss is also recorded continuously for each baghouse 
on stri? chart recorders. The numbers appearing in parentheses under the 
flange to flange pressure drop present strip chart data. These values were 
essential to determine the reliability o: the pressure drops shown on the log 
sheets since ?ressure dro? is manually recorded every 3 hours in some cases. 
Furthernore, the log sheet values are instantaneous readings that do not neces
sarily represent the average pressure drop for the time interval of interest. 
Finally, steam generation rates were obtained from both the log sheets and 
supporting references 14 through 16, whichever appeared the most appropriate· 
for a given analysis. 

Volume ic 	Gas Flow Rate 

Whe~ flue gas flow rates were not available for the time periods of inter
est, they were estirr.ated fron other data such as boiler steam rates which were 
indicated for nearly all time periods. Since steam flo\: is roughly proportion
al to ~uel firing rate and fuel firing rate in turn relates almost directly 
to flue gas flow, the volumetric gas :low could then be determined from the 
boiler steam :low. Although other factors, such as coal heating value, mois
ture content, and excess air also affect gas flow rate, these factors could 
not be taken into account over the short term for modeling purposes. However, 
these factors were not considered to detract from the accuracy of the flow rate 
estimates any nore than the possible error contributed from the need to 
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TABLE 16. AVAILABJ.l•: OPERATING AND PERFORMANCE DATA FOR KRAMER STATION 

Baghousc in)~,l rrH.:u::;urements Pre::;sure loss in. water 

P11rtJ,·11late
Part fcul;:i tee Aver;igeh Flanged Steam

·1 est Flow Temperaturcb coll cc ti onfloi l er !late ronc:entr'1tion across to rate
code (1 o3 adm) (OF) efficiency(gr /acf) compartm<>nts f lanr,e (I oJ lh/hr) (percent)a 
--- ---- -- ---- ---- -----· ---- -- ---- - -- 240b- 

?-av!? 5/77 I JJ.4 )16 0.424 5.7 8.3 98.q 
)-avg 5/77 127. 7 329 l. 63 7 4.8 7. 5 214b 99_ 1 

c 10/77 116. 2 0.)93 7 (6.5) 210.oa 99 .85 
[) 10/ 77 106.5 0. 5711 5.5 (6.0) 197. oa 99. 77 
E Hl/77 92.9 o.v.2 5 (4. 5) 154 0a 99.66

0
R I 7/79 380 4.0 5.5 (5.5) 236b 
s 2 7/79 365 2.8 4.8 (4. 5} 244h ,.,,_ 
A J I0/71 90.9 0.)63 1, 159. 5

8 
99. 77 

II 1 10/77 no. 9 0.(105 6 216.03 99.90 
I ) 5/78 0.752 2 .6 3.4 IJ7a 99.89 
2 3 4/78 0.605 5.0 160a 99.86 
) 3 5/78 0.656 208a 99.92 

v I/80 12'J I;. 2 5.2 163 

,...., °' 4 3 5/78 o. 738 2 .!1 1.3 140a 99.96 
5 J 5/78 0.302 2.5 J.5 1858 99.90 
6 ) 5/78 1. 23 3.8 5.3 214a 99.98 
T 3 7/79 375 4.J 6.9 (6.6) 257b 

5-av~ 4 5/77 202.8 372 0.278 6.0 7.S 320b 98.7 
6-av~ 4 ')/ /7 21].7 388 1.002 7.0 8.1 99.0 

l' 4 7/79 405 2.7 1.6 (3. 6) 362b 
- = - - ••• ~ ' r·--,,,. -r-~ - :;:...w. .- '::: -.-=:-·• ':;:...;;;;;.,~ :=-:::::--:---";;.-C..~~-=.a....: --"""""":::a::::m '*":a;~~- --=---:;,,_:_;=~~- :;...,.:-==--:;--

Nore: Ila t.~ reported ln "as recicvcd" Engl lsh units. 

a From RPf erenC'e ). 

"rrom Kramer Station log sheets. 

cfrom References l • 2' and 3. October l q17 and May 1978 values calculated from outlet concentration and 
ef f 1c iency. 

d
Numbers not in parentheses are from Kramer Station loj; sheets; numhers in parentheses are from baghouse 
pressure loss strip c:harts. 



average hourly steam flow rates over 3 to 4 hour periods. The relationship 
bet~een stean flow and gas flow was established by plotting the indicated gas 
flows versus their associated steam flows for Boilers 1, 2, and 3_ •. TJ1e design 
flow for the above boilers is 122,000 acfm at 22,000 lb/hr ·steam (0.55 acfm 
per lb steam). For boiler 4 the flow increases to 192,000 acfm at 330,000 
lb/hr steam (0.58 acfm per lb steam). Boiler 4 operating data were not 
used for flow estimates, however, because the steam rates appeared to differ 
from those of the three snaller boilers. The flow estimating relationship 
for Boilers 1 through 3 was determined to be: 

Q (adm) = 0. 54 x S (lb/hr steam) + 9000 acfm 

The actual design rate was used to estimate the required flow data for 
Boiler 4, when actual flow data were not available. 

Inlet Concentration 

Baghouse inlet concentrations were available only for tine periods when 
actual perfor~ance tests were conducted. The remaining inlet concentrations 
were assumed to be the same as those deriving from actual measurements. A 
sur.unary of the assigned concentrations is presented in Table 17. 

TABLE 17. 	 BEST EST1~1ATES OF INLET 
FLYASH CO~CE~TRATIONS, 
KRAMER STATION 

Inlet flyash concentration, gr/acf 

Based onBoiler AssignedDate 	 coal ashnumber value 
content 

1 7/79 0.6 (l.37)a 0. 70 (1.59) 

2 7/79 0.6 (1. 37) 0.66 (1.51) 

2 1/80 0.6 (1.37) 0. 76 (1.74) 

3 7/79 0.6 (1. 37) 0.67 (1. 54) 

4 7/79 0.4 (0.92) 0.69 (1. 58) 

aConcentration in g/am3 . 
bBased on coal firing rate, 3.9 percent 
ash and 80 percent carryover. 

A value of 0.6 gr/acf was assigned as the inlet concentration for Boilers 1 
through 3. However, a lower value was assigned to Boiler 4 since compliance 
and acceptance ~easure~ents indicated that the inlet concentration to Boiler 4 
was about 30 percent lower than that for Boiler 1. According tothe estimates 
of inlet concentrations based upon coal ash content and an 80 percent carryover, 
the assigned inlet concentrations are roughly 80 to 90 percent of the coal ash 
derived values for Boilers 1 through 3 and about 60 percent of the ash value 
for Boiler 4. 
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Baghouse Pressure Jrop 

As noted earlier, pressure drop data were provided by plant log sheets and 
strip chart recorders. The Kramer log sheets indicate the overall baghouse 
pressure drop give~ by fluid nanometer readings, overall baghouse pressure 
drop excerpted froo recorder strip chart, and individual compartment pressure 
loss based on conventional ~anometer. Information is usually entered on the 
log sheets every l to 3 hours, although more frequent entries were made dur
ing sane test periods. Refere~ce to Table 16 shows that the pressure drops 
obtained fron log sheets and strip chart records are in good agreement. Since 
the pressure drops of concern for the modeling analyses should be those across 
the bags alone, any losses attributable to duct~ork or manifolding effects 
should be excluded. Despite the fact that pressure taps for estioation of 
overall or flange-to-flange pressure loss do not include ~uch ductwork or mani
folding, distinct differences are indicated between the former values and the 
fabric losses alone, Table 18. In a previous study, similar differences have 
been cited for Kramer StationlS as shown in Table 18. 

TABLE 18. FLA.'\GE TO FLANGE (OVERALL) PRESSl'RE LOSSES 
VERS'l:S U..":JIVIDCAL COMPARTIIE~l' PRESSURE 
LOSSES 

Pressure loss, inches water 

Boiler 1 Boiler 2 Boiler 3 Boiler 4 

?lange-to-~lange 8.0 6.2 4.8 6.0 

Cor.ipartment 6.8 s.o 3.9 4.5 
Difference (Duet 

and rr.anifold 1.2 1.2 0.9 1.5 
loss) 

Based upon the data appearing in Tables 16 and 18, when overall baghouse pres
sure loss constit~tes the only data input, l inch water is subtracted from the 
for~er value to estimate the pressure loss through the dust-laden fabric alone. 

Cleaning Cycle 

The general aspects of cleaning cycles have been discussed in Section 2 
of this report. However, the perfornance analyses of the Kramer Station bag
house requires that the exact cleaning cycle used during each test period be 
defined since Kramer Station has employed at least four different cleaning 
cycles. A sur.unary of the various cleaning cycles is presented in Table 19. 

The off-line times shown in Table 19 represent the period when one com?art
ment undergoes cleaning, whereas the on-line time depicts the time when all 
compart~ents are filtering. Since the cleaning cycles for the Kramer Baghouses 
are partially controlled by pressure loss (see Section 2), a baghouse may, in 
fact, operate with several permutations of off-line/on-line conditions. For 
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example, if a baghouse is operating under the 11 min. 25 sec. cleaning.cycle 
and pressure loss exceeds the preset limit, the cleaning cycle will shift to 
a "constantly cleaning" mode (the 58 sec. cycle). Since this situation repre
sents a highly variable cleaning process, it cannot be analyzed via the steady 
state a?proach. The time scale on the pressure drop strip charts was suffi 
ciently resolva~le to determine whether or not a variable cleaning rate had 
been in effect. It is cautioned that in the application of any test data, 
it is important to observe not only the actual test data, but also to deter
mine whether pressure conditions were such as to drive the systa~ into a con
stantly cleaning mode. 

TABLE 19. S'LJ'M-1ARY OF CLEANIXG CYCLES USED AT KRA.~ER STATION 

Time per comj)artment 

:t<ay 1977 September 1977 October 1977 May 1978 

Off-U.:-iea 

On-lineb 
58 

0 

sec 

sec 

1 min 18 

2 min 

sec min 25 

4 min 

sec 1 min 25 

10 min 

sec 

Total 58 sec 3 min 18 sec 5 min 25 sec 11 min 25 sec 

aRe:ers to co~partrnent undergoing cleaning. 
bAll compartments filtering. 

?iltration Velocitv 

Filtration velocity (netric units) was computed from the volunetric gas 
flow (:~glish ~nits) at baghouse inlet conditions and the total filtration 
area: 

. ) 0.02832 Q (acfm)
V(mI min = A 

where 	 A 6,706 m2 for Baghouse 1, 2, and 3. 
A = 10,745 m2 for Baghouse 4. 

Selectior. 	and Reduction of Operating Data 

Based on inspection of the Table 16 data, oost tests present sufficient 
infornation for a steady-state analysis. Test 3 (avg) on Boiler 1 in May 1977 
could not be used since the time frame was less than 1 hour. The same logic 
applied to a subsequent test on Boiler 4 conducted in May 1977, Test 6 (avg). 
The neasurenent interval for July 13, 1979 for Boiler 1 (Test R) could not be 
used since the baghouse cleaning was carried with a combination of the 11 min. 
25 sec. cleaning cycle and the 58 sec. cycle. Finally, Test 3 of May 1978 on 
Boiler 3 was excluded because of missing pressure loss data, The remaining 
test information was reduced by the techniques described in this section to 
a form suitable for analysis. The results of the data reductions are summa
rized in Table 20. Note that the cleaning cycle time shown in Table 20 refers 

65 




-------- ---- -----

TABLE 20. SUMMARY OF KHAMJ<:R STATION OPERAT I NC DATA REDUCED FOR MODELING ANAJ,YSES 
"-~~==' ===-= .==' = = ===--=·=-= 

Test Boiler Date
Code 

2-avg 1 5/77 
c l 10/77 
D J }0/77 
E l I 0/77 
s 2 7/79 
v 2 1/80 
A 3 10/77 
B 3 I 0/77 
1 3 5/78 
2 3 5/78 
4 3 5/78 
6 3 5/78 
T 3 7/79 

5-avg 4 5/77 
1, 4 7/79 

Inlet Velocity 
concentration, v 

(g/am 3 
) (am/rn i. n) 

------- -·--

0.97 0.563 
1.36 0.491 
1. 1] 0.450 
0. 78 0.392 
1. 37 0.60 
1.37 0.41 
1.29 0.380 
1.39 0.553 
1. 72 0.351 
l.39 0.401 
1.09 0.357 
2.82 0.528 
1. 37 0.63 
0.64 0.535 
0.92 0.560 

Pressurf' Total cycle 
1os·s, P, time, t c, 

(N/m2 ) (min) 

1420 9.7 
1100 9.7a 
1120 9.7a 
1000 

a
9. 7 ' 

700 114. 2 
670 114. 2 
750 51,. 2 

1250 9.7a 
650 9.7 

1000 9.7 
600 114 .2 
950 114.2 

107 5 9.7a 
1500 15.5 

67 5 182.7 

Gas 
tempE!rature 

(oC) 
-~--

164 
166 
166 
1119 
185 
163 
149 
166 
I l19 

149 
149 
166 
191 
189 
208 

Note: All units expressed in Metric system for data reductions. 
a 

indicates that the normal cleanjng cycle reverted to continuous cleaning and 
remained at that level for the entire test period. 



to the time span embracing the sequential cleaning of all 10 or all 16 compart
ments, respectively. The cleaning times that are footnoted, Table 20, are 
"constantly cleaned" cycles which were inititated by high pressure losses on 
the dates in question. Had pressure losses not exceeded the pre-set value, 
the nor~al cleaning cycles would have been those shown in Table 19. It is 
also emphasized that sane of the EPRI tests were purposely forced into a 
constantly-cleaned mode for experimental purposes. 

Analysis of K2 and ac 

Based o~ the ?relininary analyses of Southwestern Public Service (SPS) 
data, concurrent developnent of K2 and ac para~eters was not possible for the 
Kramer bagtouses. Therefore, the value of K2 used in ~odeling calculations 
was that determined by laboratory measurement (see Section 3), 3.7 N-min/g-m 
at 25°C and 0.61 o/min. In order to estimate ac, an additional piece of infor
~ation is reGuired; i.e., the effective drag, SE. Since the laboratory tests 
were per~or:ned on relatively new fabrics with only minor plugging, S[ values 
were estimated from prior ~easurements with a sirr.ilar fabric for various ser
vice lives. 5 Typical SE levels for new, less than 6 months service, and 2 
years field use are 60, 115 and 352 N-min/m3 respectively. Based on the ab.eve 
values the following estimates of SE were applied to the Kraner baghouses: 

Boilers 2, 3, and 4 

approximately 1 month service - 150 ~-min/m3• 
approxinately 6 months service - 350 N-min/rn 3• 

Boiler 1 

a;:iproximately 1 month service - 550 N-min/m3 • 
approximately 6 months service - 550 ~-min/m3• 

Yne reason for the higher SE value for the Boiler 1 baghouse was the higher 
pressure drop re?orted for this baghouse. Boiler 1 generally operates at a 
pressure drop roughly l inch water greater than that for the other units at the 
same operating conditions. 15 At 0.61 m/min face velocity, this translates to 
a drag value o: about 400 N-min/m3. Although it is recognized that the rela
tionship between SE and overall pressure loss is not linear, 400 N-min/m3 were 
added to t'.':e SE value cf 150 N-min/m 3 corresp:mding to 1 month of service. It 
is suspected by Kramer personnel that the lime precoat on Boiler 1 is re!'lpon
sible for this difference. The same value was also applied to Boiler 1 for 
the October 1977 tests (after 6 months service), the assumption here being 
that either no flyash has deposited interstitially in the fabric or that any 
flyash that has deposited, has in effect, displaced an equilavent amount of 
limestone. For Boilers 2, 3, and 4 the values shown for 1 month service were 
applied to the May 1977 tests, whereas the 6 month values were applied to all 
other tests. 

Values of ac, Table 21, were estimated from the data presented in Table 20, 
the previously mentioned K2 and SF. values, _and Equation 11. The results seem 
to indicate that the cleaning cycle time is more important in determining 

67 



ac than the boiler load level, neglecting for the moment any concurrent changes 
in such variables as inlet concentration and pressure loss. for example, for 
Tests 2 and A the steam flows were almost identical although the cleaning 
cycles were different. Thus, for a time interval of tc • 9.7 minutes, ac was 
estimated as 0.01 while for 54.2 minutes it appears as 0.07. This argument is 
apparently contradicted by Tests 5 and 6. However, the inlet concentration 
for Test 6 was about 3 times greater than that for Test S and the gas flow was 
also somewhat higher. In essence, Tests S and 6 demonstrate that the amount 
of dust added curing a cleaning cycle; i.e., the product of concentration, 
velocity and cleaning cycle time is the controlling factor in determining ac. 
This is to ~e expected since ac reflects the amount of dust removed (which 
equals the amount added) divided by the total amount on a bag before cleaning. 

TABLE 21. 	 ESTIMATED ac VALeES FOR THE KRAMER 
STATION BAGHOUSES 

TotalSteam 	 CalculatedTest 	 cycleBoiler Date flow 	 accode 	 tine,(10 3 lb/hr) (fractional)
(min) 

2-avg 1 5/77 240 9.7 0.02 
c I 10/i7 210 9.7a 0.01 
;) 1 10/77 197 9. 7a 0.01 
E 1 10/77 154 9. 7a 0~01 
s 2 7/79 244 114. 2 0.52 
v 2 1/80 162 114. 2 0.21 
A 3 10/77 160 54.2 0.07 
B 3 10/77 216 9. 78 0.02 
1 3 5/78 137 9.7 0.02 
2 3 5/78 160 9.7 0.01 
4 3 5/78 140 114.2 0.20 
5 3 5/78 185 114 .2 0 .17 
6 3 5/78 214 114.2 0.47 
T 3 7/79 257 9.7a 0.04 

5-avg 4 5/77 320 15.5 0.01 
4 4 7/79 362 182.7 0.49 

aindica tes that the normal cleaning cycle was overridden-
by high pressure loss, see Table 19. 

This is not neant to ioply that the pressure lir:iit aspect of the clean
ing cycle is uninportant. If the preset pressure limit is exceeded during the 
nornal cleaning cycle, the system reverts to the "constantly-cleaning" mode 
which automatically provides more frequent cleaning. However, for at least 
one full cycle, the value of ac would be the same (regardless of the type of 
cleaning cycle) since the amount of dust on a bag prior to cleaning will deter
rr.ine how m~ch dust is reioved from the bag in a deflate-reverse flow system. 
During subsequent cycles, however, less dust will be removed because the depo
sit thickness will be less just before cleaning. With continued filtration, 
the system will eventually achieve a steady state whereby the a~ount of dust 
added over the period representing a complete cleaning and filtering cycle 
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equals t~at removed. Since less material accumulates over 10 ~inutes than 

during 54 minutes, less removal is required to maintain steady-state. The ac 

values shown in Table 21 are "steady-state" values. 


Model Validation 

During the analyses of the SPS data discussed in the first part·of this 
section, it became apparent that ac values of less than 0.1 would require modi
ficatio~s to the eY.isting node! to obtain accurate results. In light of the 
fact that many of the ac values estinated from the Kramer data were consider
ably less than 0.1, the need for adjustments was further demonstrated. 
Although external corrections were ap?lied to the SPS results when ac values 
slightly less than O.l were encountered, it is undesirable to apply the same 
approach for ac values as low as 0.01 or 0.02. The principal objection is 
the high sensitivity to fabric pressure loss in the low ac range. Therefore, 
only a selected number of tests results and associated derived data were used 
in the Kra~er validation study. The actual values used in the modeling analy
ses are those which were presented in the preceding section, Tables 20 and 21 • 
The results of the analyses are presented in Table 22. With the exception of 
Test A, all ac values for the tests in Table 22 were greater than 0.1. 
Although the ac value for Test A was 0.07, the model automatically treats it 
as 0.1. The resuJ.t is that the predicted pressure loss is lower than that 
predicted had the actual value of 0.07 been used in a model capable of opera
ting at ac = 0.07. Therefore, the difference between predicted and actual 
pressure drops is correspondingly greater as shown in Table 22. 

With the exce?tion of Test A, predicted pressure losses are in good agree
ment ~~t~ the measured values r.Jith a rr.inimun deviation of +4 percent for Test U 
and a maximum deviation of-22 percent for Test 4. It appears that the greatest 
di:ferences between actual and predicted ?ressure losses occur for the low ac 
values as indicated in Figure 17. Although it might be argued that these 
dif:erences are due to random errors in the input data, if one assunes that 
the operating data have the same accuracy from one test to the next, a real 
relationship appears to exist. If so, it must be assumed that the model becomes 
less accurate~for low values of ac, a supposition that is confirmed by pre
vious studiesj 0 that show pressure drop is more sensitive to ac variations 
when ac is snall. 

~~e model predictions of penetration are not as accurate as those of 
pressure loss for the Kramer Station·Baghouses. In fact, the Kraner baghouses 
appear to be vastly nore e:ficient than predicted by the model. Although not 
analyzed in this study, other tests at Kramer indicated efficiencies of 99.97 
to 99.99 ~erce~t for Boiler 3 when operating at 50 to 90 percent of full load 
with no cleaning. 15 The large differences between predicted and actual 
penetration have not as yet been resoh•ed. 
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Test 
cotle 

~~.. 
v 

Aa 
4 

5 

6 

lJ 

a 
ac 

...... 
0 

TABLE 22. MODEL VAI.lDATTON TESTS BASED ON 

l'r<>ssure drop, N/m2 

Boiler Date Actual 
Pr Pd ic te<l Actual 

predicted 

') 7/79 71,5 700 0. 91, 

? 1/80 570 670 1.18 

3 10/77 525 750 1.43 

3 5/78 !190 600 1. 22 

3 5/78 ~45 625 1.15 

3 5/78 800 950 1.19 

4 7/79 700 675 0.96 


value of 0.07 - al 1 othP.r tests had ac v;:ilues 

KRAMER STATION DATA 

Penetration. percent 

Predicted Actual 

0.61 
0.34 
0.39 0.23 
0. ?.9 0.04 
0.51 0.10 
0.35 0.02 
0.60 

greater than 0.1. 

a c 

0.52 
0.21 
0.07 
0.20 
0. l 7 

0.47 
0.49 
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AVAILABILITY A~"D SEtECTION OF OPERATI~G DATA, MONTICELLO STATION, 
TEXAS UTILITIES GENERATING COMPANY 

I 

Design and operating parameters for Boilers 1 and 2 at Monticello Station 
~ere s~pplied by TI! personnel during a GCA plant inspection and in subsequent 
telephone communications with the engineers responsible for the direction of 
baghouse operations. The information used in the modeling analyses presented 
here reflect the most recent reporting of baghouse design, operating, and per
formance parameters. Table 23 provides a listing of the key data inputs used 
to describe current boiler and cleaning system operating characteristics. 

TABLE 23. 	 DESIGN Al\D OPERATING PARA.~ETERS FOR BOILERS 1 AND 2, 
MONTICELLO STATION, SINGLE BOILER STATISTICS 

Range 	 Average 

Lignite firing rate 411-496 tons/hour 454 tons/hour 

Coal ash content 	 16-28 percent 22 percent 

Ar.:ount of coal ash 

appearing as flyash 65 percent 


Total gas flow, ESP plus 
filter 2.3 x 106 acfm 

Total baghouse flow, 
Sections A and B 1. 7 x 106 acfm 

Total filtration area 	 6.7 x 105 ft2 

Filtration 	velocity 2.39-2.69 afpm 2.54 afpm 

Baghou~e pressure loss 

Boiler ~o. 	 1 10-12 in H20 11 in H20 
Boiler ~o. 	 2 10.5-11 in H2n 10.8 in H20 

~edcction of Qperating Data 

In reducing the design and operating data for the baghouse system, the 
average values for coal firing rate (454 tons/hr), coal ash content (22 percent), 
ash carryover (65 percent), and volumetric gas flow rate at baghouse tempera

10 6ture (2.3 x acfn) were used to computer the resultant flyash particulate 
loading (6.6 gr/acf or 15.1 g/a~ 3 ) in the gas streams entering the two sections 
of each boiler baghouse system. The average filtration velocity was estimated 
as 2.54 afprn (0.77 am/cin), based upon the average baghouse flow and total 
filtration area shown in Table 23. Similarly, an average pressure loss value 
of 11 in. water was selected for modeling studies. 

The cleaning cycle for the Monticello baghouses is designed to take each 
compartment off-line for 2.5 minutes. After returning the just-cleaned com
partITcnt to the filtration ~ode, the isolation of the next corepartment to be 
cleaned is delayed for 1.25 minutes. Thus, a total of 67.5 minutes is required 
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for the sequential cleaning of 18 conpartments during which time all compart
nents are on-line for 22.5 minutes and 17 compartments on-line for the remain
ing 45 minutes. 

As in the case of Kramer Station, insufficient field data were available 
for the concurrent deternination of K2 and ac. Thus, the value of K2 used in 
the present analysis, 1.0 N-min/g-m (at 259c and 0.65 n/min), wns that derived 
frorr. the laboratory measurements discussed in Section 3 of this report. An 
assumed SE value of 350 ~-min/n3 was chosen as a representative effective 
residual fabric drag describing the fabric properties after extended field 
service. The bases for this selection were ~rior GCA laboratory measurements 
on related flyash/glass fabric combinations. 

The total filtration capability for each boiler consists of two separate 
baghouses, A and B, each containing 18 separate compartrr.ents. Furthermore, 
the levels of operating pressure loss have been sufficiently high, ~10-12 in. 
HzO, to re~uire continuous or back-to-back cleaning. Since two compartments, 
one fro~ Section A and one from Section B are isolated simultaneously, the 
baghouse systerr. can be analyzed as if it were made up of 18 sequentially 
cleaned conpartments. Hence, in the summary of test parameters used for cal
culating ac levels, the nu~ber of separate com?artments is effectively 18. 
In Table 24, the necessary design and operating parameters needed to compute 
ac by means o: Equation 11 and also those required to operate the filtration 
model have bee:l corr.bined with the specific application designated by the cod
ings ac and M. 

TABLE 24. SL~~~RY nr DESIGN AND OPERATI~G PARA.'1ETERS USED FOR 
ESTIM.c'\TION OF ac A~D COMPt:TER ~ODEL ANALYSES, 
MONTICELLO STATION 

Applicationa 

Paraneter descriotio~ Numerical value 

~unber of com?artrr.ents 18 
Cleani~g cycle duration 67. 5 minutes 
Time to clean one conpartnent 2.5 cinutes 
~everse flow volurr.e Not used 
Cleani~g cycle initiation Continuous cleaning 
3aghouse terr.perature 177°c 
r~let concentration 15.1 g/am3 

K2 (25°C and 0.65 rr./min) l. 0 N-nin/g-m 
SE (25°C) 350 N-nin/m3 

t.:R 73 g/m2 

Filtration velocity 0.77 m/min 
Average pressure loss 

2750 N/n2 
(:neasured) 

8Yi desigr.ation means r<odel Input. 
ac desig:latio:; neans use for ac computation by Equation 11. 
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Since 'f-~onticello Station is a baseload plant with only minor variations 
in load level, a steady-state analysis can be performed. Furthenr.ore, since 
the bags in each section are essentially the same type and all have seen the 
same service tiIT.e, a representative estinate of ac appears possible. The 
method used for estirr.ating ac has been presented in preceding sections of this 
report dealing with the Harrington and Kramer baghouses. Based upon the data 
shown in Table 24, the estinated ac value calculated by Equation 11 is 0.32 
for the ~onticello filter systerr.. Despite the limitation of the estimating 
procedures, an ac value of 0.32 in conjunction with a corresponding Kz value 
of 1.0 appears consistent with similar data reported for the Nucla, Colorado 
systen; i.e., 0.37 for ac and a value of 0.76 N-min/g-m for K2. By using 
the ac value of 0.32 in conjunction with the other parameters required for a 
computer model prediction of filter pressure loss and dust penetration charac
teristics given in Table 24, the following results were obtained (see Table 25). 

TABLE 25. 	 CO~ARISON OF ~ASwRED A.'ID 
PREDICTED FILTER SYSTE~ 
PERFORMANCE FOR MO~TICELLO 
STATION 

Predicteda Measured 

Pressure loss, ~/m2b 1735 2750 

Penetration, percent 0.8 No data 
~.===7======================================== 

aBased on GCA Fabric Filtration Model.a 
bPressure loss across fabric. 

According to Table 25, the measured pressure loss is approximately 60 
percent greater than one ~ight expect based upon the modeling input inforrr.ation 
appearing in Ta'::ile 24. Several reasons can be offered for the poor agreement 
between predicted and ~easured values. The very lL~ited amount of data used 
in these analyses automatically detracts from its statistical significance. 
Additionally, the field and laboratory observation of electrical charge effects 
not detected with three other flyashes involved in this study represent another 
critical u:1~nov."n quantity. It is suspected, although we have no supporting · ·
evidence, that the charge properties may cause the K2 values estimated in the 
laboratory to be erroneously low relative to the field values. Therefore, 
there seems to be a critical need to determine K2 values by an in-situ method 
such as that proposed in Section 3 of this report. Insofar as attenpting to 
apply even the most advanced of the current theories for predicting K2 values 
fro~ fu~da~ental principles, it is believed that an accuracy of ±50 percent 
represents the best that could be expected at the present time. 

Samples of the tabular printout from the computer analyses of the 
!>1onticello, Kramer, and Harrington Station data are presented in Appendix B. 
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face velocities of 0.61 and 1 .02 m/min, respectively. 
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TABLE B-1. SOUTHWEST PUBLIC SERVICE SIMULATION - LOW LOAD - SE = 25 N-min/m 3 

SUM,..Al-(Y Of JNl-'llT PATA FUR HAGHUUSt. M•Al YSJS 

******************************************************************************** 

SUUTHwlST PLJSLIC StRVlLt - MlOIUM 

~ASIC Dl:SIGN DATA 
NUM~ER Ut- Cll"1PANTMl:NTS 
CUMPANTMt~T lLl:ANING TIME 

fUFF LI l'.t. Tl f"IE) 

CltA~l~G CYCLt TJMt 
C:ONTINllUIJSLY CU:Ar-1t-O SYSltM 
~EVERS!: fLUn Vt.LUCJTY 

OPfRA TING DA TA 
AVlRAGl fACl V[LUCITY 

co GAS TPH-lt 1-<A 1llNE.
Vt 

fNLt.T nus1 CU~CfNJh'ATION 

ME:.ASUh'tlJ AT 

FA~NJC AND DUST PNOPlNTJ[S 

SPlCH ll ktSISTANU, Kt> 
Mf:. A SUl<l:IJ AT 

EFFECTIVI: NESIDUAL DNAG, Sf 
MEASUNEO AT 

WfSlOUAL LUAOlNG, wR 

SPHIAL ~ROGPAM lr-.ST"1UCfll1NS 
MAX NUMAlR U~ CYCLf S MODtLED 
ACCUHACY LEVtl 
TYPE. OF IHSULIS Rf_IJUfSTED 

FRACTJUflJAL AFHA CUAl'.fO, AC 

LOAD OATA 

14 
1 • <J 

t'H. 0 

1 .•':>IJOO 

0 0 t>IH(} 
1 '> 7. 
~ • ">H 

l ., 7. 

~. ~ 7 

t " 7. 
O.nt<70 

52. 
l c; 7 • 

?.8. 0 

20 
0 
SUMMARY I 

11.tc> 

MJNUHS 

""u•u ff s 

,.. /i"• 1"' 

M/~.,Z"i 

DtGhfES Cf-. \If I Gh' A l>t-. 
r;;,..,j 

Pf GkU:.S ( f ,·v TI Gh'ADt 

~;-M tr11C;-M 
l>tt;k~t.S Ltl\JflGNADl 
M/r-1 IN 
N-MJN/M~ 

DFGNEtS CENTIGWAOt 
(;/M2 

http:CUAl'.fO


TABLE B-1 (continued) 

CALCULAl(n VALUtS 

I l\ILt. T DUST C:ONCfNTRA TIOI\ 

CU~MtCTfD TU OPERAllNG lfMPERAlU~~ 


FAHMIC AN[) OUST LAKl PWIJP~:YTlfS cu~~f(Tt-.D Htw 

SPECltIC CA~l MlSlSTA~Ctr K~ 
HFECTIVE l>WAG, SF 

F~AC T IONAL ARl:.A CU ANl:.O, AC 0. 12 


llMt. lNCMEME.·H 0 • ., 0 


to SYST~M CONSTANT ~• o.o 

?> t 
1. '· 

\. ' 

G/M3 


1;t1s VISCOSITY 


N•"llNl!;•M 
N•MIN/M\ 

"1JNL'TtS 



TABLE B-1 (continued) 

············~··································································· 
~ESULTS UF BAGHOUSI:. AhAlYSlS 

SOUJHwrsr PtlHLIC SH•Vllt - ~1tO(UM LllAl) llATA 

FUR ?R.OU M]lllUTfS llf'tRATinN, cvcu f\JUl>'Ht I( l I 
AVEh'AGt:: PfNf T~A I l•J~;: a.l:ltt-03 
AVt:. t<AGI:. PWE. SS\Jlff OHUP: \Ot't>.70 hl/M~ 

AVtRAGf: SYS TE~ FLOY..: 0. I~ SO M/MlN 
MAX IMU"' Pf:_Nf 1IU1 lllN: Q.':llE.·O~ 
MAXIMlJM PHtSSURt l)~lJr>= 1117.7" N/M;> 

CX>; FUW 28.00 MlNUTf S Uf'EWATIUN, C~CLI: llJUMI;[ h' 12 
""-I 

AVt~AGI: PEl\Of: TIUl ION: 4. 71H_•03 
AHliAGt PRt SSlll<E DROP: 1021.ti"> N/M~ 
AVl~Al.[ SYSHflA FLOi><:: o. nno l"l/Ml N 
~AXlMUt-' Pt~Jt HIA T TON: Q.1.11:1£-0~ 
>.\Al( J l'<'lllV· ._,Wt SSUHt OIWP: 1110.q7 N/"'12 

fOR 28.00 MINUH.S UPf:RATIClN, lYCU:. NLIMt;E R u 
AV[ RAGE PENEHUTIUN: u.77t•03 
A Vt h' A(;!:. Pkt:: SSU~f: IH~lJP: lll17.7b N/Mi! 
AvE h'AGI: SYSTFM I- LllY..= O. 71'.l\O ""IMI N 
"1All }MUM Pl:Nt TRAT IUN: Q.421:•0\ 
MAXIMUM PMESSURt O~(lf--': l!Ot>.17 N/~1 2 



••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE B-2. SOUTHWEST PUBLIC SERVICE - MEDIUM LOAD - SE ~ 25 N-min/m3 

Sll~MA~Y rit- l NPUl DAT A I- U~ HA!;t<tJUSf AP,,AL Y S l S 

SUUlH~EST PU~LlC SfNVlCE- LOW LOAD DATA 

UASIC DESIGN DATA 
NUMAfN u• cO~PARTMfNTS 1 ll 
CUMPANlMfNT [Ll:.ANIN~ TIMt 1. q M}f\JUTFS 

CUFF Llf\lt TIM[} 
[ U. AN l Mr; C YI. LI- T I Mt- ~~.o ~IJ Ml Ir S 

C0 N JI l\HJl.llJ SLY CU.Af'.;f-.D SYSTf.M 

REVlR5£ JLU~ vfLUCllY I • «:;t1QU "1/MJ P\J 


llPt:.RArING l>AlA 
AV[RAGE fACl VlLUCllY u.3C,50 P-1/r.qr,i 
f.AS Tt:.r.;Pt:.kA I UWt I B. Df GRF.l:.S c:f.l\JTIGRAl)t 
lNL~T DUST lONCf~IRATIU~ 3 .1.14 G/IV•3 

M[ASURtD AT I S 3 • 0 t-. (j 1-i l:E:. s U.NT l 1.+Ul)l 

fAARIC AND DUST PRUPtRTlt9 

SPtCIFIC WtSISTA~Ct, K? s. 11 l\4•M }"Jll;•"" 
MfASUWtD AT t B. DHil<E:fS CFNTJGRAl)f 

0 • ~'.>':>O M/MJN 
EFFEC!IVE:. NlSlUUAL DRAG, SF 3 I • N-"11ill/loll3 

"11-ASllRl:.0 AT 1H. Dt:.GREES CE~TlGRAD[ 
RFSIDUAL LUADING, ~R 2A.O F.tPo'<2 

SPtCIAL PROGRAM JNSTkUCTJO~S 

MAX NUMAlR nr CYCLt~ MODFLtD 20 
ACCURACY Lf Vfl 0 
TYPf OF ~ESULTS ~tQUESTED SUMMA~r I 

FRACTIONAL AWtA lLFANfD. AC O,Ob 

http:Tt:.r.;Pt:.kA


TABLE R-2 (continued) 

CALCULAHO VALIJtS 

l~LlT Dusr CUNCfNlRATIO~ G/MJ 
CORRECTED TU OPlHATING TlMPERATUHf 

FAl:Hnc ANO 011$1 C:AKt f.Jl<Uf>FRIIl!:l C!JHRtlH:O f(Jf< GAS VISCOSITY 

SPECIFIC C.AKl RESISTANCf, K2 l\i,;.Ml N/G•M__ 
lFFEC. T 1 vt Ol<AG, St f.J•~I 1>y/l'H 

~RACTIONAL AWFA CL~ANtO, AC o.on 

T!Mt lNCRt"1t..NT 0. ':>O 

SYSlEM CUN5TANT ~• o.o 

http:l\i,;.Ml


TABLE B-2 (continued) 

MfSULTS UF HAGHOUSt ANALYSIS 

SUUTtiv.t:.ST PUf:\LlC SHIVlc:t'• l ll~ LOAD DATA 

Hl1-1 28.00 MJNUlt.S UPt~ATI0"4, CVCLl ~UlvtHE~ Ii' 
AV[~Al;f-

AV[HAGt. 
AIJl:.~At;t 

MA)( I Mll"1 

"1AXIMUt-' 

Pf_llif TJ.IA l JfH,; 
t'Hl:.SSUkf. Df.'uP: 
SYSTEM FLIJl'I:: 
1-'t-NETHATl!JN: 
PRE SSUHf LHWP= 

li.t-.?t-03 
Llt!3.91 
u.Qt;to 

5.'>7f•01i 
/Jt)Q .}0 

•'</Mc 
M/Mf N 

N/.M2 

I.Cl 
0 

fUH 2A.OO MlNUft:.S UPUIAT 10!~, CYCLI:. NUl"fl:H H n 
AVE. RAf;t:. 
AVl:.RAGt 
AVE fol AGE 
MA xt MIJ"' 
"11'\ XI MU,.. 

Pl:.Nf THAT lflN: 
PHf. SSUHf DRUJ>: 
S'rSTt:M f-LU~i: 
1-'tNt: THAT l(l~i: 
t'l-ltSSlll-lt: Dl-IOf.l: 

3.on-03 
<UO .13 
0.4'.l10 

'>.'>lJf-03 
IJO,<J.9/J 

N/Me 
M/MIN 

r-./M2 

FOR t!B.oo MtNUTfS UPt:.RATION, c: Yc:Lt NUMfffR l IJ 

AVE HAGt 
AVf 1-iACif 
AVt:HAGt-
MA l) MUt-1 
MAXJMUM 

PENt HUT JUN: 
Pf<t ~SUI-if Ol<llP= 
SYSlfM fllJW: 
Pf_Nf- TkA TION: 
Pl-ltSSU~t Dl-lOP111 

3.blf•Oi 
IJl7."7 
O.Lli:,10 

.,.c:.n-o~ 

Uljb.3Q 

1'V/t>At! 

"I/Ml N 

N/"12 



TABLE B-3. SOUTHWEST PUBLIC SERVICE SIMULATION - HIGH LOAD - SE 25 N-min/m3 
a 

-···············••*•••••*······················································· 

SUMMAWY Uf' tM>til DATA HIH ~Al;HIJUSt Al~ALVSIS 

SUUIH~EST PUBLIC SlRVlCt - HIGH LOAD DATA 

ttASlC OESIGN OATA 
lllUMHl:R OF CUMPAMTMtllllS 
CUMPARTMlNT CLlANJN~ TJMf 

rnH LlfllE llME> 
CLlANl~G CYCLl TIME 
lUNTJNUUUSLY CltANtO SY51lM 
~l:.Vl:.~St. FLU~ VlLUCllY 

I IJ 
MJNUT[S 

~I/ Ii I N 

OPERATING DATA 
AVERAGt •At[ VtLUClTY 
GAS TE.MP[RAlU~l 

["<Ll:f DUST t:llNlf'~lHATlllN 

Mt.ASVRl:D AT 

Ml,_. IN 
Of.(,WH.S 0N1JC~HADF. 
(j,/M"\ 

DtGR~tS C~NllGRADl 

FASRIC AND DUST PROPERllt.S 

SPFCIFIC MtSlSTAN(l, Kl 
MfASUR[f) I.IT 

EFFECT(Vf MtSIUUAL DRAG, 
MlASURtO Al 

Rt.SIDUAL LUAOIN~, wH 

SI: 

J.Q~ 

lb5. 
o. 1cHrn 
ll. 

1b 1>. 
ltt.o 

N-MIN/G-"' 
DU,IH"tS 0N1 IGRAIJ~ 
fvl/M} N 
lll•MJN/M} 
DtGRttS CENTIGRADE 
(;/M2 

SPl:.ClAL PROGHA,;.. JlllST~UCllOl\iS 
MAK ~UMBER OF CYClfS twlrtl"lFl,.f.0 
ACCU~AC1 LtvlL 
TYPE OF RlSULTS RtYUlSTED 

lO 
0 
SU~MARY I 

,· 
FRACTIONAL AHfA CLl:.ANtO. AC O.OQ 



TABLE B-3 (continued) 

LAL CUL All:O llALUI S 

lNLtT DUST CUNCl:~TRAlJ~N 

CUHWlCTEO TO UPl:MAllNG T[MPl:HAfUHl: 

FA~ ... lC 4r~I) f)lJST (Al\( Ph'PPUHll:S cu..-w~(TEO 

SPlClflC CA~[ klSlSTANtl, ~2 

fFF[CTJ11l DRAG, Sl 

.. UH I.As 

fWACTlONAL Aj./l:_A CllAlltl), AL 

"° . 
N 

I IME Jl~CHE.ME.Nf 

SYSTEM CONSTANT w• 

(1 • '>O 

o.o 

vJS(llSJTY 

l';•Ml 'l/G-1" 
f>i•~JIUMJ 



TABLE B-3 (continued) 
**•••*******************i~*****~**********'******************'****************'* 

H~SULTS Uf HAGHUU5f ANALYSIS 

SUIJTH<'IEST PUHi lC SE.kVlCt. - H]l;H LUAll llAlA 

11'.00 Ml'JUltS UPFNATl!IN1 [Y(U_ lllUMUtR 10 
AVl:.HAGf P~ l\if TNA f IOf\I: ':>.9'JE•lll 
AVERA~[ PHE.SSUHI:. URUP:_ _lli2H.b'I l~/"'-l 
AVl:.RAGl SYSTEM FLO~: 0.8940 "'IMIN 
MAXIMUM P[NfTNA1lUN~ l. 041:. •Ol 
~AXI~UM PRtSSURl ONOP: 15cl.2.l N/Mc 

l8.00 MINUIES UPERATlON, CYCLE ~U~81:.H 11 
AV(HAGE PtNl:.TRATION: 'i.8bE•Oi 
AVfHAGI:. 
AV[HAGE 
MAXTM11M 

PRl:.SSURE OHOP: 
SYSTEM FLUw: 
l>fN(TNAlfUN: 

140"i.<;1 
0.89UQ 

I .Oll-\Ji! 

N/M2 
M/MIN 

MAXl~UM ~NtSSUNf OkU~: 1 ':>22. '17 l~/~2 

fUH 28.00 MINUTES llP[NAllrJN, l'ftlf NUMH~_W 12 
AVENAGI:. PlNETRAT!U~: 'l.l'H.•OJ 
AVF f.<AGf PNl:.55111./t. IJf.iUI>: 13'1t>.4H N/t'12 
AVfNA(;~ SYSltM HIJi..·: O.~Quu "'/MIN 
1'1AX(MIJM PlNl:.TlolAflllN:: _t.olf_-u;> 
~AXfMU"" PHtSSURt OROPc 1c,1a.uq N/M2 



TABLE B-4. SOUTHWEST PUBLIC SERVICE SIMULATION - MEDIUM LOAD - NO VELOCITY EFFECT ON K2 


~AS[C O[SIGN ~ATA 
NUMtif I< UF [UMPAk fMI: l~l S 
CflMPA~T:>if'~T Ct! r.t:l•Jl~ I !'If 

( LI F f L I ~1 ( I l ,qt ) 
C U A ~·t I 1 1 (, C r C L l I I •'' f 
CUNTl'lUllUSLY (llA~,tl) S\'Slt:vi 
HI: Vt NSt. F L(J11 111:.. LUL l I l 

()Pt: I< fl T f ~.o(; l)A T II 

Alll:_t-IA(,t .. Alt Vtl11Cll) 
!;AS lt.""Ptf<A!Ukt 
lNlt:.1 nus! (Ul\iLl:.r·dHAll(JN 

Mt A~lJNtl) A I 

SPtC]FlC >lt::ilSlAtJ(f:., I\~ 

Mt.AStJHt.O A I 

tFftCflll[ H[SlUUAL DNAG, 5[ 
MtA~lJtHll Al 

1-<l:SIUUAL Ll1Al)1~;~ 1 1\H 

SPtCIAL PHUGRA"' lNSll-lUl l lUl\iS 
MAX NUHbtN U~ LYCLl:S MU~tLl:U 

ACCUHACY LFVEL 
TYPt ll~ RU:ilJLIS kttJU[Sllli 

I 1' 

l • 4 

t'_H •II 

I. ":i"tl\J 

O.brl/U 

I 'J I. 
"i •., M 

I ., I • 

Lt- I 
I ':l I • 
u.t-H70 
~r. 

I '::! 1 • 
r' fl • 0 

lU 
U 
$1Ji••l·llikY I 

MI 11.·u 1 ls 

•··I i.1_1 l ~- s 

"·/Ml t~ 

~'Ir-; 1r" 

Jtl,f<H:.; [f ;, l I G.~A11i 


~,/M) 


Ut (,NU S Cf l\i l l l,t<A1>t. 

l·J-·"1 I •\J/G··1 
IJtl>k'l:.tS Lt.I'll I l l.."'Aot. 
t-1/Mll\J 
i~-,.i} I•/ M3 
tHGkHS (ft•dJr;HAll~ 

t_./'-'2 

http:IJtl>k'l:.tS


.\Cl • 
~I 

'· 

TABLE B-4 (continued) 

LJ\LlULAft.P VALUl!:> 

lNLtl DUST CUNClNIMAllON 
Clll-H<t:..CTED lU UF'tl<Al llllt; lf~PERATU~t-

SPECIFIC (AKt MtSlSTAlllCt, 
LHE.CTIIJt Ll~AG, ~l 

K2 3.tH 
t "0. 

l\/•M I ;~/G••'·l 
l\/•Ml;•/I"·~ 

Fl-IACl!UNAL AMtA 

TIM[ lNCl-ltM[Nl 

STSltM CONSlANT 

CLtA1Jt:1>, 

~· 

A( o. I ~ 

0. ';() 

(_I • I) 



TABLE B-4 (continued) 

NtSULTS UF BA~HUUSt ANALYSIS 

SUUlHV'iE.ST PUdLIC SERvICE - Mf0111M 1.0All llAlA 

Fu~ c.>i;.uu ""l wrr.s uPrNllTlUiJ, LVCL( 1'1Ufv1iHK I 0 
AVER Al;F P(IJf HHT((li~: 7.,t:'f-03 
AVtNAC,t 1-'kl SSlJ,.,.t tlwuP: 10.::'n.<;8 llJ/Md 

AV!:RAGt 
\lAXl"lll~ 

:;y s 1 t"'' fLti1-: 
P[ r! E1 i.'" T l i"J = 

o. PHO 
I • () '>f_ • n2 

:'-1/M} N 

•I A )( l 1'11 , ,, ..,,.. t :;:,ind_ [i .. IJ~': \ () '> l.' • 4 LJ >'1 / M(> 

\()°'. tUR 28.00 Mlr>illH.S IJPE~Al ION, CYCLt. 1\llJMl:H:I-< I 1 . 
AVt~A~l P !:. r~ E: I wI\ I I ll t,: 7 • .S2t-o~ 
AV[nl\c;t P~f. S!illfH" iHlfll'= 1 n 1 A. f\q 'V/M? 
A \tf KAI,~ !l YSI t ._. f I.I);,: o. 1~uo '•I/ 1'". ir~ 

"lA X l "-1l1M Pt r,t lt<tl I IPI•:;; l.O?t.-ui' 
MAX l :v!U,... Pl<tSSU~~ lH<OP::: 10110.11'1 1\1/Ml_ 

tUR 28.00 "l}~IJT(S LH' ~. RA l I U ;J, CYCU NU"lfiEI~ 1? 
AVl~1.1ut l'tr"t fkAl lil•,: l.?lt.-uf, 
AVtkAl;t t'h' ~- :;!:)\ ... t:: 1·t-llP: lfll'-~tl .\j/ I!'>.? 
l\\ll:.iU(.;i:. !:!YSltt-. rLurt= 0. 7tHO i"l/M\ N 

MAXll>'·UM PE: Nt It< Al llif~= t .ou_-ul 
MAX l HuM PrH. S!:>Ul'lt [)~(IP: l Ii 7 ~.<I( r-.il~e. 



-----------------

TABLE B-5. SOUTHWEST PUBLIC SERVICE SIMULATION - LOW LOAD - SE = 300 N-min/m3 

··································································•************* 
SUMMAMY OF lN~Ul UATA FUH HAC,HUUSt ANALYSIS 

...................................................................................... 

!;UIJlH.~lSI f'UHLIL Stkllltl- LUrt LUA() UATll 

~ASlC OtSlGN l>ATA 
------- ~~H~l-"4f:-NH;--- -------!~ 

(llMPA"l"'U~T LLlANli~{, l l,_.,l 

(llH Ll"-l l!Ml) 


------1(~L~l::..._.A..,.1~i~~~----· Mll>illf~S------ · 
CUNflNUUUSLY tLtANlO SYSltM 
ME~lHSt ~LU~ VtLUCllY M/MlN 

·--------- -----------------' 
UPt.lo(tdlN(j l>AIA 


AVtMAlit ~AU. VtLIJll IY o • .S':>'lO M/MlN 

b>A3 leHl'l:MATVWt l i:h- - - -- ----&.it. (;Wl:(S--Ut~ llbWAUt--- -- 

l~Lll !>UST CONClNTRAllUN .s 0 IAU {,/"'1 J 


MtASUJ.ltl> AT IH. Ul{,HttS ttNflGHAUE 

FA ti~ H. ANO DUS I f'lo(!Jl-'t kl It: S 

S~lllfll WlSJSl~~# ~~ -- .1.. 11-------- - - 1,.-Ml.N.IG-~L 


Mf.ASUktO Al lH. DtbM[tS CENTlGH•Dl 

U.J~ljO MOHN 


UHC' llll YESU11101 QQAfi...._...st-_~7.Q. __ _ .--· __t.i.'!'l!lJ..l'lJ M.,l.________---


MlASUWlO Al 111. Ut 6M t F. S llNlf(,MAOt 

~tSIOUAL l!JAOlr-.G, W-.1-i 


SPtClAL PHUGRAM lNSTHUCTIUNS 
----11l.U-. l\IUMIS( W .Qf - C. ¥.C.US MUOU..W-----'"--- 

AC ( Ul( Al Y Ulltl 0 
l~~l Uf Mt~UllS WlQUt~TtU ~U~~Al-iY I 

FHACTlUNAL ARlA CLEANED, AC o.oe 

http:i:h--�-------&.it


TABLE B-5 (continued) 
- ----- ------ -: ·----;.----~-· 

LAL(l.JLAH:I) 11AL1ll~ 

- lllllf;+-~4--f-Ofltt-{~A i l~----
CUIHH.C lt IJ llJ UPlkAflNl, ltM!-'t.h'AIU"1t 

SPlClFIC CAKl ktSISTANCf, K~ u.q~ N•M(N/ll•M 
c~Ff(TlvE O~AGy-st- ---~0'1. - ---- - ---1'.o•MJ-#IM}---

- .. MAGllUldL A~bA lU:.At.tlV,--Ab------~.~&--

TlMI:. (NCHE.Ml:.Nf o.~o MJNUllS
'\O 
00 --------- --

http:NCHE.Ml:.Nf


TABLE B-5 (continued) 

I-It: !:tt+l Ts· !IF HA6HHHSf-·-ANAl Yo Hr-· ------ -----. -···· --- -

SUUTHwfST ~U~Llt Sl~Vltt• LU~ LUAD UATA I· 

. ' 
I 

f u.; &-f.{lt-NU"4~e+/---l I ·-  - ---·--
AV[HAGl PtNlTHATIUN: 
AVlRAbl ~kl~SUWl DHUP= 

. ---·A~~ .S~S-H-..~-4:-0<ot--· 
"1AX1MU"'I ~t:.Nt lkA I [llr.: 
MAAl~U~ Pk~SSLlMt OHU~~ 

-~-

3.HE.•OJ 
. 'l~b. 73 N/~2 

- - ------G-s-4~ I ~-til.1-...M-+I.......____ 
:s.1101:.-0.s 

b41.1':> N/M2 
-------------- ---·~: 

\0:
'° ' 

tU~ l8.00 MlNUllS UPEMATlUN, CYCLI:. "4UM~ER ll 
-·-- --- --A \I~ kAM: ~I: b,ii, T" A-l I (µJ.111,...:.____ 

AVtkAut ~kt:.S5ukl DkOP= 
AvtMAGt SYSTt~ f LUw: 

------ ----·----- --....l<lA~ P!..M.ll<Al JO~ 
~AXJMUM PHlSSU~E OHO~= 

----l.....-lH-OJ 
'.>~I.lb "41M2 
0.11':>10 M/,.,1"4 

---- -·--l-.aHt.•O.l --- -
b.SQ 024' "4/M2 

2tt.OO M)'\jull:.'.:i UµtkAllt.INr (. Y(Lt NUM!jll-/ I~ 

AvtkA~t ~tN[TkAT]Ur.i: 5.3b[·O:S 
. .A.\11..IU~"'k~t-~RU.-_.:;__ >H1.0~--· 

AVfHAGl SYSTl:.M FLUw: O.Q~lO M/MlN 
MAXIMUM PtNtTHATJUN= J 0 8bl•OJ 

-···-·----- --------- ------- ___ __MAXlMl.Jk--Pkt.SSWtE--.o.kUf'------  -~-~. l l hll~--

. ----------- -----



•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE B-6. SOUTHWEST PUBLIC SERVICE SIMULATION - MEDIUM LOAD - SE • 300 N-min/m3 

SLJM•.,AHY DF INPUT OATA t-OW HAltHULJ::>I:. ANALlSIS 

·- -.......................-········-·········-···········••-A•••*-••••••&.•••-•••••**-*-A......_............ . 

SlilJfH('jl:.ST ~'UKLlL !.>t:.l<VlLL - f>•flllU" LlJAl) l>AIA 

HASll 01:.SlbN UATA 

--·· - ----~~-~~-t-t»tPAW I M~S- - . .--- -- I"- -- 

lU~µANl~l:.~T LLl:.A~l~b l(Mt:. t.q 

(UH Li i\ t l l ""l) 

Glt.A•"-1-~ ~Ybl..l l l~- lij.V 
tUNllNUUUSLY CllANlU SWSltM 
~1:.VEHSI:. FLU~ VELUCllY 1.'>400 M/MlN 

UµU./A 1 U,G IHI I A 
~VlNA~t:. fAll VlLULllY (l.ol'l/O rA/r-, l fli 

-~~l-~li<Wt.lol-A-l-Ukt- l'>l. - OL!,kt:.E.S ll:.Iii_f-lj#HAOL-- - ..... 
0 l NL l l OUST CUNCl:.NTHAllON .S.'l8 (,/ ... 3 
0 Mf..ASUHl:.l> AT I';, I• OEGHEl:.S ClNTIGHAOE 

---~HHLC WL';l';JAt.a(l, "' ---~--------U.~llll.h...M. _____----
Ml:.ASUHl:.0 Al 1'>7. l>lbHllS LEN1l~RAD£ 

O.b670 M/Ml~ 

lFflCfJW( WlSlO.UAL OHA~, Sl ltSo • --- _____ N-MlJ\IJ.Mj _ 

Mt-ASUWUJ Al I'll. lllt.WflS ClNT li>RAOI: 
Nt:.SIUIJAL LUAUlM.>, ,..w 

SPECIAL PROGWAM lNSTl(U(llONS 
n .MALN.IJM~lW llfr "' U.S-.MUUu.t.u----<O ------------

AllUHA( Y Lt-~ll 0 
l YPE Uf- l(lSUL l S l<lUUt!:i H:.0 SUMMA I./¥ I 

FHACTIO~AL ANlA CLlANlD, AC 0. lb 

http:N-MlJ\IJ.Mj
http:SlilJfH('jl:.ST
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TABLE B-6 (continued) 

···························································~········*··········· 
SUUIH~lSJ PUHLIC StHVJLt - MtUlU~ LUAU UATA 

-·t Q - ··- ----

AVlHAGt Pl~tTNAllUN: ~.7'*t-03 
AVlHAht PklSSUNl OHUP: IOM.lb NIM2 

- 41.Y~AGt. t;V&·H.W ·+l-U"'•-·- - --··-----~r11'-l0-fi41Ml......._--

"IA.\ l MUtv. H t1l TNA I ll!1v: "J. O..st:.-o~ 
~AX!MUM 1-'HlSSUMt UkUP: ll':>l.1'3 f>llM2 

·-------, 
~UH 28.00 MINUTlS UPEHAT!UN, C YCLl rvUMtJl:.H l 1 

---------- A.YE lolA~--P... ~AI IO,,,.;. -- --l. 1st-o !---·- - ·_ -- ·-·-l 
AVlHAbt PHlSSUMt DHU~= 1 o tt" • "H N/~2 

• 1 	 AVlMAGt STSllM •Lu~: o.nHo M/~lr>i I 
.>4A Jr; lb!U~ 1-' l J11t, Uo!.A. I l U4;.  ~.. ~4t--Ql 
MAX l MUM PHE.SSUNE OHUP: 11147.oo N1M2 

2 6 • 0 0 '-11 •'I lJ IE S IJI-' t HA I I 11 N, C.Y(LE. Nl1Ml1lf< 	 It' 
AVtMAl.t PtNt lk'Al lUlv: .s. nt-03 

__ 	AV E.XA.l.Ol.- _i'..HlS!>Urt l ll W.lU' -.. - -- - -, 1 ilU...l.b--.liL ~L-
AV t~A~l SYSlfM FLOW: 0 0 7810 M/~JN 
MAKIMUM Pl~ETNATIUN: 5.0ll-Oll __ ----~lMUM...._PiU SSllf«t lHt.Lw._.-.________~I+IJU&......ll _.NL.ILL../M~l-----

I 

- ---' 

http:11147.oo


TABLE B-7. SOUTHWEST PUBLIC SERVICE SIMIB.ATION - HIGH LOAD - SE = 300 N-min/m3 

·····································································~·········· 
SUMMAHY 0~ lNPUl UATA fOW bAGHUUSf At-.ALYSlS 

........................................ ······-············-···············...................................... .....____ 

SUUIH~l:SI PUhlll Stkl/Jlt • filt.H LIJAIJ l!AIA 

~ASIC OlSlbN DAlA 

---------4W~ Uf (U~lMt:.NlS 14 

LUl'•PAkl"1t.1~l (.ltA"'l'~b IJMt 1. 4 

l lJf ~ l II~ t I l Mt. ) 


· 	 {,;l. t: ~i--l'tb t-+f-l.t: 1 l Ml 
CUNllNUUUSLY (.LlANlU SYST£M 
Wl:V£ ... Sl FLU~ V[LUClTY l • ':>UOO M/MlN 

Ul't. ..CA 	I IM; 0 A I A 
Avt HAb~ r ACt vt Lil(.) IT u. /4t\O M/MJN 

{;A~ -l-t.D4V-t-~~ lHU. ----lC>':> • ~~~~ttS ~l44-lv~~M~A~u~t~~~....... 

0 INLET DUSI CUNClNfHAll0N 2.<1u C, tM3 
w MEASUHtl> Al lb~. OlGkl:lS CENTIGRADE 

f 	AtH< IC Ai\llJ IJIJ!:j I 1-'HUt>lk I lt.S 

..i..-YJS ___ 

MlASURl:l> Al I b'.>. Ul~HE t S CENllGHAOE 
0 0 7'J8U MIMI~ 

S.,~ClF IC 1«1;,SJ,SI Al~CE., ~~	 - ___..Ju.to\.1.~li

t. ffl.C ll-V E--.Jt£ S Ulu.AL. - U.ILA-'O • S£ 390·--- N-HlN/Hl----
Ml:ASLIHtU Al l t> c;,. Ul GHt~S CENllG~AOl 

HfSIUUAL LUAUIN6, ~H 2t.i. 0 {:,/M2 

---------- - ------· -· ··------ ---------- 

SPECIAL PROGRAM lNSTHUCllU~S 
___MALN11MSUI Ut (YCl.-ES MUOE..l..E.0.~Q_______ 

ACCUHACY llvll 0 

lYPf U~ NlSUL•S HlYUtSTlP SUMMAHY I 


fRACTIONAL AHtA CLlANtO, AC 0 0 11 

·--------------- ------------------ 

. '•. 



TABLE B-7 (continued) 

(ALLvLAltll ·•t.LUtS 

-·-1-JllU-f 1-}IJSI H~NH.lltl HAHY~ --
l!Jl.h<t C 1 t O IU 111-'r~All•·•u lfr.<1PtkAfU~f 

---'2-..-1.14 (./Mi - ----

5~tLJ~(C CAKt ~t5l51A~Ct, 
---~i;H-t-441£-l)lo!A{:;..,--~ 

K~ N•MlN/G•M 
l>l-Mllll/M! 

., 

T(Mt lNCHE.MlNT 

o.• ' ' .. 

0 • .,0 

o.o 

MJ NUHS 

---- -  -------



---------

TABLE B-7 (continued) 

MtoUllo l~--t;AbHUUM:. AfltALlSJS 

---; 

SUUTHwlSI PU"LIC StNVlCE • HIGH LUAU UATA I 
I 

,,~4,-H-~~- --·~----
AVl:..RAGI:.. 1-'tNl:..TNAllUNs t1.l~t:-ui 
AVtNAGI:.. 1-'Rtssuwt ONuP= H>il .07 N/Ml 

--A vt::RAM-- :-t'f S 't,M f. L-Hw;_:_ . ---·-. -----0. 8Q..IW--M/M I Al------· 
~AXlMUM Pl:..htlNAl(U~: u.~ol:-v.5 
~AX(MUM PNl:..SSUN[ l)NUP: 11 ~o • .n r~/"'42 

...... 26.00 ~l~UTtS OP£RATIUN, (.YClt NlJMli£W 11 
-'·O 

I.JI ---A.\ll:WAGt- Pt.Nl-lHAllUN.:.-  4.,.-l~t.•Ol--- ----. 

A\/E:.NAt.l: 1-'Nl:..SSUNt 1)1-/lJI-': 1o1Y.5t; N/M2 


Ii I AVtNAbl: SYSltM FLU~; O.ffQliO Ml,..IN Ii I 
___ J-r-··------- MAAIMUM ~lNt.~HAllUJI>;_ 4.~it.•IJJ ___ _ 


MAXIMUM 1-'NtSSUNE D~OP: 1711.78 N/M2 


------------- -- --~I 

AllEWA{,t Pt.NI:.. IHA I llJll;: ll.l9t•O..S 
AVlHIUO.t-P~LSSU~L UNUP: 1b J 0 • 8L!U.M4! -
AVtNAGl SYSTEM FLO~: 0 0 8Q(IO M/MlN 
MAXIMUM 1-'ENtT~AllUN: ll.7~E-O.S 

_____________--11\.UJMJJld PH£..SSOH.t:..--OROt>-:___L_---------------- l7 0 1-.. lQ_JUIQ__ 

! 

I 




TABLE B-8. KRAMER STATION SIMULATION - TEST S 

8UMMAM¥ Uf INPUT UAIA .. UM t;Ac.iMUVil: ANA~~-------

KHAMt~ • UNIT 2 • Jt3J • DA Tl:. 7113179 

BASIC OESl~N DATA 
NUM~EH OF COMPARTMENlS 10 

---- ·---t-OMPA~ JME~l---{;tt~G--11~£- ---· - - t .-4 ·--M-l-f+uf-E-3-------------
(Uf'F Llfllt llMEJ 

CLtANINb CYCLE TIME 11q.i MINUTES 
GONllNUUU8~¥ CL~AA~N~~~u-as~v~s~T~~~Ml---------------------~~~~-
REVERSt FLOW Vl:.LOClTY O.oOOO M/MlN 

UPE:MAl ING 9ATA 
AVERA~~ FAtE YELUCITT 0.0000 M/MlN 
GAS Tl:.MPEHATUl-ll:. 18~. 01:.GRl:.ES Cl:.NTI~HADI:. 

INl..il guil ~w~'LNlWAllQN 
MEASURED AT 

hl1 c.;oU 
DEGREES CENTl&HAOE 

~AB~lC AND OIJST RROP~RTlES 

SPtCIFIC Ht~lSTANLt1 K2 N•MlN/G•M 
MtASIJWt,U A I Ul:.~REl:.9 CENTl~WADt 

EFFECTIVE Hl:.SIOUAL 
MfASlllU: !) Al 

DRAG, SE 
0.0100 
.sso. 

l'> I 

M/MlN 
N•MlN/Ml 
U~GRfES CENtlGRAOE · 

RESIDUAL LOAOING, ~H G/M2 

SPECIAL PROGRAM INSTRUCTIONS 
MAX NUMBER OF crcLES MODELED 20 
AHURAC Y t..UEt.. ------ ... --0-------·-
TYPE OF RESULTS ~EYUESTEO AVE~AGE 

f~ACTIONAL A~kA 'LtANtg, At o.si 



-------------- ---------- --- -- -- -- - --

,!-' 
•O....... 


TABLE B-8 (continued) 


lALCULAltO VAlutS 


INLET OUST CONC£NJHATION l.l7 G/Ml 
CUMRE6TH}------l-G U~-T-1,..G J01~~ - -- 

fA~RlC ANO DUST LAKl P~O~tHTltS CUHHtCTtO fOH GAS VJ8COSITY 

SPEClf IC CAKE R~SlSTANCE, K2 N•MlN/G•M 

EFFECTIVE OHAG, SE N•MlN/Ml 


FHACTIUNAL AHtA CLtAN£0, AC 


TlME lNC~t.MENT .MINUTES 


iViT~M tQNSTA~T w• o.o 



TABLE B-8 (continued) 

•.t ** •.t.tAJl ilt * ** .t.t.t.t.t• .lcA:llll*--*--*-Jl* * * *** ** t..t.t.**** •*a** t. * *** ** * * * ***...._.* * *·**Jl*** *** * •• •• . 
~l:.~ULTS Uf ijAGHUUSE ANALYSlS 
.. -·- ···- .. ··-----··· -······-~ - ... ---·------ ···- ---·--·· - .. - ----·--- -- ---· - --·-··--- ..... 

··········~····································································· 

11'1.~U M]NUTtS UPlHATlUN, LYCLt NUM~tw b 

- .A~AlOt;. PlNC.1-tt.U-lrtm:.. - -- o..,.07.E..aU..i-- ____ . __ : 
AVl~AGl PHt.SSUHl ORUP• 1'1b.'l0 NIM2 
AVE~AGt SYSllM FLU~: o.o07'l "llMIN 

-----·. ··--··---- -·-··-- ·---- MA.1.lMUM-Pltd:.JHAllU.NL---- 1-. OQE.•Ol.. 
~AllMUM PHtSSUMt. OHUP: ~113 • .Sc N/M2 

'f-'' CYCLt NUMBl:.H 10 
00. AVE:.MAGt Pl:.NE:. IHAl lCJN• b.OH.•O.S 

. _.-----A V.EIUtil ~HESSU ttt......QRUP;; ------- ____]J~b • '62. N/Mc 
AVUtAl1l SYSIEllll FLOl'I:: O.o07~ M/Mlfll 
"IAXIMUM '"'thlffHATlUN11: i.0<1t.•02 

___ M.AXJMUM t'.h.l:..S~Uiil._Ut<.Uf';: _fil;Jj. l'I N/M2 _ 

~f UH . ____J,.J.U ..2ll.Jtl.kll U 8 UPf H.A...l..l..ON.__ CYl:.U .N.U.MliEH ... .8 - - ---· -
AVl:.RAGt P~Nt:.rRAllUN• o.07t.•03 
AVERAl.il:. PHtSSUMl UMU~• 11.1b 0 1.11 N/Mc 

----- A\11:.HAl.iLJ:iYSll:..M fLUWll _ _______ 1.1....bJl,7~ "'/PollN 
MAXIMUM PtNtTHATlUN• l.09[•02 
MAXJMUM PHtSSURE:. O~UP• 893.11 N/Ml,-----+I 1 

http:AVERAl.il
http:H.A...l..l..ON
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

--------------------- ----------

TABLE B-9. KRAMER STATION SIMULATION - TEST V 


KWAM[W - UN11 i - llSI • IJATI:. lUUttO 

8AS1C DESIGN OATA 
NUM~[H OF CUMPAHlMl:.NTS 1Q 

---Gtl1101 AHTMlNT ~E.AN1~-+l.fl4t.--- ------·· l-.4' 
(UH LlNI:. I lMl:.l 

CLl:.ANlN~ (~LLI:. llMt 114.l MlNUlt:.S 
· ~l~!>L 'r ~-'-t.ANt.l>-~YSJt,114--

HE VE.HSE fLU~ Vl:.LUCllY o.oOOO M/MIN 

YRiWAJ lfll(; OUA- -------------- 
AvEHA~t FALi:. VtLUCllY 0.11100 M/MJN 
GAS ftMPf.i-IAJU~t 1bl. Ol:.GHl£S Cl:.NllGkADE 

----&~N-L.._..i,..__r -DU~ 1 (' 'f>l~kA-!-lUN 
ME.ASU~l:.0 Al 

- ----1 •.H-
Hd •. 

- C./fllU_ 
01:.GkElS CENTlGHAOt 

i --- - -

SPl:.ClFlC kl:.SlSfA~LI:., K2 3 0 70 N-MlN/~•M 
MfASUltU)-A.,____ ----2!>. ----- llf CilU.t.:.S CE.Nll-GJ:iAOL----.:. 

0.0100 M/MlN 
l:.FFECTlVE ~l:.SIOUAL OHAG, St 350. N•MlN/M3 

Ml:. ASllHf O A I _____.2_5_._.•..._______..ll.t:..iaHfJ:...s_tliLllu.l<A.U.L_ 
~tSlOUAL LUAO!Nb, ~k 5o.o u/Mi 

SPECIAL PHUGHAM lNSTHUCllUNS 
MAX NUM~tH u~ CYLLlS MUOt~lD iO 
A((llRA( y U llt;l ___ _ ___u_ ____ 

---------~---~ 

TYPt Uf ~lSULfS klUUtSfl:.D AVlHAGl I 

__ . -----E..RAC.l!OtiAL-- AHt A fl E Atlt..U.._AC .0.21 



TABLE B-9 (continued) 

lNLl:.I OUSJ CUNLENIWAl1UN 1.j7 ll/M.3 
. 'UWW.l-C-l t:.~-U.1- OJ/t..M..A JI 111~ -l-i.JU>.t.WA.HJ.1i(_- -- - ----·--- --- . 

FAttkll ANU uu~r CA~l ~kU~lWlltS CUWWlCTtu fUW bAS VISCOSITY 

S~lClflL CAKl WlSlSTANCl, Ki N•l'tllN/l,;•"4 
tFFtCllVt UWAb, St N•MlN/Ml 

fkALllUNAL AIH.A LllAl.tU, AL 

1 IMt lNC:WE.Ml:.NT "'INUTES 

SYSllM CUNSJANT ~~- . u.o .J..fM.l . 

..... ..... 
0 

http:lNC:WE.Ml:.NT
http:LllAl.tU
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TABLE B-9 (continued) 

HlSULTS OF bAGHUUSl ANALYSJS 

******************************************************************************** 

-----·-----·--------

llU.~U Ml~uttS UPlHAIJu~. (.YClt ~UMt1tH lU 
-----4V£~Abl ~UA+..AHV~~ ------}...-}fJl•0-1 · 

AVl:.HAGI:. PRtSSUHE OHUP• ~72e7~ 

AVlHAGt SYSTlM ~LUw• o.~l7S 
~AX--! ~"4- -+'~~ I KA-f...I U...,llf.a•-------'115~,1~-o-.1------
MAX 1MVM PktSSUHI:. OHVP: 70~.10 

I-' '. 
....... ' 
....... : 

. L 'ftLI:. NUMl::U:.~ 11 
AVERAGE PENETRATlUNs le39E•O] 

---~lfu.GC--~Ri.UUWE ~...__ in.as N/M2.-·---~--
AVl:.HAbl ~YSll:.M FLU~~ U,Q17~ ~/MIN 
MA•lMUM Pl:.~tlRATlUNa ~,b91:.•0l 

---.·- -- ·---1441. lMU""- .t' it.i.SSWC-t.-l.JffUj!'---------4-04-.-U tU.Ml----·-

UU..<llU.-M.l!itUll~ UP£.HAJ-1Ulli•. UC.4..t. NUMbt.R ---l.l.- ---
AVl:.HAul Pl~l:.IHATlON: ],l9E•Ol 
AVEHAul PHlSSUHl OHUP• ~71,6~ N/Ml 

- - . ---- ··-- ·--------- 4¥t.W.Au.t..-s.¥.SU:.M f-4..u...w-•-------~o-,u-i...1"'*s......,,M.._/...,M.._.1...t.1.___ 
MAXJMUM Pl:.NETHATlON• S.~9E•OJ 
MAXIMUM PHl:.SSURE OHUP• 701,~~ N/Ml 

------------ ...  - -·-·----·--



TABLE B-10. KRAMER STATION STMULATION - TEST A 

81:JMMAH¥ UF JNPl:H DATA fOM 8AGHUU8E ANM.¥6l-&-

KHAM[H • UNIT j • JtST A • DATI:. l0/77 

BASIC DESIGN OATA 
NUMBER OF COMPARTMENTS 10 
GOMPARTMENT Gl~ANING TIME le., • MINYTU 

<OFF LINI:. l JMI:.) 
CLEANING CYCLE TIMI:. c;,q. 2 MINUTES 
GQNllNUQ~i~Y '~~ANig iYSJiM 
RE~ERSE FLOW ~ELUCITY 0.0000 MIMIN 

QPEMAHNG OAU 
AV[HAGE ~ACI:. Vl:.LUClTY 
GAS TE.MPE.lotA JURE 

o.1soo 
149. 

M/MJN 
01:.GREES CE.NT JGIUDE 

IN~iT gusr CCNC~NlNAl,UN 
MEASURED AT 

l~--

'"q· 
r9JN.i 
OE&REES CENTIGRADE 

fABAlt AMO OUST PRQ,~ATJiS 

SPECIFIC ~ESJSTANCI:., K2 N•Mll'U(;•M 
MiASUfil~IJ AT U~•RiES C~Ntl•RADt 

EFFECTIVE RESIDUAL 
MEASURED U 

DRAG, SE 
o.e:.100 
350 • 
. Z5. 

M/MJN 
N•MIN/M}
DEGREES CEMJlaRADf 

RESJDUAL LOAOlNG, WH 5o.O G/M2 

SPECIAL PROGRAM INSTRUCTIONS 
M~X NUM8ER OF CYCLES ~ODELED 20 
ACCURACY LEVEL 
TYPE Of RESULTS REQUESTtO AVERAGE I 



TAHT.E B-10 (continued) 

(AL(ULAltU VALUlS 

INLET OUST CUNCENTHATlON 1.2q G/Mj 
CUMl'E:C lf::O TO Ofo>ER.ll ING. H:~MPH~J.T~ -·- --·--·---

fAtlHlC AND OUS1 LAKt PHUPtHTIES CUHHlCTtD fUH GAS VlSCUSITY 

SPlCIFIC CA~E HlSlSTANCt, Kc N•MIN/G•M 
EFFECTIV[ OHAG, St N•MlN/Ml 

0.07 

TIME llllCREME.NT I .15 MINUTES 

----es~v~s~T~E~M-t-C~U~N~8+l•ANN+f-w.....•----~-~--~9hw~9~·~-~-~G~I-~-~~~-

.. 


http:llllCREME.NT
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TABLE B-10 (continued) 

---- ------~--

RlSULJS OF BAGHOUSE ANALYSIS 
---  ·------·-----· 

---~MAM~M · UN11 1 • l~~T A • DAl~ l0/71 --------...,.------------ --- 

S4.20 MINUIES UPtRATlON, ~YCLl ~UMHEW 11 . 
------  --· -  A\!lW~~~AlJU~- lw9H.•O-i----- --

AVlRAGE PWtSSURE DROP• 525.Sb N/M2 
AVERAGE SYSTEM FLOR• o.qo2s M/MlN 

-------111M~Ao-111X....il~M""U-M .. J>W~£.rJT.-A~A~T-.1l.-\iCµ.bl~·I--------'"............a...1;.~-~oi---- 
MA XI MUM PHlSSUHE DHUP: blij.01 N/M2 

LYCLE NUMBtR 	 12 
AVERAGE PENETHATJON• l.8qE•Ol 

----- -----------------------AllEAAi.E Pl'ESS"Nl -OR""'U"'P~•----.,----- -S~---
AVtHAGt SYSTtM FLOn= o.~025 M/MIN 
MAXIMUM PtNtTRATlUNs ~.bbE•Ol 
MOlM!!M PHE.SSUIH OWllP.c till 0 91 N.1.M.l

_J._..11,..Q____§.U..,,.2 0 MI NII l ES OPE RA Tl ON, CHLE NllM8ER 	 lJ 
AVERAGt PtNtJRAlJONs ] 0 88E•Ol 
AVEWAGt ~RESSUHE ORUPs 516 0 12 NIM2 

-- --------------· ___...A...V"E.11R.-Alil- S'l'S-l.t.M HOW= O.i&Ol5 M/MJN 

MAXIMUM PENETRATION• "•UE•Ol 
MAXIMUM PRESSURE DROP• f>l7.l4 N/Ml 

--------- --·--------------------- 



--- ------------------------------ ---------- -

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

TABLE B-11. KRAMER STATION SIMULATION - TEST 4 


SUMMA~Y UF l~~Ul UATA FUM YACMUUS~ ANAL¥818 
• 

~HAMt:.M •UNIT 3 TEST q .. DATt ~176 

8ASIC DESIGN DITA 
NUMBER OF COMP&RfMENTS 10 

-----COMPARfMEN-'J-~~l-#G--1-T~IM~E"'-----~l-,~Q1-- ---~M-~l~N~U+T~E~8----~~-~---

(UFF LINE T!Ml:.} 
tLtANJNG tYCLt llME MINUTES 
GONl lNUUUSL:Y HE.A~E.I;) i--¥-8-J--e.M-- ---  -------- 
REVERSE FLOW VELOCITY O.bOOO MOHN 

OPEIUTl~G DAU 
- AVERAGE FACl VlLUCITY 0. 1':>90 M/MIN 

GAS TEMP[MATURE. l "q. OtGHtES CENJlGHAOE 
- ---- --1~ OO~Nftu-l-WN --,--- I .,•9--- G.IM.i - 

MF..ASURED AT 1"q. DEGREES CENJIGRAOt 

~AB~IC ANO DUST PROPlRf l~E~S--------- ------------------- 

SPECIFIC M~SISTANCt, Ki l.70 N•MIN/G•M 
---------~M~k~A~s~~~~~~1~>~0~1.,__________.l~~~-r-------~D~t~G~w~E~k~s-..c~E~~~i-·1·G•R.aA~O~l~----'-10

O.blOO M/MIN
EFFECTIVE R~SIDUAL DRAG, SE 1~0. - N•M[N/Ml 

_________...,M~f.aA,.o:1!j""li>111R.1:.f~Ll._-.JIA~T_____ ---'·''>~--· ---llf..GRf..E.S Cf NfI If.RADE 

HESIOUAL LOAOIN~, wH ~b.O ~IM2 

SPECIAL PROGAAM INSTRUCTIONS 
MIX NUMHtM U~ CTCLES MODELED 20 

-- -------1.CCUQA( Y Lt.lltL - ---- __ __Q___ _____ 

lYPt OF RtSULTS ktUUtSJlD AVE~AGE I 

fRACllONA~ AWtA CLlANtD, AC o.io 

http:�9---G.IM


TABLE B-11 (continued) 

CALLULAftO ~ALUtS 

INLEJ OUST CUNClNTRAlIUN 
--~0 -f-O-U$l~T-ING J~MPEMATYR~ 

fAH~lt ANO DUST CAKt PNUPENTIES CONNECTED FON GAS VISCOSITY 

SPEClflC CAK~ RESISTANCE, K2 N•MIN/G•M 
EFFECTIVE DRAG, S~ N•"llN/,,.3 

FHACJIUNAL AHtA LLEA~tO, AC 0.20 

TIME. lNCRE.MENJ -MINUTES 

--~-..:.____--.....8Ys+E.M CON8UH-t-· w--- -· 0.0--



TABLE B-11 (continued) 

RESULTS OF HA~HOUSE ANALYSIS 

----. - - ·----------- - 

KMAMl:M-• ON-H- !---U.S-l----4----~A-J.~--'>l I~--- -- · 

11~.tu MINUTES UPt~ATIU~, (~C.:lt NUMl:ltH ~ 

AVtkAGt PtN~rHATIUN:: .l.ti~t.--0-.>- . --- ... 
AVEHAGt PRtSSURt OROP& 495.l~ N/M2 
AVlHAGt SYSTEM ~LUw: O,lbb'l M/MlN 

----- -tilA.X-lMUM--Pi:.NE TWAHU.!la: ... --- - s; .. .lQE • o.3 
MAXIMUM PHt3Su~t U~OP: nlq._ss N/lilt' 

114.20 HJNUTtS UPtHATJUN, LYLLt NUMHt:R lOI
I 

fUM AVtHAGl PENETRAllUNs 2.8~t-03 

---------- UEHA(;t, __ pt(£.SSUNi:.OfCOP:. ·- qQq.~8 N/M2 

l AVtHAb~ SYSTtM fLU~:: O. ~bt>':l !'<I/MIN 
I MAXIMUM PtNtTNATIUN: '> ••nt-o3 

-··------------· .llil.U.!MUM_P~!:.SSURL_fl.fW.P-~::~-- .. b 1I • ':l 5 _ Ill I M2 

_t-..ilR.--U",ii?O MlNllTFS Utlf:RAT(CIN, CYCl t .hUMJ:iL.t:.aR_-JlL-11~------
AVtHAGt PtNElNAllUN: c,69t•03 
AVEHAGt PNtSSUHt DRUP: ~QJ.78 N/M2 

-------v[..IU..bE~v...s~TL-E,,,M~•~L...•.ulWIL>::.._____--,-___-1,04, .it>ni--1!!1Ml N 
MAXIMUM PENETRATION: 5,l7E•03 
MAXIMUM PRESSUR£ DROP: blb,11 N/M2 

------· . ·-·----- ------ 

http:tilA.X-lMUM--Pi:.NE


TABLE B-12. KRAMER STATION SIMULATION - TEST 5 

*****************************************************************••············· 

~HAMtH •UNIT 1 • JtSJ ~ • DAft ~/7~ 

BASIC. DESIGN DATA 
NUM8lR Of COMPAHTMENTS 10 

-----'C..40MPAIHME'4T (;LE:ANJ NG TIMI! ·--h-4-- llllt.IUTtS 
<OFF LlNE TJMU 

CLEANING CYCLt TlMt 11~.z MlNUTtS 
~W~T1NUQU8LY ~LlANi~ Sf ill~ 
REVERSE FLOW VELOCllY 0.0000 M/MIN 

UPiAAT lt.IG gATA 
AVERAGE fACE VtLUClTY Oe'lbOO M/MlN 
GAS TE.MPEHA 11.JHE 1~9. OtGREtS CENTIGRADE 
lN~LT D~~l CU~C~NTWAllU~ o.o9 'JNl 

MEASURED AT OEGREES CENTJ~RAOE 

. . -f'-Aa.R I c AND DIJST ~P"-"R....o....P~l....R.....1......1~t....s---------------------------___ 

I,

SPECIFIC RESISTANCE, 
MEASUMEU Al 

K2 1,70 
i5, 

N•MJN/G~M 
ntGHtfS CfNTJGRAQf 

E~FECTlVE RESIDUAL DRAG, SE 
O,blOO 
lSOe 

M/MJN 
N•MJN/M3 

o--A~I________~2~s~•-------~M~E~•~s~ur.uR£....... ..._____~DwE~G~R~E~f~s...._~c~F~N~I~1~G~R~A~Q~f-------

RE SI DUAL LUADlNG, ~R Sc.o G/M2 

---------------..-- -- -- ---·-"·-- - ·--- --------·--' 
SPECIAL PRO&RAM lNSTHUCTlONS 

MAX NUM8tH OF CYCLtS MODELED lO 
ACCll(i U 't Lt lllL. - - -0- - -- ---------------
TYPE Of HESULTS HEQUESTED A~ERAG~ I 

£RAC11Q~AL AHfA Cl fANEO, AC 0.11 

http:M~E~�~s~ur.uR


TABLE R-12 (continued) 

LALCULAllO vALUlS 

lNl[T OUST CONCENTRATION o.oq G/M.3 
CORME-CH: 9 10 OP~ JU 1 ·l~-~£.fU-l-tJRE-

FA~Hl~ ANO OUST CAKt PHOPEHTllS CUHHl~JlO FOH GAS VISCOSITY 

SPECIFIC CAKE HESlSTANCE, 
EFFECTIVE DRAG, SE 

K2 N•MIN/G•M 
N•MIN/Ml 

-- ......--- - - --·--

FRACTIONAL AHEA CLtANtO, AC 0. I 7 

llME lNCREMEtH 2,81) MJNUTES 

" -- 0,.0--



---------- ----- -------

------------------------------

TABLE B-12 (continued) 

~ESULTS OF BAG~OUSE ANALYSIS 

CYCLE. NUMl::IE::R 10 
AYtMAbE ~~N~lHAllHU~N•----~-~~-,l§i·Oi 
AVERAGl PRESSURE:: OHOP• 	 5q9.2l N/M2 
AVEHAbl SYSTtM FLO~• 	 O.Qb75 M/MlN 

-- ----------JIU>.Xl~t.~l IUNC ··"£---0--3
MAi lMUM PHlSSUHt OHU~• bb6.l2 

llU,20 MINUTES OPERATION, C'fCLl NUMHER II ...... 
N 	 AVEHAwl PtNETHATIU~• 5,14E•Ol 
0 	 AIJERAfrE PRlSSURE DRO-P•--- 547.SO Ni-M.2 -- 

AVE RAGl SYSTEM fLUw: 0,'4b7~ M/MlN 
MAXIMUM PtNtTHATION• o.o8E-Ol 

-M4-X.UWM PJU.SSURf. --OJLOP;____ bbS, b-U-tU..M2--, 

..£.1.lJL -- U--4...l o w1,..uus OP-E.R..U~ u~L.~t:.--N1..,,1M..,e~E...R"--~1.....2'------ _______________ 
AVERAGE PtNllHATION: s.t'4E•Ol 
AVtHAGE PRE.SSUHt OHOP: 54b 0 1Q N/M2 

- ---------------- AVERAG~ SYSTEM fLU•a g I Mb J ') M.J~M...J,...1>4.___ 
MAXIMUM PENETRAllUN• •,UE•Ol 
MAXIMUM PRESSURl DROP• ObQ,lb N/M2

http:DRO-P�---�547.SO


-- --------------- --- -------------------------

TABLE B-13. KRAMER STATION SIMULATION - TEST 6 


···············••*************************************************************** 

~HAMEH • UNIT 3 • ltST b • DATE ~/78 

BASIC DESIGN DATA 

NUMBER OF COMPARTMENTS 10 


----C(;}f4P.ARl.f4£.N T CH. AH I NG l I ME - I• 4 MlNUH8 

COH LlNI::. TIMU 

CLEANING CYCLl TIME MINUTES 
GU~ l l NUOlHH.¥~-0 $ Ya+i. ...~--- --- . - ---------- 
RE VERSE FLOW VELUCITY · 0.6000 114/MIN 

----- OPE~AT l .. G DA l A -------------------- 
A¥ ER AGE FACE VELUCllY 0.5280. M/MIN 

...... GAS TEMPERATURl lbb• DlGHElS ClNTlGRAOE 
Ni lNLEl g~sl t;ONUNTMAll~ ..68~i-----<Gi.,,oH<"~j---------------~c~...... 

MEASUREO AT lbb. DEGREES CENTIGRADE 

~AIJIH' ANO DIJ$l--PWOPUU IE-5------ ·---·· --- -----------------
SPEClflC RlSlSTAN~E, K2 1 0 70 N•MIN/G•M 

------1M"4i.....A~s"v-~\.O---A' _i,,-.....--,-- --- OE.~~ -U-tit-l .-1(i,.a....A..-D...-t.11r-------
O. bl O O M/MIN 

EFFECTIVE RESIDUAL DRAG, SE 150. N•MINIM3 
. MiUURf;D AT - c-·· ----25-. -- DEC.PEES CE~flGRA.0£-- -- . 

~ESlOUAL LOAOJNb, ~R ~b,O G/M~ 

SPECIAL PROGRAM lNSTRUCTlONS 

MAX ~UMBtR Of CYCLES ~OOELEO zo 

A.GGUA AC V 1.i. llE.1. __Q.. __ ·-··------····-- ·--------------- 

TY~E OF RESULIS R~QUEStED AVERAGE. I 

http:C(;}f4P.AR


TABLE B-13 (continued) 


CALlULAllU VALUt~ 


INLET DUST tONCENTRATlUN 2,82 
-€-0R-R~H-I-HG--ff:MP-E#-ATURE-

FABR IC AND DUST CAKl PRUPl~TllS CU~Hl~TtO ~OR bAS 

SPECIFIC CAKE RESISTANCE, Kl 
EFFECTIVE DRAG, St 

FHACTIUNAL AREA CLEAN[O, AC 


. TIME INCREMENT 


8¥8 H:M CUN& 'J.•Ai..N+T-lli-•---------41-0·-.~·--

G/Ml 

VISCOSITY 

N•MINIG•M 
N•MINIMS 

MINUTES 



TABLE B-13 (continued) 

HlSULTS UF ~AGHOUS[ ANALYSIS 

CYCLt NUM~tN b 
--· - - -------4111:.WAl..t.--~t-tiit.-l-l>t/lf.l~:.----

AVlHAGl PwESSUHt DHUP: 
AlllkAGE SYSTEM f LU~s 
MA~lMUM ~~NETWATIUN: 

MAXlMU~ PHlSSUH~ ONUP= 

"· '>~----- -·--- 
801.48 N/M2 
0.5355 M/MJN 

l.07E•02 
97q.s7 N/M2 

,_. 
N 
w 

fU~ l:YCLl NUMlH,N I 
AV[HAGl PtNtTHATIUNa 

---~WlRAGl-~RlSSUH[ OHUP& 
AVlkAGt SYSTlM fLUW: 
MAXIMUM Pl~tTRATlUN: 

. MUlMUI'\ P.RES.Sllkt. D.~---

l.51E.•03 
. --··-- BOl • .i8 1''4/M2 ... 

0 0 ';>.S'.>5 fw\/M)N 

l.07l-Ol 
____ 919.._b..l. lilMl . 

---

CX( I I: Nl!MJl£..R_ __,8"---------
AVE kAGt PthllNATlON: 
AVtRAGE PHtSSURt DHOP: 

-------------------------.a..V.tliAlif SY s 1..1:.JLFLUw~=-
MA Xl MUM PENEJHATION• 
MAXIMUM PRtSSUHE ORUP• 

1. !:>H::-03 
801 0 lb N/M2 

--0....5..iS~ JV.Ml N. 
l 0 07E•02 

Q7q 0 '.;8 N/M2 



•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
TABLE B-14. KRAMER STATION SIMULATION - TEST U 

-- - -- ---- ------ -----·------- - -- 
~~AME.R • UNIT ~ • TEST • DATE //ll/7q 


BASlC DESIGN DATA 

NUMBER OF COMPARTMENTS lo 

GO"PAAfMEHf Gl~A4l~G-l---l-~--- . -t-..-4-----

lUFF LINE TlME.J 

CLtANING CYCLt TlMt 182. 7 MlNlJTlS 
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