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ABSTRACT 

Two light-scattering particle size analyzers have been 
tested at ANL in the process development unit (PDU) fluidized­
bed combustion system. The analyzers are (1) a single-particle 
analyzer developed by Spectron Development Labore~.tory and (2) 
a multiparticle analyzer developed by Leeds and Northrup. 
Particle size distributions and mass loadings determined at 
different flue gas duct ·locations ,.;rith the Spectron and the 
Leeds and Northrup instruments have been compared with those 
obtained \-lith (1) an Andersen cascade impactor, (2) a Coulter 
.counter, and (3) positive filters. These comparison were used 
to evaluate the two instruments at their present state of 
development. 
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CHARA.CTERIZATI.QN Of SUSPENDED FLUE GAS PARTICLE 
SXSTEMS WI.TH QN.-LI:NE LJ:GU'I' SCA'I''I'ERTNG PARTICLE ANALYZERS 

INTRODUCTION 

I.n the developm.ent of ppesf:;ur:ized fluid;t.zed-bed combustion (PFBC) systems, 

an on-line partic_le analyzer for the flue gas could provide continuous particle 

size and loading a_nalysis without disturbj,ng the off..,.gas stream. These measure­

ments will be used (1) in measuring the efficiency of upstream particulate­

removing devices (cyclones. and filters), (2) establish gas turbine performance 

at different particulate loadings, a_nd (3) to protect turbines or a test cascade 

in the event of sudden system ups_ets. In a pressurized FBC system, the flue 

gas will be at 'V900"C and 'Vl000 kPa ('Vl.O atm) between the boiler and the turbine. 

In the absence of an on-line particle analyzer, ·routine batch sampling of the 

hot off-gas using inertial impactors will be necessary. Batch sampling from a 

pressurized hot off-gas environment (described in a following section) is 

difficult, and the long time lag between sampling and analysis of samples by 

the latter technique is also a disadvantage. 

Two types of optical analyzers which have not yet been proven for fluidi­

zed-bed application were evaluated. Both instruments use laser light beams. 

One is a single-particle analyzer (a particle morphokinetometer, developed by 

Spectron Development Laboratory) which characterizes the scattered light from 

each particle (laser interferometer method), and the other is a Microtrac 

multiparticle analyzer: developed by Leeds and Northrup, which 'characterizes 

the entire particle distribution in its optical patb. 

Single-Particle Analyzer 

The single-particle analyzer measures the· sizes of particles and their 

. ·velocities by measuring the light scattered from each particle as it crosses 
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an interference patter:n genera.ted Q.:y th~ ;i.nters_e.ctiqn of two laser beams. A 

SGhema.tic drawing of' a typical s.ingl.e~.particle analy·zer· is given in Fig. 1. 

The laser beams are dtrected ra.dially into the flue-gas duct of the ANL PDU 

combustion system through specially designed windows. The region of measure­

ment of this inst:;;:ument, called the probe volume or sample space, is. at the 

center of the .duct where the two coherent beams intersect and generate the 

interference pattern. The scattered light signal from each particle in tpe 

sample sapce is detected and is changed to an electric signal shown in Fig. 1. 

The light may be detected in either a forward or backward observation mode. 

I.n the ANL evaluation, forward-scattered light was detected. Particle :::d 7.P. h.::ts. 

been shmvn to be a function of (1) the ratio of the .AC to.DC amplitude of thi's 

signal and (2) the shape of the particle. 1 (Farmer, ;I..972) ., The particle sizes 

that can be measured depend on the interference fri~ge spacing (6) in the. 

sample space. The interference fringe periods and the corresponding detectable 

spherical particle size ranges used in this evaluation are given in Table I. 

The .fringe.periods were set by adjusting the angle (a) at which the two laser 
beams intersected. 

A more detailed descriptiou uf the principles of the single-particle 

analyzer is available in the literature. 1 (Farmer, 1972) 

Multiparticle Analyzer 

··.··: In the more conventional light-scattering technique used in multiparticle 

analyzers, a single laser beam is directed into the off-gas duct. The particle 

size distribution ·is obtained by examining the Mie. scattered light from 

particle-laser beam interaction. All of the particles in the beam's path (off­

gas duct cross section) simultaneously scatter incident light. As a result, 

the size of an individual particle cannot be determined. The particle size 

distribution can be obtained by examining the total scattering intensity as a 

function of angle and laser beam polarization and by comparing the experimental 

data with theoretical calculations for assumed size distributions. 2 (Weiss and 
Frock, 1976) 

The multiparticle ana}yzer used in this work u·tilizes a new measurement 

technique. in which bhree measurements of the scattered light are made. These 

measurements are accomplished by means of a uniquely shaped spatial filter 
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wh;i,ch.~ 'xhen. pla.c.e.d ;i.n th.e J;~a.~nhpfeh": d;i..;Ur:?.c.t.;i,o.n. pl.;m.e ~ t'):."a.nsJl!i.ts the proper 

amount Qi:; L,;i,gh.t a.s_ a, :f;unct;i;qn. o.:f; s.c?.tter.:lng .;1,ngl.e to g;i_ye. the desired responses. 

Thes.e ·mea.sur:·ements: m.a.y· be used to detenni.ne t;:.he me.a.n di:a.meter and variance of 

the di.st~·ibution for pa.rt;i.cles in the 1-50 .lim range. Also, one measured signal 

is proportional to the volume of the pa.rt;i.cles illuminated, and this can be used 

to calculate the concentr:a.t:ton of particles (loading) ;i_n the fluid stream. 

l;f the tyi?e of; di.st-r:·i.b.ution is known (.i.e. , normal or log-normal) and if 

the d;i.str:ibuti.on i,s unimodal, the information on mean diameter and variance is 

·su:Uici:ent to completely describe the distribution· of the su~pended particles. 

The distriUution of the particles leaving thP. rombustor is multimuual (see next 

section) and ca.nnot be chara.cterized with this instrument. The distribution of 

the J?articles leaving the cyclones is unimodal a.nd very nearly log-normal; it 

is expected tha.t a multipa.rticle analyzer is capable of characterizing the sus­

pended particles in the. flue gas on either side of the filter upstrea.m from 

the turbines. The primary objective in this work was to eva.lua.te these .instru­

ments for gas-particle streams that lllould be expected on either side of such a 

filter. 
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SYSTEM AND PROCEDURE fOR fLUE.-.GAS PARTICLE MEASUREMENTS 

The flue ga$ system of the ANL fluidized-bed combustion, sy~=;tem (PDU) ha::; 

been mnrlHied for the"e evaluations, as shown in Fig. 2. Willdows for particle 

analyzers have been installed in two locations; one pair is upstream from the 

primary cyclone. Th.e other windows ar<> near the system outlet with;;the capaC;" 

bility of routing the flue gas past these windows, e·ither upstream or downstream 

from the sintered metal filters (S4 and S5, Fig. 2). With this arrange, it is 

possible to size (1) the coarse entrained particles from the combustor, (2) the 

smaller particles escaping the two cyclones, and (3) the smallest particles 

passing through the sintered metal filters (representative of particles that 

might enter turbines~. The coarse particles leaving the combustor were not 

sized with the multiparticle analyzer. Downstream from each·window location, 

Sampling ports have been installed that allow (1) particle Size analysis of 

representative grab samples ~ith cascade il!lpactors and (2) measurement of 

particle loading with membrane filters. Also, Steady state particle samples 

were obtained from the cyclones and test filter. 

The particle size measurements lvere obtained (1) with on-line particle 

analyzers, (2) using an Andersen cascade impacto" (described below), and (3) 

from steady state samples obtained from the cyclones and/or the test filter. 

The steady state samples were analyzed by sieve analysis and with a Coulter 

counter . 

Coulter counter analyses are performed by suspending the particles in an 

electrolyte (2 ~% NaCl in H2Dl; surfactants are used to enhance dispersion. 

In the Coulter counter, the suspension· is: passed through an orifice lvhich 

isolates two electrodas. As a particle passes through the orifice,· it generates 

a resistance pulse; the size of the pulse is proportional to the volume of the 

particle or the electrolyte that is displaced by the parti_cle, The m.easurable 
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s.;i.:_ze. 1:·a,nge <:rt;· f.'~IJ:t.:i.G.l.es, ;i:,$. l.;i:Jlll_t.ed O.Y,· t;he :;>;i,z~. ~-~. t;he. ~n::i.{i.ce (~2 ..... 50% of the 

<'H~i;~i;~e Q;i:.a,m,e.ter L. A d.;i;$.t:~·;i:.b.:uti.on. i.s.~ c.a.l~ulated. b.Y.· a..s..SuJ!!;i.:_ng that the part:i,cles 

a.re a,ll sph.eri;ca,l.. 'rn.i.S: i,nstrUJ!!e.nt W.~.(?. C.?.l.;i,b_rate.d With. s;ta.nd?.~d par.ticles (])QW 

polystyrene la.tex pa.rti.cles, pollen, a.nd. Nati;ona.l Burea.u of Stand.a.rds glass 

beads). 

Particle size distributions on a. weight basis were obtained by assuming 

that all observed particles were spheres of equal density aJ,"ld that the particles 

observed with the on-line instruments (single-particle a.nd multipa,rticle 

analyzers) were. identical to those that were mechanically rempved from, the 

system ann l,.<1,ter analyzed, Since densily 'is assumed to be constant for all 

particle dia.meters, the fractional volume dii!stribution and fractional mass 

distribution are equivalent. 

Cascade im,pactors are the devices used most often for obta.ined size distri­

butions of airborne particles in process or ambient a.ir in the size range 0.3-
' 

20 l-!m· In_this study, an Adersen cascade impactor was used to obtain combustor 

flue gas particle size distribution data ·for flue gas grab samples. Each stage 

of the impactor consists of equidiameter orifices followed by a tr~n~et plate for 

c6llecting the particles. Smaller otifices are used in successive stages, and 

thus smaller particles are collected in successive .sta_ges. The particle size 

distributions are calculated from experimental data by relating the mass tha.t is 

collected on each stage to the corresponding stage diameter, Impa.ctor designs 

(including the design of the impactor used) are l;>ased on the theoretical devel- · 
3 

opment of R,anz and_ Wong. (Ranz and ~vt)ng?. 1952) The .size m,easurements obtained 

with the cascade impactors are aerodyanmic diameters· (based on aerodynamic 

behavior of spherical unit--density particles). Thi.s parti.cle measurements 

should be most appropriate iJ.L cha.racterizing a.irborne particles in reLition to 

turbine erosion, which is an aerodynamic process.. J?revious FBC studies have 

shown that measurements of combusti.on particles wi.th c.as.ca,de i_mpa.ctors, Coulter 

counters, a,nd m.icros.copes a.re ;i.,n goqd ~greement._ 4 ~5 (Vogel et Cl,Z.·, 1974) (Hoke· 

et aZ . .J 1977) B.e'caus.e of pr.evious.ly f'ound agreement between the different 

measuring techniques a.nd of the sc.ope of thi.s eva.luation, no direct ·microscopic 

comparisoi}s have been mp,de in this evaluation.. Ho,wever·, i.t ;i.s planned to perform 

such a comp?.r:i.,son during the on-go:ing work on the eya).ua.tion of par·tic.ula,te 

clean-up components. a.t 1\NL, w:hich i.s a. m.uch. more extens:i,ve tas.k •. 
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The total G.UJT!Ulii.t.;i:.,ye Jl\\3..1?.~ dJ::itr-:iJ;mt~qn~ Qbt~.~.ned w~~.h. the. impactor in two 

c.ons.e.c.ut~.ve... )ll.e~s_ur:e.Jl\e:P.ts. QP. s:u$,pend.ed. pa.rti.cl.es' l.e.a.vi,ng th.e secondary cyclone 

(S.G,L_.,...ZG). a:r-e: gi.ve.n ;t_n ~;tg \ 3, .A,e~od.y-n.~.nri.c. ma.s.$ diameters oi;. 2. 7 Hm and 3. 0 llm 

were ob.ta,;i:.,ned, ;tt O.e.~ng \3..s.sumed th;:~..t th.e appa:r:ent. density of all pa,rticles was 

L 0 g('cJ!\3 • The sCIP\pli,ng c.ond.it.:lons for:· the ;Lm,pact~r samples a,re given in Table 

JJ\ ., Th.e.. tot.a.l. curn.ul.8.ti.v-e .. Jll.a.ss d;i.str;i,bution obtatned. w~th the Coulter counter . 
' i.s also given ;i:.n F;i:.g, 3, Th.e log'~.ean d:i;ameter was f:o\md to be 3,5 lJm, which 

COll'\par:·es favorably· with the distribution means obta:i;ned· with the cascade 

;lm,pactor. B.ec.a.use the Coulte.r counter was calibrated w·i.th. s.tanda.rd particles 

a.nd its. li\e.;t_sur:em.ents. of· combustion particles agreed lvell. wi.t.h. c.ascade i:mp~.ctor 

measurell'\ents, ;i:.t wa.s· assumed that these compara.tive measurements 'vere rep res en~ 

ta.t:ive of the true pa.r·ticle distribut;i:.ons. The eva.lua,t:ic;m o;£; th.e mt1.ltiparticle 

a_na,lyzer. was per-formed only· w-ith cascade impactor comp~rative measurements. 

The sampling system in the FBC system for the cascade imp~ctor is illus­

tra.ted in Fig. 4; for some samples, a glass fiber membrane filter was substituted 

for the impactor. The particle -laden-flue gas flowed by the optical windows 

(located in the line downstream from the cyclones or metal filter) , where the 

p~rticles were sized with a light-scatLering particle analyzer. Next,~the off7 

gas line was expanded- to reduce the velocity to that compatiple to isokirietic 

sampling with the cascade impactor and membrane filters. The tip of the 

sampling probe (0. 78-cm ID for single-partcile analyzer evaluation and 1.33-cm 

ID for the multiparticle analyzer evaluation) was machined to enhance aerodynamic 

stability near the probe entrance. The sample line lvas electrically heated to 

maintain the temperature of the gas sample above its water deH·point. The 

cascade impactor and the membrane filter holders was contained in a heated 

pressure shell to permit sampling from the pressurized (3 to 8 atm) combustion 

system. Gas velocities were calculated from measured gas flows and local 

temperatures. 



CHARACTERISTICS. Of SUS.PENPED P AA.TICLE DI.STRIBUTIONS 
AT DJ,E':E'ERENT FLUE-GAS CLEANUP STAGES 

The total size distribution of particles e1utriated in the combustor 

during a coal combustion expAriment (SGL-i) wa~ obrained by combining Coulter 

counter measurements with sieve analyses of samples collected }n the cyclones 

and metal filter. The particles-passing through the metal filter were 

justifiably assumed not to co'nttibute signific.antly to the total mass size 

distribution. The fractional mass distribution in sucessive half-volume 

intervals of all particles between 2 J.lm. and 1000 J.lm is given in Fig. 5. (The 

loading in the flue gas leaving the combustor is "'14 grains/scf or iv20 grr:~ins/ 

acf which is 4uite high.) This distribution consists of elutriated partially 

sulfated .limestone (apparenL density; Pa = 1.9 g/cm3), unburned coal CPa~ 1.0 

g/cm3), and coal ash CPa~ 0.6 g/cm3). Since these materials could not be 

separated, the distribution could only be obtained by assuming a uniform 

dens~ty; thus, the smaller-diameter fractions, Hhich contain more of the .. 

lighter ash and carbon, are probably biased high. 

Since the distribution of particles leaving the combustor is multimodal, 

the det~iled characteristics of the distribution can only be obtained with a 

single-particle analyzer such as was used in this work. However, because the 

distribution extended from 2 j.lm to 1000 J.lm, only that part of the distribution 

below "'70 J.lm could be sized with the single-particle analyzer~ 

The distribution of the particles escaping from the cyclones during a 

different coal combustion experiment (SGT..-2C) is given in Fig. 6. The mass 

loading at this flue gas location is '\!0.2-0.5 grain/scf, and the mass 

contribution by particles larger than 10 J.lm is small.. The largest mass fraction 

consisted of 3.0 to·3.8 pm particles, which contained 22.5 wt.% o~ the total 

loading. This distribution can be characterized as a log-normal distribution 

and it is expected that particles escaping from the filter have the same type 
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o~ di.E;tri.b_ut;i,on.. 'rl1.u.s.~ qec?.u~.e the type. o:!=: p9,rti,cle di.~tribut.ion that a gas 

turbine wi.l.l see i!:l· expe.cte.d to. b.e lo8~nor:·n1al., both. E;in~le.,.-.particle a.na.lyzers 

and multiparticle analyzers can be used in the hot flue gas of a PFBC system. 

Because the flue-gas particle distributions are not homogeneous (carbon, 

fly ash, and unburned coal), the extent t_o which particle shapes, apparent 

densities, refractive indices, eta.. a.ffected the differences between measure­

ments obtained by different measuring prin,ciples (techniques) was evaluated 

with experiments in which only virgin limestone particles were suspended and 

measured in the flue gas. This was accomplished by continually feeding virgin 

limestone into the cold combustor, thereby maintaining a steady state fluid bed 

of virgin limestone. The particles-that elut:i::iated were generated by attrition 

and had basically homogeneous properties. The fractional mass distribution of 

virgin limestone leaving the cyclones of the PDU system. was determined with'· 

the Coulter counter and is given in Fig. 5 (LASER-lB). It was also log-nonual 

in nature and the log-mean diameter was approximately-equal to that obtained 

for the combustion e?Cperiment measurement (SGL-2C). Thus'· this distribution 

can also be characterized by use of both single-particle and multiparticle 

light-scattering analyzers. 
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EXf.ERJ;~NTAL EVf\LUA'l'J;ON OP. 'l:H.E $'l:NGLE.,...PARTICLE ANALYZER 

Some x:es:ult$. Q~ pa:r;ti,cle s·ize m.eas.ux:ementf:! obta.ined with the single­

particle a.nalyzer for several combustion exper.iments have been compared ,.,ith 

size distributions determined byCoulter counter for steady state particle 

samples· a.n.d cas.ca.de impactor measurements. In addition to s.·ize measurements,. 

particulate loading measurements '"ere compared. The measurements with this 

laser instrument were made in the PDU combustion system 1 s off-gas duct between 

the combustor and the primary cyclone, where all particles elutriated in the 

combustor were observed. Also) particle size measurements bE:twe.en the secondary 

cyclone and the metal· filters are reported. 

MeasnremP.nts of Particle Size Distribution 

The conditions for the combustion expex:iments in this evaluation are given 

in Table II. In the first experiment (SGL-1), the distribution of particles 

leaving the combustor was measured. Two fringe periods, see Table I, were used 

on the single-particle analyzer, ·71. 4 11m arid 22.3 11m. The measured particles 

consisted of limestone fragments, coi:tl ash, and unburned coal. 

In the comparison, only the mass distributions in the measurable particle 

size ranges (1.5-23 ]lm and 5-74_1-!m) of the single-particle analyzer were com-. . 

pared with the corresponding distributions obtained with the Coulter counter. 

-The small (1. 5-23 ]-(rn) and the large (5-74 ]-(m) particle measurement comparisons 

are given in Figs. 7 and 8, respective.ly. For· the small-particle size range 

(Fig. 7), the ma.ss log-m.eari pax:ticle diameters obtai.ned were 8.5 11m with the 

Coulter counter a.nd 20 ]-lm with. the single-particle analyzer·. :For the large.:.. 

particle size range., the_ ma.ss log-mean.s of the partial dis.tributions were found 

to be 26 ]-(m. with. the Coulter counter and 70 1-!m with the. single-particle analyzer 

(Fig. 8). The difference between the two measurements ;Ls greater for larger 

p~rt:lcles. 

~~-- ---··----------~~-~-~--~---"--l':>-~------____;,----------
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The conditions for combustion. exp~riments SGL-2C and SGL-lC, in which the 

sizes of suspended particles between the secondary cyclone and the metal filters 

of the PDU combustion system were measured, are given in Table II. ·Particles 

with diameters of 0. 2 to 3.1 llm, and 1. 5 to 23 llm ~..rer·e sized with the single­

particle analyzer. The resulting partial (1.5-2.3 llm) mass distributions are 

given in Fig. 9. The mass log-means of these distributions are 3.5 llm (Coulter 

counter) and 17 llm (Curve A, single-particle ·analyzer). In the distribution 

obtained with the single-particle analyzer, the mass particule population in­

creased sharply for particles larger t.han 15 llm. Since at this point. the flue 

gas had passed throug~ two cyclones, most particles larger than 10 llm should 

have been removed, as found Hith the Coulter counter measurements. 

The submicron particles Here measured with the single-particle analyzer 

in experiment SGL-lC (see Table II), using a fringe period of 2.94 llm, To 

achieve tne recommended velocity of ~3.0 m/s or less (necessary due to response 

of electronics), the flue stream was split downstream from the cyclones and 

only a mete!:ed portion ~..ras allowed through the sampling system, Because the 

Coulter counter at ANL is not capable of measuring particles smaller than 1.5 llm, 

the small particle measurements made with the single-particle.analyzer were 

compared with the partial mass cumulative distribution obtained with the cas­

cade impactor (Fig. 10). The mass log-means.obtained Here 0.72 llm (singte-

·particle analyzer) and 1.6 llffi (impactor). The agreement obtained is c·onsidered 

to be as good as might be expected for the small particle measurements. 

Because of the low loadings (~0.05 grain/scf) downstream from the metal 

filter, no size measurements could be made with the single-particle analyzer.· 

Not enough measurable (1.5-23.9 llm) particles passed through the sample space. 

Hm.;rever, the present state of the art on. turbine technology suggests that this 

particle size range "'ill be significant at loadings of ·~0.05 grain/scf in causing 

turbin~ damage. 

On-line particle analyzers wi],l be ntost, useful downstream from FBC particle­

removal devices to monitor particle distributions and ~oadings in the flue gas 

that enters gas turbines. Particles <10 llm and >1 llm are expected to erode the 

turbines. It is encoura.ging that the characteristics of the fractional distri-

. butions obtained by the two different methods (siri.gle-p.article analyzer vs 

Coulter counter) were the same· and that tlj.e discrepancy between the- two 



mea.surements. bec_a)Il.e smaller· for ~maller· particles .. (<20 p.m). However, a signifi-. . . . 

can.t ·d:t_:t;f~.r-enc.e re)ll_a,ined. bet.ween the comparative measurements for 1.5 to 23.9 Jim 

particles (the mass log.,-means obtained with the single-particle analyzer were a 

factor of at least 3 larger). Possible reasons for the difference are given 

below: 

a. The mass loading ·d.ownstream from the combustor was <vl4 grains/scf 

(~20. grains/a.cf) ~ which is quite high. Thus, for the measurements 

upstream from the cyclone, the chance that there would be more 

thari one particie in the sample space of the single-particle 

analyzer was _high. Over 98% of the signals were rejected by the 

single-particle analyzer because of particle coincidence inter­

ference. (Signal rejection ~~tes between 97% and 90% are con~_ 

sidered acceptable by the manufacturer.) 

b. The original calibration for spherical particles, which ~.ras 

obtained with low number densities of mists and.aerosols by micro­

scopic measurements, is greatly influenced by particle shape and. 

orienta.tion in the sample space. The bias becomes more pronounced 
l for larger particles via visibility function. (Fa~er, 1972). 

c. Fragile particles might have broken up as the particle samples 

were collected in the cascade impactor or.in the cycloJ+es and test 

filter or as they were prepared for Coulter counter analysis 

(dispersed in an electrolyte). This effect could impose a bias 

towards small diameters in Coulter counter and impactor measure­

ment. 

. The agreement in the cold experiments between the single particle analyzer 

and impactor was better for the measurements with the lower loading (downstream 

from the cyclones). :However, beca.use the suspended virgin limestone particles 

were relatively homogeneous, similar in shape (J1ot dependent on diam~ter), and 

consistent in scattering properties (refractive indices), a better than the 
. . 

found agreement was expected bet~.reen the single-particle analyzer measurements, 

the measurements with the cascade impactor (seen in Fig. 11), and the Coulter 

counter. 

Because of difficulties irL.eva.luating the causes for discrepancies 

betwr-en the single-particle analyzer and _comparative measurements, an empirical 



mea.surements. bec.aJ!le smaller· fo1: $malle~· particles .. (.<.20 p.m). However, a signifi­

can.t d;[JJ?.J:·enc.e reJ!lained. b.etween the comparative mea.surements for 1. 5 to 23.9 Jim 

particles (the mas·s log.,-means obtained with the single-particle analyzer were a 

factor of at least 3 larger). Possible reasons for the difference are given 

helm~: 

a. The mass loading ·downstream from the combustor was ~Vl4 grains/scf 

(~20 grains/a.cf), which is quite high. Thus, for the measurements. 

upstream from the cyclone, the chance that there would be more 

thari one particie in the sample space of the single-particle 

analyzer was ?igh. Over 98% of the signals were rejected by the 

single-particle analyzer because of particle coincidence inter­

ference. (Signal rejection r~tes between 97% and 90% are con~·­

sidered acceptable by the manufacturer.) 

b. The original calibration for spherical particles, which '"as 

obtained with low number densities of mists and.aerosols by micro­

scopic measurements, is greatly influenced by particle shape and 

orientation in the sample s·p.ace. The bias becomes more pronounced 

for larger particles via visibility function.
1 

(Fanner, 1972). 

c. Fragile particles might have broken up as the particle samples 

were collected in the cascade impactor or in the cyclones and test 

filter or as they were prepared for Coulter counter analysis 

(dispersed in an electrolyte). This effect could. impose a bias 

towards small diameters in Coulter counter and impactor measure­

ment • 

. The agreement in the cold experiments between the single particle analyzer 

and impactor was better for the measurements with the lower loading (downstream 

from the· cyclones). .However, because the suspended virgin limestone particles 

were relatively homogeneous, similar in shape (not dependent on diam~ter), and 

consistent in scattering prop~rties ~refractive indices), a better than the 

found agreement was expected between the single-particle analyzer measurements, 

the measurements with the cascade impactor (seen in Fig. 11), and the Coulter 

counter. 

Because of difficulties iri .evalua.ting the causes for discrepancies 

b.etwr-en the single-particle analyzer and comparative mea.surements, an empirical 



t' 

corre.lation ·of~ the e.xJ?er;i.,m.en.taJ. d.;~,,t.a. w~.s. u~.ed. t.o ob.ta;l.n a best f:;i._t for the 

cal;i:.brat:Lon curve_,. Jn. th_~s- analy-sis., it was_. a.ssumed that. the. Coulter counter 

and inertial impacticm mea.surements· were correct. The particle distribution 

measurements obtained with the Coulter· counter and cascade impactor were expres­

sed as histograms, with intervals equivalent to the single-particle analyzer 

increments. The diameter-depend~nt factor necessary bo force the fractional 

contributions of the histogram, intervals from.the single-particle analyzer into 

agreement with those from the Coulter counter and impactor measurements was 

obtained. The ratios of the fractional contributions obtained from the Coulter 

counter and impactor measurements to those obtained from the single-particle 

analyzer for a considerable number· of measurements were correlated H·ith the 

reduced diameter of the interval, D/o. (D is the particle diameter and o is 

the.fringe period of the laser probe volume.) By use of least squares 

techniques, the following correlation was obtained: 

D D 2 
ln (K) = -4.91 ln(8) - 2.5 [ln(8)] (1) 

where K is the ra.tio of the expected mass concentration in the diameter interval 

to the measured number of particles within the analyzer interval. This correl­

ation gives a fair fit (the correlation coefficient is ~0.88); 

The above discussed. experiments were reana1yzE?:d using this empirical cali­

bration and the measurements in these experiments were adjusted using the 

calibrat;i.on function (Eq. 1). The results for SGL-2C, in which the particle 

mea.surements were performed on suspended particles downstream. from the cyclones, 

are given in Fig. 9 (Curve B). This figur.e also eontains the distribution 

which is based on the calibration function originally supplied by the manufac-­

turer (Curve A)~ 

K a: 1/D (2) 

The mass: .log-.mean diamete'rs· for SGL-2C (Fig. 9) were: 3.5 .\1m (Coulter 

counter), 8.8 )lm (Eq. 1 calibration), an~ 18 )lm (supplied analyzer calibration). 

Although· the adjusted (by Eq. 1) analyzer measurements still deviate from the· 

Coulter counter measurements, agreement of the measurements improved si:gnifi~· 

cantly. 
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M;ea.~m::e.ment of l?<;J.:r:t;Lcula.te Lo.adi.ng$ 

Loadi.ng m.ea.sureJIJ,ents: c.a.nno.t be JIJ,ade with. ·the s_ingle'""pa.rticle a.nalyzer in 

its present state of development because the appropriate volume of the sample 

space is not readily at·tainable without a comparison measurement.. ·Comparative 

loading measurements by gravimetric means were used to predict the probe volumes, 

and it was estimated· tha.t a.t best, the loadings could be estimated within one 

order of magnitude with the single-particle analyzer for high loading conditions 

(>0.1 g/m3).
6 

{Hontagna et aZ., 1977). No particle measurements were made with 

the analyzer under low loading conditions because ·t.oo few particles passed 

through the probe volume. 

•. 



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

EXPERU1ENT,AL EVALUATION OF THE MULTIPARTICLE ANALYZER 

W~ndows for the multiparticle analyzer were installed near the system 

outlet with the capability of routing the flue· gas past these windmvs, either · 

upstream or d'ownstream from the metal filters. The sampling port for repre­

sentative grab samples was installed upstream from the window location. Steady­

state grab particle samples were obtained with: the cascade impactors, membrane 

filters, and a total flue gas test filter. (The test filter replaced 

the metal filter during sampling periods, but loadings obtained \vith this 

filter are not reported in this paper.) 

Measurement of Log-Mean Particle Size 

The log-mean aerodynamic particle diameter (DAE) measurements obtained 

with the impacto; may be compared with the "projected" particle area mean 

diameter (DA) ~btained with the•-,multiparticle analyzer. The volume ntean dia­

meten:. DV, also obtained with the multiparticle analyzer, is larger by 

definition: 
- - 2 

ln DV = ln DA + 0.5 ln a 
n 

(3) 

tvhere a ·is the geometric standard deviation on a number basis; 7 (Irani and n. 

Callis, 1963) DV is more sensitive to changes in the distribution. DA cor-

responds more closely than does DV to impactor diameter measurements, DAE' 

which are dependent on the particle's aerodynamic drag and inertia. 8 (Orr.and 

Dalla Valle, 1960) The multiparticleanalyzer also measured the arithmetic 

deviation of the distribution. The geometric standard deviati<:>n, an, can be 

calculated from Eq. 1 anu the measurements lJA a.nct DV. 

of a and DA were used to characterize the log-normal 
n 6 

pended flue gas particles. (Montagna et al.~ 1977) 

The calculated value 

distribution of sus-

The resulting distri-

butions from the multipart~cle analyzer are slightly narrower (less variance) 

than the distribution from the cascade_impactor. 

15 



Th,e, cq.nd;i,t.i,qn&. i;Q~· the. CQJTI,b,:ust.;i:,on. e.:x;pe.l{~e.n.t& and. spme. col.d experiments 

a:~·e: g-;lyen. t.n Ta.lUe. ~JJ: to.ge.th.e.r· '-(;i:,th. t.he. ·m,eas.ured d.:i:a.met.e+:·$, a.nd loadings. 

B:ec.a.u$·e. th.e. con.tr·;t.b_ut,:t_on. o.:f; pa.rt.;t_cl,es.- s).lla.U.et: tha_n 1 }-lm. wa.s l,ess ·than 10%, mass 

ba.s;i.:.s, th.e ;t_n,)_)a.ctor: d.;t_s·tr:-±.b.uti,ons: were. ·not. trunca.ted ·to accommodate the range 

ot: the multiparticle analy-zer (1.,-20 J.lm-dia). In coal combustion experiments, 

the aerodynamic log-mean diameter (D AE) r:anged ;from 2 to 3. 5 }-!m and the pro­

jected area mea.n di.ameter CD A) ra_nged from 2. 2 to 3 .. 4 11m for all suspended 

particle measurements when the loading _(grav-imetrically obtained) was relatively 

_high (>0.1 g/m3 or >0.044 grain/scf). The volume mean diameters (DV) ranged 

from 2.9 to 5.5 11m for the same measurements. 

ln ''cold" experiment LN-9-5, only ·virgin limestone particles were measured. 

The loading was also relatively high (>0.1 g/m3); DA was 2.7 11m, in comparison 

with 1.5 11m for DAE. It had been expected that the measurements made on the 

suspended virgin limestone w·ould have agreed better than those made on the 

mixture of particles during combustion exper.iments. However, the (~ and D A) 

agreement for suspended combustion particles was slightly better than for the 

ab~vemeasurements under high loading (>0.1 g/m3) conditions. In comparison 

with the multi11arti rle analyzer, the mass log-mean diatneLers of part:ic.les 

'leav;i..ng the cyclones (loadings ~0.1 g/m3 ) measured with the-single-particle 

··analyzer (only particles between 1.5 and· 23.9 11m were compared) were at best 

a factor of three greater than those obtained by the Coulter counter and · 

impactor measurements. 

The agreement of DAE with DA was poorer for measurements made at lower 

loading conditions (:::_0.01 g/m3) in experiments LN-9 and LN-11. DAE ranged 

from 0.63 to 1.9 11m and DA ranged from 2.0 to 5.5 Jlm. The loading of ~0.05 g/m3 

for ·particle diameters of 1~10 J.Jm is presently being proposed as the approxi­

mate maximum tolerable loading for turbines. Because the particulate loading 

tolerances on turbines remain uncertain, it is desirable to have optical 

instruments capable of measuring particle loadings <0.05 g/m3. In these lmv 
. -

loading measurements, DA was. approximately three ·times larger than D AE. 

Considering the difficulty of obtaining accurate impactor measurements for the 

comparison, this agreement can· be considered fair at this stage. In comparison, 

no )_)article. measurements could be made Hith the single-particle analyzer at 

these low loadings because not enough particles passed through the sample space 

of tl1e instrument. 
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Mea,surCJl\ent o~ :R!=t.rt;i,c.ul!=t.t.e L.o:adi!lgs .. 

])1_ the~e expe:pi_ffi.e.nt.s., part.icula.t:e. load:i:,ngs. ':Jer:e. )II,e.;l,$.Ured i,n addi,tion to 

·mean particle s·izes·.. Values· for: c0mpar:i::son were obtained by- three backup 

m.ethods. The amount o~ particulate coll.ected on a total flue gas metal filter 

located downstream from the multiparticle analy-zer .windows and sampling port· 

·provided one backup mea.surement. The other backup measurements were ~:grab . 

samples, and each consisted of (1)-the particulate collected in the impactor 

including a backup ·filter to the im~actor and (2) the material collected on a· 

membrane filter. 

For the measurements during the combustion experiments in which the loadings 

w·ere high (>0. i g/m3 , gravimetric), the gravimetric loadings were a factor of 

four or less smaller than the optical loading measurements made with the multi­

particle analyze.r, .'see Table· III.. (The loadings from t:he multiparticle analyzer 

are proportional to the particulate density asstm1ed; 1.:()) g/cm 3 .) For 

~any high loading measurements, such as LN-4-2, the gravimetric and multipar.ticle 

analyzer loadings were very close. The-gravimetric loadings under low loading 

condition~ (<0.01 g/m3 ) were one order of magnitude le~s than the optical 

multiparticle analyzer loadings. The semicontinuous ba(ckground loading sig-· 

nal is compared with the background plus sample loading signal in Fig. 12 

for loH loading <.::.o. 01 g/m3 ) measurements. The loading measurements signal 

is only 4% greater than the background; this can account for the order of 

magnitude difference between the multiparticle analyzer measurements and the 

gravimetric loading measurements. These low loading measurements were made 

on suspended particles that had escaped through the me.1t;al filter. 
··.:-.r .. 

In the cold experiment (LN-9), loadings deter6ined gravimetrically were 

one order of magnitude smaller than those obtained in t:Jbe hot experiments for 

the high loading measurements; they were about two orde:!Ls. of m.agnitude smaller 

for the lmv lo.ading experiments. This large difference .may be due to an increase 

(over the period ·of an hour) in the multiparticle analy,zer background 'signal· 

during these cold experiments (see Fig. B). The avera~jge gas linear velocity 

in the flue gas duct near the optical windows was ~V30 mv1 s during the cold 

experiments; during the hot combustion experiments, the linear gas velocity 

was only 'V3 r.1/ s. A higher gas velocity creates more t.mnrbulence ·and. a greater 

chance for particles to build up in the free space bet"l).v.een the windows and 
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:-. ··, ··~·--·- ".:..:. _., .. .,.~ ....... '•'--·- .... ~ .... --:. 

and th1= f.l.ue ~a.s; f;lqw.- $;t.~·e~ll\·. 'l:h!= b.a.c.k.g"J;o.und. was observed to de.cay to 

nor.·ma.l. a£: tel;' ~lQW..' o..£: l;l)11~.s.tone,l_a_de.n a;tr.· was turnded off. 
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CQNCL.US lON~ 

The single-pa:r:ti.cle analyzer is. capa.b.le of characterizing a suspended­

par-ticle distribution as. a histogram. Thus, the actual shape o~ the size 

distribution.can be obtained. The multiparticle analyzer can characterize a 

distribution by gi..ving the mean and a nongeomtric variance of the distribution. 

Unless the type. of distribution is knm..m and it is unimodal, the latter instru­

ment cannot describe the distribution of the·particles. The distribution down­

stream from the cyclones of a PFBC system is expected to be log-normal, based 

on measurements in this and other studies. Therefore, the distribution can 

also· be ·obtained Hith multiparticle analyzer measurements. Hmvever, the single­

particle analyze"!;' has a greater capability to characterize particle distribu-

tions. 

For high-loading (>0.1 g/m3) measurements, the projected particle area 

mean diameters obtained with the multiparticle analyzer were generally <25% 

smaller than the aerodynamic mass log-mean particle diameters determined with 

the L~pactor. In comparison, for the same loading conditions, the mass log­

mean particle diameters ohtained with the single:....particle analyzer were a 

factor of three (or more) greater than those obtained by· Couj_ter counter and 

impactor measurements. For low loading.conditions (<0.01 g/m3), the mean 

di;1mcters obtained ~vith the multiparticle analyzer were approximately three 

times larger than log-mean diameters obtained with the impactor. No particle 

size measurements could be made at these low loadings with the single-particle 

analyzer. 

For high. loadings, the gravimetric loadings were a factor of four or less 

. smaller than the optical lo~ding measureaents ·made with the multiparticle 

analyzer. However, many measurements made at ·these relatively high loadings by 
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the two techniques '"ere very close, Under low loading conditions (< 0. 01 g/m3), 

the gravimetric loadings were one order of magnitude less than the optical 

measurements with the· multiparticle analyzer. For these low loads, the loading 

mea.supem.ent s,i,&na.l :j:,~: on.ly· 4%_ grea.ter: tha.n the ba.ckgrqund ~ th;i,s ;i,s. a pot.entia.l 

source of error. If the background ca.n be reduced electroni,ca1ly o;r via 

cleaner windows and/or optica.l path, this instrument would be very promising 

for on-line PFBC measurements to protect the gas turbines. 

For the single-pa.rti_cle ana.lyzer, loadi.ng measurem!=nts cannot be made at 

its present state of development because the a.ppropriate volume of sample space 

is not readily calculable._ Based .on comparative ineasuremi=nts by gravimetric 

means, it was estimated that at best, loadings could be estimated within one 

order of magntidue with the single-particle analyzer for high loads. No low 

loading (<0.01 g/m3) measurements have been made with the single-particle 

analyzer . 

. The multiparticle analyzer is a state of development allowing it to be 

used \vith little operator training. Operation o£ the single-particle a·nalyzer 

requires much more care, and data reduction is presently very ti.me-.consuming, 

The single--particle analyzer is a first-generation instrument· and has much 

potential. On the other hand, the multiparticle analyzer is a more advanced 

instrument and with some refinement can be useful riow in the developll\ent of 

PFBC technology. 
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TAB.LE I. SELECTED INTERFERENCE fRlNGE SJ'ACINGS A..t'JlJ 
THE CORm:SPQNDING HEA,SURABLE SPHERICA.L 
PARTICLE.SIZE RANGES 

Fringe Min;· Particle Hax. Particle 
Period, Diameter, Diameter, 

lliD lliD . lliD 

71.4 4.9 74 
22.3 1.5 23 
. 2. 94 0.2 3.1 

2 
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TABLE II. EXPERIMENTAL CONJH'riONS FOR A COMBUSTION EXPERIMENT 
IN THE EVALUATION Of THE SINGLE-PARTICLE ANALYZER 

Location of PM Hindo\vS: Between PDU combustor and 
cyclones, SGL-1. 

Sorbent: Greer Limestone 
Coal: Sewickley 

Between second cyclone and 
filter, SGL-2C. 

System Pressure, kPa: 308 (3 atm) 
Fluidizing. Gas Velocity, m/s: ·1.0 

----··-·--··"''""·">·"-····------------------------'-------""----

Conditions at 
BM Windows 

Combustor Gas 
Temp, Velocity, Temp, 

Exp. oc m/s oc 

SGL-1 850 5.2 350 

SGL-2C 855 11.8 123 

SGL-lC 855 2.6 90 

24 

Conditions Near Probe 
at Sampling Duct 

Gas 
Velocity 

Vfg, 
m/s 

3.26 

0.91 

Temp, 
oc 

llO 

60 

Ratio of Duct 
Velocity to 

Probe Gas 
Velocity 
Vfg/Vs 

1.16 

1.15' 



'. 

Exp. 

LN-4-1-a 
LN-4-1-b 

LN-S-1-a 
LN-5-2-b 

LN-6-1-a 
LN-6-2-b 

. LN-10-3-b 
LN-10-4-b 

LN-11-1--,a . 
LN-ll-2.,-.a 
LN:-ll-3~a 

LN-9-3-ag 
LN-9-2-ag 

.. 

LN-9-S-bg 
LN-9-4-bg 

..,. 

TABLE. III. COMPARISON OF PARTICLE .SI~ES AND LOADINGS 

OBTAINED WITH THE MULTIPARTICLE ANALYZER, THE 

ANDERSEN IHPACTOR, AND MEJviBRANE FILTER 

FBC Combustor Conditions: 

c 
iiv 

(~ni) 

S.l 
2 •. 9 

s.s 
3.9 

4.4 
3.6 

3.8 

11.9 +.3 

lO.S +.2 

2.24+.36 

3. 77+.23 

Pressure 
Temperature 

Fluidizing Velocity 
Sorbent 
Coal 

308 kPa (3 atm) 
8SS°C. 
1 m/sec 
Greer Limestone 
Sewickley 

MICROTRAC Andersen 

d. -: ImJ2ac tor. 

DA Loading . DAE e L 
.(~m) (g/rn3)et (J.!m) (gfm3) 

2.8 0.43 2.2 0.33 
2.2 . 0.83 3.S 1:1 

3.4 0.18 6.of 0.21 
2.3 1.0 3.2. 0.98 

2 ~8. 0.46 3.0 0.12 
2 .• 2 0.64 3.5 1.1 

2.2 1.5 2.0 O.S6 
0'.37 

s.s +.11 0.12+.01 1.9 0.01 
0.13+. 01 

4.97+.12 o.'11+.o2 1.8 0.01 

2.01+.06 0,21+.04 0·;63 0.001 
0.10+.02 

2.72+.07 1.20+.06 l.S O.llS 
O.S2t.l7 

al g/m3 = 0.437 grain/scf 

:After filter. · 

· Between secondary cyclone and filter. 

~Volume mean diameter. 

Proje~.:ted area mean diameter. 

;Aerodynamic mean diameter. 

Suspect, possibly due to unexpected flue gas re-entrainment. 

gCold elutriation experiments - only virgin limestone particles measured. 

.·· . 

Neinbtane 
Filter 
Loading 
(g/m3) 

0.64 
1.3 

0.41 
0.4-0 

0.54 
1.0 

0~63 

0.009 

0.003 

0.110 
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Fig. 1 . Spectron Development Laboratory•s PM Analyzer System 
for Velocity and Particle Heasurement 
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