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ABSTRACT 

Collection of solid and liquid Aerosols in the size range 

0.7 to 2.5 J.,Im has been examined in 0.15 m diameter fixed and fluidized 

beds of spherical collector partieles. Extensive experimental results 

have been obtained for collect,ors of 110, 550 and 600 um diameter. 

Electrically neutral, closely sized Aerosols were formed using a spinning 

disk generator, modified ta give stable concentration over long periods , 

of tille. Aerosol nUllber conce~trations and ,size vere aonitored by means ... 
of light-scattering eounters. 

Por fixed beds, dilute Aerosols were used sa that bed loading 

effects were elimihated~ Dy varying bed height, it was possible ta 

deteraine collection effieieneies without Interference from entry and 

exit effeets. It ns shown that the predominant collection _chablIS 

\Dlder these conditions are gravitational settling and inertia1c-.deposition. 

The results were analyzed statistieaUy and design correlations for single 

particle collection ~fficiencies are presented. . , 

Por fluidized beds, lt vas shawn that hieR removal efficiencies 

can he obtained vith shaUov bétels and superfiCiÀl gas velocities up ta 

3 "" provided adequate clistributiCll of the chaUeneine Aerosol is achieved. 

To !nte t ~e results, a .œe 1 for aerosol eollect ion waS deve loped, 
/ . . . 

the iIoclified two Phue ~.ory of fluidizat ion. It vas shawn that 

the t .fer Mtween ·bubbl. and particulate ph .... 1s sufficiently rapid, 
9-

IR ,... .... Uower, than 0.08 a, .that c~l1ectlOft 1s dete1'llined lolel)' by 

p~ .... occunin. iD the de .. e ~e.~ Bxpre.aIGftS for the collect ion 
J.. . . 
dflclsac:y of 1ncIlvl,,1 bed putlels. W1'8 "1" fr_ firlt principIts; , . 
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klalysis of the results showed that the predominant collection mechanism 

is in~_e~anCed by the flu.ctuating particle motion induced by bub­

bl~ As a resu t higher particle collection efficieneies are obtained 

'-nî fluidized beds han in fixed beds. so that total aerosol penetration 

in a fluldized be deereases with inereasing superficial gas velocity. 

L. ' 
The industrial advantages of this teChnique. offering a eontinuously 

renewable filter operable at high temperatures and/or pressure. are diseussed. 
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ABREGE 

La collection d'a~rosolJ solides et liquides. dont la grosseur 

varie entre 0.7 et 2.S lJll. a ~t6 e~llin& a l'aide de lits fixes et 
{ 

fluid~s~s contenant des particules collectrices (colle~eurs) sphériques. 
1 ,,~ 

De nombreux ~sultats experimentaux ont 6t~ obtenus pour des collecteurs 
J 

ayant des di~tre5 de 110. 550 et-600 lJm. ~s a~ro$ols de 'grosseur a 
peu pr~s 116 l l'aide d '~n ~&-'teur l disque tout1\8.nt' modifiE pour. 

produire une concentration stàble pou'r un long l~ps de temps. La concen-.. 
1 

tration (en quantitE) et la grosseur des a6rosols ont ~t' contro16es avec 

des cOlll(Jteurs a IUll!~? d'viAe. \, \ 
( 

afin que les effets de clt.trge du Ut 

Dans le c,sodes lits fixes. des .~rosols dilu~~on"'tE eJLloy~S 
~ " 'Pc' .-.; 

soient. 'lillin6s. En variant la 
t ' 

hauteur du lit. il, a Et~~ossible de d~erminer les efficacit6s de col-

lectim sans S!lbi~'~ ~te~'~~~ce des effets d'entr'e et de sortie. Il 

est d'-ontrf que les .Ecanis.as de collection pr'doainants soUs ces 
• .' 1\ 

cmditians sqnt la $fdiJl4!lltatim gravitatiorineUe et le d6p~ inertiel. 

tes r'.ultats ont ~'·analy.'s stati&tique.ant et des expressions de 
.-'" 

"desip" iour calculer les elficacit's cie collection d-'Une",particule s~t 

• \. ici pr,sent.... J 

. 
," .. -

. '.our le. lit. lluidi.'.. il 'st 8OI1tr~ que de grandes 

""recOUYft.nt ptWtnlt Itre obtenues avec de.s' lits peu profonds et es 

vtt ...... cl. lU .upe~ici.l1e. allant jutqU'l 3 -.1" _ .utant qu'un 

.f.trilll~iOft .cI.t. ete l' .11-0.01 •• t accOIIIPU.. Dau le but d' int' 
.". ,..1' 1 •• rfs.1t.tl, un ""1. pour la col1actiOft .'.arosols • 'ft, 

. . "losIP'.,"le ... ', lU!' 1& "thforl* lI04il:l .... -..x ph •••• " en 
'\. 
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~iuidisation. Il est montrE que le t~sfert entre la phase des bulles 

,..,. et ce_le des particules e'5t' suffisallftent rapide dans des lits moins 

profonds que 0.08 m et que la collection est dEterminEe seulement par des 
{l 

proc6d'! ayant lieu don. la phase den.e. De. expressions pour l'efficacité 

des partfcules indiNiduelles (collecteurs) smt dEveloppEEs ici. \.\ 
\ 

\ Ltanalyse des r6sultats montre que le Écanisme de collection 
\ 

pr~OIliha~t est inertiel et est caud par le Ilouvement fluctuant des 
\ 
\ , 

particules \sous l-effet des bulles: SubsEquemment, de meilleures 

efficacit6S\de collection sont obtertues dans des lits fluidids que dans 
\ 

des lits fix~S, et ainsi le p6n6tration totale des aErosols dans un lit 
\ 

, 
\ 

fluidis~ d6cr~it avec une v61ocit6 d~ gaz superficielle croissante. 

Les avantages industriels de cette technique, offrant, un filtre continuel­

le~nt renouvelable et capa~le de fonctioner l hautes temp6ratures et/ou 

pressions, sont aussi discutls. 
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OlAPTER 1. INTRQI)UCTION 

1.1 The Need for Removal of Airbome Part iculate-s---j 

In recent years, the general need to limit pollution of the 

environment"has become a matter of increasing coocem to aIl me~ers of 

socIety. A range of new 1aws and emission standards have been intro-' 

duced, in an effort to reduce the amamt of pollutants discharged to 

the environment. Air pollution in genera1. and in particular airborne 
1 

dusts and fUDles which are a by-product of almost all process industries, 

constitute an important aspect of pollution. Thé need for the control , 

and 'recovery of these particulates, regard1ess of their source, may he 
• 

classified under the following headings: 

(1) Health Hazard'- Inhalat ioo of excessive dust, irrespect ive 

~ of its chemical cClllposition, produce! a serious pu1110nary 

disease undel' the general term of pneUlloooconiosis, si1i­

'. 'cosis and asbestosis heing its most dangerous forms. In 

recent .onths the news media have reported large scale 

cOllfrœtatiClls in industry resulting froll the poor health. 

record of personnel worJcing :ùi asbestos mines. Another 

anifestat ion of the bnath ing of certain dusts 15 .ta 1-

tu. lever. which thoup transient and nOl'l-culI1lative 15 

an unpleasant _lady. Many dusts are irritant and cause 

clttat.itis and other sUn diseases. 
, " 

CU) !!Plo.lm Rist - Duats such u cere.ls. coal. cork. flour. 

1elther .. ait. plastlcs. starch. supr ad woc:Jd are capable 

fit produ~ma explosive aùtufts vith air. "!he exp losion 

1 •• ,,.. 
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ris,k increues ",ith decreasing particle diaJlleter due to 

the larger surface available for combustion, and neces-

sitat~s the int roduct ion of expens ive measures such as ., 
explosion vents, isolation o~ equipment and firè extinguishing 

5yst-eiD.s • 

(Hi) Commercial ~alue - EconOlhic reasons for the development of 

particulate recovery equipment are born from the commerc ia 1 
" f 

value of dust and fume result ing from manufacturing processes .... 
such as 5melt1og, refining .. crushing, grinding, screening, 

d1'Ying, etc. 

Thus, it~is seen that the need for remaval of dusts and fumes is , \ 

• reeogni.ed neeeyitY ln Industry:. H .... v.r. \he, ,~;"'trol . teçhno logy for 

fine particUlate~s at a !j'latively early stage of development. Removal 

of airberne partiC'U~tes beeOllH lI01'e cOS'tly and difficult for fine part icles 

of the oroèr of me ~ron. In this siz~ range, "particles are too SID811 

for inert fal effects to he effective and yet too large for Brownian dif-

fusion to he rapi5l. 1bere appear to be three basic types of eqlJipment 
\) , 

und in industry for microo range particulate removal. 'lbese ,are electro-

static pre~ipitators, fabric filter,. and wet scrubbers and are reviewed 

in ,mera! te1'llS in the next section. 

1; 2 Conyentional C~rcial EquiplMmt for Particulate Reaoval 
j 

1 • .2.1 BleetrOlt.tic precipitators 
Jj 

, 
. la the appliCation of electrstatic 'f~es, to precipitators the 

Partlculate _tter 'cœprisinJ the a.rosol i.II charpcl by passin, th~ough 

• hiaJt17 lon1l.cl n,ion.. 11\. _terlal 15 thus l'emYed frua the ps stream 

1 • , .. 
- J . 
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~ ,..-....,. J. 
br electrostatic forces in an intens~electric field (a~ound lOS vOlts/ml. 

~ . 
Collected dust is removed from the system by washing or flushing the 

collection electrodes (wet electrostatic precipitation) or ~y impacting 

or rapping (dry electrostatic precipitation). The efficiency of an electro-

static precipitator may be semi-quantitatively detennined by the Deutch-

Anderson . 01 equatlon 

(-lnf) 
U~ 

') (1.1) - Ci 

" i 
) 

where f is the fractional penetration of aerosol, defined as the ~rac-
'. 

tion not collected, A i5 the collecting surface area, G is the"olumetric 
\ 

flow rate of the gas and l\i i5 the migration velocity of ~e particles 

under tbe effect of the electric field in~ty. FE(Vo~J~/m). and i. 

estiated as .J ) 

U 
M - (1.2) 

The charge on the particle" q~, 15 a function of aerosol diameter, dA' 

The disadvantages of electrostatic precipitators are high capital and 

.. intenance costs. Power requirements increase vith particulate mass 

" loading, and efficiency decreases exponentially vith increasing p;; 
.(\. 

velocity and deereasing collection area. Power requirements are als'o 

related ta dust resistivity. Thus detailed 

u_11y specifie to a particular industry. 

desians of precipitators are 
al 

o,lesby .!!.!!. discuss 
> 

the appJicatian of electrostatic precipitators for, the Gypsua. Phosphoric 

Aclcl, Ca.l'bon Black. Ce.nt an.d Ble.ntal Phosphorous industries. Typically. 

, 
j 

1 . , 
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power requirements are of the order of (0.1 - 1) kilowatts per m3/s 

1.2.2 Fibrous fiiters • 
Pibrous filters are generally more effective than precipitators 

for removing particles in the micron and sub-micron ranges. Usually 

librous fiIters operate in the region of aàn-stationary filtration (see , , 

Section' 2.2.2), where a 51gnificaBt amount of the challenging aerosol is 

collected by the particies already deposited on the filter. Unfortunately, 

805t existing filtering media have rather limited resistance to corrosion, 

low mechanical strength and are usually restricted to low operating tempera-

tures. Their invariably batch operation and the difficulty'or impossibility 

of regenerating spent filter! makes them relatively expensive to operate. 

Fibrous fiiters are usuaIIy replaced or regenerated when the pressure 

drop across the filter, which inereases with inereasing filter loading, 

hecomes uneconomicai to aintain. 

" 

1.2.3 Wet scrubbing devices 

W.t scrobbing devices operate on the principle of bringing in 

cOIltact the effluent streu with a liquid phase. There is a wide rangë 

of designs, s!Zes and perforlllllce characteristics available in indus1;,ry. 

Hllb effieieneies·of'aicron ranae partieles .. y he achieved with wet 

.crubbing devices but their unusually high pewer requirement. especiaUy 

for reaoval of subaicron particulates. constitutes their bi;gest disad-

. YaDtap. 'I11ey share with. fibrous fUteJ's the disadvantaae that they 

C&D1lot nadily he applied to hot pses, in this ca.e 1Mcause the resultant 
~ . 

h .. ~1fJ.c.atiœ caU.es a heavy lcondensatian p1UM when th. ,as is fitiaUy 

41acharae" to at_lpheTe. 
1) 

'J 
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'Thus, the development of efficient-and low cost devices for 

particulate removal is a pressing demand in inaustry. 

1.3 The Fluidized Bed as a Continuoos Filter 

Assuming a shallow fluidized bed can operate efficiently at 

high superficial gas velocities, its potentialities as a filterihg device 

are overwhelming. Firstly, a fluidized bed can be operated contirtuously 

with no need for periodic shut down. "Spent" collector particles can be 

relloved and fresh or reg~nerated particles can he added to the bed con­

tinuously. Secondly, a fluidized bed is not subject to an upper tempera­

ture limit, as the mater!a'l of the collecting medium May he chosen at 

will to suit the operating conditions of the filtration process. Thirdly, 

the process of removal may he combined vith a chemical reaction, i.e. the 

aUu·h-ane0U5 -reIIOVal of a pol lutant gas in the ehallenging aerosol. 

Fourthly, hea1; recovery froJi hot effluent streams l18y he a~ieved sinul­

taneously tir the simple introduction ~f cooling coUs in the bed. * Fifthly, 

the pressure drop across a shallow fluidbed bed is low and independent • 
of superficial gas velocity. Finally", the energy requirements of the bed 

and collection efficiency are not a function of bed or aerosol loading; ,. 
hieher Aerosol loadings would increase efficiency due to the enhancement 

of collectim by particle aul_ration I18chanisas. RellOVal of Aerosols 
.. 

by fluidized beds. however. has been only superficiaUy exuained in th~ 

"",. put. both indust ria llr and acacl'eaiea lly. 

• It 1a wll tnown D2,K6 
- but uc:h:anaer. 

that a fluidized bed is aIso an excellent 

• 
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It appears that the potentiality of a fluidized bed in removing 

particulates has been noticed at least twice in industry. Cook, Swany 
, 

and COlpitts
C11 

• reporting on the recovery oi fluoride compounds in a 

fluidized bed and filter arrangement, noted that the major part of parti-

cu1ate fluoride removal was achieved in the bed. Although the superficial 

ve10city is not reported it is likely, as the process constitutes an 

industrial Operation" to be quite high. Rubin and Margo1in
R6 

have recont 1y 

repotted (1974) on the drying of coa1s and removing fines in a two-stage 

f1uidized bed~ The first stage had a low moisture content and was operated 

at a low superficial velocity (0.7 < U < 1.0 mis). The second stage was 

comprised of coal of high moisture content and operated at a higher super-

ficial velocity (1.4 < U < 108 ./s). Most of ~he fines were removed at 

the higher velocity of the second stage; a typical maS5 efficiency of 
\ 95' is reported. This suggeS~s',therefore, tha~hi~ efficiencies of par-

ticuIate removal are possible at high ve1ocities. 

Acade.ie~~search on the subject, however, concentrated on beds 
, 

of unrealistic size (typically 5xlO-2 • diameter) or on very low super-

fieial velocity ranges. Distributor designs, which comprise a 1I0st impor­

tant aspect of a f1uidized bed, are generally not described and researchers 

,tend to treat the bed as a h~geneous c CIltact or , disregarding the two 
, / 

phase the ory of fluidizatlon. As. result eonclusiœs drawn in the liter­

ature al'8 vaaue. aisleading and often contradictory. A ,eneral, but . 

.... nt1ally unfounded. beUef s .... to luite grown up that a fluidbed 

\ bed operatina at hi'" superfieial veloçities shœld be ineffieient. As 

a "fUit of thl.~ illpo •• ibl. cIe.ians such as a 4 .. 5 st ... f'luidized bed 
" '... '1 Mel 

"'-1a1~~~III ... ". lMoeIa prapOHll (.~~~ JS. À1'. • 

'. , .. 
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Jackson ,Shannon ). It is apparent that for a typical industrial 

A4 3 
flow rate of 100 - 300 • /5 the diamet'er of such a device, operating 

at 0.2 a/s, would he about:' 2S ta 40 _ters. Resultant structural, costs 

alone would _h, sucJt1a device 1DleconOllic. ~ 

Thus, it appears that, if the fluidized bed i5 ta establish 

fts position as a filtering devic~ for aicron ranie particles, it has 
1 

ta be operable at ~perficial velocities of tlle aider of meter! per 

second; this bas not been investigated previously. 

1.4 Sc. of th is Wark 

The scape of this wbrk is ta investfpte the reaoval of aerosols 

in fluidized beds of realistic sue, interpret1n1 the results in a II8JlD8r 

that will facilitate scale up. or desip1 and, concurrently, ta stucly aerosol 

1..,..1 in fHMd beds c...,.r1nJ the 'efflelencies of the two devices. 

First of all, previous work on fixed and fluidized beds i5 

investipted in Chapter 2. The experiMntal Mthods and cOIIlclusions of 

previous studies are analyzed and the shortcœinap of put work on Aerosol 

1'eIIOVa1 in fluidued beds beeo. apparent m Section 2.3. <2lapter 3 des.:. 

cribes the possible coUectian _chai ... arcund an isolated spherical 

\,_ coUector; these are direct -Interception, inertlal collectiœ, diffusional 
"-

depositiœ, aravitational •• ttUAI _ collection by electrostatic attrac-
, 

tiCll. DilleutCllless ~ol1.ctiœ ~ers are defiaecl. and approxi*te .. 
estiMte. of the tndi'Yidual th ... tical eoUecti_ dfl.nei,s of this 

Itucly are ~~. 'lb ... 1p .... t ua. f. eaper1..at,s il _scribed in 

aa.,ter '4. lu1cal11, thne •• 1 .... ,._ ".1" for •• d ... nts vith 

fiDcl ... , f1utAlile4 ....... fllaUbecI .... lit .." 'hi. superffeial . ' 

'. 
• J 

f 
li 

, f, 
, ~ 1 ,,' 

il, 
l ' , ", 
:1' 
l ' 

'1 . 
r 
1 
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velocities (up to 3 mIs). Chapter 5 de scribe 5 fixed bed experiments 

where the ~ollection efficiency of a collector particle is formulated 

in a way which eliminates end effects of the bed. The results are~ 

analyzed statistically, the dOlllinant collectioo mechanisms are determined 

and design equations describing Aerosol remaval in fixed beds are presented. 

Extensive experiments on collection of aerosols by fluidized beds are 

de~cribed in Chapter 6 •• These caver a wide range of velocities, collector 

part icie and aerosol diameter. and 'bed heieht. 111e dominant collection 

.chanisll is shawn to he inertial collecti,on and experimentS' on the rellOVal 

of soUd aerosois are reported. The significance of the distributor in 

aerosol collection i5 deamstrated. ~sed on the modified two phase theory 

of fluid1zatiOll, e~uations de.scribinl. aerosol relloyai ln fluidized beds, 

are derived in Olapt~r 7 and c~red to experu.ental results. 1be not-ed 

iac:œase ~ martial col~loa due t.o tU Vilar_si aixing of the dense 

p,hase by bubbles 15 f'Ol'IIllated in the fora of a diMnsiœless velocity 

nuDer. In Clapter 8 the praaisinl illplicatioos of this worJc for indus'trial , , 

desian are discussed. and extensions of the wOTt far fut.ure stucf.ie5 are 

suaested • 

" 

.1 
• 0 
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CHAPTER 2. PREVlOUS WORK 

2.1 Introduction 

This chapter reviews previou~ work on aerosol re.oval by 

.echanical filtration, with particular ~mpbasis on filtration in fixed 

and fluidized beds camposed of rougbly spberical collector particles. 

Theoretically, two phases may be distin~isbed: stationary filtration. 

and non-stationàty filtration where the collection efficiency of the 

filter may change wit~ time. Altbougb th!s study concentrated on 

stationary filtration, bath of tbese phases will be discussed in the 

following sections. 

Published studies of 'filtration of aerolols in granular beds 

are few in nUilber. Researchers tend to aeree, in ,general, on the nature 

... "kt_ effect of iIIpor;&nt var:iab~n aerosal ,penetration. Pre· 

vious studies on, fluidized ,beds, however, ar~ch llOre restricted. 
\ ' 

M, will be sliown later. IlOst stUdies investigated rather lillited ranges 

vith relatively erude "thods of seroso! generstion and .. asurement. 
~ • dl 

, ' ~ 

As a resuit. exper_ntal data in the literature is IiIlited and conclu-

sions, draWft ue vague and .a.etiMs aisleading. Tbe pioneering work 

of MUllner and )fieU.IM (1949), hinting at the possibUity of 

1flcre~H4 collection, .ffieienct .at hi. superficial gas veloc'it,ies, 

wu laraély ianored by .,.t of the subsequent studies. A pneral beUIf 
.. 1 \l 

..... to have ckW.loped th.t th. ~.t:ratiOll of •• rosols should be quite 

hi. it 1up .. tUpi ••. of llint.m fluiclisation velociti •• because of 
• J - --- - - - - t Tl 

lU ..."..._ D th. bUhltle ,. .... I~ ftCIDtl, (1174) • there was 
J' '.. '. f) " _ 

---DO "'4' ~~-tonïu-nu Ge,...... of, ..... 1 ~1 ia fluiclilecl 

• < 

" , , 
. ,. T7,. _1 •• ' ~-' 

1 
. l 
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beds in terms of the classical theory of fluidization. Th~ possibility 

of enhancement of collection meChanisms, caused by the rapid mixing 

induced by bubbles. in a fluidized bed, has not been referred to, investi-

gated or mentioned in the literature. 

Meisen and Mathur Ml have investigated recently (1974) the 

application, of spouted beds to ae~osol removal; their work is reviewed 

in Section 2.4. 

2.2 Particle Collection in a Fixed Bed , 

2.2.1 Stea~ state filtration 

2.2.1.1 Intr-oductÎon 
. . 

In steady state filtration the deposition of particles takes 

place in a pu~e filter and the structural changes caused by the deposi­

tion of individual ptrticles are assUllled "to beAtoo sma11 to ll1fluence 

the efficiency of the filte~. In stationary~filtration it 15 usually 

.ssu.ed that the collision efficiency of particle~with the collector 

particles LS 100\, 50 that a partiele which touches a eollector remains 

in contact and 1. not dislod,ed in the,folloving proces. of filtration. D6 

The two .ost ilportant para.ete1':S that have been Investigated are the 

.uperficial gal velocity tbrough the bed and t~e diuaeter of the aeros9J., 

partie le.. Pro. the equatian' presented in Chapter 3, for the collection 
~ 

Mdlan1 ... around isolatH spberieal collectOTs, the effect of. super-. 

fie:lal P' V;flocity ,ad aÇolOl diulter (Ill penetration, defin.d al the 

fftltloa ~ the cha11.,ing &erolol II~ collec:tec1 by t~ fUter. would 

bit .~ .. to lie of tbe fora th .. ,in FiFres 2.1 _d 2.2. 

',' 

J, , . ' 
"", 

'/ 

1 

1. 
i 
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Schematlc representation of the effect of superficial 
,as velocity on penetration f 
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2.2.1.2 Superficial gas velocity and penetration 

As the velocity through the fiiter increases, diffusion 

becomes le~ importan~. penetration reaches a maximum and th en starts 

decreasing ~ith gro~h of inertial effects. This was de.onstrated by 

the results of Ramskill and AndersonR2 (Figure 2.3) ~o conducted tests 

on sheets of filter mat~rials and ~asured penetrations of aerosols of 

sulphuric acid or dioctyl.phthalate of 0.2 - 0.8 ~m diameter at gas 

velocities of up to 2.85 mIs. They used a light scattering method and 

attempted an assessment of the inertial effect. GiliespieG4 subsequently 

re-axamined their data, and introduced a slippage coefficient in arder 

to fit his theory. He claimed that particles do not necessarily adhere 
.... 

on impact with fibres and that the proportion sa doing depends on the 

size, velocity and type of aerosol particle. D12 Dorman correlated the 

relative iIIportance of ine,rtia. diffusion and interception in- some of 

RallSkill and Anderson t 5 experiments where the aerosol WB! dioctyl 

phthalate of 0.3 li. diameter. He assu_d that 

Rate of diffusional collection II: 

Rate of inertlal collection U2 (2.1) 

Rate of collection by intercept~on - aRNR .J. feU) 

(2.2) 

_n .Cll f CID lD4 Cla are COIUItaatl, uad Na is _the ratio of aerosol 

to colleé:t~r partie'!. cliueters. 

... 

. ' , 
1. } \\ L.~:>~, : o_.~ .. ~',I~: .• ...t :f '. /' 

î ,.' 
\ 

, 



, ,. 

, 

PIGURE 2.3 

• 

.. 13-

Expèrimental reluIts of RuskiU and AndersonR2: 
eft.ct of s,upe~f~cial gas veloc:ity cm penetration 
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( 

Dormanjthen differentiated Equation (2.2) and J from the condition that 
d(ft~ _ -au--\ 0 at Up' the velocity of maximum pcnetratio~J obtained 

, 

an (2.3) 

Equation (2.2) was then re-written as 

(2.4) 

By plotting C2-log(f'») against CU2 + 4U 2.SU-O.S) a straight line vas 
• p 

obta ined, the interc"pt on the ordinate giving ClR' vhilst ClI and ClD were 
1 
; 

calculated from the g~dient. 

'J 

"" TholUs and YoderT2 ,T3 measured penetration of dioctyl phthalate 

aerosols through sand beds where the diameten of the collector particles 

were (1.6 - 3.6)*10-4m and aerosol diameter varied from 0.2 - 2.0 ~m. 

They de~onstrated experimentally the effect of gravit y sett1ing by 

doing e~&riment's with their fixed bed at different orientations vith 
, 

• respeet to gravity. Thomas and Yoder confirmed experimenta11y the exist-

ence of a velocity of ..ximua penetration for'a give~ acrosol diameter. 

Sa.e of theIr result! are presented in Figure 2.4. 

Re.aval of aeroSol partieles in fixed beds was investigated 

.yst_ticaUy by paretskyPl who analyse~ t~e eff~.et of velocity on 
, 

penetration of 1~,1'~. diaaeter polY.tyren& latex .icrosphe~s in a sand 
1 

becl of (1.4 - 2.0)*10-3• diaaeter coUector partitle,. _, "Upsbot" and 

• "dOlftllhot" flC*s rire used withfi"upérflcial ps velocities fra 3.0*10-2 

t,O' 10-111/. and the ".rosol concentration vas MIlitered br a Model 
, ' 

" ' .' 
" 

., 

"-

1 
~-----_u_; --__ II'II:m-.'l'l".. ~ 

~ 
t 
~ , 
~ 
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!; 

i 
4 



(l 

PlquRE 2.4 

( 

.. 

.... ~-_ "'fV'~"'-""--'-' 

• 

-15-

.' 5 

" '. 

Data 0" 'nlœas: and YoderT2 : effect of aerasa1 diameter 
on penetration 
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JM-3000-AL Sinclair-Phoenix photometer. Initially Paretsky tried t'o 

duplicate the experiments of Thomas and Yoder (discussed earlier) but 

found that they used an unsuitable inlet and exit section resulting in 

sizable inlet and exit lossés of aerosol. Paretsky's research was 

examined in detail by the author and found to suffer trom certain experi-

mental inaccuracies. These are: a) The latex suspension was not placed 

in an ultrasonic cleaning bath prior to generation, as recommended by 

the manufactu~ersMI , and this caused a sizable formation of doublets 

and triplets to be present in the resulting aerosol. Formation of 

doublets and triplets was confirmed by·Paretsky himself, who analyzed 

the particles under an optical microscope, but no steps were taken in 

order to correct it. * b) Pos.sible anomalous collection at the inlet 

and exit of the fixed bed was not accounted for ~ as QS done in this 
/"' 'J 

Itudy, but was &s11.III84 to be negligible • Anemaloos collection at the 

ends of scrêen supported fixed beds has been observed by Knettig and 

BeeckmansK3 who report, for fixed beds, an 11\ collection at zero 

extrapolated bed height for 1.6 ~. dioctyl phthalate aerosols at a 

superficial gas velocity of 8.2-10-2m/s. This effect aay be expected 

as a result of the higher local velocities ~ the ia.ediate vicinity 

of the support grid. It is .ost illportant in the range where inertial 

collection doainates, as in Paretsky's experiments. d5 Paretsky f~d 

that tlle latex aerosol produced contained ''water êlroplets tt i this, pos,,: 

.ibly, vas either because ,enoogh air was not provicled for drying or 

because the v.ter used .far atc:aidng wa. not sufficiently pure. * Paretsky 

triecJ ta correct the effect by using a second pnerator, which contained 
1 L ~ , 

only disti11ed' .tlr. ta provide an apparellt "zero" conc~tratton. 
'V 

• se. Appenclix C. 
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d) No mention is made of coincidence ,losses (describeq in Section 4.2.2) 

in the particle counter which are not negligib1e. Correction of these 

losses can he made, as in the present work, with consequent improvement 
, ~ 

in experimenta1 accuracy. 
• 

Paretsky examined the effect of superficial gas ve10city and 
.... 

measured a velocity of ~ximum penetration around (8.0 - Il.0) 10-~~s 

(see Figure 2.5) for 1.1 ~m aerosol particles. His curves for upshot 

and downshot flow gave different penetrations and he attributed the dif-

ference to gravit y settling. Experimental results were correlated in 

the fora of semi-empirical equations after an unsuccessful application .. 
of the celi model, discussed in Section 3.3. 

2.2.1.3 Aerosol diameter and penetration 

Theoretically and experiaentally it has been established that 

as the aerosol diameter decreases/penetration increas~sFS The trend 

continues down to a 0.3 ua aerosol dta.eter where diffusion hecomes 

the predominant .achanisa of aerosol collection and penetration decre~es , 

"'-th decrease in aerosol sbe. D6 

Tbe earllest published results ap'pear to he those of FreundlichF2 

who fO\Dld a 8&XiImI penetration in the dialleter range 0.2 to 0.4 ~Il. 

No peak penetrating sIze vas found by r.a~rLl in experments with 

Uquicl lIOIloclisperse aerosols, with partieles as sun as 0.04 )Ja, 

producecl by the 'Sinclair-LaMer "!lent or ad Stern et al. 89, i~ siailar --, 
expwtamt., tound that peaetratian iD4;reased as the' aerosol sbe was 

• 
rMucH cIOWD to 0.3 )Ja.. 01.°, in •• rianti wlth lIOIlodlsperse 

1IftOI01i of 0.15 Ua ,~er ad ,la •• co11ector El"e. of 2.S - 3.0 )Ja 
" , 

.. 

\ 
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o. 

~IGURE 2.S Experimental results of Paretsky: effect of gravitational 
settlin, on penetration 
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, 

diameter, reports that a peak penetra~ing size exists only if the super-

ficial gas velocity is below .04 mIs. Chen a1so ,ives an experimentally 

detentined "lso-efficiency point". a velocity where the collection 

efficiency is the sa_ for all sIzes of partieles. 'I1lOlll8.S and Y~erT2, T3 

present experiment! in granular beds which illustrate that the size 

corresponding to mxiJluDl penetrat·ion increases wtth a decr~ase in velo­

city; so.e of their results are shawn in Figure 2.4. 

2.2.2 Unsteady state filtration 

The proces5 of filtration is, in reality, rather more compli­

cated than the model asluaed br stati-onary filtration. In stationary 

filtration it is assuaed that the partiele which touches the fibre is 

captured and never released. In reality, howeve,r, the captured particle 

_y be released in the course of filtration and pau through the filter. 

It appt.rs then that the behaviour of Aerosol partiel .. alter capture 

is a bction of th~ adhelive forces holdin, the particle to the col­

lector. 1h~ _gni~ of th.se adb.sive forces depends on factors IUch , 

as shape and sile of .. rosol partiele and co UeC't or , their contact 

JUrlace" c:hnical ca.pGsitlon, elec:trical chu,~s, etc. The subject 

'ha been iDYestipted. br ..., àuthorsG4.GS,LIO,G~~F6.B6; and 

CcmlD6 ,ive. III excel1nt mi ... ' Reported Rudi s, however, &pply 

to .,.citlc .it_ticms :and, •• ,. ~ there 1. DO th or study which 

.11Oft a pri.i precU.eUcm, 01 ft-eatram.at la .... 1 quantitative 

-"'-, ,. UlIIIft:{~ that depOsltl.- la t 

" .. ~1U" fi1t .. "'0" ~tdca1 'COftflpnti. 11 

\ 
\ 
\ 

•• steady 
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vith respect to ti.e is not strictly true. In reality, the aerosol 

partieles cause structural changes in the filter,and as a result both 
.. 

penetrat ion of Aerosol and pressure drop across the fiIter 118y change 

vith tille. 11115 effect 15 well known in liquid phase filtration P3 and 

i. ineorporated in standard design and operatin, procedures. 

L12 Leers reports that the distribution of captured Aerosol 

partieles on the surface of'the collector is selective; the particles 

tend to deposit on one another fomina so-called "trees" (see Figm-e 2.6). 

The formation of these trees results in an increased efficiency vith 

RI 
·relatively suU change in pressure ~rop. Radush1cevich • on theore-

tical grounds,suggested an equation of the fon 

\ 

(2.5) 

L2 L2 
LaNer !!.!l. confiraed the fol'll of the equation experiaentally. 

In Jl'~u1ar beds, Bn,lebrec:htBI describes Lurai' s "&ravel 

becl fUter" which, of cOUl'se, operates ln the re,i~ of non-s,tationary 

filtration. Fairs and Godfre/l describe a panel filter used in a 

cont.~ acid plant burnin, sulpbur. Pressure drop across the fllter 

varlecl fra. 2.0xlO-la to 1.5xl0-1• of water vith respect to tiM; tbis 
" 

'perlocl of U_ U Dot: specifie4 but is probably ln the orcier of web. 

A pIIl.1 becI filter destan bas ~ J?&tented by SquiresS6 ""0 clalas 

his •• 1p 11 supwlor to the Lurli becl., 

Puet.1F/l .~t.atecl vith f1ltecl beâ and .uured the 

iacna ... -'fiel_cr of"th. becl ta col1.ctlq latex llicrosph.res (t.llla 

dt.etu) _. differeat ....au of 111 ... .".., 4IIJpo.lted CIl the 'becl. 
• f • 

t , , ,'" 

't " ~ ~ l , ~ ; ~1:.1 ~ r,'K ,,~, < • t~' ~, ~ .,-~~'I ~, ~ ,.. • " , 

. -r/. ,.~~~~~tt:~~~t:~~:.iort(:~~}:~~,,;~~:,~~,", ._ .. ~~. :~l;.·._". Lt ~ ~t ... ~':,~ .' ~;, .,~~.~~ ... , .. 
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C) 

FIGURE 2.6 Foratian oi .trees in non stationary filtration 
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The fly ash was added t6 simulate the effect of bed loading on peTfor-

.ance and different lIethods of deposi,ion vere tried. The fly ash was 

periodically Te~ved by ''puffback''*, iaore fir ash added and the latex 

aerosol particles were used again to MlSure the new penetration across 

the bed. Paretsky' s experimental results are presented in Figure 2.7 

and from the graph we see the marked effect of bed loading on the pene-

tration of the challenging latex aeTosol. Parets1c.y's data, however, 

are eonfined to the binary system latex-fly ash and no JIlention 1s made 

of the deposition "df fly ash on fly alJh.· No theoretical interpretation 

of unsteady state filtration is pres~ted in Paretsky's thesis. 

Th. process of unsteadr state filtration has been investigated, 

vith relation tq, industrial applications, br ta16n and ZenzKl , HazlettHS ,H6 

Scllurr et al. SI and Blasewltz and JudsonBS • -- 1 

Blasewitz and JudsonBS investigated the removal of radio-

active aerosols br glas! fibres and de.a.nstrated e~eriaentally that 

penetration decreased ~s the bed loading ~creased. HazlettHS studied 

the ~lescenee, of vater cl:roplets in a fibrous bed and in a subsequent 

studyH6 /investigated t'he effect of adding a surfactant in 1;he vater. 

Schurr' .!l.!l. SI (DuPont COilpany) report on the application of deep bed 

lIDd. ~l1tfts to control ~e ~.l.ase of stack particulate activity froa 
, 

tht ch_ical processin, .rus of the Savannah River ·Plant. 'lbe special . 

... 

, 
" (f:iI 

*A "PUffbaet" 11 a sudclen sürg. of air in the oPPosite direction frOll 
fUt_lon. whlc:h f1111d1&e. th. becI .-ntarily. and rnoves the layers 
of fl1tratlO1l uted.a! whida are ttsaturated" with fil tend particulates. 
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ExperiMntal results of Paretsky: 
atationary filtTation 
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feature of these beds is their enormous size. having a cross sectional 

area of 2,200 .2 and a bed depth of 2.4 meters. Collection efficiencies 
• ~ 

greater than 99.9\ are reported for an unspecified range of particulate 

diaaeter. Ka,len and ZenzJ(l roucon Company) studied filtration in a 

granular bed of the effluent stream from a FeC regener~tor. They fol~ 

lowed the same approach as Squir~s by usirig a "puffback" t>echnique ta 
~ . 

.amentarily fluidize the bed and break the agglomerates when the pres-

sure drop aeross the bed reached a predetermined size. Moré than 95\ 

collection is reported for a particulate size range of (2 - 20) ~m and 

bed depth ~f 6...4xlO- 2m. 

Suaaarizing. it appears that in unsteady' state filtration, 

bed loading plays a beneficial part in enhancing aerosol collection. 

lncreased loading, however. leads to higher pressure drops across the 

bed necessitating the periodic removal of collected particulates by 

various methods. The quasi.batch operation of fixed beds i5 unavoidable 

and is in fact their big disadvantage. This has led sOlle researchers 

to inTestigate the possible use of fluidized beds for collection of 

airborne partiéulates. This area is discussed in the next séction. 

2.3 Parti'culate Collection in a Fluidized Bed 

2.3.1 Effect of fluidized bed parueters 

2.3.1.1 Superficial ,as velocity and ain~ fluidization velocity 
. M4 ~ 

In a pioneerina study Meissner and Mickley (1949) reaoved 

sulphuric acid aists 2 to U lia in dia.ter by passins th .. throuah 

becb of solids fluidized in • S. IxlO-2• diueter tube. ; They used -alUllina 

a:r-u1 ••• 11asl tdc:rospheres and sUlca pl as collect.or partieles (Table 2.1). 

, 
i _______ .... __ ..:. .. _.-....:a.. ,,.. .""~ 
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and performed experiments varying th~ superficial gas velocity through 

the bed from 0.30 - 0.82 mIs. The aerosol was generated by rapid cooling 

of sulphuric acid vapour and the concentration of the aerosol was 

.easured by a light intensity method. Substantial decrease in penetra-

tion of the incoming aerosol with increasing superficial gas velocity 

i5 reported. In one run with silica gel particles the penetration decreased 

from 3~\ to 7\ when the velocity changed irom 0.36 to 0.84 rn/s. This, 

as viII he séen later, is in dire~t c~nflict with results of subsequent 
'4- • 

studies hut agrees partially with the results of this study. Inspection 
\ 

bf some of the experimental results of Meiss~er and Mickley (Figure 2.8) 
! 

~hovs this reduction in penetration.to hé quite consistent with different 

types of bed materials. 

Unfortunately, minimum fluidization velocities are not reported 

in their study. If it is assumed that the minimum fluidization velocity 

can be calculat~ from Leva" 5 equation 02 • which may be expressed as 

(2.6) 

then fra. Table 2.1 one dravs the conclusion tha! ~issner and Mickley 

were operating at multiples of Ua{ .uch ~arfer than subsequent studies. 
, 

Unfortunately, in their study, the effluent aerosol was sampled after 

t~o cyclones provided ta collect the bed particles, 50 that the signi­

ficane. of their .aasured total collection efficieneies is impossible 

to alsell. 
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Bxpert.ental results of Meissner and Mickley: 
penetration versus superficial velocity in a 
fluWzed bed ' ,. 

<> 

o 

• 



(1 

~ 

\ 
.. 

1 • 
) , 
1 .. -. 

, .. 
~ ... ""~ ... 

... 

... 
~ 

.. , 
~ .... ... 
• 

x "" ~. ... 
~ ~ 

't, """ ............ 
,,~ l' """""~ -.. %~, --:-

lift' .11 .... ~ .. ,n 

~'" • 1 AWMtNA 

! '" ~ A • ."~,, en 

• • 
W~ __ M • 

(-'"_'111 -, r 1 , 
1 1 1 1 

lA 1.11 1. lA •• 
~ ~ 11ft.,,,., nMt. 

~ 

"" A, " 

,.... .. 2. Iffect.f T,.,. et Soli" en AeW MI8t """ ... . 
....................... tt •• ' ... I ...... , ... ttt ...... _ 

....... 18 '''/''-'-_ ft 

• 

, 1 



~ 

o 

• 

-27-

------
P X10-3 Size range UxlO- 2 

Bed P . 
Material Je la3 !Ja I! _/5 g 

, 
Alumina 2.5xl03 0-9 150-75 0.7-2.4 0.35-0.78 

Silica Gel 1.8xl03-- 90-44 0.2-0.7 0.37-0.85 

Microspheres 2.5xl03 90-44 0.3-0.9 0.32-0.62 

TABLE 2.1 Experimental Details of-Meissner and MickleyM4 

Anderson and Silverman A3 (1957) collected Gentian violet 

aerosol particles, 0.54 - 1.0 ~m in diameter, in shallow fluidized beds 

of granules carrying ~ electrostatic charge induced by charged wires 

in the bed. Atmospheric dusts vere removed to an extent of 97\ to 98\ 

in 2.5xIO- 2• beds of 200 ~a polystyrene beads at 1.5xlO-2 a/s superfic,ial 

,as velocity. They concluded that the penetration of the challenging 

Aerosol increased vith inereasin, veloeity aboYe minimum fluidization. 

Scott and GuthrieS2 (1959) investigated the re.aval of drop-
) , 

lets of dioctyl phthalate, 0.87 }la in diueter, by a 5.1xIO .. 21l diueter 
o ~ 

fluidized bed cOllposed of 7S .. lOS lia diueter siUca ,el collector 

particlU. Tbe aerosol val generated in a LaMer .. Sinclair Aerosol 

,enerator and a chemul _thod, baled on the reaction betveen organie 

esters and hydroxylaaine in aluline soluti~. to fora • hydroxaalc 
( . , 

acU, wu usect to Masure concentrations of Aerosol. 'A vire _sb sereen 
~ 0 ( , 

of 75 .... in, va. uaM as a cliatributor. tb. superficlal ,~s velocity 

" , 

1 

f 

t l, 



1 

o 

o 

• 

-28-

vas varied from 2xIO-2 to 1.SxlO- 1 mis and an inverse dependencé of 

penetration on velocity 1s reported as follows 

f' Olt 1 
UO. 78 

(2.7) 

4r 
Scott and Guthrie, from the dependence of penet~ation on superficial 

, ~ -- - -' -~\ 

'gas velocity, conclude tbat the ~OIlina)ft'" collection mechaniS1n in their 

work must be diffusion. As it is weIl known in the two-phase theory 

of fluidization that the relative velocity between particles and fluid 

in a fluidized bed is not the superficial gas velocity b~t the minimum 
. '. 

fluidization velocity (Uaf) their logic 15 completely at tault. A gross 

experimental error exist! in their vork and therefore their results 

should be regarded vith reservation. They report a drop in penetration 

from 86\ ta 72\ (~.e. 14\) on inereasing the superficlal gas velocity 

from 3x10-2 to 14.2xlO-2 mis and a collection of IS - 20\ of the chal-

1enaing aerosol by the inlet section and screen. Collection by inlet 
, -

section and sereen was not analysed as a funetion'of velocity. nof'was 

it reaoved from the averall penetràtion to give the effective penetra­

tion of the bed itMlf. Seott and Guthrie justiiied this by statingS2 

"As these are intearal parts of the fluidited bed no atte~t was _de 
11-

ta correct effiCi~cie$, by this DOUIlt." The p05sibllity of different 

colleetion on different distributor designs vas therefore ignored. In . . 
addition. an iulet section and a 15 li •• cnen (200 _sh) which coUeets 

15 .. 20\ of 0.87 lA •• '1'0.01 particle. .... utre.ely .hi&h to the author, 

buecl CIl the eleperience of the vert _scribe«!, in later chapters. 

. ' 
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f 

Black and Boubel 84 (1969) investigated the effectiveness of 

a S.lxlO-2 diameter flu~ized bed in removing ammonium chloride aerosol . 
at superficial gas velocities of 4.4xIO-2 to 12.7xI0-2 met ers per second. 

Glass ,hot was used as the fluidized medium and the diameter of their 

collector partièles, although not stated explicitly. can be inferred -• from a photograph to be around 2S ~m; the.type of distributor used is 

not reported nor is the vàlue of Umf. The diameter of the challenging 

,aerosol is given as 0,.52 \.lm with respect to count and as 4.3 ~m with respect 

to masse The larg (geometric standud deviation, given as 2.32. confirms 
; 

the faet that the tised a heterodisperse aerosbl. Th~ aerosol was 
1 1 

/ 

produced by subI ~t,ron of ammonium chloride partieles with,an effort 

th achieve.on ik~rsity br allowing the larger particles ta sett le 

a stirr, d ;~ttling chaaber.' The concentration of the particl~s 
1 

we. ·....und by l' Sinelair-Phoeni)c phet...-ter and. t~ir she' was analyzed 

Black and Bouhel claim SO - 90\ collection 

veak part 

a d report the superficial gas velocity to play a very 

erolol penetratiQll vith the following' equation 

(2.8) 

Jugel et al.a4 (1970) report txperbenti in rnoving aerolol partieles -- . ... 

(0 - 60) P. in dlaaet.r, vl1:" , ~ol1ectiOft efficiencles PP to 95'. Oiaaeter 
o ' , .' 

ad IUbltanc. Of coUectot', particil .... type of dlstributor. _thod. of 
, . . 

.... tlO8 .cl _surnnt of tbe uroJ ... cl d1ueter o.e fluldized bed 

are BOt reportecl. Very l1ttl~ taft b. iDfa'i'ed Er .. tb.1r result. except 
, . 

tilt ~ tUt th. vere .ble to ,... ... 0114 'urotOla by cove~iÛ, the 
\, A ~. ..1> .... 

~ ~ 4 • 1 • 

coU~or putiel •• wltll • -.tt .... ' ... 0.11 ... flOIt8ll4lo1" • 

,', 
, , 

" 1 ~, ) tlI ,'~ 
.~~.,...~ ... _ .. , .. ~~ ..... ~.....z...... .. l.li.. •• ~ •• c-l..., .... ~., ••• ~.. '.' •• 
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Bouhel and Junge B8 -(1971) ~ed,rotating cylindrical 'tnd 

conical fluidized beds of very small diameter (4xIO-2m) and trie~ to 
\-

investiaate the effeat of radial acceleration on the filtration ~f sodium 
\ 
\ 

chloride aerosol part icles of, ~eportedly, "submicron" sbe. The\ col-
l 

lector particles were alass spberes witb a mean diameter of IS mitrons 

and, as tbe bed vas rOtated at great speed, experiments at higb vtlocitie5 

cou Id be performed. The metbod of generating the aerosol 15 not ~tated 
and concentrations of the challenging and penetrating aerosol were 

deterained br collefting tbe partieles on a filter and subseque~tly 

wel,bing it:l sçerficial ,as v~ locit ies varifd from 3.0 ta 11.1 mIs 

and efficieney decreased fra. 50\ ta 20\ in the range of velocities that 

were investigated. Boubel and Young conclude that 

f' « ~l~.,.. 
UO. 903 

(2.9) 

which Is not slaniflcantly different fra. the results of Scott and 

Çuthrie (Equation 2.7). The study of Boubel and J1.Dl,e sens ,to offer 

Vfn:y little potential for a pracU.cal application as it is II1ch .ore 

prelerable to pa. 1araer or denier colleetor partiel.s, thus inereasing 

th. alnia:nl lluiclilat ion velocity, than to spin a fluidized bed at 

poeat speed and CDst in orcier to increase tbe operating superfleial gas 

velocltr thraup the hed. NcCarthy.!!. .!,!.Mel inv.stigated the relaOVal 

of dloctyl phthalate aero.ol by 2.5x1o-2a dNp ~luidizecl bedl of 135 

Idcroa clu-ter aluaiDa p"IIlUI •• ln a .,ltiltage UTIIlI.-nt of a 0.15 a 

ctt..Itft' col_. ". ..... 0.01 .... produc~ lA a ''''lt~-t". aerosol 

PIIff .... ,or ad coaceatratlGlll of da. challea.laJ and penetratin. ..rosai, 
l , 

;' 

f 
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were determined with a condensation nuclei chamber. Penettations were 

below 0.1\ Îor each of sever~sizes of the aerosol when the gas 'elo­

city was just below that for minimum fluidization. For flows of 2.5 

times the minimum fluidization velocity per cent penetrations increased 

substantially (see T~le 2.2). 

1. 
1.0 45\ 
0,67 S8\ 
0.37 43\ 
0.28 42\ 
0.13 37\ 
0.06 19\ 

"'-
TABLE 2.2 Experimental Results of McCarthy et al. Mel 

The concl~sion of McCarthy ~t!l. i5 that as the superfieial gas veloeity 

in the bed is increased above minimum fluidization penetration must 

increasc because of gas bypas'sing in the bubble phase. In their work, 

a sillple Kunii \and Levenspi-eI1C6 .odet is applied where the bed is viewed 
'1' 

as consisting of two regions, a bubble and an emulsion phase with gas 

interchange between the p~ases. ' Their .octtl illplicitly assOMS that 

the liaitina step is the aas interchange, between the two phases (see 

!]lapter 7), which, if true, would ,resuit in equal penetrations for ea~h 

aerotol sbei l .. tIlina which al seen frOli their experblfmtal l'esùlts 

i. obviously. not true. Unfortunately Il tkeoretical predictions and experi­
,J 

..ntal HlUlt. are cOlipared ln this paper only alter the •• rosol has 

pa.'" throuah at l ••• t t'.fO fluldizad becI. where, at titis point, the gas 

t 

\ 
! , 
1 

1 
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in the two phases is mixed at least twice and penetrations are in the 

10. reglon of 0 - 10\. It is important to note the restricted range 

of velocities investigated, 1.1xlO-2 to 3.9xlO-2 mis (Ua{ - 1.~SXlO-2 mis); 

as has been proved experimentally by the author, the sharp,increase in 

penetration just after minimum fluidization is'a special case when viewed 

in teras of the wider spectrum of velocities that should be investigated 

befo~e any general conclusions are drawn. Also, inertia1 effects are 

neg1ected in their study, and Meisen and MathurM3 and Paretsky (1972) 

have shown that this assumptlon i5 incorrect even for aerosol diameters 

as lovas 1. 1 lJ ID in diameter. 

JacksonJ2 (1974) presents a review for collection of sub-

~cron particulates in fluidized beds and suggests multistage arrange­

~ts for reducing the penetration through the bed. 

D Xnettig and Beec~5 made a study on the capture pf aerosoi 

particles in a 12.7xlO-2 • diaaeter flu'idized bed supported on a &rid 
1 

of 0.56' free area. The collector partieles vere glass spheres of 

.an sbe 425 "a and experiaeltts vere perfot'lled with Jllethylene bIue­

uranine solid aerosol particles of 0.8, 1.6 and 2.9 "a diueter. The 

.. rosol vas produced vith • spinnin, dlsk ,.nerator and quantitative1y 

... lyz~ by fluoroaetry. KDettt. and Beec~s expert.ented vith three 

dlfter8lit slIpedictal 'U velocities and vere unable to draw any con­

elulionl_ as to the ~fect al superficial aas velocity 011 fluicUzation. ( 

'lhia particular work wUl be dheul.ecl iD &letaU in Chapter 7. 

farcIos, autfinpr lIul AbuafT1 pre,lent n .. r~l Inlut;~œs 
for "Depo.ition of cluJt partiele •. iD • fluidizecl ~ f~lt.rtt. )." how­

...... ,tIl. ~leial' ... v.lOcitie. ~ aU the..tr cal~1.t1onl are 

taJcea .. the Idâ. 'luWl~atiOD .elocity it 11 IlOt •• ctly clear whether' 
, ~ 

, ,', '" " ... ~~"' .' 

1 , 

/ 
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they simulated a fixed or a fluidized bed. They also claim, as _ result 

of their calculations, that p~rticles of 2 to 3 microns should be removed 

by"diffusional deposition, a statement proved utterly wrong both experi­

~ntally and theoretically. A further inaccuracy in their work 
~, S8 

15 that they used correlations presented by Stechina and Fuchs for 

eylinders ("Studies in fibrous aerosol filters") in their calculation 

of diffusion efficiencies for spherical collector particles. Aerosol 

collection in a vertical pneumatic transpbrt line has been inveStigated 

by Behie, 8eeckmans, Knettig and BulaniBl • who combined electrostatic . 
and inertial effects in re.èving 2.4 ~. marnesium 'ulphate particles 

by glass beads ~f 310 end 514 microns diamèter coated with a non-volatile 

oil. Experiments were performed varying the velocity up to 9.75 mIs 

and single collector efficiencies of up to 98\ are reported. In a simiiar 
14 

paper Knettig and Beeckmans present essentially the same experiment~l 

apparat us with very similar conclusions and use the equation presented 
J3 

by Johnstone , for the efficieney of Venturi sctubbers (see Section 3.2.1), 

to correlate their results. 

. 
2.3.1.2 Bffect of bed depth at ~t.u. fluidization 

Nane of the pioneerinl wor)us attempt to ,explain the perf01'll8J1ce 
. -. 

of a fluidiz~ bed ·rnovln. aerosol partieles in teras of the established ~ 

pietun of phenOlMftA occuriaJ in ps fluidization. In particular. they 

... to reprd the fluidized bed as a hOIIOpneous contactor whUe ft 

1. apparent that a certain aaount of the ailt or dust bypa •• inl could 
. ~ 

arl~ Ira. the part of t .... ,U .1cb pa .... throqb the. Md a. bubblel. 

, 
.~ 

\ 

\ 
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Meissner and MickleyM4 correlated their results as follows 

f .. H c 
Jaf (2.10) 

where c is a constant'which varies from 0.16 ta 0.34 accvrding ta the 

type of collector partiele tested. Black and BoubelB4 suggest a 

siailar equation: 

f C "af0.4 (2.U) 

It 1. interesting "ta note that Meissner and M1ckley who worted with 

.uch larger aerosols report a lower constant; this i5 probably because 

they also worked at higher velocities and a substantial amount of their 

aerosol bypassed in the bubble phase. 

KIletUg and BeecimansK3 took a similar approach in regarding 

the flu~dized bed as a homogeneous contactor. By disregarding their 

results with "al below 2.SXIO~2a they expressed their data in a form 

stailar to Equation (2.10). Thelr value of c i. different for each 

aerosol and for each velocity used and no correlation of data was 
, , ' 

attellpted. l'Dettia and Beecban's reluits are shown in Figure 2.9 where 

thè' penetration expressedas IlUIIber of transfer units is plotted versus 
.. 

H.,; as seen Ira. th.ir rraph curves, rather than straiaht 1ines will ' 

npreHllt thelr result~, .ore accurately. 
, Q 

Mel ' 
McCarthy .11.11. dld ~1l their experiMntl wlt~ Hat - 2. Sx10-2 • 

..... _i18 recopiliDl the pre.ence of bubbl •• , no investilation of the 

.t'Mt of W h.~ on Sabbl •• iie âad pnetration .- ~ttellpt~. , . 
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Expert.eDtal results of Knettig and 8eeckmans: 
penetration versus superficial velocity in a 
fluidized bed 
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Tl n Tard0\o !!. al. by basing their calculations on Umf 5imulated t 

what was effectively a fixed bed. Their work i5 purely theoretical. 

and bears 50 little relationship to reality that it need be considered 

no further. 

J k J 2 , h " 'h ff f ac son ln 1S reVlew paper recognlze5 tee ect 0 gas 

bypassing in the bubble phase. We are not aware' of any other studies 

in the literature that att~mpt to explain the effect of bed height on 

aerosol remqVal in a fluidized bed. 

2.3.1.3 Effect of diS;ributor and bed diameter 

With the exception of Knettig and BeeckmansK3 ; who claim that , 
the grid region of the bed was primarily responsible for the observed 

capture efficiency. and therefore implicitl; rec~gnize the effect of 
, 

the distributor. there is no other mention in the literature as to the 

t.portance of this design variable. As Figure 2.9 will show, the approach 

of,Knettig and Beeckmans who neglected experimental points below an 

arbi~rary bed height is purely artifici$l and offers nooeXplanation of 

.the distributor effect. 

The aajority of the previous studies (see Section 2.3.1.1) used 

beds of very small diameter and it is weIl known that gas f1uidized beds 
~ 

of suc:h saal1 diUleter behave very different ly frOil full scale beds. 
n 

More specificaHy J beds of a s_11 diueter tend t'o operate in the slu.gging 

rlaiBe at hiah superficial gas velocities. 

t 
1 

, 1 
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2.3.1.4 Bed loading 

~Although at first ~ight it may seem that bed 10ading shou1d 

affect the aerosol penetration, this app~ars not to be the case. 'Meissner 

and MickleyM4 , report that, within the precision of their measurements, 

the aerosol removal was independent of bed age. ' Alumina and silica gel 

collector particles could colleet up to 7% by weight of sulphuric aeid 

.orosol before the bed was t~o sticky to f~idiZ.. Black and BoubelB4 

state that no effect of bed age was detecte

I 
in their experiments. 

2.3.2 Effeet of aero~rameters ~ 
The physical parameters deseribing the aerosol are diameter, 

dA' physical 5tate, Le. solid or liquid, density, p A~ monodispersity, 

electrical charges and aerosol concentration., Except for very small 

FS Aerosols (dA < 0.4 !Jm) the penetration decreases with increasing 

aerosol size (see Section 2.2). In flu;idized beds, ,McCarthy ~ ~.MCl .. 

(see Section 2.3.1.1) report a pe!lk penetrating size around 0.67 lJ m 
i' • 

for liquid-dioctyl phthalate aerosols. Meissner and Ml~kleyM4 working 

~ith aerosols 2 to 6 Ila diameter claim penetration to decrease with 

superficial gas velocity while Scott and GuthrieS2 and Black and BoubelB4 

who were working with aerosols of 0.87 !Jm and 0.52 llœ, respectively, 

clala the opposite. It is not, however, clear whether the decrease in 

penetration with respect ta velocity is because of larger aerosol di~ters 

or higher operating velocities through the bed. ~ density of the 
C1 

&erolol, PA' affects th~ Stokes nuabe~ and t~e gr~ity settling par~ter 

(tee Olapter 3). Hwever t there is insufficient information in the liter-
_! ' , #If" 

&tare to det.raine the effect of this variable on penetration. 

, 
'\ 
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Although in a recent paper Willel<e.!.! E. WI claim that the 

fluidized bed if; an efficient device for deagglomerat ing and dispersing 

dust it appears that solid aerosols May be collected effectively provided 

the surface of the collector particles is coated with a non-volatile 

J4 
liquide Jugel et !l. report removal of quartz sand particles by 

collectors covered with a wetting agent called "Ostendol". Pilney afd 

Ericl<son P4 introduced oil into the pores of their collector particles 

(aluminum silicate) and discovered that the removal efficien~y increased 

from 85\ ta 95\ for solid, 8 um fly ash aerosols. 
, K3, K4 

Knettig and Beeckmans ) 

when studying the removal of solid methylene blue-uranine aerosols, 

covered the surface of their collector particles with dioctyl phthalate 

in order ''to eliminate reentrainment". 

In principle, the monodispersity of aerosols should not ~fect 

the efficiency of ind-ividue.l particles. However, sny gravimetric 

measurement of heterodisperse challenging and penetrating aerasols will 

be biased to give most significance to the largest size of particles , 
present. Furthermore, the implicit assumption made in almost aIl pre-

viou~ studie5 that the size distribution of the penetrating aerosol i5 

equal to the size distribution of the challenging aerosol i~ obviously 

not true and is approximated only in the case of very aanodisperse 

Aerosols, with low geometric standard deviation typically less than 1.2. 

TherefQre, the most accurate method, in this type of study, i5 actually 

counting and sizing the aerosol pÀrticles present. With the exception 
Mel 

of McCarthy et al. who used a condensation nucleation counter 110St --
previous studios lack this exporimental advantage. 

\ 

.~ , 

, 
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Electrical charges and induced electrostatic forces probably 
-, 

contribute to collection efficiencies in a fluidized bed. Black and 

Boubel84 came t~ the conclusion that indvced ele~trostatic attraction 

between aerosol and collector particles vere about as important as dif-

fusiona! deposition for 0.52 ~m aerosol particles; both colléction . 
mechanisms, however, were calculated to be quite 10~4 • Anderson and 

SilvermanA3 with experiments on electrostatic charging in fluidized 

beds report uncharged beds to show lower efficiencies. 1t has been 

suggested by Piln~y and EricksonP4 that fly ash collection might be 

improved by use of a corona discharge upstream from a fluidized bed. 

The rate of removal of aerosol particles may be considered 

to be proportional to the concentration. A pseudo-first order reaetion 

is therefore postulated and there i5 experimental ~vidence in the liter­

ature to support this. Meissner and MickleyM4 '(O.~ to 2.7 mg/m3) 1 

'1 

Scott and GuthrieS2 (24.7 to 32.4 mg/m3) and Black and BoubelB4 (0.03 

to 8.3 mg/m3) repor~ the collection efficiencr in a fluidized bed to be 

independent of aerosol concentration. In princip le, ~t high aerosol 

concentrations, the collèction mechanisas could be supported by agglomera­

tion of aerosoIs. 'However, this .echanislI becomes important only at 
J ~ 

very hiah concentration~. typically greater than 1012 particles/m3 F5 

2.4 Particle Collection in a Spouted Bed 

Meisen and MathurMl reported a theontical and experimental 
\ 

study of (1-3) li- aerosols in a O.IS • diÙlle~er spouted bed of 1, 700 ~ • 

collectOl': particles. Collection in tbe spout and in the annular zone 

ver. treated separatelr but aUowance vas -.de for interphase transfer. 
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-For the spout the correlation give~ by Behte ~!!.Bl was used. For 

the annulus the uncorrected form of Equation (3.12) was used~ Once 

spouting ~as established, it was found that penetration decreased with 

increasing gas velocity. Meisen and Mathur concluded clear1y that the 
1 

predominant collection mechartism in the spout was inertial. However, 

the relatively high pressure drop associated with a spouted bed of the 

'depth neçessary to obtain adequate collection Hmits the industrial 

attractiveness of such a device. 

" 
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œAP1CR 3. COLLECTION MECHANISMS IN A DENSE PARTICULATE MEDIUM" 

,3.1 Introduction 

The three factors that are important in a filtration proeess 

are the dispersed partieles, the dispersion medium and the collecting 

aedium. The aerosol particles are characterized by diameter, dA' shape, 

density, PA' electric charge, ~A' and concentration, which can be 

expressed on a n~ber, weight or volume basis. The gas flow is character-

ized by velocity, U, density, Pf , absolute temperature, T, pressure, P, 

viscosity, ~f' and humidity. The collecting medium is characterized 

by its geometrical di.JDensions - the- filtration surface, \, thickness, 

H, the geometrical shape and size of collector partieles, the void frac-

tion of the filter, E, and the specifie surface and electric charge, 

~, of the coilector particles. The basic parameters that describe 

the process of filtration are the pIT cent penetration, fI, and the 

resistance to flow or pressure drop, AP, of the fiIter. The per cent 

penétration is defined as the percentaje of Aerosol not collected by 

the filter (i.e. l00f, where f is the fractional penetration). 

In our analysis we confine ourselves ta spherical Aerosol 

and col1ect~r parti~les. The dispersion medium is air at atmospheric 

toperature and pressure. A5 the 5yste. tmder study was alllOst isa-

theral and as the pres3ure differentials across the bed were of the 

order of CIlS of vater, the effect of any telliperature and pressure 
, D 

variations on penetration are assUlled ta he ne&liaible. 

Th., re .. inin& collecti~ mechanil~ causin& deposition in the 

present work are in.rtial collection, ,direct interception, diffusion ' f' .... J 

, " . /" ,--_Y , 

• 
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deposition, gravitatiortal and electrostatic deposition. These mech-

anisms and their relative importance are discus~ed in the following 

section. 

In our approach to Aerosol deposition on fixed and fluidized 

beds we have used one of the most widely used approaches. namely "the 

method of isolated collector part icles". This method was developed by 

LangmuirL6 •L8 during the Second World War and basically starts by 
\ 

calculating the velocity fièld around an isolà.ted collector; this is 

used for the calculation of the deposition efficiency on the particle 

due to various mechanisms of aerogol deposition. 

The deposition efficie~cy of a collector particle 15 defined 

as 

ET _ particles ,of serosol collected 
particles 'fn approach volume 

(3.1) 

'The influence of the neighbouring particles, which may he called "the 

interference effect,~3 ,i5 expressed by the introduction of empir1cal , 
or seai-empirical corrections and the final stage of the calculation 

passes fr~m the ~éiency of an is~lated collector particle to the 

ev.luation o~ the efficiency of a partiele in a filter. In subsequent 

chapters, this approach is used to ev.luate the eff1ciencies of fixed 

and fluidized beds, including in the latter case, the hydrodynamic \ 

behaviour of • fluidized bed. 
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3.2 Aerosol Collection Mechanisms around an Isolated Spherical Particle 

3.2.1 Inertial collEction 

The presence of the collector causes curvature of the gas 

streamlines in its neighbourhood. BecaU5~ of their inertia, the aerosol 

particles accelerate less than the gas and 50 their' trajectories do not 

follON the streamline5; they are projeeted against the collector and 

.ay deposit there (see Figure 3.1). From the general definition of the 

deposition efficiency of a collector particle it follow5 that 

(2y )2 
CR 

(d )2 
P 

(3.2) 

The critical trajeètory of the aerosol particle, YCR' i5 

defined as the distance fro .. the x-axis (Figure 3.1) beyond which it 

ts, theoretically, impossible to remove the particle br inertial col­

lectiCll. The critical trajectory of the aerosol partiele is determined 

by the .55, resistance to flow and by its velocity of approach to 

the eolleetor. Stairmand57 presents theoretical predictions of 

tnert ial collection efficiency in teras of the dimensioniess group 

(dA"UaUr ) for isolated spherical and cylindrical collector partteles. 

In analyzinl depositton br inertial iapaction the particles 

are cOIlsidered to be point .sses in the calcula.t ion of th\ collection 

~ffici"IlCY.. However, their $ize is aceounted foi. in .valuation of the. 

fluld'.' resi.tance to the partiele. t IIOtiCll. 

'l'hne factor. deteraine the ~ert1a1 collection effieieney. 

The fb'st il the velocity distributiœ' of the lU flowinl al'OUlld the 
, 

coUector .""iell varl •• vith the Reynold. DUllber of the las vith respect 
l ' , 

1 

1 : 

. 1 ~ 
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( 

• FIGURE 3.1 Schematic representation of inertial deposition 
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to the collector. The second factor ~s the traj ectory of the particle. 

This depend5 on the mass of the particle. the air resistance, the size 
~ 

and shape of the collector, and the rate of flow of the gas stream. The 
.,.. , 

third factor is the adhesion of the particle to the collector - usually 

assumed t 0 he 100\. 

'lbe first factor is described by the Reynolds. number of the 

collector particle defined as 

Re - (3.3) 
P 

and the second factor i5 described by 'the Stokes number defined as 

t / 
St - (3.4) 

At high values of Reynolds number (potential :f1ow r~gime) 

the perturbing effect of the collector partiele is limited to a rela-

Uvely su11 region close to the co1lector. Except near the C01lector 

surface the flow pattem corresponds ta that of an ideal gas. Potential 

flow is an idealization which il never approxillated truly. While 

potential flow 15 a ,reasonable approxi_t'ion for the forward h~lf of 

an isolated collector it is less aood for packed beds where the collect~r 

will he affected by .,. wake. of neiJhbouring partieles. In t~e. creeping 

flow r',. (~< 0.1)83 • where the viscous teras in the equattbn of 

fluicl .oclal doaiDate. the dilturbance created by the coUector is felt at 

_ch larpr distance.. The .ff.ct of the l\UI4e1l ,'Pre.clin, of tbe strea. 

U... et Ill" Reynolds DUllbers is to enhaDce th, influence -of part iele 

. . 
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inertia and therefore cause a higher collection efficiency. tf "th is 

~chanism i5 studied independently and if it is assumed that the aerosol 

particles ohey Stokes Law then the eqÙations of motion for the particles 

can he derived br applying Newton's second law to the aerosol.partic1e. 

The equations in dimensionless fom and rectangular co-ordinates 

are (see Appendix A for the derivat ion of these equations) 

(3.S) 

and 

d(U,) , 
St x - ((U 1) , - (UA)' y) dT re y 

(3.6) 

'11le solution to the equation of motion will depend upon the velocity 

field assumed And several studies on inert lai collection are -.' ~ 

d 
H3,Tl,A2,53,OS,07,08 

reporte • 
L9 

Por potential flow around spheres Langmuir and Blodgett 

suaest that the collection efficiency can he expressed in the region 

St~ 0.02 br th. empirical f0l'W11a 

B _ (St)2 . 

1 .. (St+O.OS)2 

'or cnepina flow around spherical collector partieles 

Lanpu1r Dcl 8lodgettL9 obtained a cutye which is repre~nted by 

.. , 

_ ri 0 O.7Sln(2St) L' + 81:-1.21 • 

(3.'7) 

C3.8) 



) 

l' 

-47-

Most of the theoretical solutions to Equations (3.5) and' 

(3.6) yield a "critical Stokes number" below which no· inertial deposi-

tion takes place. For spherical collectors St
CR 

- 0.08!5 In 

reality. in cases of turbulent flow, part icles may also deposit on the 

back of the collector and the inertial collection efficiency for St ~ St
CR 

is not zero. 

In ~he case of a fixed bed consisting of loose1y packed 

collector particles (0.42 < f; < 0.50), ParetskyPl . reports inertial 

collection efficiencies far below the critical Stokes number 

(7.4x10-S<St < 4.4xlO- 2) and suggests the following empirical corre la-

tions'for inertial collection in fixed beds for 1,410 llm < dp < 2,000 um. 

(3.9) 

for '110 lJID < d < 840 \.lm p 

El - 0.78 StO•98 (3.10) 

Paretsky combines the data frœ the two sand sbes (Equat ions (3.'9) and 

(3.10») into one equation of the forll 

for low Stokes nu.bers. (St < 4.4xl0-2). 

Mei.en and MathurMl inves,Üp.ted •• rotol re.aval in a 

spouted bed ca.posed, of eeMnt clinker partiel .. approxiately 1700 \.111 

4laMter. Por th .... lus n.1Oft of a spoute" bed. which ellentially 

" ... , ... _. ----""'-- - --~ ..... -- -<---~ 



1 

j 
1 

-48-

behaves like a fixed bed, they suggest an equation to describe the total 
. 

collection efficiency of collector particles* 

El - 2.6 St T 7.SxlO-4 (3. 12) 

mere the first term represents collection br inertial impact ion. 

Limited experimental results obtained by,Meisen and Mathur suggest. 

according to the authors. that Equation (3.12) may be extrapolated to 

a Reynolds number of at least 250 and a Stokes number of 0.007. 

Knettig and BeeckmansK4 based on the experimental results 

presented by HerneH8 on isolated spherical collectors suggest a poly-

nomial approximation for 0.0416 < St < 0.3 of the form 

(3.13) 

It will be shawn in Section 3.2.6 that the empirical Equations 

(3.9) to (3.12) are a sillplified version of an equation proposed by 

, Davies for isolated co11ector particles. The hypothesis that there 

exists a critical Stokes number below which no inertial dllpaction takes 

place has not been proved ·~'xper~ntallr. According ta Fuchs F5 the 

theoretical proof ~ St
CR 

b not dgoraus because it assumes that the 

f 

velocities of the fluid and aerosQl pa.rt icles are equal not at infin1ty 

but .t SOM finit. distance fra. the center of the co llect or • It seellS. 

therefore, that in pn~ral the efficiency due to inertial ùrpaction at .. . 

1. Stokes naber b not zero and is rep,-sented by an equation of th,e 
- 1 _ ( 

... ···ct' fora . '~ ') 

*BXal:nat ion Of the 
St wu band en th. 
fore th, coetf1ci 
pl1JaI br "A/pp' 

h:ulations on wbich ~his equation is ba$ed showed that 
ait y of th. êoUector rather tban the Aerosol. The re­

of St in èq_tian (3.~2) ha. heen corrected br _IU-
r' 
1 
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(3.14) 

3.2.2 Direct interception 

The direct interception mechanism results from the fmite 

size of the aerosol particles. The part icle is intercepted as soon 

as 1t approaches the surface of the collector to a distance equal to 

its radius. This mechanism can be studied independently or by changing 

the boundary conditions when the equations of convective diffusion 

(Section 3.2.3) or the equations of motion of the Aerosol particles 

are being solved (Equations 3.S. 3.6). The latter method, however, 

requires numerical solutions and is quite ccmplicated even for a 

single isolated particle. Obvious ly, this approach is of litt le value 

'Mien studying aero501 collection in a fixed or fluidized bed. 

'Ole first method studies the direct interception mechanism 

independently from other collection _chanisms. This has the obvious 

advantage that it presents analytical solutiœs for simple flow patterns ~ 

which can then he incorporated with other collection ltiechanisms. 

par ... ter. 

11118 direct interception _ch~!sm i5 described by the following 

d 
~ _ A 

« • ,ëÇ 

'lhe effleiency of depositiOll clue to th1,. _chanis. is a flD\ct ion of NR 

~c1 th~. Stokes naber . (Equat.lon 3.4). To pt the f01'll of this rela­

tion i.n the follavin. tvo extt'eM uses la relative1y straiptfolVard. 
~ -\" 

• 
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3.2.2,.1 Interception efficiency for St -+ CI) , • 

In this case the inertia of particles is sUch that their 

trajectories, in the vicinity of the collector partie le , are rect i- , 
; 

linear. The ~fficiency due to direct interception is (see Appendix B) 

E -R 

ldtich is approximated for small NR br 
, 

\, 
1 

3.2.2.2 Interception efficie~cy for St + 0 

(3. 16a) 

(3.16b) 

. Here the particles have no inertia and fo1l6w the stream­
\ 

lines of the gas. The interception collection depends on the type 

of flow assumed around the spherical collector particle. 
/ 

The volullletric flow rat,e around the spherical collèctor i5 

obtained br integrating, 'analytically, the velocity field froll r' - d /2 , P .. 
to r - (~+dA)!2 for creeping flow around a sphere (see Appendix B) 

(3.17) 

,dUch. for _11 Mt, is approxiuted by 

\ 

" 

________ ~ ____ ~,r~ ______________ **_ ____________ .............. œ __ .~t ........ ~JC_ ~~,~ 
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for potential flow around a sphere 

(3.19) 

• which 1s approximated by 

(3.20) 

Then, for pote~tial flow around an isolated sphere the efficiency due, 

to direct interception i5 

(3.21) 

In a fixed bed the effect of neighbouring particles will probably be 

to increase the value of aR due to.the sharper curving of the stream­

Unes. For creeping flow arrund a sphere' 
\ 

(3.22) 

3.2.3 DiffusiOftal deposition 

"cause of Brownian .ove.nt. (.œetiMs desctibed as ''The 

D.run1c&rd's Walt" or "Ranclœ Walk") th. tra,.ctories of partieles do not . ... 
r 

coine1de vi,th the .treaal:1ne. of the lU wen in th. ab.en5e of !Den 1& 1 

_ t 

\ 

~ 

~ 
1 

1 
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effects. Particles will migrate to a collector surface purely as a 

result of th!s random ~ffusional motion. As the Brownian movement 

of the aerosol particles increases with decrease in aerosol size, dif-

fusional collection goes up. When diffusional collection is considered 

the aerosol particles may be considered to he infinitesimally small. 

We define a mass transfer coefficient k~(m/s) baseo on 

the local concentration of aerosol particles. C. 

Rn _. "d 2)c C 
P A 

(3.23) 

where RD 15 the rate of depos1tion of aerosol particles on the collector 

by 4iffusion and the efficiency due to diffusion deposition is 

(3.24) 

The problem 1s to determine the mass transfer coefficient in terms of 

aerosoi and collector particle diamet~r and superficial gas velocity. 
l 

The analysis uy he expressed in tel'll5 of the Peelet numbel', or iu 

equivalent, the product of Reynol,!" nuaber and S~hmidt number. and 
/ 

the Sherwood number. These di~nsionless numbers are defired as fOIIOWS; 

1 \ cl U 

-.n!- (3 .• 2S) 

Sc- (3.26) 

'Mhere PA(.2,.) i. the effective diffUsivity of •• rosol partiele •• 
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kAdp 
Sb - DA 

(3.27) 

Pe - Re • Sc (3.28) 

using Davies,D4 equation for the effective diffusivity of the aerosol 

particles 

D -A 
(3,.29) 

o where ka is Boltzmann's constant, T i5 the absolute temperature, K, and 

2.632x~O-8 [ 6 l 
F - 1.0+ a

A 
6.32 -t ~.OI exp(-8.322x10 dA) J(3.30) 

\ 

where F is the Stokes-Curtningham slip correction factor. Diffusion 

from a flow'towards the surface of a sphere has been investigated theo-

retically and experimentally in connection with the condensation of vapour, 

,on the surface of droplets or their evaporation. It can he shown thalS 

the rate of diffusiOn of aero~ols towards the surface of a stationary 

spherical collector particle situated in an infinitely large volup1e 

of uro.ol !. 
\1' 

(3.3t) 

!l'Ga Equation. (3.23) and (3.31), for • Itat,lanary aphere 
, 1 

• 

(1.32.) 
" 

;' 

.:d.': , 
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or, 

Sh - 2.0 (3.32b) 

1), for a stationary sphere increases ~n flow for Rtp> 3.cf4 ?y a 

factor 2.0 + 0.54 Re~/2scl/3: Table 3.1 gives DA and the corresponding 

Schmidt number for dioctyl phthalate Aerosol in air at 30oe. As can 

he seen particle diffusivities are several orders of magnitude smaller 
t 

than diffusivities of gases and are closer to the values obtained for 

diffusivities of solutes in liquida The Schmidt number which i5 around 

unit y for gases is greater than lOS even for 0.1 tm diame~er aerosols. 

For this reason, experimental data on diffusion of vapours cannat be 

extended to Aerosols. What i5 required here i5 correlations that apply 

to low Reynold nUlllbers and very high Schmidt numbers. 

The theory of diffusion toWards a sphere at these conditions 

has been investigated br various authors and their results 'in dimension-, 

. )less parueters are of the fOrll 

(3.33) 

, 

Mhere, accorelin, to Levich
L15 

8D "",, 1.0. to Priedlande/3 80 - 0.89 

and to Alts'l 'rud
Al ~~ - 1.07. 

- .. are not awar. of any experiMntal data on the diffusion 

of flowiDl .. rosols on to sphere. but Equation (3.33) can be verified br 

th. data of Abel 'rud for the dillolutiOll rate in oU of' sph.res of 

MUoie acid At 0.1:( Rep< 2.5 and Sc .. 2.3xl0': th •••• xpert_ntl live 
• 



o 

-55-

TABLE 3.1 Effective Diffusivities and Schmidt Number 
for Dioctyl Phthalate Aerosol in Air 

at 30°C 

dA III DA m2/sec S c 

0.1 3.3xl0- 10 4.58xl09 

, 
1.26xlO- lO 1.2XlOlO 0.2 

0.5 4. 14xlO- ll 3.65xlOll 

1.0 1. 95xlO- ll 7.73xl010 

2,.0 9.24xlO- 12 1. 63xl011 

• 

) 

1 

• 1 

. , 
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BD - 1.1 in an excellent agreement with theory: 

For l~rge Reynolds number. ,600 < Rep< 2600 and Sc - 2.3xl06 
, -

Aksel'rud deduced the following equation which was confirmed experimentally 

(3.34) 

Por intermediate Reynolds number, 100 < Rep< 700,' and Schmidt 

numbers of the Orde\ of 103 GarnerG2 obtained an equation similar 

to (3.34) but with a value for BD - 0.95. 

Por the ranges of Reynolds and Schmidt number in this research 

Equation (3.33) is a better candidate for describing the diffusional 

deposition of aerosals on spherical collector particles. Substituting 

for dimensionle,s parameters in Equation (3.33) 

d 1/3ul/3 
B P (3.35) 

and the local .s. tl'ansler eoeflicie:nt is, 

11 

_ the .ftlcle1ley due to diffuJional depo,ltlOft l" frOll Equation ,(3.23), ,. 

SD', -GrJfD (3.37) 

) Do - ,1 0.22 -0.27 , (3.SIa) 

" " 

t • j~ 
, ' 

, " 'p 
-', .. T , , " -. , ',.: \ ~ f • ' \té 0, , .... 

<' ,/:' .. ~Ltt.~~· .. t'i1n~:/:t~ , _. ~~~ " 
. 

j. 
l' 

1. 

j:, 
. , 
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N - ur 2/ 30.2/ 3d -2/3 
o A P (3.38b) 

3.2.4 Gravitationai deposition , 
< 

The gravitational collection of the aerosol particies repre-

sents the sedimentation or settling of particles due to gravit y forces. 

Gravitational collection occurs because the gaseous boundary layer 

,surro~ding the collector surface is effectively at rest •. Particies 

of negligible inertia will settle onto the collector while faIIing 

vertically at their sedimentation velocity, US' 

The parameter for gravitational deposition, N
G 

for an isolated 

collector particle may be defined asR3 

(3.39a) 

.Ac 
and, in the absence of other'collection .eChanis.a, the gravitational o . 
collection ef~ici~ncy is 

(3.39b) 

, , 

1 
li ft all~ that the .. ro.ol partiele 11 in the Stokes flow r'gille; 

tüa the tenÏiÎlal veloclty can be calculated f1'Oll Bquation (3.40) P3 
'Jr, • 

. \, i ' 

2 _ ~A .(PA-",) 
,rJ V, . . D'J ~, (S. 40) 

\ 

• 
" 

, . 1..' ... 

" 
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Thomas and YoderT~,T3 and ParetskyPl report different 

~ "" collection efficiencies due to gravitational deposition for '~upshot". 

and "downshot" flow. 

However, as the terminal veloeity of a 1 ~m partiele of 

" . d -Sm! DS specifie gravit y 1 l5 aroun 3.SxIO sec this mechanism of aerosol 

re.oval plays only a subsidiary part under the normal ,onditions of 

filtrationFS and beeomes important only when Us become5 appreciablY 

large and/or U i5 low. 

3.2.5 Electrostatic deposition 

'lbe electrostat ic propertie5 of s~ll particles could affect 

their motion and collection·in an electric field. As there is some ~ 

indication of electrostatic charging in fluidized beds (see Section 3.4) 

the aechanisu of electrostat,ic aeposition of aerosols on a cplIector 

particle are iiscusJed here. The ,q~tions presented were derived 

basically by Kraemer and Johnstone K5 Ù9SS) who Jolved the equations 

, of 1I01:ion for aerosol particles in an electric field neglecting aIl ' 

othar forces. They calculated the collection effieieney of conducting 
4 

and ,IlOft-concluctilll.aerosol partiele. by a conductin& sphere due to 
f" 

.ltctro.tatie force., for potenti.l and vi.cous flows and for several 

lIIterceptiOll. paraet.rs. Potent1al llow and nelli&ible Brownian .otion 
~ 

of "1'0101 pr\1c1e. vere ........ 15 

'fta~ ~. flve ..,.cts of el.ctl'~l force., .ct,iD, in a qate. 

of panlct.. app,eac:Stn •• COllect~~ . Por •• ch ~ ... collection pua-
, ' .. 

... , tbe _Cio 01 tU .teOCJ'Oltatic force to • ltoa.wQamillpa. dr_1 
~ , 

. ... 

.'.! 



,e 

-59-

For the coulombic force between a charged collector and a 

charged pàrtic1e the descriptive parameter 1s 

(3.41)' 

Por the induction force between a charged spherical collector and an 

1 uncharged particle 

~2 -
(3.42) 

. The induction parameter representing forces between charged particles 

and uncharg'd spherical collectors 1s given by 

". , ' 

(3.43) 

/ 

Par the case of the repulsion force exerted by unipQlar charged col­

leetor partic1es on t~e aerosoi partiele, hein, deposited 

{3.44} 

Por e attraction between'a Çharled aerosol partiele and a arounded ,. 
. coUee r which has a charp iDclucec1 by the .urrouncU.n1 unipolar aerosol 

puticle. 

(S.4S) 

" 
\, 

.... n' Da .:('-_1"') i. the .s..tel' of th.' .... rloal .. roaol cl0b4 which 

Jaf11l ..... the C01141ct •• . " 
, f 

" 

, ,. , ,~ i~. _. " .. _,l;iI/J. •. • 

:1 
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The induction pàtameter representing forces between charged 

particles and uncbarged spherical cOlledfors, NEl,!s quite small and 

'aay be neglectedKS • The forces corresponding to NE4 and NES depend 

upon aerosol concentration and start beco~ing important only at high aerosol 

16 3 concentrations CC > 10 particles/m). Approximate solutions for the equa-
') 

tions of motion and collection efficiency may be obtained if only one type 

of the electrostatic forces 15 considered at a time and if interception 

la neglected. Krae.er and Johnstone carried out the5e calculations for 

potenti.l flow around spheres and their results are presented here in 

their appropriate fprm. 

Par the collection of a charged Aerosol br a ,pherieal, charged 

collector, considerin~ only th& coulombic attra~ion force 

(3.46) 

and, for the collection of uncharpd .erolol particlu by a charged 

collector, eonsidering only the incluced charge on th~ partiele 

(3.41) 

It IhOUld be note4 t~ lor ..x~ collection of .. rosol . , 

~ic1t. by colleet.s 1xtth the partic1e1 .. the collectors should 

.... lttItly daarpd. Blectroltat1c collectioa b e:nhanced by decreased 

. , 

....... wloclty betv"n th ... rOlol partiel •• and the collector .' . ",'~.iaB1I (S.41) to (3.45)). AU eleetrolt.tic oOl)ectlOft par_terl 
:~~ .. 

", 
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except the one describing the induction !orce between a charged collector 

and an uncharged aerosol particle decrease with increasing diameter of 

particle. 

For the case of a neutral aèrosol only Equation (3.47) could 

provide a contribution to'aerosol collection by induced electrostatic 

attraction. As the Aerosol, in this study, i5 bathed in a high concen-

tratian of bipolar ai~ ions which are generated by a radioactive source 

(see Section 4.2) it can he assumed to be electrically neutral. 

In general terms 

(3.48) 

where CIE is the constant olr propOrtionality. This equation could 

contribute to collection only in a fluidized bed where the collector 

particles pick up an average charge, ~, 

(see Section 3.4). 

as a result of fluidization 

3.2.& Total collection efficieney of an isolated spheric,l particle 

Iftlen dePQs1tina hOli flow, \,ast a sphere, aerosol particle • 
. 

• Y ~ .ubject ta the s1atltaneou. effect of aU the .chanis .. 50 

far .entlanecJ. Puch,'S ha. Jhown that th. individual .ffic:i.encies 

", • coUector panicle are not Uditiv.. Indiscriainate I~t{on ' 

of panial .fficiancie. will ,aJJProxiatte the correC1t- solution only if 

iD4i.vWual .ffkiencie. are quit. 10.. RobinsonR.. bu sbown that 

.. 11 for HO « 1 are .... vitational ... mertial cIeposltlan. additive. 
• 1 • -,ps 

~1Ja, to Puch. th. 'total dfie .... cr 11 ,nat .. than any of the 

,.niaI tHiei_ct ....... Utl' tbaa ~i1" .... 

t' 

t 

, 1 



, , 

t 

. «n,r ... ,..,..,.,,-...r"'''\~I''''''''',~ ..,.- .... \1. ~_""tt1"'l'.9'r-.. ";\'"'"l" • ....,...+- , 

-62-

If, however, the i~dividual collection efficiencies are very 
• 

small and we are allowed to make the assumption that there is no 

Appreciable interference between mechanisms, it i5 quite safe to carry 

out the addition. 

For the total collection of an isolated spherical particle 

the best equation for inertial deposition plus direct interception 1s 

. given by DaviesD5 

(3.49) 

. assuming N
R

, 5t » NRSt, N
R
5t2 Equation (3.49), reduces to .. 

(3.50) 

which has the same form as the equat ions obtained experimentally by 

Meisen and Mathur~ (Equation ,(3.12» and Parets~l 

(3.9) to (3.11» for fixed beds. 
-

(Equations 

If we further assume that diffusional and gravitational 

settlin, efficiencies are sEll enouah to be additive then, in the ,.. 

ab,ene. of any eleetrostatie .ffects, the total collection eff,iciency 

of an isolated spherical partiel. is ,iven by 

, (3.51) 

""tH BD la ,lven bI Equation (3.3')-.~d Sc by ~tion (3.39b) • 
• 

1\ 

1 
,~ 

.' , 
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In the presence of an electrostatic field, considering only 

the induced charge on the aerosol particles by the charged spherical 

collecto~ total efficiency becomes 

(3.52) 

where EE is given by Equation (3.48). 

, \ 

3.3 Total Collection Efficiency of a Spherical Particle in a Fixed Bed 

The effiC'iency of an isolated spherical particle 1s different 

from its efficiency when it is surrounded by other collector patticles. , 

There ,re ~o main reaSQns f~r this effect: a) the interstitial gas 

velocity in the bed i5 higher than the 5uperficial gas velocity; and 

b) the streamlines around~he collector particie are d~fferent because 

of the interfering effect of th~ neighbouring particles. The presence 

of other particies results in an trtcrease in the total efficiency of the 
, , 

co Ile ct or. )t is possIble that this increase is different for every 

.chanism. The IIOst haportant parametér describing the Interference 

effect 15 the voiijaJe of the,fixed bedj but the effect of voidage may , . 

depend on other paraaeters IUch ~s the,collector particle Reynor4s number. 

There ois SOM disaJl'eeaent amona researchers as to how ta take 

accO\Dlt of the tnterference effect. Gben Cl states that .he increasCt 
" 

11 a tW'tètièn of th. fÜter por~slty and probably Reynolds nwaber. 

• LuÎJalir,t6 ·\.ntl'oclueed. a ~orrecti,~ c~ltant, calcùlat;ci exper~ntallY 
! II ( 

, fn. pN'lUl'e. 41'op; illpliçit11 th!. too dépend. '~ bed voida,e and . '. . Cl ' , , 
~* Il'''''1'. Chen' ...... t. an ~irical fOnUia 01 'the fora 

" ( 

/ " . 
.. '. 

,; 
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(3.53) 

and Davies DS claiu that the \ltterference effect is the same for . 
different mechan1sms and 1ntroduces an equation of the forme 

(3.54) 

Both of these eqùations are for fibrous filters of high voi~e~ 

DormanD12,D6 suggested an equation which assumes that the 

interference effect 15 the same for different mechanisms. 

BT 
BBT - E (3.55) 

<lA 

ParetSkyPI trie<! to explain penetration in a fixed bed in 

a .ore rigorous manner. He used Happe 1 'sH} "Pree Surface Model" ta 

Obtain analytical expressions tbat would predict the capture of aerosols 
, , 

by each of the filtration _chanisas in Jl'&Ilular becb. 'lhe free sur­

face, or cell .odel, assu.es the fiXed bed is ca.posed of .any cells; 

.. ch caU cont.minl a particle surrounded by a fluid' envelope. 

'the out.ide surface of ëach ceU 11 ulUMd to he fric-
(' 

tian!e.1 IIld the entire disturbance c:&used br the parti"le il confined 

Sa t ........ cell.. Paretlky the' i.lc!.d the .flect of gravitational) inertial 

.. d1ffuli~ collectionl' .in the "'tlODl 01 IlOt ion 01 the aerosol 

peUch e&ru-tlonl '(S:5) .ne. (S.6» aJId "Iv", thea ~U8ftiCilly. 

lIaf~uaat.ly", bu tIi.,.t1cal ~ct1ou far aerosol coUection wera 

• ,.. ...... el .... ltud!t .1 __ Jan UI .xpel't.Dtal naultl. The 

- t • 

• . , ... , 

f 

\ 

- ..... 
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, conclusion to draw from this is that the interference effect of neigh-, 

boul'ing particles pene,trates weIl into the cell boundaries resulting 

in much higher collection efficiencies. The results of LeClair and 

Hamiele~Ll1 show that application of the cell 1IIOdel is inaccurate 

even for mass transfer processes. In its general form the Interference 

effect may he expœessed as 

(3.56) 

where f(&)i-l,4 are functions of voidage. 

If ve make the assumption that either (i) one of the terms 

is dominant in the R.H. S. of the equation; or (H) that 

(3.57) 

then. Equation (3.56) .. y he written as 

(3.58) . 

b the volda,. 15 eOllatant in a fixed bed and as the same 

uSUllptlOll/.r he ade in th.e dense phase of a fluidbed bed, we can 

wr!}e for 0I:l1' purpo.e •• 

(3.59) 

f ...... rlea1 part le le 

la • f1xe4 btcl,or of • sphf1'ié&l pal'ticla-H~III, ..... ph ... of • 

. '\ 

, >, 

, " 

'" 
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fluidized bed in the absence of any electrostatic forces. 

3.4 Total Collection Efficiency of a Spherical Particle in a Fluidized Bed 

When a bed of spherical collector particles is fluidized, 

electrostatic charges a~e produced beca~se of'particle to particle· , 
contact and particle to bed wall contact. Thus, the bed particles,could 

.' 
get çharged and contribute to the collection of aerosol in a fluidized 

bed. There is very little in the literature on electrostatic charging 

of fluidized beds. Several authors have commented on static generation 

in fluidizeo systeu D9,P2. ~14 ,Ll6,W2 4 but only a few have carried 

dUt serious investi..eations. Cirorowski and Wlodarski C4 report that' 
" 

the uxiaum charge was recorded j ust be low the surface of the bed. 
, K2 
Kiseltnikov .!!.!.!.. confined this result • Boland and Geidart B7 

.. de the important discovery that statie electrifieation i5 generated 

""" by the motion of particles around gas bubbles, partieularly in the 

region of the wake. (This is si,nifieant be~ause a high amount of un-

converted gas is contained in the bubbles). 'lbe saae authors elailll that 

charges generated in the nose of the bubble and in the wake are of 

opposite s!ps. their results. howev." apply to two-diaensional hads 

and ~ould be 'Hpr~cl with re •• rvat ~ 

Other factors ~ffecting(lectrostatic charging in flU,~ii'd ! 

bed. aH particle sbe an. _terial •. ud becS wal1 uteria'l B7 :- Rela- Il 
tive buaidity cloe. not .ffect len.ratioa of cbar •• s but plays an iap07,lnt 

. . 87 ! 

1'01. on th. nt. of char,. cliaslpatlO1i • 

• ,JaCk ~ BoIIbel·" repoft tUt for O~S2 )dl ...... 1ua ch1iide 

"'"'.01 J!MIucecÎ .leètl'Oltat{c att.ractlcm ( ... Bquatlaa. (3.41» C~ld 
. 'T'" 1 ...•. ~ '. ~ 

/ 
/ 
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he as illport.ant as Brownian diffusion. It is interestin, to note that 

(Equation (3.47» 

(3.60) 

This is because the indueed dipole inereases with distance of separa-

t ion of charge s. 

Although .uch research i5 required in this area, it seem, 

likely that ~t certain operatJpg conditions the slightly disadvantageous 

phenomenon of eleetrostatie charging in fluidiz~ beds could eontribute 

sipificant ly in reaoving airbome partieulates. Figure 3.2 < gives lCS 

sa.. calculated values for effieieneies resulting from indueed'electro­

static charges in spherical éollee~or partieles. 

Pro. Equation (3.48) 

(3.62) 
/' _. 

.9 
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- 't. Bxperimental ~sults of Krae r 
collection of dioctyl"phthal te 
on a spherical collector 
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".0 

--:> 
To summarize, the individual collection efficiency of a spherical 

collector particle in a fluidized bed where only indueed electrostatic 
11 
attractions are considered i5 given by 

(3.63) 

, and, although BE2 cannot be estimated quantitatively"inspection of 

Pigure 3.2 shows that it eould he ail important cql1ection parameteT. 
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OIAPTER 4. DESCRIPTION OF EXPERIr.ŒNrAL APPARATUS 

4.1 Introduction 

The following chapter gives a detailed account of the equip­

aent used in this study and descrlbes the procedure for a typieal rune 

Pigure 4.5 shows a ~chematic diagram of the equipment used for fixed 
~ ~ 

and fluidi~ed bed experiments fo~. superficial gas veloeities up to 0.1 
- , 

a/s. Por higher velocities. up ta 3 mis, a completely different system 

had to be designed and built; this is shown in Pigure 4.14. The Aerosol 

WB. len~rated in a spinning disk' generator and measùred with a partiele 

countetj the,e two items are described in the following section. 
/ 

1 

4.2 Generation and $!!p1in& of Aerosols 

4.2. l 'lbe .. rolol aenerator ' 

The .ptnning di.k generator· produce. an a.rosol fra. a solu-
t 

tian or lu.,.nlion of part icI. -f01'M1:ian Mtft'lal. The ".d is intro-

duced, at a flow rat, of 1~6x1O"'a to 5XID-~/I, teS th. center of a 

2.S4xlo-2a di ... ter stainlts.,s, .. l disk rotatin, at- 1,000 revolutions 

pel' .. concl. The llq1l1cl II, atOllil" Into two clllcret. clroplet sizes. . . 

'If Pl:iary drop1ets, typlcally 30 àlcrons in cli .. ter, Ate lor..d clurin. 

11",1' brut ut ... utecl as the test .. roJ61. 'lb •• aUer or lateiUt. 

(---~letl whldk. aCèot"cU.q to Har.ta4 !! ~.H4, are about 'one thlrcl th, '" . . 
tI"-tft of tM pl'!Mry ,,",let •• art n.v .. l~ the, llow .yst ... . . 

• .-factlJ:Nd ~ dt, IIrdr-.tal tn8U'tlb' Cof,.aU .• , 5125 North 
a.lef 1UMt, ft. "1 ....... (Ulll) • 

• .. . . .' -. 

t" ~ .. . ,' 



11 

.) 

" 

1 

/ ',/ . ",,,,/ 

• 
~ ... / ---..---_ .. 

-71-

The SiSé of the primary droplets, dp~' 1s relai,d to the angular disk 

.péed, CIl, disk diameter. d
ais1c

,fluid surface tension, 0, «nd fluid 

dens,w,. p by the followina expression 

• ( fI ~ 2 
PO.fIJ ci. dbk 

--

(4.1) 

nere the constant of. proportiooaUty il equal to 4.S according to MayM2 and 

(12) 1 according to the anufacturersBl• \ ' 

The g.nerator is Ihawn sëhe.atically in PiJUre 4.1. Amblent 
'> 

air 1. ~rawn through ~ absolute filter and a calibrated flow.eter lnto 

the aix1na chamber br t~e .. in air blower. The air then mixes with the 
/ ' . 

air fl~ recyebd Iro. the satellite rellOYal systea. Alter being .' 

heated (optional) it paues throup an absolute lilter and turbulence 

c1upina SCl'H'A and ':bit 0 "the aiT cl.ss1fter~ In the ctasttitn; (P11\11'1 

4.2) the liq,u1d solution ()1\ suspension is t,d onto the center of • 

~~ting ~i.k. th, r.sulting bt.odal spray di.tribution 1. separ~ted 
tato priaary and lat.lllt, .. rolols. A fla. rate cil aPProxiaately '. , 
S.lxl0-~.S/. wu UIed to .train th. lat.llite droptet.. 11t1s air 

pa.... tat~ th. satellit. 1'~1 hw. fiowi araun' lAd cools the 

.1.ct~lc IlOt .... 1. Ilna11r _1UIt~ into the alxia& 'chUlber. "!h. 
; 1 

~1JWaa fnC'ti'Oft fil th. air 11_ U'OIDl tM autsicle of th. s.t.llite 

n.wal ..... .., "'.ft .... *, ft~ dnplet.. 1h ••• -~ drap1.t. whlcb 

npw, ....,..t. ... oun" Sato ... patie'" chat .. MUtraUM1' 
, ' 

..... 4~ IN-'" "' •• ~ ... ~~_ 01 'JfOlu ,.... ..... tecl 

w-a 117ft. • ..... .... ..... l6ial ....... 1 ...... 
, , 

'-kW. ~ _" ...... ,._. _"~u .. ,'", ," ,,., ' ,'~' , 

~ ... ' ... ! ~ ,.loèIlir:' .... ès, .. ' "i·,.' .• · ...... Io1U:1_nU".t1'~. 
, , 
, ~ " " 

'. , ,~~~ i''':<,~;':\;",;i:,:;i : 
,," < "li-. :!r~0, ,f. , 

1ll~~!~~~~:i~iiJ1~iW~i~~i,~:)i~,;!t .. ~';>'-'-- ~ ,~_,(~:~,(rlil~& Il~~i.~ ~ i.~·· ."~ '" .. , 
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• 

, L 
Scheat1c diaJru of spinning dis1c •• ro~ol generator 
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FlGUl\B ~ Air classUier' sec:tian of Spinnlnl disk aerosol lenerator 
f 

. , 

., \ '0 

), 

1 .... , , 

, , 

• 



;\ 

'r"· 
~ ;:-.! ,:.,­

f 

~:--

.' 
~­

" 
!~ 

> , 
• 

'c 

(' 

• 

,. 

q.~, "t 

" 

. ,/' 

-
Main Air F'low 

~ 

Liquid 
Feed 

1IiJIIo.... - r 1....-~~- ~ ~ Dtsk f 

$atellite 
Droplets 

___ ~ ... r I-x.... 
, . . " , . 
" ~ , 

, -, 
, " 

·0 _ 
o • 
• 

• 0 
• l' . ~ 

'" 

-
-

.' 
Screen 

\ 

':..'. 

~oderaie Needle 

Disk Drive Nator 

Primary Droplet) 
SateUite 

r' , , • 
• o 

., 
• 

•• t ..... 

'::';. 1 . '.' . 'To Satellite 

.' '. V .. " .. ....... . ~ 81_r ,',' '~"""""""""'''''''",:, 

---- Sheath Air Supply 

. ' , ,'. " ::, ,: ' : , " :' . : '.', " 
, , 

• o 
o 

o ~ 

o 
000 

o -1-. 0 0 
• 0 

o 0 

o • \/.0 ... 
To Ionizer 

• 
..-

" 1 
, 
1 

l 

l, 

<;"' 

, 
~ 



• 

-74-

Experimentally, it was found that small fl~ctuations in the 
.' 

satellite blower resulted in correspondingly greater fluctuations in ' 

the concentration of the aerosol. The aerosol generator was therefore 

modified by connecting the output of the satellite blower to the test 

aerosol, this arrangement is shown by a broken line in Figure 4.1. Thus, 

Any primary drop lets captured by the satellite blower were re-introduced, 

with the satellite droplets, back to the system, the satellite droplets 

heing far too small to affect the monodispersity of the test aerosol 

around the measured peak range. This modification involved disassemble-

ment of the generator, removal of the satellite blower from the generator 

and building of a separate housing for the blower. 

The generator i5 capable of~produci~g up to 3xlO- 2m3/s of 

aerosol, at a positive pressure head of O.lm of water, of neutral, ~ono­

cMsperse, splteTioal aero,ol at a ccmc-entration of around .IO,~ parti~lel/m3 

and a geometric standard deviation around 1.1 - 1.2 based on number size 

distribution. Methylene blue aerosols (1.1 pm diameter) were produced 

by dissolving methylene blue in 20\ distilled water/80\ methyl alcohol 

iD coocentrations around 40 - 60 parts per .11Hoo. Liquid aerosoIs 

vere aenerated at variou. 5ize ranaes by atomizing a mixture of dioctyl 

phthalate (DOP) and _thanol in concentrations of 40 to 350 p~. An 
'1 

iRherent proble. in generating aerosols ar~d 1 aicron using this 

pnerator 15 the aaount o~ soUds residue in methyl alcohol which is 
1 

l'PlI in noral reapnt grade. 1'his error vas ainiabed by us1D, alcohol 

of very laiah F.ity (sôlicb re51c1ue 1 - 2 pp., u Fisher' Scientific Co •• 

Cat. No. A-412). 1'hree _thods of fe.clinl the solution to th. disk were 
.. 

tl'iëd: 

1 

~ 
~ ) ~,"*W':Of',...... i.e .Ii ~t'W', •• "7~ • ..,.~~ ..... -~ .... ~~~ .... !1111'~ ... "",.I~,.""!I'._ •• ;""'%.".". '"""111 .... ;1""1----... --------1 ' 
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.' 

i) through '~-micro-metering peristaltic pump {The Peri Pump 

Company Ltd., Model No.66)j 

ii) using the liquid container provided by the manufacturers 

situated at a height of 0.15 to 0.45m above the surface of the dise, 

feeding through a No.22 needlej 

iii) using the 4.SxIO-3m3 bottle containing the solution at 

, a height of 1.2m and# with gravit y feed, to a No.24 hypodermic need1e. 

The last method was found to he far superior to the rest, 

providing an aerosol constant in size and concentration for periods up 

) to S.4xl04s (15 hours). Maintenance of the generator required: 

i) replacing the bearings of the synchronous motor every 
" 

100 - 200 hours (Bardon-hig~ speed bearings, Cat. No.SR4-SSTS, distri-

buted by Philip Frenc~ Salés Ltd., Montreal); 

H) replacing the sponge rubber seaIs of the generator and 

polishing the stainless steel disk at suitable JintervalSj 

iii) replacing the .. in air fiiter, satellite and main air 

blower every 500 - 1000 hours; 
• 

iv) disasseabling and cleaning the generator at frequent 

intervals. 

The author rec~ds that the .anufacturers alter the design 
ttII • 

of the synchronous .otor asse_Iy _ by I:h,ging the di.sk diueter to 

5.lxl0-2• and ra1s~1 the disk speed, if that lis possible. Then, fr0!l 
. , 

Bquati~ (4.1) the lower practica.l liait of aerosol cJiuaeter would be 

.xt.nded substantially. Purth.r.r., th. satellite droplets, which have 

a ,004 lICII'locJisper~ity H1 should Dot be .strayecl but paSSH to a second, 

..ch _Uft 1"acl10&ctl •• chal'le'BeutraU-'. -na ••• 1"osol .... rator would 

• . , . 
f.- ,, __ • 1 ~~""",,"'''>I,', __ f ..... ~ ... ~ ........ ~"'~ \ ..... .,..- ,,~ .............. :t .. !I; .. ~.~~ •• liIIfIL ... No.:.....~ .... _.~._ .................... _ ...... 
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th en be able to rroduce two monodisperse aerosols, of different sizes, 

siaultaneously, at a relatively small additional cost. 

'.2.2 The particle counterR- 5 

Th~·QQ Hgdel 200 and 202 i$ an aecurate and convenient 

instrument for determining the number con~entration, particles/m3, 

and size of particles of micron and submicron sizes in ambient air or 

in' a closed system. This counter provides rapid and convenient analysis 

of size distributions of partieles with diameter ranging from 0.3 to 
, 

10 microns in 15 selectable channels at a sample flow rate of S.OxlO-6m3/s. 

Bach measurable range represents an inerement of approximately 25\ in 

partiele diameter or 95\ in partiele volume. The paniele c ounter will 

either count aIl particles in one or aore size ranies (single ~e opera-

tian) or it will eount aIl partieles larger than any selected 5i*e range 

(total 1IO<1e ,9Peration). Any combination of particle size ranges may, 

he preseleèted for autoaatie monitori~g, in ~equenee, with a prespecified 

lnterval spent counting each range (thi5 interval may/ûe 18, 60, 180 

or 600 seconds). The n\mber of partieles for the range being counted 

11 indicated on a five-diait banl: of de cade eounteis"\8lld there are pro­

visions .. de for connection of recorder! or a printer for a record of 

the partiele count. 
r 

,'I11e Mo!lel 2P2 eowlter is dUferant. having in addition an air 
. 

dilution syst .. and al1&htly dilferant s12.e ranps. ... ' 
'n\e purpose of 

\ 

the .l1utlOil If-" 1. to .Uute aerosols NIlo •• cœcentration resu1ts 
, ' 

111 hl. c01aci_oe lOI. CexplaiDecl lat,r): botll "'-11 wera used at 
! ,., (, 

l ' 

R 

~ _.,,' c ~ • l 

,.:' .. 1'\ ,,1 ~~; ••. ~~~i.,:"!.~.f. ... 'f~It.~:':li.k._.~ /.:t ,~~~~;_I.\ .. ~;~tf,~(cl~'t~~,. ~ /~~*.r(, ; ~ JO' 
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different ti.es* and Table 4.1 ,ives channel au.bers and the eorresponding 

slze ranges which are of interest to this study. 
\ 

Channel' ~~ze Itansel ~{erons 
No. Modei ISo MOde 1 21S2 ./~ 

" -. 0.64 - 0.8 0.60 - 0.80 

5 0.8 - 1.0 J 0.8 - 1.0 

6 1.0 - 1.3 1.0 
.. 

- 1.2 

1 1.3 - 1.6 1.2 ... 1.5 , 
a 1.6 - 2.'0 1.5 - 2.0 

9 2.0 - 2.5 2.0 - 3.0 

TABLE 4.1 Site Ranges of Model 200 and 202 Royeo Partiele Counter 

'lbe princip1e of operation is based upon the vell-establlshed 
(J 

, 
phenœena of light seattering and reflection by suU partieles. 'I1le 

, 
! 
! 

1 
\ , 
! 
1 

\ 

1 

\ 
! 

\ 
t 
r 

# , 

air suple passes throup an optical syste. vith a 5.11 volUll8-sensitive • 

are. (1.9axlO-9•3) where the partieles deflect light fra. a controlled 

source with .. Phot[ltiPlier tube positiOl'ted at 900 t-o the _in projec-

tion axis (Figure 4.3). The pul.e train fro. the phot~ltiplier ls 

analyzH electroniçally to segrepte the pulses by sbe,. and pulses 
D 

cone'spœdifta to the presel.eted partiele sbes are indicated by ~e 

decfCltl, counter.. 'l1l ... dauba p~oduc1n. thit dëllectiori is liJht 
, 

atattuma far particle. approxiately Wlow Olle llicron 'in dliMter and 

• "'1 202 • UN puaitt ... f by courte., of t'" Depart_t of Epideaiology, 
IIcGUI atl~.ity. _~l'Ul. . . . 

.. 
" . 

\ ... .. l 



1 

" 
r 

:/ 

FIGURE 4.3 

- $ , 

-78-

Optical syste~ of Model 200/,202 Royeo parti~le eounter 

o 
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refleetion of 11ght for partieles aboye one micron in diaaeter. Each 

// of the se meehanis.! produces Hght pulses which have an ,amplitude pro-

1 

, 

portional to the projeeted area of the partiele (i.e. to the square of 

the partiele diameter) and which have the same constant factor relating 
1 

pulse, .aplitude to area. Henee, there is a smooth transition between 

the sbe ranges Mhere aetual scattering takes place and where reflection 

predominate! 50 that pulses with uniform amplitude inère.ents are pro-
• 

vided in proportion ta (dA) 2. for particles of any size range. 

'lbe partiele eounter was ''prime ealibratedlt at periodie 

intervals using an aerosol of polystyrene latex particles 0.750 ± 0.0026 
- . 

.... di~ter* produeèd by a noule type gener,tor built by R. A.llen". 

The procedure and precautions to he taken for prime calibration are 

described in Appendix C for the benefit of future users of this instru-
1- « 

MIlt. Bas ica lly , priae calibration is carried out br passlng partieles , . 
of known sile through the c~unter. ca.paring the indicated size dist~ 

buUon with the known distribution and _king any necessary calibration 

aclju.tlMmts.. 'I1le latex f&rti~l •• have a nfractive ind~X of 1.595 and 

a den.ity of 1.06xl031c.a1.3• 'ftlm il, however, negHalb1e deara~tion 

in UIÙl. ac:cuncy _a ..uur~ partiel •• vith entirJly cliff.rent 

ckral.1stics blcause th. operati,œ ~f tH mstl'Ulltnt utUiles white 

illaatnat!oa ~t 11 IC&tt~ br,partlClel ~ col1.ct.d orer a ~arge 

.... rtcal _Ile. 
< ' 

,1 

.' ; 

, . , 

\ • 

• 
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The sizing*error in the equipment depends primarily on the 

eare ~aken when.prime calibration is performed; in general, taking 

aIl the necessary precautions. the diameter of a partlcle can he deter­

llined to an Iccuracy of ±IS'_ The second possible ~murce of error in ' 

the counter is "coincidence 10ss", which r,esults frolt the siJa11tane~us 

appearanee of two particles within the sensitive volume where Masure­

I.,nt takes place. The operation is such that if the partieles are not 

of the same si~e the larger partiole Masks the smaller one, effeetively 

hiding the smaller one while the larger is eounted; two partieles of 
. . 

the sue sbo produee an additive effeet which sÙlUlates a larger partiele. 

Coincidence 1055, therefore. ii not the sue in a11 channels, but is 

a funetion of the eount in a. particular ,sbe range related to the total 

count in that range plus all larger particles. It becomes important 
".. 

at concentrations greater than 6XIO' particles/.3 and can he predi~ted 

statistically. Coineidence losses in this study were corrected frOll 
. 

a &'HPh suppUed by the manufacturers (Plaure 4.4) and corrections 

vere around 12\ in the extre. cases. (See Appendix D for an example 

of correct ing coincidence loss.) 'lbe iDstnœent IIlst be "field ealibrated" 

befor •• aeh nJn. Pield calibration is a sillple operation and cOlipensates 

ffll' t~. det.rioratiOll of the variou. depadable eOllpon~t. :ln the counter 

between prlat callbntlOfts. 
• 

*1atenuc. of the iUt~, .xclucUna troubleshootina. 

iaYolve. 

1) ltt ..... ly Pl'~ call~l., 
" 1 
\, 

ü) fieU M1I.M.tla 1Jefon ...... , 
.. • 1 ..r. t 

J 1 
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'- . 

, , 

Correction of coincidence 10ss.' Actual concentration 
(RA) ~s a ~nction of measured concentration (RM)· 
Ax~s - xlO particles counted per minute samplirig at a 
flow rate of Sxlo-6 -.'5/s ' 

. . 
.,"; ·L.,", ... ~ _. ,!, 
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Hi) yearly inspection of e.lectronic chassis; 

Iv) IDOnthly inspection of optital system; 

v) tube replacement when necessaryj 

vi) uintenance of vacuum PUIIP drawing sample air; 

vii) replacement of air fUters when neçessaryi 

viii)periodi~ lu~ti~ation of various moving parts of the counter . 

. 1 

4.3 DesCription of Experimental Apparatus for Fixed and Fluidized Bed 
Experiments (U < 0.7 _/5) 

'lbe equip.nt used for carrying out experillents with fixed 

and fluidized beds with superficial gas velocity up ta 0.7 mis 18 shawn 

sche_ticaUy in PlIUre 4.5. The aerosol pDerator was adjusted ta produce 
"" , 

an aerosol of 5xl07 to 106 particles/al at a constant flow rate, usually 

around 0.9 to 1.4xlO-2
113/s. Part of tbe aerosol vas ta1n to tbe fluidized 

bed, while the reuinder passed to the laboratory fUll8~ood. In this 

.. y, by "proclucing IlOre aerosol than that r.quired for expert_ntation 

and di$cftdinl the re.lnder, expe'l'i.,nu could be perfOT'lled at different 
- ' 

Y~loçiti.s throuah th. hed "ith~ 'Varyina condit!ons at the l'enerator, 

and thqs chu,ln, the partiele .b. or conc~tratiqn of the aerosol. 

'roa the fluidized becl the ..rosol ,..s.~ throulh a fUter·, to rellOVe 

~lc1e,' laraer, tharl 0.5 11-. €o t1fO parallel-~ted rotueters thus 

· .. U .. ~inl COfttaa!DatiOft of the 'l''otuete'l''s by th. a.rosol. 'l1le 1arg.r 

1'Ot"'~;.~~".-xt.. HIlie 1. Ixlcrz.! ,. at '1'00II t • ..,.ratur. and 
1 -- __ .. ' 

at_ap1aerie ,ftsaure 'and • CallbritH âCëUftCy of il' of full scale 
o • • 

, , 

--J ' '~ J' 

; ~ '. l 

" .. 
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/ 

~I • 

Sche .. tic diaira. of apparatus used for fluidized bed 
experillents (0 < U < 0.7 ';s) 
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reading. The sm~ller rott!eter* coul4 be used with flows up to 2.1xIO-3 
.' 

113/5 with an industrial accuracy of ± 2\ of full scale readingj the 

capacity of this instrument was chosen after the total error of the 
"... 

two rotameters was opt imized riumerically (see Appendix E ). Flow 
\ 

through the fluidized bed and downstream system was maintained by a 

vacuum pump** with free air ~pacity 2.SxI0- 2m3/s. The pump was designed 
~ " 

to operate a~, high vacuum and was incapable of dealing with the air mass 

flow rates demanded of 'Oit in this study. Therefore. it was modified 

by removing the existing oil filtering system and installing an inertial 

t.paction device. This was designed and built to remove oil drop lets 

greater than 10 - 20 micf'Ons • 'The pump oil discharged by the pump and 
r,',. 

collected by the impactor was trickled to a reservoir where it was cooled 
'. 

an~ subs"equently returned to the pump. 'Uth this arrangement the pump 

could operate continuously witbout overbeating and with negligible oil , 
losses. As tbe inertial impactor worked most efficiently at high flow 

rates. additional air was added to tbe reservoir to ensure sufficient 

flow tbrough tbe PUlip. ~n th!s way the aerosol generator operated 

sUptly abave ataospheric pressure (at lts norml Jesign conditions) 

wbUe the fluidized bed was at a slipt negative pressure. Man Olle t ers 
1 

_re prOVidedf to deteraine the pressure drop acros.~ the distributor, 

BcrOi. th. be~ and to imlic.te the pressure at tbe rotUlOters. 'lbe 
\.. 

_1Uted Yoltœetrlc flow thraulh the rot_ters was subseqtlently corrected 

" 
•• 1'OOb hU-vi ... , O-riDl .K1, ,lass tube flow -t~1 (Cat.No.1l12-A). 
**VKrorr' Kiah VacUUII PwIp, C&t.No.D-1500, Alstributed by Precision 
Icl .. ~1flc Co. 1. S737 .ut COrtland Street, âti~ao, Illinois. 
~ 1 

, 1 
1 • 

/ . 
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~'-/ 
for any deviations from atmospheric pressure with the following standard 

. " 
equation 

(Flow) x~ 
atm ~Çm (4.2) 

't • 2 
,where Subscript RP refers to the absolute pressure at the rotameter, n/m • 

The bed was contain~d in a cylindrical glass column of O.15m 

inside diameter and O.3Om long or in a plexiglass column of the same 

diameter and O.41m long. The f1ùidized bed distributor. Figure 4.~a, ,. 

eonsisted of a fIat aluminum plate 3.2xIO-3m thlcx, drilled with 1.2xlO-4m 

diameter ho les on a 9.SxIO-3m triangular pitch giving a free surface 

area of 1.S\. The fixed bed support, Figure 4.6b, co~~isted of an 
/ 

aluminum plate 9.37xlo-3m thicx, drilled with 6.ISxIO~4m diameter holes 
1 

on a 6.35xIO-3m triangula; pitch covered with a 74 micron opening stain- ~ 

less steel wire meshj the design of the plate was flexible enough to ailow 

its use as a distributor for experiments with high superficial gas velo~ 

cities. To minimize aerosoi collection on the distributOr the hèles were 

reaJDed -out on the upstreu side of ~he plat,es and the aerosol stream 

approached the distributor through a plexiglass conieal expansion chamber of 

~roxi.telY 50 half angle. Por the( fixed bed experiments the flov 

thrOugh the bed vas ,;reversed and ari additional 0.3Om l;ngth glass co'luJm 
~ .~ 

HI aclded after the Support plate in order to avoid having the top of 
, 'J 

the supling probe too near the support plate. The pressure drop across 
-~-

the flu14iled bed diltribùtor and across ~e fixecl bed support plate vas 
, • &, ' 

•• alUH4. vith an !nCU1H.cl aici'a.IIlOllleter, a • .a function of superficial 
, 

1;&1 ft loc lty • alIcl the, relUlta are shown iD Fipres 4.7 and 4.1. "nie 

., ' 
.1.),. • ~. .. '.of 

( 

1 
\ , 
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FIGURE 4.6a 

FIGURE 4~6b 
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• 

Schetatic reptesentation of tluidized bed distributor A, 

a - 9.5x10·3 • b --1._10"3 • c - 1.7xlO-3 • 
d .. 1.2xlO-3 Il 

nuaber of orifices - 259 

Schematic representation of fluidized bed distributor B. 
Also used as fi~ bed support plate. 

a _ 6.4xlo-3 • 
b - 9.'4xlO-3 • 
c - 6.2XIo-g. 
d - ,1. 7dO· • 

·ftûllber of orifices -' 557 
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) 

Pressure drop across fluidized qed distributor A as a 
fUnction of sbPerficial IRs velocity 
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, 
Pr~ssure drop .cross fluidized bed distributor 8 as a 
fUnction of superfieial cas velocity' 
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p~e5sure drop across the distributor, although low coapared to values 
'. 

recomaended in the literature K6 was higher than IIOst of th'e previous 

studies ,(see Section 2.3.1). Visual inspection showed that it 

provided 'Adequate distribution of gas in the bed because of the very 

shallow beds required for this type of study (typically around 3xl0-2m)~-

The distributor plate was designed to minimize collection of the inco.ing 

,- aerosol by the plate. Figure 4.9 shows penetration through the distri­

butor as a function of superficlal ga.s velbcity. As .een from the figure, 

pénetration through the distributor plate 15 86\ of the incoming aerosol 
'" 

at the enrelle ocase (l.S lia diaJDeter aef'osol &t a velocity of O.77m/s)" 

, 'POl' sa11er aero.sols and lower velocities Aerosol' rellOVal vas insigni-

fiçant, typically around a fev pel' cent. 

'Ale experillents vere perfomed vith three different types of 
c -, 4 

col1eGtor particles, na.ely, cl~~ely .1.ed glass ~res in tvo sizes 
~ 

.. 

and high density. technièal, ~1ity glass heads. The surface Man diameter 

"of each type of coUectot' vas detenainecl expel'~tally by .easuring 

.. the cU_tel-" of 300 ,articles for _ch .ize under an optical Ilicroscope 
, 

to an .cour.cr of:t' 2lf,. aacI was'10811_,. 596 lia, and S46 \.1.., respectively. 

" 'Dle results of tb ••• Muure.m:S ~ 1hC?WJl on Tables 4.2, 4.3 and 4.4 
,. , 

aacI hiatoarus of tU .ù. ,.a .... are plotte«! on Piaun' 4.10. 4.11 and 

4.12. 1Ile •• ity. vOidap aD4 blI1'k: den.lty of tbe collectoT part itles 

\ wre tIIrt.t'1IinM expnia!ltaUy'..ad th. .ver.,.. of tbreè JadepenÜllt 

.. ~~t.i:1i'" 
" ~" .. ft' • ~ v l,l, ~ 

\ '. " :: ~ ~ '.! 

, ~.. ',1,J i t 
- ...: 1 t

r
' ~ : ~~';/:~ 

1 ~ 
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, 

. , 
Penetration of 1.5)1. DOP ae~osol through f1uidized 
bed distributor A (0 < U < 0.7 mis) 
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FlGUtt 4.10 Sile histogram of 110 \.la collector particles 
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FIGURE 4.12 Size histograIÎ of 600 li. collector particles 

f ,_-;...t: 

,-

; , v 

:.< 5 
;:2" 
.~ 

1-400 ... 

( 

" ' 

·1 !i.' .. ~ . ~ •. 



J3 """"M 'Mit UI.mUt liS . 10l1li'. a,1 1 J : ",. •• i4U ua b b tu 

30 

l-

1:-

l-

I-

2 5 l-

I-

1-

.... 
1-

2 0 -
-
1-

P-

I--

1 5 r-

l-

I-

~ 

1---
0 1-

1-

~ 

~ 

~ 

s 'l-' 

1- , 

1-

t-
t-

o 
471.7 

,: 

. 

.. 

.. 
~' 

. 

~ . 
.1 ~' , 

" _ '''. ::<~:~;;:t~.~? ,J:t·<:.:~:'\:::'·:/\: ;~';\~':~ 

~ 

. 
~ -!--

, 

V/ 
~./ 

1.--

~~ 

~'~ , 

• 'Ii - ·V - . 

--~-
1----

-~ 

• 

i 

. --

-

< . 

" 

-
t 

. , 

~ 

// 
V/ 

-

~/ 
, 

. 
; 

~ 

1----- '---.... -.. . 1 -.. 1------.-__ 
--------:.J:". 

•• 6 . . ..... 1 

. " 
. . 

1", ,," • 
, ~,:~,! .. • }! .' 

., 

~ 
1 



14) 
'" l""tIII"" ..... II!' •••• 1I!l1 ilklllllll" ••• UlliI!!lM •• llllt_.a .lU.' ., .. , .. : __ ••• _ .... ___ • III-•• _______ 1 II1II1 ______ •• ___ .;-.. -=... , ___ , 

-97-

TABLE 4.5 Properties of Col1eet~r Partieles 

Average Values d - 110 }.III dp - 600 1JII 
P 

\ partiele density, 
2. 44xl03 Z.43xl04 kg/.3 

.. 

yoidage 0.40 0.40 

bulk dens!ty, 
1~47Xl03 3 . k,/. 1.47xl0 

• 

lIiI"I • 
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_ aily re.ining dust or aeroscll partiel~s. ,In this vay the "backgroundu 

concentration of partieles in the gas frOll the bed was reduced to less 

than O.OS\ of' the aerosol concentration in an exper1.Jllental rune Sinee 

the su Ile st p~rtieles in the bed vere 80 lia in diameter, and at least 

0.20. of freeboard vas le{t Aboye the fluidized bed, th~re was negli~ 

11ble carryover of bed partieles to the filter or sample probe. 

Aerosol s~les vere drawn off from the gas space below the 
, -

distributor and Aboye the fluidizod bed at 4.8xI0-6 to S.2xI0-6m3/s 
, , 

through a 6.0xlO·3• in~icle dia_ter probe to the partiele counter. The 
., 

flow rate through the counter vas aeasured initially to ± 2\ vith a . 

callbtated o~lfiee mater and inclined -.nameter and subsequently deter­

ained to :t: O ... A\ vith a bu~ble M't.r. In order to a!nimbe the lengths 

of the sqpl. lines, which vere then 10ft unchanged t~rouahout the 

".xpeZtwntl, 1!tte • tee·! wetton tif the 1Jttftic1e ceurrter "" cH:ttaHeWlbled 

froa t,he instrulMNlt ,and phced in a construction which fitted arO\Dld 

the hed; th. lenath of the fre,board I...,le probe ns thus reclueed to 

approxfaat.ly 0.4.. 'Dlis construction iDcorporated' a pulley arrangeaent 

lIhen the _1Ft of the optics ac:tiGll' n. balanceé1 vith tvo twenty 

1ti1opas leacl "lpt.- ad th. optici se~ti. Cou Id he v.rtieal and 

l'OtatM a1,'OUDd HOC». ft., coutruct.J.on, lile any oth~r -1or pi.ce of 

.tp.tat bullt .... placecl CIIl loct-rol1er ONters to faeUitat. re-

.......... iato ~1ffenat cClftfi&UfttlàDa. A .... isokill.tic supl1n • 

., __ ... ~. ta 'tIaU...,. As dlt MI"OIol· ........ 1"- 4owftstre&ll 
, . 

of ...... ..",. wla .... wlt:bOQi ~ .... at tJae ... uper-.ul velocity, 
" . 

, i iz,'Hn,'r 1'" . 1 l " 
~ " l ' .. • ....... ~ .'f. :_"/"'~'".i.&:· _ua, ÜatYw.tty. 1Ia'nt.l. 

v t >~ ~' :;.r, . ' ::\', "\; >'/::":'.; ,,'~':i :. "', . '" .',' ' 
;.,... ,~ , '1 ~I,' ;': 1j " 

'. • 
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Any errors in sampling non-isokineti~ally plus Any collection br the 

support plate, inlet section, walls of çolulIlJl and sampling system were 
.. 

automatically eliminated. If f D• fc' f, fU and fs refer to (ractional 

penetration of the aerosol through distributor, cOlumn, bed, non-isokinetic 
, , 

sallpler, and 'sampling system and C. and C refer to concentration of 
l.D c "; 

aerosol at iJilet and concentration of particles counted, respect ively, 
",. 

! then without the 'bed 

(C ) - fDfcftlsCin (4.3) 
p 0 

A 

and vith the bed in place , 
(1)>) 1 - fDf,lufsfCin . (4.4) 

\ 

111e fraction of the aerosol· collected.by the bed is thon 

(fC
in

) (Cç ) , 
f (4.5) - Cin - (C)"" 

0 

'lbe distortion introducecl by, Àllpl1n. Don-isoJd.lletically, 

alt1loua'a eliainatN. i. in 'aay ca.. _11 and within. experaental errors, 
, 

.. 1h0lfll 1Jy b~ .t.~ .)lpel'Deat. ,lotted 1ft PiFe 4.13. lb!s il 

"'1,. ~ ...... as .. an .... llaa w:lth aero.ol cU .... t.r. that aré 
, " 

r \ ~ .... 

.. 4tftlcult to 1 ...... ". 1ft ~Ù' stHall. \ 'ltle support~p1at. UHd 

sa, f~ .... -...-.*: ~ ooU.~t" .. ~U.llbl ..... t· of th. ln-

........ l. tMt :~ .. ..,....,.d .. l ..... ' vi ..... -bect in 
, ~" ~ ~ ~ • .. f, -~f ,,'- ,~. '", ~ ',; 4 

, .... ' ....... ':~',. , ~J!.~_~4~, .~ ... :~ this 
, " ~' ••• ( ; . " ," . , .. 

'ï: -, ~,.. ) • _d')'''!. ' 
r ~., 1 1;~ ~ :, '.\ ~ """ 

"". '\ \ j 

.. .. ..,~l'I< . _~ .. 

•• 

J , 
, 
\ , 

~~ 
'0' 
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Effect of supling non- isokinet ically. (DOP aerosol 1. 5 ~. 
diueter). Broken line indicates !sokinetie sampling 
point. 
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Dur~g operation possible variations in the concentration 

and size of the Aerosol particles produced r the ,enerator were detected 

by drawing ~aD'r'les frOil below the sUPPott plate. Reproducibility of 

these ncheck,l tests" was better than 2\' after allowin~ a one-hour ''warm 

up" period for the generator. Reproducibility of check tests improved 

urkedly after the aerosol generator was JDOdified as described in Section 4.2. 

4.4 Air Flow System for Fluidized Bed Experiments at High Velocities 
~ -(0.6 < U < 3m/s) 

A$ the fluidized bed apparatus, described' in Section 4.3 and 
,> 1 

UNd for aerosol reliOVal with velocities up to 0.711/5, yielded encouraging 

Tesùlts at high superficia.l aas velocities a second system. capable of 

handlina up to SxlO-2m3/s. was desianed &1ld built. The system is shown 
. 

....... icaU,. in Fjpr.e 4.14. n.. U'l'OIIOI ...... tor was adjusted to 

p~oduce 2.36xl0-2• 3/s ~f aerosol which vas n~r its _xiaul capacity. 

This aerosol vas subsequently aixed witlv clean air, which hÎ.d been drawn 

throuah an ab.olute filter" of the sa. _Ito and .anufacture as the one 

iDcorporatect in the generator inlet·, in a St.6xl0-2• 3 ~ixing tank. Part 

of the"diluted aerosol thUl proclueed (around 9.Oxl0-2• 3/s) vas passeel 
• 

1 , 

tlarouah the f~uldbecl be4' ~d the re_inder di.charaed to the tu.ehood • 

.. IbM Mel support plate ."'.crlbed in 'taure 4.6b was used as a distri~ . , _01' .iYlIIa • ,. ffte Mttlace ana. 'ftle fluiclizecl 1Mtd vas centainecl 

ta'. O.6a .-•• 0.6la hl. cylilldrlcal .la .. C4)1 .... 
- . 

et ,f 

. ,/ 

l, 
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,FIGURE 4.14 Sche .. tic diagr .. of high velocity systea (0.6 < U < 3.0 aIs) 
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'lbe Sàllpling ~stell was sillilar to the one described in 

Seçtion 4.3 except that the dia.eter of the sa.pling probe was reduced 
, .. 

to 2.lxlP-3.. Flow throug~ th~ system was maintained with a high capa-

city air blower* and the exit of the blower was used to provide the 

c1ean air dilut ing the aerosol produced by the generator. 'lhe UlOunt 

of clean air added and the total flow through the bed vas ,aeasured by 

t~o S.lxlO-2• diameter orifice .. ters~*vith upstreaa and 40wnstream 

taps connected to inc1ined aicromanoaeters, calibrated by a g~s me~ering 

device -to an aCëUracy of ± 5\., The flow sy-ste. was controlled by four 

valves as shown in Figure 4.14. 

4.S Procedure 

4.5.1 Introduction 

The following procedure descr1bes an experiaenta1 nul which 

tates approxilaately two days, one for preparing the apparatus and an 

aerosol in the desired size range and one "lor pèrforaing the experi­

_nts. It involves .asure.nt of penetration vs. velocity 't different 

bH heiptl in a fluidizecl bed mcl a.f.al no _jOl: bre.kdowns or 

ualtable perfoJ'IUDce of the aerosol ,enerator • 

. \ 

.. 
1. ClMa th. collector partiele. a. Cle.cribecl in Section 4.3; 

", ,.. 

flTo.t8wo c.t~Uup.l 'an, -:oraftuncl by l.elth 11acau L~d. J!nlinHrsJ 
LeIcIa. _.laid. 0 

•• ,. ~u •• tIlü il -.al tci ........ r.of fluWu.tcI 1.,..., used by 
•• tJWi- ...... ( ... lM.tr. 2.3). - \....../ 
.- • , l '. " 'III. .) \, • 
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ii. Clean the aerosol generator (if necessary), clean surface 

of disk with alcohol and adjust the liquid feed needle at the center 

of the spinning disk and at a ~eight 0.51 to 1.OxlO-3~ above the disk 

surface. 

iii. Check the oil leve1 of the vacuum pump and add oil if 

necessary. 

IVe Disassemble the fluidized bed, clean the cylindrical column, 
, 

expansion chamber, distributor and )~amplirig probe, wash in distilled 
.. 3-

." water, dry and assemb le. 

v. Turn on the particle counter and generator and allow a 

. wa1'lling up per lod of 1 - 2 hour~. '. 

vi'. Field calibrate particle counter. 

,vii. Add a sufficient amount of dioctyl phthalate to a 

4.SxlO-3m3 bottle of methanol to produce an aerosol at the desired 

site ran~e monitoring the aerosol with the part1cle counter. As the 

d!aDeter and concentration of the test aerosol is a function of the 

distance of the liquid fead needle from the center and surface of the 

spinning disk, this trial and errors procedure i5 unavoidable. Once an 

acceptable aerosol is prod~ced the equipment ia .eady for experiments. 

4.5.3 !xpert.ents (second day) 

i. Start up the particle ccnmter and lenerator and field. 

calibrate cOUftter alter an initial wara up periode 

ii. Tum' on dise m'tor and. .11quicl feecl and Masure the con­

" c_trat ion "'&Rd sbe of challeJl.in. aerosol frOil the •• s space above the 
1 •• . 

distributor at the predet.ained ••• flow rat •• thl'OUp the bed. Me.sure 

o ". ' 

...i .• 
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~, 
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the Aerosol at one, fixed, ve~itY'helaV the distributor; this i5 t~e 
"'side check test". 

iii. Turn off the liquid flow, place the collector particles 

in the bed and fluidize for half an hour with Aerosol free air. Oteck 

with the partiele counter to ensure a iero or minimal ''background'' concen-

tration. ;;/ 
r-

IVe Tum on liquid flow and, af~er reaching steady state, 

.aasure the penetration of the challenging Aerosol at a predetermined 

flow rate indicated by thè rota.eter~ typiea~ly ste~dy state is reached 

in around S to 10 .inutes. 

1 , , , 

v. Otange the 'flow through the bed and repeat Step iv. 

vi. Alter the penetration of the challenging aerosol through 

the bed has been aeasured for 2 .. 3 different flow rates place more 

collector partieles in the bed and repeat Steps iii to v. At frequent 

intervals, tjpically r/Very hour or 50, verify that the generator 1s 

producing a constant Aerosol by aaldng a "side check". 

At the end of a 14 - 18 hour period the pen et rat ion of the 

challenging Aerosol will have been deterained at 4 - 5 ~ heights and 

at 2 - 3 'different flow ratel. bina the saae period of t1.e the . ~ 

fluidized bed will 1a'~y.D 'eoUected àrOlmd l~," 7 to 10-S kg of dioctyl 

pbthalate; this i5 a ainute UIOUIlt and too s_l1 to introduce an effect 

of becl 10000inl Àlthtp it represents 1011 to 1013 one aieron dia_ter 

.. rolol partiel ••• aeh riiahin. S.OxIO·191ta. Ç) 

. , 
o 

,'. 
, . 
'l,' 

l , •. , ...... , ...• ~ .' .' ,.1 

-~ - ... 

\ 
} 
1 , 
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CHAPTER S. COLLECTION MECHANISMS IN A FIXED BED 
OF SPHERICAC COLLECTOR PARTICLES 

5.1 Introduction 

" 

The vartqus mechanisms resulting.in the collection of airborne 

particulates by isolated spherical collectors were discussed in Section 

3.2. These mechanisms vere direct interception, inertial collection, 

diffusional deposition an~ gravit y settling; on the assumption that 

these effects are additive, the total collection by an isolated collector 

particle was given by Equation (3.51) as 

(3.51) 

/ 

The presence of other particles results in an increase of total efficiency 

of the collector and Equation (3.59) .&3 derived on the a5suaption that 

• this Interference effect is the sa. for aIl mechanisllS (Section 3.3) • 

. (3.59) 

The followina chapter tests experi .. ntally the validity of these assu.p­

t.iGllS and det.nain." apin .xperiMntally, th. doainant collect,ion 
" 

" MCha1'lia .. und&-r th. conditions in this s'tudy. I!Xpermmtal collection 

efficieaci •• are. cGIIIIpU • .,lth th. th.oretical predictions of Chapter' 3. 

".. .. l-... h"lcal .quatlOli' for collectiClll -ln a f,lxe4' bed, are cOlllpared . , 

ta a.a,t- 1 "ldt collectloa efficidCÜ' la a fluidis.d·tbed. 

, , 0 

" . 
, ~I ~~~. f,' .. :'.L . 

1 .,. A ., 1 ~ j~" • 1 

,\ 
.~, 
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S.2 Preliminary Experiments 

5.2.1 Collection behaviour of a fixed bed 

Figure 5.1 shows some prelillinary experiaents which were per­

formed with 110 ~. collector particles and three Aerosol sizes; 1.1 VII. , 
\ 

1.35 ~Il and 1. 7S ~m. 'lbe bed height was 7.4xlO-3• and the per cent 

penetration of the liquid OOP aerosol used is plotted as a ~unction of 

w superficia 1 gas ve locity. Inspection of the figure shows that penetra­

tion décreases with increasing aerosol di~ter and gas velocity. This 

sUlgests the dominance of inertial effects at superficial velocities 

\ grester than around 0.1 a/s. At lower gas velocities J uP ta 4XIo-2 ./5. 

penetration increases with increasing velocity and with decreasing 

Aerosol size. 'Ibis indicatès that at thfise velocities gravitation is the 

predo~inant collection .echanism; this is discussed in more detail in 

Section S.S. In both ranges, the dependence of penetration On Aerosol 
" 

sbe shows that diffusional collection cannot be significant; if it 

ver., penetration would inerease with increasina Aerosol size. 'lbese 

.... qualit.tive conclusions follow frOil all the fixed bed experiments 

in this work. AU curves pau throuah a axilua p.netrat ion point around 
• 
4 to blO-2 ,.JI indicatina the area wh.re aravitational and inertial 

pa1'U8t~ Ar. cOliparable in iilportance. 

~ortUDllt.ly. auch a .sÙlpl. approach cannot be used ... to esti-
, " 

_te t'he pualter. of .. rosol collection because of the _ effActs . 
~ 

. 'of • f~ w. ,..ad .tfect. of ~ fiDd be4 -and. how they .y distort 

....... of .... tfat" caelficiAnrt. an cl1acuJsecl ... fully iJl 
, , r· . • ' 
..... 5~. 'Ille *f.autw prueat.tMI hfte ....... -lr to lll..,l"&te the 

•••• di' _t .. l ...... , ... of ~ fiMtl ....... fuliui'!8 Of aero.ol . 
·~,,~.~1_ •• 

""", ' .. ': ' 
~ - , . 

" ,," : ~ 

~ . , . ~ .' 

........ MJ:..J.<."'., "",' ~~ ~~~~:i~~~·iJ:' __ ~~Li.~~~ ~1". :t. ,. 

" . 

, 
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Preliainary experiments on penetration 
a function of superficial velOcity 

:> - 110 ua· - 7.4xlO-3 • 
full circ les; dA 
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5.2.2 Oollection of solid methylene blue Aerosol ~n a fixed bed 

figure 5.2 describes an experiaent which vas devised ta 

detel'lline the feasibility ai fixed bed. exper,illents vith solid methylene 

blue aerosol. The experiment vas perfor.ed as follows: 

0.6 kg of 600 ~. collector particles vere first cleaned by 

the llethod described in Olapter 4. 111ey vere subsequent 1y fluidized 

vith OOP aerosol in arder to caver their surface vith a thin layer of 

DOP and thus prevent any su'sequent re-entrain.ent of solid aerosol 

partieles. ~enetrat\on of 1.1 ~a. 1.35 pa and 1.75 ~, solid methyle~e 

blue particles through a fixed'bed eoaposed of the'abave eolleetors 

vas then .aasured vi,th respect: to tiae. 50 one-mute readings vere 
... 

.onitored by the partiele counter"after a~eriod of 10 ainutes was 

" .Uowed for the syst_ ta reach "steady state". 'I1le firat reading vas 

•• Siped an arbUrary value of 100' and the subsequent readings were 

expre.sècl as • percenta,e of this. The superfieial pl velocity .. of the 
\ 

bedo wu 0.13 a/s and the experiaent luted approx:iaately 2 h.ours and 40 

Ilinutea. 

Fiaure 5.2 ._. the variatian in: the penetration of the three 

.. ros01 .~es with re.,.ct to t,t..' plottect on seat-loprithaic- axes~ 

, ,.. ... fIr_ tII.. fipn dl ....... nce pl ,.aetratl. CID title la opo-. 

_!al. 1Ilil Nt of ..... taat. bltl .... to th. ana of UllSteady .tate 
1 • ' 

tilt..-1. ( ... ,. 2.2.2) ..... the' au.o1 pUli'éa.. caule structural 
.. , •• • ~ l 

.( 

, ' 

',\ 

1: 
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/ 

Penetration of _thylene .b1ue aerosol as a flUlCtion of time 

M - 0.6 kg 
U - 0 .. 13 ais 
full'squares, dA - 1.1}la 
open triangles. dA _ 1.3S ll. 
full circle" dA _ 1.75 pa 

, ' , ~",; 
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on theoretical grounds for ~steady state 

1 , 

(2.S) 

is of the correct fora. LeersL12 reports that the distrib~tion of 

~captured aerosol particles on the surface of the collector i5 selective • 
. 

'dle particles tend to _ deposit on one an 'ether foning so-called "trees" 1 

~ 

eausing • aarked inerease in effieiency with relatively 5aBll change in 

pressure drop. It wculd be possible. by perfo1'1ling experiJaent s of the 
• 1 

fora deseribed abave, to deteraine the vàlue of c in Equation 2.S for 
l 

~ifferent values of U, dA and dp and t~us to present usefut empirical 

equatims predieting the start-up behaviour of fixed beds operating in 

the unsteacly state filtratiOn r'aiM. HotfeVer, thi. wal not the object 

of this study and the aboYe experiaent va. done in order, to deteraine 
~ . 

.... ther fixed bed .xperwnu vith soUd 8eros915 eould he porforaed. 
~. . 

As • result of this experDent it .1.' decided th.t experi_nts with 

lolid aerOsol vould not yi_Id accura\e collection parameters and ail 

subteqUJlP\t flxed hM eqerlMatl vero perlor.ed vith liquid DOP aerb,ols. 

\ ( 

\ /1.3 MIItbeatic:al POl'IÎUlation of Aerosol ae.oval in a Pued Becl 
t 

. 
Uli ... cU .• clinel ... tJua .... tiau .flain, "1'0101 ire..,. 1. 

tA _ ft.xe4 W CQIIIpOIM -of ..... ical coUector puU.cl~.. AI the per-
....... . ' . . 

f •• nn. 01 .... IjaN .... ., ...... '-Üll' cllltorte4J'Y'" .fte~. 
... " ~,," 

..... tS- .......... 1 eol1ec:tJ.c:1l Ile f~'t" ja a "*Y whiell 

.• 1 ...... : ..... lt .,.1 ........... tear _t '" ",:, ....... 

,. 
,,' 

"1 <', 

\ 
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In Section 3.1 the total collection efficiency for one col-
, , 

lector particle was defined, in general terms. as 

Er - particles of aerosol collected 
particles in approach volume 

(3.1) 

'lhe nUllber of aero'$ol pa~ic1es collected by one spherical collector 

• of 6ia.eter d per unJ.t tille h then 
p 

(S.l) 

whon U is ~he superficial ,as velocity through the bed and C is the 

nuaber cotlcentrUion of aero$ol particles in the approach volume. The 
. , 

nUllber of spherical collector particles per unit dense phase volume is 
> ,,;"i" 

,'\, _ 6,-tl 
l' p 

(S.2) 

, 
If we doline 'v as the colleotion para.eter based on unit dense ph.se 

voluae, thon the nUaber of •• rosol particle. eollected per \D'lit dense 

ph ... volu. 1s ,IVe1l .. 

(5.S.) 

. " 
'''1 , ,,' 

Saltlt~._ e .... lcIla f_~ ~'~ a,..frGa lquat~. (S.l) and (5.2) ............ 
, 

, 

, 
A 

i 
'-~ , 

~ 
f 

J 

.. , 
J 

_1 
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Siailarly. if we clefine • colleet ion paraaeter r,. based on lDlit bed _ss , 

Iv 
....., 

'te - (5.4&) 
Pp(1-E) .. 

'388TU 
(S.4b) - 1iÇcÇ , 

1 

i 

and the copection effici.ney 01. .... spherial particle in a fixed bed i5 

e.xpressed in teras of the co lie et ion ~ra.ter ~ as 

(S.4e) 

\ 
\ 

Na. suppose th. colleetor bed cont.ins "'5 M of collector particles and 

\ bal • cross 5eetl~1 aru \ pe,?encti~lar tct the direction of the gas 

flOlt. 'lben ' 
\,.. 1 .... 

\ 
(5.Sa) 

\ 

\ 
\ ' 
\ 
\. ~ MA u the ... of coll or partiel .. per unit bed areà. 

\ 

\ ' Slai1a:rl1. illl, 11 distance ,fr_ th. inlet surface of th. 

Î "';'.,aad .Ilia De .. ~ of bed bet • lUt'face ~ .. d J!., .. ca defiD!t 

-'( --, " '\\_'_' , ,:. " ,1 __ ,' 

e, 
">~ ~ f; , 

. ',' '. ~ .. :.' ~;,.~'. ,,~ . 
• ,- T ..... ~.-"" ... ~( .. / ~ ,~ ~~-~------

~ ' .. \ ~ ,-

tS.lb) 

----

,~ ,. , . " 
., fI .. , 1 

, . 
1 

j 
! ~, 

1 • 

. 

l .' 
" " 

. .. 
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where 

o < h < H 

. 
Referring to Figure 5.3 we consider an aerasal which approaches 

the bed with superficial gas velocity U mis and aerolol concentra~ 

tian Cin particles/m3• In the neighbourhood of the upper surface of 

the bed, the velocity of the aerosol strea. relative to the collecter 

particles changes frem U to th~ interstitial gas velocity u1 where u1 

is given by 

" (5.6) .... 

If we now assume that during thb transition an ano_~ous 
- l ' 

collection taltes place at the top of the bed then the true concentration 

ï.ectiately below -A - O. il (l-c1 o)Cin• In this context 6
0 

represents 

th. 1n00001ous collection at the upper surface 01 the. &do 'lbe concentra-
,,----

tian of the aerosol alter pa.'1na throup _55 al. per tmit area is C. 

Tatina a •• s balance over a dUfernti.l ele_nt da" gives 

oc - U(C -+ .te) + r,paA (5.7) 

.• 0 that 
,'al 

- - ' c 'Ir 
(5.8) 

J 
" 

, - . 
-~ ,,' ,., 

,', 
r. r ~_"" ,~ ..• 

1 

, 
\ 
Î 
i 

, 
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Sche .. tic representation el aerosol colle~tion in a 
fixed bed vith end effects 
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C=Cl 
f 1 
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\:-, - - c"" 
C=Cout 

U, Cout 
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Solving the first order differential equation with the boundary condition 

(5.9) 

Then immediately above the support plate at mA - MA the concentration 
t~ 

'of the aerosol is given by C - Cl where 

~ (s. 10) 

There i5 bound to be SOlDe collection at the support plate. However 

large the free surface area ~f the plate, the fluid will always accelerate 

in its vicinity. 'Morepver,' design details like the Wlavoidable i'ntro-

duetion of airtight seals between support plate and column will probably 

resuit i~ a non-àniform flow distribution. Purthermore, the collector 

particles, depending on their size and the size of the support plate 

openings '.sy stick on the plate and r~sult in 8nOltalous collection. 

Sillply ta~g a blank test without the fixed bed and 5ubtracting the 
1 

result frOli the collection with the bed in place will not eliainate this 

effect, which depends on both the bed partiCles and the support plate. 

"ftlerefore, aU previous studies in which colléction efficieneles were 

detenain" fr_ !'x,.rbents vlth a sin.le bed clepth are 11&ble to ·errQr 

resultin, fre. lJloulous collectlpn -1:.. entry ad exit froa th. bed. 

If lt 1 ... .u.ed then thai there ls an an~loua ~o11.ction 
~' . 

At ,the IVf!O't plat. rtp'NIftteci by '1 10 that C t.ecliately chan •• s 

ln. ~1 to' G.ac th.n 

.. 

~.l· ___ .... 

i 

, 1 

1 

-
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(5.11a) 

(S.llb) 

" The overall fractional penetration, f. through the bed is 

(5.12) 

or 

(5.13) 

Preliminary experiments in this study confirmed that In(I-60)(1-~1) 

cannat be eliminated by simply carrying out blank tests without the 

bed. The value of this variab1e may he positive or negative and as 

the pheno .. non results partially from an acceleration of the fluid it5 

sien depends on whether gravitation or inertial effects a~ predominant. 

Figure S.4 deaanstrates th!s sche .. tieally where it i5 assumed 
. . 

that blank tests are done with the support plate in place.' 

Inspection of Piaures S. S to S.2J will confina qualitativel)" 

the" arauaent presented above. At hiah velocities and large aerS)Sol 

d18leters seai-loJkr1thaic'plots of per cent penetration versus bed 

.. 1pt extrapolate to • penetratiOil at zero becl weiaht of len than 

loot .bile at 10- veloclties and ... ller .erosol dta.eters the reverse 

11 tl'Ue. 

,.~ ~ appr_ch th .. fore 11 to _sure Aerosol penetra­

tt .. at 4Ufereat .... helaht. for • fiaM .et of con&tltlan. aacl il the 
1 

n.ltl,m p1,,"_ la th t .. 

',' .'. ~~ -~ ~ .. \~ _~ .. ' .... ,.~ .. :L~:l;d!~::~} '''; . p' 

f. 

, . 
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De1Ionstratim of correct approaeh ;in performing fixed 
bed experi_nts 
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} 

lo 

'. Pixed bect experillents aerosol penetratim vs bed depth 

d. - 110 li-
up - 0.8098 a/sec 
open circles, dA - 1.3S \1-
full circ les, dA - \ 1,7S li. 

Pixed 'bed experi.-ntj - yrosol penetratim vs bed depth 

, d - 110 p. . 
uP - 0.0202 a/sec: 
open circ les, d -
full circl •• , ~ -

open 'cru:A dA -

, 
1.35 li. 
1.1S li. 
2.50 li. 
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• 
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PIGURE S.1 

PIGIRE S.8 

l· . 

1 

Fixed bed experiMnt5 - aerosol ptthetratim YS bed depth 

d - 110)Je 
oP - 0: G.Ze'S al MJC 
open circ les, t!A -
full circle", ~ _ 
open square., (l""À -

1.35 lI8 
1.15 lia 
2.25 lla 

Pixed Nd experiMnts - aerosol penetratim y, bed Jiepth 

~ : ~~~:: -'sec 
open circle •• ~A -- 1.35 lia 
~1l cirél •• , ç - 1.75 lia 
open circ1 •• , CS-A, - 2.2S lia 

, . 



« \ Ji 
\ 

t.~~.It'TI'IIII.""''''IIl!!I''''._'''''! "' .... '!".4!! ••••• ; W._ .. _. u!Mlflle .",,~"l~! 1II!I(.41'111'# ___ ; "". _IWO' ._O ..• A.I ___ ....... 44_OII ... "., __ •• _ .. ____ , - ___ _ 

" 

1 

.. 

~ r-------------------------------------------~--------

-: 

:J -
1 

. 

_""': -. -• .al -
I~ 

~ -

-.-
---..: .. .... -

~ r-----------------------------------------~------------------~ 

-

< t,; ... 

, ~~Î~ 
l ~ '. 

: •. ,.,,} .•• . r~ 

-• fil, 

1 -C'I 
0 .. 

'C 

E -:1: 

., 
• 1ft 
• 

'" -II. 

1 -foC o .. 
te 

E -

" .. .. -• 

_;J! .. 
'j . 

", 

" . 
~ 



\ 
\ 
\ 

: 

" ,1 lB: 5l S 4l111.' lM; t Il: !lU b Il lia. tA 

PIGURE 5.9 

PlGURE 5.10 

t 

-121-

Pixed bed experilllents - Aerosol penetrl:ion vs 

d - 110 lia 
uP - 0.0383 a/sec 
.,.. eircles J ~ - 1.1 \la 
full ciTe les J dA - 1.35).1a 

bed depth 

Pixed bed eX]Mfrillents - aerosol penetration vs bed depth 

'!P - 110 lia 
U - 0.0492 a/sec 
op~n cue1os. ~ -
full c!i-e10 •• cfA -

1.35 ).la 

1.75 ,.a 
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PIGURE 5.11 Pixed bed expe'rillents - aerosol penetration vs bed depth 

d - 110 li. 
" - ........... eec 
open circles, dA - 1.75 li. 
fUll circles, dA. - 1.35 li. 

, 
PIGœE S.12 Pixed bed experiMnts - aerosol penetration vs bed depth 

d - 110 li. 
t! - 0.0869 ';sec 
open circl.s, dA _ 1.7S li. 

o full circl.s, dA _ 1.35 li. 
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PIGURB 5.13 Pixed bed expert.ents - aerosol p~etration vs bed depth 

~ - 110 pa 

'- .8..BH.sec 
open circ les , dA - 1.75 p. 
fUll circles, dA - 1.35 1l1I 

PIGURE 5.14 Pixed bed expert.ents - aerosol penetrat iCll vs bed depth 

d - 110 pa 
up - 0.1237 a/sec 
open circ les • dA - 1.75 1:1-
fUll circles, dA - 1.35 pa 
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Fixed bed expériments - aerosol penetration vs bed depth 

d - 110 Ull 
~ - G. lUi al sec 
open circle., djl - 1.15~. 
full circles, dA - 1.35~. 

Fixe~ bed expert.ent5 - aeros~ penetration vs bed,depth 

d - 110 lia 
uP - 0.1953 a/sec 
O,pen circl~ •• ~ - 1.15 ua 
full circ1 •• , ~ - 1.35 ua 
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'r 

Fixed bed expériments - aerosol penetration vs bed depth 

d - 600 llDl 
Il - 0.0286 a/sec 
open circles, dA - .1. 75 lJa 
full circ1es, dA ... 1.35 lJa 

Pixecl bed experillents - .erosoi penetration vs bed depth 

~ - 600 u. 
, U - 0.0383 a/sec 

open circl.!, d~ - 1.75 lJ. 
fUll ci,c~el, dA - 1.35 lJ • 
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Pixed bed expériments - aero$ol penetration vs bed depth 

d - 600 !JI! 
yP - 0.0604 _/sec 
open circles. dA - 1.75!Jm 

Pixed bed experi.JDents - "'05'01 penetratidn vs bed depth 

~ - 600 p. 
U - ,0.1231 ra/sec 
open circles, dA"" - 1.75!Ja 
full circlâs, dA \. 1.35!Ja 
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PIGURE 9.21 ' Fixed bed exper1laents - aerosol penetration vs bed depth 

~ .. 600 lia 
.:. D. 1951 a/Me 

open circl.s, d - 1.15 }.Ill 

full circl.s~ ( - 1.35 }.Ill .' 
PIGURES 5.22 Pixed bed .-"eriMnts. - uroso,l penetration vs bed depth 
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Pixed bed expc;ri_nts - aerosol penetrat ion vs bed depth 

cl - 600 pm 
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open circles, dA -
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ln(f) vs M 

the gradient over a straight, sect ion of the plot 15, from Equat ion (S. 13) , 

equa1 to (-~/~U). Thus the anomalous end effects of the bed can be 

eliminated and hence the collection coefficient of aerosol per unit 

.ass and, using Equation (5.4), the total collection efficiency Qf a 

collector particle in a fixed bed can he calculated correctly. 

-

5 .4 E"J!eri_tal Rosults }. 

Pixed bed exper~.~iquid dioctyl phthalate aerosols 

in the size ranges (1.0 - 1.2) .... (1.2 - 1.S) lJ., (l.S - 2.0) lJm were 

carried out at different .uperficial fIS velocities and bed weights with 

,lau collector particlel of 109 lJ~ ad S99 u. surface to volume Mean . , 

diaaeter. Fer convenience we Teter to the se .particles as 110 ),lll col-

1ectors and 600 lJm collecter., but aIl calculations were based on the 

surface to volume aean da.ter which describes .ost realistically the 
c 

surface area pel' unit volu.e of the bed. 

Sxperu.entally ft wu deteB~ed that tota1 bed wei,hts of 

0.2 and 0.5 k, respective~ vere sufficient for the fixed bed end eYfect!, 

4ùcu.ued in the previoui section, to !Je M,li,ible in the 0.15 • di ... ter 

colu.n usecl for thiS .tudy. These weiahts corre.pond to bed heipts 

approxiate1Y. equal to 34 ad 31 collector particle diaaeters respective1y. 

'-tratioa of "l'osol 10 tJae bec! wu _aU:NCI at 4-6 becl beights at .. 
't • 

0.1 Ira .. i&fat iit~t. for the 110 u. collectors for fixed "'fosol 
" 

.Jadm .. .....,lc.tal P' veloeit1e.. 'lM peoetratioa of 181'0101 
" 1 

........ ~ 'Wl1M_ .. !:tl.St. ~ ......... et'" üfftmmt becl 

~ .. ~' ••• "1aI t~ 0;"" ~l"t ~. 
, ,,1 i 

, , 
"VI' , 

'~'''' >,j;;,,', ;~ ,: j,:: :1/,';' :;.::...~...:...'_:_ " 
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In order to·eliminate bed loading effects each run was started 

with fresh collector particlcs regeneratcd by the method described in 

Section 4.3. Initial reproducibility problems were solved by the 

following method: after charging the collector particles ta the column 

the bed was fluidized, with clean air, for a short period of'time in 

order to obtain a "loose-packed" arrang~ment of the collector particles 

simulating the condition of the Hense phase in a fluidized bed. The 

surface of the bed was subsequently smoothed by a piston-like device 

.. de of plexiglass. This procedure is illustrated in Fi~re 5.24 and 

p~ved to he effective in ensuring reproducibility between runs. . .., 
The results of fixed hed experiments are shown on Figures 5.5 

to 5.23 where the per cent pe~etration of aerosol in the bed is plotted. 

against the bed height H and bed mass M on semi-logarithmic axes. 

Straight lines were fitted through the experimental points by least-

.q~res regression. The relatively low scatter in the data is ,vident. 

Tables S.l to S.4 present experiment collection efficiencies 

for the 110 ~. and 600 u. diameter spherical collector particles in a 

flxed bed'for 1.35 ~. and 1.75 ~. dia.eter DOP ~erosol particles, cal-

culated using Eq~tions (5.13) and (S.4c). We believe that these are 
1 

the .ost extensive and realistic~ta presented yet in the literature 

because of .. nUliber of precaut ions taun in th is study. P irst ly~' 1: iquid 

''l'OIoi. were us.d and the non-.t; •• dy state behaviour of bed .. coUectlng 

.olid "l'oSOI5, described in Sec:tiClft 5.2.2'.1 avoided. Secondly, the 

efflciencle. wer. buccl OIlfl nœber c~t and thus not bialecl to reprc-: 
, .t collection of'~th. 1ar ... ~ ''l'o~ol particl •• present. 'lhirclly, the 

._"'11 clilut. te. a.l'OIol uNd (-le •• tha 10' Partiele.'.') ensured 

*, 

• 

.... :~;t.t~l.,.J .. :;:,,'L,.lJ .... ..t. • __ ~._ '\"H 'I~.~ .. i «> 
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Deviee for ensuring reproducibility between runs in 
fixed bed experiments 
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TAlLe 5.1 'JxecI 8ecI Expert.ftts, dA.: 1.35,.., d
p 
= 108.5 JI., D.O.P. Aerosol 

U 

larl02 . 1IXt02,. 
.... 

S.2' - o.,a 

S.5S 2.02 

S.G «.69 

3.15 

-S.IS 

4.92 

6.04 

1.02 a.69 
.. 

2.11 10.53 

S.67 , 12.37 

s.n 13.19 

1.31 19.53 

Cie), NaXl02 

, 0.07 1.24 -
0.15 1.24 

0.19 1.24 

0.21 - 1.24 

0.28 1.24 

0.35 1.24 

0.43 1.24 

0.62 1.24 

"Q:76~ 
, '~ 

0.89 ", 1.24 

0.95 - 1 .. 24 

1.40 1.24 

u-2/lo 2/3d -213 

HR
2
Xl02 

A p, 

8txl02 St2xl04 . xl02 

0.015 0.10 0.01 0.07 

0.015 0.20 0.04 0.04 

O.OlS 0.27 0.07 0.04 

0.015 0.38 0.14 0.03 

0.015 0.38 0.14 0.03 

0.015 0.49 0.24 0.02 

0.015 0.60 0.36 0.02 

0.015 0.87 0.76 0.02 

0.015 0.05 1.10 0.01 

p.015 1.23 1.51 0.01 

0.015 1.32 1.74 0.01 

0.015 1.96 - 3-.84 0.01 

, 

• ;a_ ..... 
,""M 1 d I.t t 2 i 17_ 'U.nt $t'nftt ___ ' il " ..... :" 

." 

Us/trIO 
2 

---
0.54 

0.26 

0.2G: 

0.14 

0.14 

0.11 

0.09 

0.06 

0.05 

0.04 

0.04 

0.03 

, .. 

1 ... 
c..a 
N 
1 

~~~ ___ k"'''Ô''7.~'''''''-
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" 1'~II:;;?-'- lIecI I!>cper_" dA'" 1.75 r'" dp '" 108.5 Ji-, D.O. P. Aerosol 

.--;-

:r. U 
:' "-

..,.,.e2 _lfil,s (Ie)p "ttX102 

" 
1 

:,j.,!; 

" 

..f' . .- G •• 0..07 • 1.61 
'-

5.17 2.02 0.15 1.61 
1.' ~ ~ 

.. , 
~~.. ~ 5.'1 2.6'~ 0.19 1.61 , 
!; ~ ";,~ . 
t~~: ~~ .. ~~-

" S.M· S..es 0.28 1.61 
~.'- ' . . 
~'1:"; ~ -'/1- ••• S •• S." 0.35 1.61 ~1:ê",," .. - • 

~;-.- ... ~ ~ ~ 

~'~ 4.12 4.12 ~~ __ :.t 1~61, ~'t" " 
~ ........ :- .. -~ · .. 
~~~ .\.:/. 4.lS 1.6' 0.62 1.61 
~;.:... . .. " 
'i/," :::: 4 41 10.SS 0.76 1.61 
'~ . , ...... ~ \...-

· ---. 
;" .. , ' ~.U U.S7 ~ 1.61 

· '~ '.. '~ 7» ·lS.11 0.95 ~ 1.61 , vi,.. 

~. ~ \ 19.53 ' 1.46 1.61 
"- ~ \~ \ 

-"'--,-~-' 

"-

~ 
-'. ~ 

'" 

~ 

• q 1111 . J l 'U rtiUf'l~.",,·~IiiIIIiIIIIIt'.tIft l'.~ 

.. 
ur2/3DA2/3~-2/3 

N 2xl02 
R 

Stxl02 . - St2xlO" x192 

0.026 0.16 0.026 0.06 

0.0260- 0.34 0.116 0.04 

0.026 0.45 0.203 0.0.3 

0..0.26 0..64 D.·nD 0..0.2 

0.026 0.83 '0..689 0..02 

0'-0.26 1.0.2 1.04 0..02 

0..0.26 1.46 2.U 0..01 ~ 

0..026 1.~77 3.13 0..0.1 

0..026 2.0& 4.33 0..0.1 

0.026 2.22 4.93 0.01 

0.026 , 3.29 10..82 0..0.1 
\ 

., 
:) 

, 
• 

Us/1f102 

0.91 

0.44 

0.33 

0..23 

0.18 

0..15 1 -c..t 
c..t 

0.10. . 
1 

0..0.8 

0.0.1 

0.97 

0.05 
r ' 
t 
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", J ,'=' • '.. __ , 1""'- ~ ,- ,'. ,,' ,- / 
~ ~.,..- -' "~ ~ ... : .... -,) . -

: ; 

- '_., • U :. U- 2/ 3D2/ 3d -2/3 . J P 
': :~,~~ : ,y" _102,s (le)," N.Xl0

3 
". Zxl0
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Stxl0
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St2xl06 " xI0
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U.S1 

lt.51 

. 31.46 

G •• 
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-.l, 

~.13 

1.52 

4 .. tG 

7.7. 

12.47 

17.36 

2.25 

2.25 . 
2.25 

2.25 

2 .. 25 

2.25 

~ 

5.06 
, 

5.06 

5.06 

5.06 

5.06 

5.06 

0.52 

0.69 

2.24 

3.54 

5.70 

7.94 

0.27 

0.48 

5.02 

12.53 

l 
O.ll 

. 0.09 

0.04 

0.03 

3a.50 0.02 

63. 04 ~11"ei. Jt---~ 
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~ 5.4 Pixel IN E:xperiMDts, clA - 1.35,.., dp= 596,.., D.O.P.' Aerosol 

) , 

\. 

0~~ 
;"'-" , 
,.. ~ .. 
-.;--~ 

-

'-

9: 

."",.,.tI 
• 5.15 

4.17' 

2 •• 

J.U '", 

, 1$.11 

" 

~ 

U 

8trls 

1< 

1 •• 

s.a 
6.61 

12.$1 
,", 

U~51 

~ao 

Pe), HaX103 ~2x~o6 Stx10~ 

. 1 .. 13 2.92 ~8..53 0.81 

1.52 2.92 8.53 1.17 

2.S9 2.92 8.53 1.84 

4.JO 2.92 8.5-3 3.77 

7.74 , 2.92 8.53 5.94 

12.47 _2.92 8.53 goj 
17.36 2.92 8.53 10. 

.n sm" ' -' -;, •• ' .jC .. ~~"".,""j -0lil$"$ ••• 7 ...... -------------.......................... ~p)~*.~~ •• -I'I~-•• I •• I~ .... ~~'> Il ni". 7 'S 1!".'. J,.. 

ur 2/ 3D 2/3d -2/3 
A P 

St2xl06 ..,xlO 3 Us/~10 3 

0.16 0.09 3.12 

1.37 0.08 2.33 

3.39 
~ 

0.06 1.48 

14.21 ,\ 0.04 0.12 

35.28 0.03 0.46 t -.... 
t.4 

91.18 0.02 0.28 . CIl 
1 

106.7 0.01 0.20 

'-

~-;. ;~..,., '" -'2>--~.",..~lII'l1f~1 M. 
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" 

that aIl secondary filtration meChanism5 like the tran$ient behaviour 

of bed as a reluit of loading, Aerosol coagulation meChanisms and 

Aerosol particle interference near the collector particle were èlimi­

nated. Fina1lr, by performing experiments of penetration .versus bed 
• 

heiaht and calculating the collëcto~ efficiency as described in 
Ak 

Section 5.3, ano_lous collection near the extremes of the fixed bed 

vas eliainated. Thus. these efficiencies represent truly t~ cd~ction 

.. Chani ••• around a collector particle in a fixed bed. 

Also Shawn in Tables 5.1 to 5.4 are the corresponding values 

of the fOllowin, collection para.eters: N_ NL 2 St St2 u-2/3o 2/3d-2/ 3 
-"R' "'R-' • , , A P , 

u.'u, t~gether vith the superficial gas velocity through the bed an,d 
, 

the collector particle Reynolds number based on superlicial gas velocity. 

'lbe theotetical co1lection par .. ters vere calculated froa equations 

presented in Chapter 3. In the followin. section, Tables 5.1 ta 5.4 are 

analyzed to deterwdne the dbainant collection .. ehanisms in a fixed bed 

of spherical col1ector part*cles. 'lhe conclusIons vl11 he used in inter- 0' . 
preting the fluidized 1Jed' reluIts of atapter 7. 

1 

- . 
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, 
who, for a1most identical operat1ing c.onditions, claJ..,d that the 

li dœinant colleCtion .echanisms in a fixed or fluidized bed are inter-

ceptièlll and cl1ffusion. 'Ihe f1lJu:la~tal errors in their reasoning will 
1 1 

~ indicated in lIae course bi thè ana1ysi5. 

5.5.2 E1i!ination of the interception collection parameter 
" c.e illportant 'aspect that needs clarifying is whether the 

( 

intercept1œ _chanis., where the oroso1 particle i5 intercep1:ed as 
, . 

soan as It approaches the surface of th> collec:tor to a ,distance equal 

to it. radius, is an illportant collection _chanbm. 
( 

(, ' 

. IDtereeption is ,overne. priarUy by the p~ter ~, c' • 

which ~ the, ratio of .rosol to e~llector partiele dLter (dA/~); 
InspectloP fil +able. S.l and 5.2 'shows that for 110 UII collector and 

_Dl Jnl;~~:; ~;;-~~ ... 4 1.75 p. a_er the experillental 

effiei.ct of the eoUector' 15 of the arder ,of Ha and eculd be expressed 

.. ~ .ulkip'U.ed by a factor ~ 2 to •• '~ .!l!!. noted a .mUar 
r 

effect, and elaiMet that iDtereeptlO1l , 

~. f~ aero.ol partiel •• araaDd 1 

altuatlœ 1s Dot as .Dpl. as daia. 
Q 

be _ illportllJlt collection 

am. lJD:f~tely, the 

..y cOIlclusiaqs are reachad 
.' 

-, .... to clarily whetlaft the fl_ the coUectar putiel •• 15 in 

th cnepma OI' .. poteDt!al flaw 2tttM. If c:re.p:ba. f'low b assu.ed 
" / ' 

1 t»a th .... U,cal iDt.r"'tl~ eflJci_CY' 1. ",iven as 
. . 

• 
. ' . (3.18) 

) , 1: 

, , 
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and il negligible. If potential flow il alsumed then 

(3.20) 

Thus in the potential flow r&gime interception increases by several 

orders of _anitude and may become an· illlportant collection Iléchanism:'. 
, 

", Il 

Inspection of Ta~les 5.1 to 5.4 yields some useful inforaa-
, 

tion as to the relative i~ortanee of the various collection parameters 
, J 

in the ranges investigated in this study. As will be S88n from these 
, 

tables the ranges ot exper'imenta1 ve locities covered correspond to 

(0.07 < Rep < 1.40) for the 110 pm collector partieles and (1.1,< Rep < 

17.5) for the 600 ~m particl~s. As B3 the creèping flow régime around 

spheres i5 approxi .. ted at R~< 0.1 ~d potential flow may be assumed 

only at hiJh R8p(t~eoretical1y Rep+ ... for potentia1 flow), ve wou1d 

e>poet, at the ReyftOl~n .. berS c .. ered ln thi. study, the ~IOW .round 

the col'lector partieles to he aore adequately approxi_ted by the 
. Pl . " -

creepinl flow equations. ParetsJcy' (6.S ~ Re < 100) assumed inter .... M3 p , ' 
capElan to he negll,lble; Melien and Mathur al.o.ne;lected inter-

r 
ceptlon but iDclgded & con.tant t.ra in their correlation for EBT al • 

_ • f ..' 

functlèll of St. 'Paret.ky, in tact, based the equations of his theoretical 
,-

aell lIOIlel on the &'llIIIPtion of creepin. ftOlt. Both of the ,above studies 
'> 

, . \ . ,....tOt" .~.sful .. irical eonelatiODI which did ~ 'include intf!r-
~ l, . '" ~/ 

C'IIptlGll.f. qu.lt. hi'" Reynolds lluaNrs. 'lb. abov!Yêxperaental .vidente 
, ", ..../" 

CID ... fltftlter ....,...t .. by iIlIpectlon ltiï .. S.J ... S.4 where it 

on, la la .~t a~_, larpr than 

., ,tt .. il .... "- BaT for the 
. '~ 

~,(,: 

.1' .. ,.',,<. 

, 

l 
f 
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600 ~. collectors then, for these particles the interception mechanism 

cannot he equal to multiples of NR• Thus, we conclude that the flow 

~ ~ around the 600 um collectors is nearer to creeping than to potential 

régime; interception is proportional to NR
2 and therefore negligible. 

, , 

If 600 ~m particle~ are nearer to creeping flow than to potential flow 

(1.1 < Rep< 17.5) then the 110 ~m collectors must be even nearer to 

·creeping flow (0.07 ~ Rep< 1.4). Concurrently, if interception is 

represented by NR
2 for 600 um coll~ctor~ then it must also he represented 

by ~2 for the 110 um collectors which lie in a much lower Reynolds 

~ ·numbèr range. We cJn~lude then that interception is negligible for. 

bath collector pàrticles of this study • 
./ 

Inspection of Figutes S.25 and 5.26 where the experimental 

efficiencies of 110 ~m collectors are plotted versus the superficial 

gas velocity shows th,at EBT goes through a minimum at a velocity around 

C 4 to 6xIO'-2 _/5. 'Ibis minimum happen'$ br chance to lie in a region --

l 

where EBT i5 of the order of NR and McCarthy n. Il. were thus '~mis led 

~~ concluding that, tor -(0.15 < Rep.( 0.34). EaT is proportiona! to 
1 

Nl and thus to i~licitly clai. fully developed Rotential flow around 

the ~ollectors for IUch low Reynolds nuabers. 

5.5.3 Sllainatian of the diffusional deposition paramater 

Inspection of Table, S~l to 5.4 will show the diffusional 

co,llectlon p&.~t.r, tr'2/3Dl/3~ -2/3, to be at le.st one orcier of 

aan1tude .aUer th.n the pavitational parueter, U,/U, at 10. velo-
, -

citil. and .uCh ... ller than the Sto-'s ftUlber at hiJher velocitles. 

,... ""'1" thenfore to be DO raatt ,of aupetficial au velocity where 

.. - . 
, 

.' 
",_ <,,-_ • .1 t ."~~ ',I.~';'" ''', . .., ,. '~: 

, 
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Individü&l collection &ffieiiricy of 110 ~m collector 
versus supefflcial velocity ~dA - 0
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f PIGURE 5.26 Individual collection efficiency of 110 ~m co11ecto~ , _ versus superficia} velocity (dA '- 1.75 pm) 
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Individual collection efflciency of 600 aJ. col'1ector 
versus superficial ve10city (dA - ,1.3S pa) 

- Mode1 SB 
-_._-_.~ - Model 18 
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Individua'l collection efficiency of 600 pm collector 
vat sus superficial velocity' (dA - 1.75 pa) 

- Nodel SB 
-------- - Model lB 
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diffusional deposition could become important for aerosol particles 

around 1,. ~ in diameter. This confirll15 the qualitative conclu~ion. 
~ , 

indicated by the preliminary experiments of 'Section 5.2.1. The fact 

that gravitational and not diffusional deposition is dominant in the Iow 

velocity range is seen clearly from Tables 5.1 to 5.4 where the 1.7S~m 

aerosol hàs always a higher experimental collection efficieHcy than the 

1.35 fm aerosol even in the range where inertial collection is negligible. 
, 

11115 is a physical imposs ib'i lit Y if diffusional deposition dominates 

aver gravitational settling. Thus, by Measuring EBT as a f?nction of 

dA we are able to confira experimentally the th~oretical conclusion 

reached by inspection of the collection parameters of diffusion and 

eravttatian. This, however,· disagrees with the conclusions of at least 

·two 'studies, McCarthy et al~l and Knettig and BeeckmansK4 ,who 
-.,..-

.isinterpreted the effect of gravit y as diffusion and claimed that 
1 1 

diffusion Was an important collection meehanism in fixed or fluidized 

beds operating at conditions siailar ta this study. 

bettig and Beetbans drew their conclusioo froa, experiments 
Î\ 

with fluidized beds and did not present any collection parameters 50 
ft' 

wc can talte their sta~,e_nt ta refleet an ettoneous Interpretation of 

the procesi of fluic:fizatiOil. 
Mel 

NcCarthy et al. howeyer not'only cla~d that diffu5i~ --
wei ~ant ~t allo pre •• Rted theoretieal collection par~ters of . 

. 
diffusl. ia OI'der to support their theory. 'J1leir theOl'etieal para .. " ' . • ters for collecti_ by dU~ion for .lffereat .. rosol .U_tnl are 

.' . 

pftMftt~. ~ Tôle 1.'. t. Îectt. 5.5 .. 2 .......... Gat the first. 

col.- of -dals t.'1t. npreMAè_ col11tct.i. " tât ... !., is. based .. 

1 

, 
~ 

1 , 

.1 
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, 

TABLE S.5 Erroneous Coliection Parameters of McCarthy, Yankel 
Patterson and Jackson (~. 135fm. Ù III 1.6xio-~ mis) 

'f , 
..q' 

\ 
~ 

dA' ra ~XIo2 2 
~ EOx10 

1 

1.4 
1'. 

3.12 0.88 ,r 

1.0 2.22 1.07 
1 

0.67 1.56 1.34 

0.37 0.81 1.94 

0.28 0~63 2.34 

0.13 0.30 4.12 

0.06 0.12 7.95 

.. 

. , 

"'1,)...', :" 

> ~!,(, ~ 

L'" J ! 

~.;.I~/~").. .. " H.~.~. ~~~,' :'~' 

,,' 
." . 
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on wrong assumptions. The n~rical values of the second column, where 

theoretical efficiencies for diffus'ional deposition are presente~, 

appeared at first sight to be extremely high. On investigating further, 

we found that McCarthy .!!..!!. used in their study an equation derived 

by BosanquetS7 from a very approximate analysis for an infinitely 

long isolated fibre in potential flow: 

B -D 
I!"-

Pe 
(5.13) 

The applicability of this resuit to a sphericai collector in a packed 

bed in creeping flow 15, at best, que s tionab le. Moreover, McCarthy .!! .!l. 

present, no experi.ental data in support of their predictions.· 

5.5.4 Conclus.ions 

The eliaination ~f interception and diffusion as possible 

contributing '.chanfsu in aerosoi collection Ieaves inertiai and gravi­

tational deposition as dc.inmt collection .emanins. "ntese two 

yariables are investiaated in the next section where different hypo­

th.tical.lIOdela are t.steel by r8gress1on. ,.lIt should pernaps be ..ntioned 

Mn that, a. a check. int.rceptlort and diffusion were inltially included 

111 th. 1Iad.1. Tit •• , two variables w.re alvays rej.~ted .. havlnl v.ry 

1., .... .lficaac:e l,n1_, lar ....... 'l'CI .rrorl aacl WH SOMtt.. u.iped 

. Yrry lap D41« uptf ~ftlci':"t. (a (IIlyd .. l" ~lbl.!lty) .mich 

~ . 
", 

/ . 
/ / ," .; ' .. 

\ 
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amounts to additional strong statistlcal evidence that diffusional and 
. 

interception'mechanisms mey he safely neglected. 

5.6 Analysis of Experimental Results 

5.6.1 Introduct ion 

The exp'erimental results presented on fixed beds were analy,sed 

usinJ 1lU1tiple regression which 1s a statistlcal technique for analyzing 

a rUationship between a dependent variable Y and a set of indep~ndent 

variables Xl' X2 •••••• x. where m i5 the number of indepeqdent variables. 

The relationship is of the form. 

(5.14) 

.. 
Mhere the intercept of the r~gression equation, bo ' and the coefficients 

b l , b2 •••••• b. are estlmated by the least squares method. 

In our analysb the depen'dent variable 15 the experimental 

colÎection effieieney. EBT, an4 the independent variables are the 

dt..ensi~less collection .par~_ters NR, St, ND and N
G

• The assumption 

that the collection paraMtors are independent variables is tantAlIOunt 

to th~ aSSUllpt tcn that lnc1ividual collection eEficloncies around- the 

colle,etor are lndependent of .ach other. In Section 3.2.S, it vas noted 

that tilt. a ..... tiCll is not strict,ly tru. but ,is a J'ftsonable approxi-
... " ~ 

'Mti. if iftcIlvlclual colleetiGll effici.cies are ail quite low and sOIIe 
" . 

an .... U.ib1e. 'urthel'l102't ... the total coU.alOll .fficiency, by 
, 

defblltlOli. 1. the _ of the tMlvldual ettlclftCles th •• en ail 

\ ~ .. .ulci.c .... an "0 the. t.,.1 col le'" 1. ,dtlclency IUt a1so , . 
\,,:.. .,; 

, , 

, . 
~:1fi,*,:fl,:~: j{/~.' t >~j~", ~, ~ .. , .. ~. . . ' .. , . , 

\, 

·1 
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The intercept. b , fram Equation 5.14 was therefore re.oved 
o 

equation and the multiple regressimf"line wa~ forced to pass 

, D13 
the origin. Draper and Smith in "Statistical Analysis" 

cOJlllllent: "The omission of b from a IlOde l imp lies that the response 
o 

is zero when aIl the independent variables are zero. This is a very 

strong assumption wh1ch 15 usually unjustified." However, in the 

present case inclusion of b would lea~ to erroneous conclusions. As 0..... ,) ." 
there is bound to he SGme experimental scatter in the data, the regres-

sion analysis will always .nage- to reduce the scatter by .ssigning a 

rion-zero value to b which has no physical meaningi it mathell8tically 
o 

1 

repfesents the total collection efficiency when aIl contributing 

efficiencies are zero. In ~e present case, bo would thus correspond 

to the contributions ot diffusion and interception, ~hich have already 

heen shawn to be negligible. In SOIlle of the models, as will he seen 

later, a constant term was included in the regression equttion. This 

QI done, however, in order to esti_te coefficients for the type of 
. ~ Pl 

equaUon suggested by Melsen and Matllur and Paretsky for inertia1 

collect'ion in fixed beds. 

A ~ry of the basic theory of .ultip1e regression ana1ysis 

1s presented in Appenclix P and it il ass1.llled here that the teader il 

. faa1Uar with the technique. 

5.6.2 Statist!"1 aball-is of the "1'0801 collection IIOdeb 

•••• r __ tal cOll,atOll .• fficl_c~s of the 110 lia and 

" 

600 Il. collecton, pn .... tecl 18 Tabl •• S.l '0 5.4_" testM,br aaltiple 
.. 0 'r" .. lit 

",".ai_ aulysla wlth fin la1foth8tk:al coUecti. ""Is. 'lb. data 

•• "4, 

-'"p',: ' .... 

-' 

\ 

; 1 
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were divided into three sets. The first set contained only the .4ata of 

110 ~m diameter collectors and 15 referred to as 5 (5 for small collector 

particles). The second set contained only the data of 600 llm diameter 

collector particles and is referred to as B (B, big). The third set 

was 5111p1y the SUil of the first two sets and is called Set SB. 

Each set then wal tested with five hypothetiaal models repre-

senting aerosol collection \)y a 5pherical collector in a fixed hed. 

So in aIl lS cases were run and the five models tested were as follows: 

NodSl 1 assumed that,gravitational collection is negligib1e 

IJld ., he removed frOil the equation deseribing the l:otal efficiency of 

a eolleetor partiele in a fixed bed. This in fact has the form of the 

equation presented by Meisen. and Mathur (Equation (3.12)) and 15 sillUar 

to the foras of the equat ions SUlaested by Pare'tsky for the ve locity 

__ .. ..h.,..". g:raVit~ional collection is negligible -(Equations (3.9) and 

(3.10)). 

(S.lS) 

However, Paretlky cœplicates his .q~tion unDecessarily by raisina the 

Stokes nœber to an ellpiric:al power which turns out to be "!.ry close to 

vAlty ('II). 

Node! 2 la .ia11ar to the previous lIOCIel but his, in additi~, 

\ a poav!tatiaaai HttliDa tUII. Pantlty _,ain cOlipl1eated his .odel 'l' 

, 1.. ., 1Jfclu4iq tht Iftvl.;at:l.&'l coII'ct!_ parueter nlsed to an ~lIpiri~l 
poIfft. \ 

\ ~ . . ,-

,laT - ~.+Yc; (5.16) 

.., 
.; 

. , 

*'. 
, 
,< 

J 

,1 
i 
'r 
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Model 3 tested the hypothesis that the indepentlltnt variable 

of inertial collect ion could< be represented better by the Stok~s number 

raised to the power of two and an intercept. 'rhis 15 a much simpler . 

equation th an the four parameter polynomial approximation fitted by 

](4 
Knettig and Be~ckmans (Equation (3.13». 

(5.17) 

Mode 1 4 15 similar to Equation (5.16) with the modification of 

including the gravitatiànal sett ling tem in the collection equation, 

and removing the intercepte 

J '(5.18) 

Model 5 tested the hypothesis that the coefficient of the 

inenial parUleter is not constant but a Unear function of the col-
\1 

lector particle Reynolds nu.'ber based on superficial ps velocity. 

1here is sne indirect evidence for thtls in Paretsky's correlations, 

for iDenial collection (Squations (3 .. 9) and (3.10)), where the coef-
, q 

fic1nt of th'e inert lai tftll inCTea, .. vith collector dia_ter. fro. 

0.18 for 'fO .... col1.ètor~ to 2.5 for 1,100 lia collectora. 111. aravi­
taU .... 1 ter. was 1Dclucled la tllis .. 1' 

(5.19) 

\ , , , -.. 

-, 
'l" 
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.. 
Table 5.6 presents the coefficients of the dominant collection 

parameters (inertial and gravit~ional), fitted by multiple regression, 

the square of the adjusted IlUltiple correlat'ion coefficient, R
2 

AD' and 

t~e adjus~8d standard residual, SAD (see Appendix F) for each 9l the 

fifteen case5 described earlier. We now have fifteen different sets of 

coefficients and we refer to them wit~ a number, specifying the number 

• of model used and a letter specifying the data used by the regression. 

For example, Model 3B means the coefficients for Model 3 (Equation (5.17)) 

were estimated using Sét B which contains the data for 600 lJll collector 

particles. 

Inspection of Table 5.6 and comparisons with previous attempts 
~ ... ~, 

to correlate EOT as.~a f~ction of Stokes numbet yield some btteresting 
, 

conclusions. We malee two cQIIIParisons: 

Pirst, we compare the coefficient of inertial collection of 

Model lB (d - 600 ~.) which, fro. Table 5.6, is given by the equation p 

. BBT - 0.81, St+ 5.7xlO-4 

for ... O:;ttth Bquation (3.10) lIhich il sunested by ParetSlè)l 

,.,. uroiol reaoval in fixed beds of 775 Il- collector. 

(3.10) 

AI JHIl .boY. th. two coefflciat. are aJao.t identical. , , 

, , 

, " .. ' 
. \. 

SA _ M.' 
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TABLE 5.6 5ummary of Multiple Regression Analysis 
of Fixed Bed E~nt5 

Mode 1 

18 

25 

35 

45 

58 

18 

28 

38 

4' 
St 

ISB 

258 

3SB 

481 

"'Sil 

II 

Fitted Regression Coelficients 

St 8t2 ' N Q'xl02 
G 0 

1.48 

2.89 

2.53 Re 

51.3 

! 
J 

.' ~ 
" -' 

6.89 

111.0 9.02 

9.27 

3.29 

3.95 

Stathtlcal 
Avlysis 

0.31 

0.94 

0.35 

0.85 

1.6 

1.3 

1.6 

2.0 

0.90 1.7 

0.81 S.7Xl0 .. 2 0.62 0.25 

0.834 

.0583 Re 

• 

0.97 0.86 

69.4 

82.7 1.42 

1.42 

0.18 

1.52 

0.79 

0.94 

0.g6 

2.69 6.60 

0.36 

0.89 

0.33 

0.84 

0.50 

76.3 2.5 

112 •• 49 

0.151 .. .. '.10 

.. 

0.25 

0.18 

0.14 

0 .. 12 

2.1 

1.4 

2.1 

1.7 

3.0 

j 

f 

1. 
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Now ~f we eâmpare Parets1cy'~ correlation for dp - 1,700 pm 

with Meisen and Mathur's M3 correlation wh1ch 1s suggested for d -
P 

1,500 ~m we see that the two coefficients are again almost identical. 
,.. 

In fact J ParetS1cy suggests 

E - 2. 5 St 1. 13 
1 

and Meisen and Math\Jr clalm* 

E
BT 

- 2.6 St + 7.5xl0-4 

(3.9) 

(3. 12) 

'r~ . 
The above two cOBp,arisons show that linear approximations of 

this sort are quite reprdducible for coilector diameters of the same 

sile range. This strongly suggests that the form of Equation (3.14), 

where an undefined function of Reyno~s number 15 included in the irler­

tial ter., i5 reali5tic and th. coefficient of Inertial collection is , 

not constant but varies vith Rep_ Model SB, for 600 \1m collectors indi-

... 
utes the sa .. conclusion 

, 

(5.21) 

1hla c~1ation has t~. hiJbest 1t2Af) (0.96) and the lowest adjûsted 
. 2' 

.t~rd re.lc1ual (SAl)X10 - 0.12) of lt. troup. 'I1lis il not the cas. 

for ué pa tollectors anel Model 2S ,ive. the bett' equaf:iœ for Aerosol 
" 

, . 
~itI as notee! in atapter S. 

" 
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remova1 in that collector size range ~s 

\ 

. "- \ 

j ) $ 

l ,Il \ 

(5.22) 

2 which has the highest R AD and lowest SAD in its group explaining 94\ 

of ~he variation in experimental data. 

A substantial improvement is therefore noted in the value of 

R2 AD and SAD for the experiJOénts w.ith 600 ~m collectors when Îlt is 

assumed, as in Model SB, that the coefficient of the inertial t~m is 

not constant but increases linearly with the collector particle Reynolds 

number. This agrees, in principle, with the conclusions of most previo~s , 

studies on inertial collection by isolated spheres Xfor example OaviesDS 

Ch C3 d BS en ,Blasewitz and Ju son 
J 

) who claim that
f 

the inertial collec- '" 
, 

tion parameter should be a function of Reynolds number as weIl as Stokes 

number especially at intermediate Reynolds number. In the range of Rep 

of these parti'cles (1.1 < Re < 17.4) the flow field is in the inter-
p . 

.ediate régime for which reliable theoretical velocity distributions 

are not yet available. An increase in velocity, which of course reflects 

an increase in Rep ' affects the vetocity distribution of the gas flowing 

• • round the collector. The perturbing effect of the collector particle is 

reduced to a saller re,iœ close to the collector~d this aore abrupt 
'. 

spreadift' ~ the str ... linel at a hiJher Reynolds nuaber ~anc~s the 

influence of pa~le inertù and th.re(ore causes a hi,her collectio!! 
1 • 

• f~iciency. Th. 110 lia collector particles, lie in a range of ~ .. ch 
. , 

closer to the creeping ,nov re,. where th~or.tical1y the velocity field 

i. ,av.med ent~ly br vtseous forces and thus eollection,efficiency 1s 
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, 

ins~nsitive to variatioos in the velocity of the fluid pass\llg around 

the collector. By the same reasoning at high Reynolds number the velo-. 
city pr~file in the vicinity of each particle will he much 'less sensitive 

to Rep,and the collection eff~tenëy will be again insensitive to Reynolds 

number. 

Another interesting poiqt to note is that including the 

inertial term as St 2 in the equation does not lead to.any improvement 

in the predictions of the model and, in fact, leads to a much poorer 

performance for the 110 ~m collectors (Model 45). A useful conclusion 

drawn from this 1s that in most of the range of previous work on Aerosol 
.-

re.aval in fluidized beds (100 ~m < d < 600 ~.) inertial collection 
p 

can he approximated successfully by assuming a linear dependence of . 
collector efflciency on Stokes nwaber. ~igures S.2S to S.28 show the 

experimental particle collection efficiencies of 1.35 pm and 1.75 pm 

Aerosols br 110 pm and 600 lIa diameter co11ectOTs as funct ions of super­

ficial gas velocitY. As observed from these figures EOT goes through 

a ainiaDI at approx~telY"SXlO-2 ais for 110 lAa collector! a~ lO-1 aIs 

for 600 pa collectors. Model 1 wiU not predict this ainill1ll and will . 
there~ore have a 10., R

2 AD"value. 11Ierefore inclusion of the gravit y 

tera urteclly illproves the fit of th. efficieney equatiOn, especiaUy! 

at low supeTficial ps veloc:.itl..es. 'Ibis of course is refleeted by a 
. 2 

.rbd merease m R AD and a correspondiDa reduetion m the value of 
• 

the adjustecl st.-ndard ~si~l, SAD- IkauttiOllt" (5~~1) and (5.22) which 
t ! 

are th. be.t fit. for the 110 ... aM 600 li_ con.ctar parti'l. efficiencies 
1 

• 
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respectively are plotted in Figures 5.26 to 5.29 and compared w\th the 

Meisen and Mathur type correlation. As can be seen from these figures 

the correlations of this study are far superior predicting quite 

ac~urate ly lin each s~t of experiments the minimum in EST where the effect 

of mertial and gravitational collection 1s weakest. 

5 • 7 SUJIIIII8ry 

In this c~apter we reported preliminary experiments on the 

transient behaviour of a fixéd bed c~llecting solid aerosol particles 

and on the general collection behaviour of a fixed bed. 'We also pre-

sented the results of extensive experiments performed on the collection 
, 

of 1.1 pa, 1.35 pli, 1.75 pll.and 2.5 pm liquid DOP aerosol particles by 

fixed beds ,of 110 pm and 600 lJ m diameter collector particles. End 

effects 'on the bed-air and bed-support plate interface were analysed 
, 

and we determined experimental collectio~ efficiencies by performing 

experiJaats, at diffel'ent bed heights and thus elillinating these end 

effects. 'lbe dominant col1e~idh llechanisas in this study were shawn 

to he mertial deposition and gravitational settling. Intercept ion 

efficieney vas elillina~ed because of the low range of Repand diffusional 

deposition was shown to be negligible when cOllpared to the gravitational 

•• ttling para_ter. ExperiMntal results justified the elillination of 

."" tIle .. two _chanisu. ~e experillental collection efficiencies .ere . 

analy .. d br .ultiple l'eares.ion and five ~ypothetical aodels vere tested. 

) . 

It n. founcl that aero.ol collec:tiOft br the two ab •• of , . 

partiel •• cou!d BOt .. correlat" br one equation .s they la)" in different 

flow ",!lie.. ft. 110 là. collectors (0.01 < lep <i.4) vere ln the.eeping 

\ 
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flow r~gime and collection was insensitive to Reynoids number. Aerosol 

collection by the 110 ~m collcctorS wa, best represented by the following 

equation 

EST - 2. 89 St + 6. 89 NG (5.22) 

which accounted for 94\ of the variations in the experiments. 
\ 

Collection by the 600 ~m collectors which lay in a highe~ Rep 

Tange was found to be affected by the particle Reynolds nu.ber. The 

effieiency of these particles ~as best described by the following 

equation 

(5.21) 

which explained 97\ of the variation in experimental data. It 15 thus 

seen that Eq~ions '(5.22) and (5.21) describe almost perfectly collec­

ti~ of aer~sols by 110 ~. and 600 ~. collector and are thorofore suggested 

as useful clesip equations. 

) 

'. 

. , 

,-' 
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CHAPTER 6. FLUIDIZED BED EXPERIMENTS 

6.1 Introduct ion4IV 
This chapter ~resents experimental results for Aerosol removal 
, . 

in a 0.15 • diameter fluidized bed composed of spherical collector . 
particles. The equip.ent u$ed for the g8Oeration and monitoring of 

-the aerosols, a typical experimental run, and other'experiaental details 

are described in Chapter 4. The experi.ents presented here analysed 

the effect of superficial gas velocity through the bed, bed height at 

ain~ fluidization, distributor effects, bed loading, diameter and 

physical state of aerosols, collector particle dia.eter and density, 

" and re.oval of, aero.ols at hip superficial ps velocities. The results 

are diseussed qual~tativ.ly and collp&red vith the conclusions of the 

IIOlt recnt previous studies. This wu found to be necessary in order 

to dispeU the .isleading beUef which SeellS to have grovn up that 

.. rolol penetration in ~ fluidised bed inerease. vith inc~alinl gas 

~ .. locityMcl,J2 ~ and that the' bed i~ • ba.ol~OUS contactor in plua 

11011. Il Olapter 7 preHllts a _the.tical analysis of the process 

_ ca~culat.s co11ection coefficients which are based on the experi-

_ta1 relU1ts of thls ltu4y and CIl the tvo phase theory of fluidiza-
, 

tla. To dle .st of GIll' Jmowlecl~. th. experi.-nts deserl~ in thts 
~ , 

cMptft ai"e tll. IIiDIt ~. prunt •• yet in th ... llteratu:r.~ for • 
~ , 

"llOwial ..... : 

,,' 
1 j,il -. 
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(ii) 'lbe extremely clilute test aerosol usecl (less tb'n lO~ 

particles/.3 ) ensured that aIl secondary. filtration 

-lI8chanisllS. lite aerosol coagulation and aerosol 

particle Interference near the collector particles, 

vere elillinated. 

(tii) 11)e distributors used were designed to ensure a good 

distribution of the incOIIling gas. Adequate distribu-

1.1011 of the ps wu cœfirJl8d by visual observation 

-of the bubbles and the pressure drop across the "distri­

'butor _s .. surecl. as a design precautiœ, as a func:-

tian of superficial gas veloc:ity (Figure 4.7). ,'lbe 

distributor orifiées vere drilled as a replar array 

OB triangular pitch, ..... vere designed for ;niaI 
eol1ect~ob. 

(lY) ~1ank tests at expert..ental veloc:ities without the bed 

iD place eUJwlated &Dy errors clue to collection by 
" . . 

~ ÜltrlbutOl' plate, ~luUizec1 Md colua and supling 

syst_ .... aay lliaor distortions introduced in me 
1 

, ,~ .... ". (P~ 4.13) .... rea1't 'of DOD-isqkinetlc satlpling. 

(Y) .............. perl"" dû c'ly'sbed collector, 
- " 

Qe d!ailttft of "ida wu accarately detera1:Ded by _al~ring 
, , 

lM pertiCM fil ... Of dae âne .. dl ...... uiider an . , . 
... .loU'~. 1ha alMSt cUaical treatMllt' of tbe 

_1'-' (lectie' •• ~ ~ .. ~ .. 'blaDt tests 

... -." ~·"i~~"'~_,.p ... tUt 'dae ~ckJ1"oUnd" 
... ~~ , ' .. - ~ j. "î' , " .", \. ' 

: " ,,"i ' " " ... èCllltaldnation 
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The experiments presented in this chapter encompass a far 

wider spectrua of ga~ ve10city than previous studies, reaching a super­

ficia1 gas ve10city of 2.85 aIs in the extre~ case. 

6.2 Bxperiments on Basic Parameters of Aerosol Remava1 

6.2.1 Bffect of superficià1 gaS ve10eity 

6.2.1.1 Penetration clos. to ainimum fluidization 

Perhaps the aost aisunderstood pàrameter of aerosol.\ollection 

in a f1uidized bed has been the superficial gas ve1ocity. Dis;'rding 

experiaents with 5xIO-2 a diaaeter beds which were prObably operating 

in a sluaaing r'aiae, previous 'studies have barely gone beyond 3-4 times 

tae aint.ua f1uidization velocity. 
~ t 'li • 

AS an ex...,le of how the effect of superficia1 1&5 ve1 oc it Y 

on penetration ~s been aislnterpre~~ the past. the results of a 

reeent publication (Noveaber 1974) by McC~hy et al. Mel are presented , --
in Figure 6.1. Their study. described in aore cletail in Chapter 2. 

4\Yestipted the reawal of dioctyl phthalate aerosols (])OP) in a 0.15 • 
,.-

, luidbe~ bec! V 135 .. diaMter aluaina p-anules. On Figure 6.1 the 
Q 

per t penetration~. Chall.nain. Aerosol, ft,' i. plotted versus 

th., ~cial P' veloctty throuah th. becl, U, divided by the ainiaua . " '...., , . 

flaic1ûatlaD ".loeity. ".f' for' two .. ~ol ailes CelA -1.0 _d 0,.67 ~) • 
. , ~ 

1'11., carriad out hl*t.at. fl-_ 1.1 to' 2.5 DIU.." _tell 'aU:I :In • 

DU'IW ftlaclt7 .... 01. i. ,'" to· S.ftlAr'2 al., .. c.cl~ tIIat .. rôlol 
. . , 

...-ratl.-' iDcnuN o_icletably rida ~1Jtc ~lct.a1 lU ".10-. 
oity_ lIICattlly !1!!- .... apo~ ... __ .. li' ....,.t..at.l reluIts 

. , 

•• 

• .l ;, 

i J, . 
\-
( 

,1 
~ 

; 

~ 
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Aerosol penetration versus 

Mc~rthy et al~ 

open cire le • dA - 1.0 }la q 

open .quare, dA - 0.67 }lll 
d - 135 p. 
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U;; - 1.S6xlo- 2 ~Iec 
aruaina granules 

this study 
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approaching asymptotically a penetration of 100' as the gas velocity 

is increased. They conclude that the uSéfulness of the fluidized bed -

for aerosol collection is limited to low velocities and, as a solution 

to obtai~ing low collection efficiencies, they present a design incor-
, 

porating four to five fluidized beds in series, each eollecting a 
\ 

relatively sasl1 amount of the challenging aerosol. The final pene-
\ ' 

• tration tbrough this rather eo~licated dev.lee, assumlng complete mixing""" 

alter each stage, is liven br the fol1owing equationMel ,J2 

n 
f' _ ft st 

st (6.1) 

where nst , 15 the ntDlber of ~taaes and HIlf i5 around 2 to 4xlO-2 a. 

Equation (6.1) hOlds, of course, for an inlet aerosol which i5 mono~ 

disperse; otherwise collection .echanis~ and target efficiencies will 

,vary as collection proceed. fra. stage to stage dependina on the particle 

. Ibe variation. , 
An a~tellpt wu aide to dUp Ücate McCarthy.!!.!l. t s fluidbed 

bed expert.8nts as clos.ly al possible usina a o.ajla di ... ter DOP 

~O.Ol ànd the ~101"'. collector' part:lcles. 'lb. height Of 'the bed at 

.!nt.. fluidbat 1ca .. 2.lxl0-2 • ad the ~in1 .. , fluidizat ion ve locity , 

2.0110.2 -'" w •• sufficiently close to theirs (1.6XI0·2 ';s), to enable 

COIIpU'~ .. ta be..... ft. pa't:lc1e counter vas pr1ae caUbrated be~ore 
, . 

d. expert.e'nt •• al • precaUt"t... ln the -.-.r d •• aibed in Appenclix C. 
u 

ID ~ to pTeYent tM becl ,articles h- falUn, throup the orifices 

At ... , 1_ .'locltie •• tJae ;s.t •• 1 ........ dth ... vhe _ah of 74 ... 

op_"... " OH tIlird of,}' ........ la tie dllt .. l __ plate Wte blocbd > 

If .. : il.~i"'''!i 1'\ ' .. 

,,'~'~'-... 1~.:1~~~~~',..1.a t411· ... ~ .. aaalydng 
~ .. 't~'" , ",,~':' ,\.'~ ~ ~ ", .'p t/ ..... °1;.,~ ~o'~<~~-;~,~;~,\l~:: j <,~ ',:' 'J. 

"Htl ',,",,' .",' ,~!; j, ' , t-f ';,f(h JI \ .. ~/l .; \~~I .~ ~ .r}'j\ \ • , ~., 't 
~' " •• '. ,~' ,i' p,~~0' ./,'~ r~! , ~ J t'.j • ~,,~ .. y.j~ 

~ • "? i- , 'r j :()' .... .i " " t 

'J. fi> ' 
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the factors contributing to high penetrations at low gas velocities. 

Blank tests were performed in order to eliminate collection by the wire 

.ash. Aerosol collection br the wire mesh proved to he quite small and 

of the order of 1-3 per cent~. , 
Very closely spaced experiments were performed below and~eyond 

the range investigated by McC~rthy et !!.; the reluIts are plotted in 

Pigure 6.1. As will be seen ~rOll the figure, for U/UIIlf < 2 (i.e. gas r 

velocity up to 4xlO-2m/s) penetration does increase with superficial 

gas v,locity. However, penetration reaches a maximum at about U/Umf -2.1 

and thereafter declines as the superficial gas velocity through the bed 

is increased. Interpreted in this ~ner, the same trend is notèd in 

the results of McCarthy ~ al., but their curves nàve not quite réached 

their Dxima. 1bis observation is extremely illportant and to the best 

of our 1cnowledge it has not been referred to or investigated previously 

in the literature. 'lbe penetration continues to decrease as the veloçity 

through the bed i5 tncre.sed, with no, indication of passinl through a 

a:lniaJII. 'lbe lowest penetrati1lll in this set of experi.ents i5 ~t the 

hipelt velocity of .12 ais and, as will be seen from Pigure 6.1, at 

mat point the bed is lIOl'e efficient, than the fixed bea portion of the 
, 

CU1'Ve. Dus, the data pr818ftt84 in this fiaure represent cCIlclusive 
, , 

experJaatal evicÎence that the ..... 0.01 penetration in a fluidiied bed 

cIoe' IlOt laenue eottti1wously with".incr ... inl P.I velocity but re.eh •• 

. • axs... aacI .ab ..... tly "crease~. 1.11 subsequent exp8rialnt. in ,this 

~u4Y, c:liscu.ecI bel_. '.11 into • v .. locity na .. ~ ... ~.tntian 

\ 
, : 

• 
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decreases with veloeity. The reason for thi! surprising behaviour of 
\ 

the fluidized bed collecting Aerosol partieles at low velocities is, 

~believe, a combination of three eontribut~ng factors. 

'" 'Ibe fil'st factor, and perhaps the JIlOst important of the thr~e 
from an Academie and practical point of view, is that aérosol removal 

in Sballow fluidized bads operati~ at high velocities falls jn the range 

where gas exchange between the bubb'le and the dense phase is very rap id 

and penetration is not controlled by this .echanis1ll. The limiting step 

appears to be in the dense phase. This conclusion is justified by detailed 

analysis ~n Chapter 7, Mhere it i5 shown that the fluidized bed may be modelled 

succes!fully on the assu.ption that the resistance to gas interchange between 

the pbases is nealiaible. The reason for the rapid gas interchange between 

the phases, at high velocities, ean be attributed to very fast bubble 
.---..., . 

f~'lC1l ~ eoales~nce occurring in the ~gion close to the Jdistribut~r 
. l, cs Cg 

platel CUft and CUft ott.!!. have shawn that a large: raction 
n 

of the ps forJlifi,a the bubble clouds 15 transfi,néà· to the dense ph ~ when 

coalescence occurs. '!he SUle ~uthors have also shawn thÀt this contribu-
\ 

tian to as. tran.fer 1. Dportant partlcularly in tha Hgion very close 

to the distrlbutor. It appears, therefore, tbat the expel'illental ras lts 

of th1s Itucly aaree, in princip 1 ••• ith their theory .and coalescence. , ~ 

cantribut ••• i,nificantly to Il' transfer between the phases. 

ft. HC~ factor contributina to aero.ol collection, at 'hi~ 
velocitiM, la tbat the aotlon of th. becl partie1e1 11 affeëted by th~ 

d." lIIIIIb~ •• ".'" ~ 1Iixia. al ,t" eollect~ putic1e. e~"'l1Y 
ta ... Q1cuda •• tA CM ..... of tIa. bulJbhl. ....... lautial collect ion 

. ft-.lt ... u will be ... iD a.aptel' 7, la lataHl" cOll"!aa coefficients 
. 1 

, 
} 

\ ' 
~ } ; , '. 

\ 
\ 

~ 
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for larger aerosol particles. At lower flow rates. where the influence ,-, 
of bubble-induced particle motion on inertia1 collection is much smaller. 

this effect is lost. 

The third factor contributing to high penetrations at low gas 

velocities involves inefficient distributor design. and experimental 

4ifficulties.inherent in performing experiments with aerosols. The 

aajo!ity of previous studies, with the exception of the pioneering study 

of Meissner and MickleyM4 ,used low superficial gas velocities*. 'The 

reason for this is simple: it is quite difficult to produce a monodisperse, 

spherical and electrically neutral aerosol at sufficiently large flow-

rates and experimentally stable conditions. The problem was overcome 

in this study by the use of the spinning disk 'generator, modified in the 
• 

aanner described in Chapter 4, but the majority of the previous studies 

uaed quite crude and compllcated devices for aerosol generation (see 

Chapter 2). Par this retson, experi.ents with realistic bed s1%es, around 

0.15 a, have been avoided in the past. Unfortunate ly, _j or problems 

oarise in achievinl adequate distribution at low velocity of agas containing 

an aerosol., PO~!1at.s cann~~ he uMd because they collect IlOst of the 

challenain& üro.~l thereby elo.,in, ancl showinl unste~dy filtration 

cha1"a~.ristics. Af alternative is a Ptlrforated. plate distributor,. but 

the pe1'Clllta .. lreel area, required at low vtlociti,es' ia s ... U. nais 15· 
r 

probably the ,nu wh1 __ prev.ious stucU.. have avoicl.cI ca.ent ina , . 

*It ., he "lIote4 t at '*1 .... 1' .. cl Miclc1ey. "0 vere the GIlly previous "'.t'. to ute ele at" P' ftloc1tie •• are allo the 0I1'1J' workers to .i'eport 
\' .. creu., penetra ion with ~~ u. . 
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extensively on gas distribution, and have chosen very simp.le distributo-r 

designs. Scott and Guthrie
S2 

for example used a 75 ~m oRening wire 

_sh, while McCarthy et .!.!. used a 0.07 Il deep fixed bed of 10- 2 Il dia­

aeter cerallie spheres and a "retaining screen" witl\, unspecified openin{(. 
, 

'" 

11\e pressùre· drop across th'i;; "distribl.ltor bed" at the highest superfi<;ial-

,as velocity used by McCar-thy ..!!t.!l. can he calculated appl'oximately fr,om 

the Ergun equation which i~ given for large spherical particles in fixed 

beds 8,SD2 

AP - -H 
ISO (6.2) 

dp - 0.01 Il, \lf - 1.84x10-~ kgm-ls-l, we obtain AP - l.32 nm- 2 ; this 

cao he considered to be a negligible pressute drop. Furthermore, Any 

beneficial effe~t· their ceramic spheres .ight have had in distl'ibuting 

.J 
\ tlie ,as was dest royed by the inc lus ion of an empty sect ion 0.2 Dl deep 

between the spheres and the retaining sereen. This type of ineffective 
;. . 

distributor results in the initial fa,rutioo of large bubbles J tew in 

IlUIIber, ~d 1$ partly the r.a.on for inereasing penetrati(ll with increasing 
'., \ 

~lOCltYJ. 'lbe detrt.fttal _llect of an inefficient di.'trlbutor on aérosol \ 
,. - ~5 -- ~ . 

~ctlOil caft be v.ril!.ed fra th. reluIts of. this study. pI'Otted ~ 
. , 

( 'laure 6 .. L tdlft. th. partial blockin, of ~h_ distributor orifices -aiti-
. l ~.. r" ~ , 

.. 

., , C \ 

fied tu 4epeachmee ~f peaetratlon OD P' veloeUy at the low ranI' and . ,) 

ra.l't.a in 'collection .t'ici_ci ..... 1owel" than-o~.erved by MeCarthy 

.. 

• 

. .l~' 

, , 

• . 1 

'. 

1 
i ". 



.. 

----- ~- ~---- ~-------'"':".~-------.. 
1I~l<"~~~'9t' ~,~-~"W""'~~tctfll\4:~""~'_11~~ • .,..",,,,,*,'tl'''''_''''~.,,. __ ._''''''' .... _~? ... _" " ..... _ ........ _ 

-167-

6.2.1.2 Penetration ,at high velocities 
_,1 \ • 

Having clarified the effect of gas velocity and inefficient 

gas distribution we can examine further experimental :restilts. All sub-
,1 

sequent experiments were performed in the region 'where bubble formation 
) 

and coalesce~c~Jis rapid. Figure 6.2 shows the effect of gas superficial 

velocity, U, for three values of the bQd~~ight at minimum fluidization, 
, ' 

" , 

- "mf' for 1.6 ~m DOP in a bed of 110 llill ~o\tectors. Tables 6.1 to 6.4 

present extensive experimental results for'O.72 llm, O.911m, l.lllm and 
, 

1.6 llJD DOP aerosol with 110 llil collector particles. Some of these results 

are plotted in Figures 6.2 to ~.S. With very shallow beds and large 

aerosol diameters (Figure 6.2) the bed is effectively "frozen" after a 

few minutes of operation (see Section 6.2.2.3), less than 80\ of the, 

aerosol is collected and there is little dependencé on gas velocity. 

On increasing Hm 50 that' the bed 1s truly fluidized wch higher col­

lection is observed, and the penetration decreases with increasing velo-

city. At greater depths thp Aerosol penetration decrea!es substantia~ly 
'1 

and is .gain effectively independent of U. As discussed ea~lier. the 

depen~enèe of penetration on U at interwediate values of Hmf can be 

attributed to enhanced inertial copection due to bubble-induced particle 
, 

lIOVe.nt. It.y he noted that althouJh the deepest bed is still very 

JhaUow in cOlipuison wi* cOllVentional fluidization operations, high 

collection efficiencies are obtained. FrOll Tables 6.1 to 6.4 a 7xlO-2 a 

de., bed operatlnl at 0.36 ais colléct. 9ft of i.6 lia aerosol and BO\ of 

the O.72,~a dialeter lerosol, other Aerosol dlaaetets fallin, between , 

th.d.~ vatues. It 1s ,&110 int8l'8stin. to note in Pi~e 6.2 t~ 6.5 tut 

the cJependenc:e of p ... etration CIl v.l~ity beCOlÎl ..... ka' vith incrus!ng 

.' -
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'lbe effect of gas superficial velocity on aerosol 
penetrati~ for three values of the bed height at 
.in~ fluidization 
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Pluidized bed experiaents - Aerosol penetratioll 
versus U/Uilf 
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Pluiclized bed experi_nts - aerosol penet rat ion 
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PJuWized becI .:xpe~ ... Aerosol penetration 
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TABLE 6.1 Penetration in Fluidized Be& Experiments. 
dA _0.72 ~ •• dp -'ll~ pa 

j 

~ 2 
"JI! Superficia 1 Gas Velocity U.Xl0, 15 

axl02 .f.92 6.03 7.24 12'.88 13.06 19.53' 25.61 

0.372 99.4 96.6 " - - - - -
0.744 - 96.3 - 94.3 - 96.6 -
1.22 79.7 91.4 16.0 81.6 73.4 87~6 70.1 

1~86 69 .. 1 ' 66.9 62.9 61.0 - 56.0 -
3.06 56.2 48.2 46.1 43.8 41.9 39.3 38.S 

) ., 

3.98 40.3 31.1 32 .. 3 37.0 37.5 34.3 35.2 

5.10 - 20.4 - 22.8 - 21.6 . -. 
-

6.7'1 - 19.8 - 20.'8 n - 20.4 -

L' 

\ . 

Il, 

• 
e. 

lb 

., 
t, 

34.93 

'i - • < ~ - . 
-

/~ 
n 

- , 
• 

43.2 

31.6 

.23.0 

21.9 



• 4 $ 

...... ].' ••••• 11.111' •• 11.11.11.11 ••• di.2.t.ltt.II.Mb.E.I.:11t.1J.11.~"I"1 .. 0: ••• 11.1.: .... ~--______ ._. __ w_, _____ _ 

1 
1 

" 

,.e 

".f 

llXi02 

0:372 

0.7 .... 

1.22 

1.86 

3.06 

3.98 

S.10 

6.18 

, ' 
" 

" , 
" , 

" 

-173-

TABLE 6.2 Penetration in Fluidized Bed Experi.ents, 
dA - 0.9 lI-, d - 110 li-1 p 

1 

Superficlal Gas Velocity JIlX102/s 

. 
4.92 6.03 7.24 12.88 13.06 19.53 25.61 

- 90.9 - 87.0 - - -
- 88.6 - 80.7 - 83.1 -

, 

72.3 78.0 61.1 66.9 58.5 58.7 43.6 

59.8 52.8 48.3 '44.6 - 40.2 -
44.6 36.8 34.3 28.6 26.6 24.6 23.5 

1 

28.1 24.5 20:4 21.4 2Q.8 19.7 18.7 

- 13.2 - 11.8 - 11.1 . -
- Il.3 - 10.8 - 10.3 -

• 

, 

<.-' 
' .. 

" 
~ :: t 

. , , 

.. , 

'l' 

34.93 

-
' -

.. 
-

26.8 
[. 

, 

11.1 

11.1 

10.8 

\ , i . 
1 

" 

f ~ 
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TABLE 6.3 Penetration in Fluidized 8e4 Experiments, 
... - dA. - 1.15 llIl, dp - 110 lia 

,HIIf 

u102 4.92 
, 

0.372 -
0.744 -
1.22 S4.7 

1.86 45.1 

3.06 29.9 

3.98 17.4 

S.10 -
6.78 -

.' 

, . \ 

" 

" 

6.03 
" 

83.4 

74.0 

59.7 

37.9 

22.5 

14.1 

6.9 

6.1 
" 

• 
.. . , 

Superficia1 Gas Ve10city .x10-2/s 

-
7.24 12.88 13.06 19.53 

.. 70.2 .. .. 

.. 62.5 .. 72.0 

44.4 49.8 41.6 32.f 
31.5 28.4 .. 24.1 

19.8 15.5 14.0 13.0 

11.3 11.3 9.8 ' 8.9 . 
- 5.3 ~ 5.2 

- 5.9 .. 6.0 

• 

. , ' 

, '1 
. , .. , \ ' , 

'1 (' 
• 1 ) r_ 

25.61 

.. 
-

26.2 

.. 

11.4 

8.1 

-
-

" , , 

~ 

34.93 

.. 
, 

.. 

.. 

-
12.4 

7.3 

4.8 

5.6 

,', '1 c • 

1 

1 
t 

1 
1 
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TABLE '.4 

1 

Penetration in Fluidized Bed Experiments, 
dA - ,1.6 }lll, dp - 110 llm 

u 
ax"TS2 / a/sx102 ft 

7.1 1.23 23..1 

12.1 1.23 22.7 

13.6 1.23 24.0 

26.1 1.23 22.4 

4.9 3.04 ~4.1 

6.0 3.04 10.6 

1.1 3.04 8.S 

11.0 3.04 6.6 

13.0 3.04 S.2 

3.04 
. 

19.5. 4.6 

26.1 3.04 3.1 
5 

38.1 3.04 2.1 

43.8 3.04 2.2 

6.0 6.75 1.4 

11.0 6.73 ,0.6 

U.O 6.13 1.1 

1t.5 ' 6.73 0.7 

Sl.5 6.13 1.1 
'J-. 

i2.4 
, 

b.S7 "1S.7 

12.4 0.7. 92.t 

~ .. 2 •• 1'.1 ... " '1.0 'S,.- ,; 

,'. .,. '1 •• 
, '~ 

"'"", 
'·1_1 

" c . 
<l ' ' .. ',". " ' .. <:~ (~\ 

;I.~ <'~< , ," ,1 '-.~ ,~ r 

~tt.~. ~. \~ ~ .. -t~, : ~i~ , ... ,/" , \'0(" 
lI~v"~'\"lf'~';~ ~ .. Jl·t;.'~"I.~~~f ~~ .", 
~~k~' l~: ... ~, .. ~:f"~tl\~ !~J: .~~f~. '_.J" 
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velocity at inte1'Mdiate bed heights.. This is because the bubbles in 

the bed, although·enhancing inertial collection, have a secondary effect, 

of lIixing th~ gas i. tlte dense phase. As wi 11 be shawn in Chapter 7 the 

bed goes through a transition from plug flow at low veloclties to approach 

complete mixing at high veloclties, and thus becomes less. efficient with 
J 

increasing gas velocity. 'nlis transitioft1l1 behaviour of the fluidized 

bed 1s discussed in more detail in Chapter 7. 

Tables 6.S to 6.9 present experiments with OOP aer05015 of 

1. 1 \Ill, 1.3S \JII. l. 6 lJDl, 1.7S \.dl and 2.5 \1IIl diameteT wi th 600 um diameteT 

collecter partic1es where penetration wa! lleasured as a function of velocity 

and bed height at .inilDUlll fluidization. Pigure 6.6 shows experiments 

where the penetration of 1.1 \.Ill diameter aer0501 through a fluidized bed 

of 600 \.la ,collector particles 1s measured as a function of U/U.t and ,. 
().J-U.,) at fOUT different be';t heiahts. The figure shows clearly the 

effect of enhanced inertial· collection at intermediate bed heights. At 

1\.t-1.9xl0 .. 2 a, for exaiple. the penetration of 1.11l.particles faIls 
, . 

froa .. bout 60\ to 27\ as U/UIlf is !nereasad frOil. 1.3 )P 2. S • OveT 90\ 
, " 

of these Aerosol panieles whic:h faU "in the range difficult to collectIf 

are r.lIOYed by a 8.8xl0·2 • deep fluidized b.d at a superficial gas velo­

city of 0.74 a/a. 

J 6.2.2 Iffect of bed "!Pt!} at ainisua d'idifation and bed Ipading 
• 

6.2.2.1 " Introduction " 

'11\ •• flMt of Wei depth at llilltaua fluldizatiœ depencls on 

... ~tlcJ.al .a. ftloclty &ad 1. de.criW in .ore 4etaU 1ft Olaptu 7. 
. , 

. ,~'" ~ • ~i.l ... 1 ,or .. rolol collectlOft is clerlvecl froa the 
, • 0 ., 

n ........ 
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TABLE 6.5 Penetration in Fluidized Bed Experiments# 
dA - 1.1 pm, dp - 600 pm 

Hm Supel'ficial Gas Velocity, U mx102/s 

IlXl02 38.03 43.72 49.15 54.84 60.79 

1.86 59.15 48.07 43.17 - 34.66 

3.06 53.80 - 33.36 - 24.68 
. 

3.98 46.94 -36.64 31.05 28.98 28.16 

5.10 33.74 - 21.63 - 15.58 

6.18 24.12 11.92 , 13.28 12.48 11.19 

8.81 20.01 - 11.66 - 9.41 

\ 

, , . 
,/ . , _ .... ~ .. ~"""_.,. ~""", ........ ,.. ,lI."." ._ "I"'Vio!.>4'!., (.w",_ .. ,. 1 ,~__ •• ' _ J_ ~. __ ._ ...... _,-, ._~.I_ _ ..... f >-.. 

73.68 
, 

27.16 

-
24.79 

-
11. 31 

-
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TABLE 6.6 Penetration in Fluidized Red Experiments J 

dA - 1.35 pm, d
p 

- 600 pm 

HIIf Superficial Gas Velocity, U mxl02 s 

1IX102 / 
, 38.03 43.72 49.15 54.84 160.79 

1.86 21.36 16.71 14.34 10.80 7.59 

3.06 16.84 - 7.85 - 8.16 

3.98 13.13 8.84 8.,46 ' 7;23 6.76 
, 

S.10 8.74 - 5.61 - 3.92 

6.78 6.20 5.23 4.68 4.24 4.30 

8.81 6.50 - 4.50 - 3.53 

" 

, " 
o 

" , 
, .• 'f:.,..,". _. 

73.68 

7.41 

-
5.82 

-
3.71 

-

\ 
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TABLE 6.7 Penetration in Fluidize4 Bed Expcriments; 
dA - 1.6 lADl, dp - 600 lADl 

, 
" U. 
a/sxl02 

34.5 

34.5 

34.5 

34.5 

34.5 

- 34.5 

49.1 

49.1 

49.1 

49.1 

49.1 

49.1 

:49.1 

49.1 

49.1 
~ 

, 54.5 

G.I 

.'.6 
51.0 

6O.S 

, 
• 

, 

t/ 

. 

~ 

~2 ft 

1.11 .7.9 

1.44 6.9 

2.04 6.7 

2.63 5.5 

3.37 5.8 

4.33 4.7 
1 

1.11 7.7 

1.44 6.0 

2.04 5.0 

2.63 4.2 

3.37 3.1 

4.33 2.1 

5.55 ' 1.4 
, 

7.14 0.6 
\ 

g.2S 0.3 

4.3S 
.:-

3.3 , 
, 

4.3S 3.9 

4.35 2.1 

4.SS 2.2 

4'.55 1.t 

1 

/ 

" 
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TABLE 6.8 Penetration in Fl.uidized Bed Experiments t 
dA - 1.75 pw, dp - 600 pm 

Hilf , Superficia1 Gas Velocity, U .x102/s 
1 

axl02 
38.03 43.72 49.15 54.84 60.79 

1.86 5.89 3.81 2.80 " 2.67 1.73 

3.06- 5.12 - 1.67 - 1.08 
, 

3.98 3.38 2.16 1.81- 1.96 1.59 

S.10 1.87 - 0.922 - -
6.78 1.27 - 0.56 - -

1 

8.81 0.89 - ' 0.47 - -

" 
) 

, 1 

, 

73.68 

1.65 

-
1.42 

1.18 

0.39 

0.32 , 
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TABLE 6.9 Penetration in Fluid~zed Bed Experiments. 
dA - 2.5 p., dp - 600 pm > 

-
Haf U f' 

ax102 mx102/s ( .. ) 
o . 

1.86 - 60.79 0.26 

3.06 38.03 ~90 

3.06 60 .. 79 0.12 

5.10 43.72 0.55 

5.10 54.84 • 0.57 

5.10 73.68 0.18 . .,. . 

~ 

1 ! ;~ ... 

, 
~ 1 

; 
", 

f 

'< 

" 

, 
1 
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" 

• 

F1uidized bed experi~nts - Aerosol penetration 
versus U/Uilf 

d - 1.1 pa 
dA - 600 pa 

, fin circle, ~ 1.86x10-2 
Il 
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open circle. HIIf - 8.8~10-2 • 

• , 

fi 



1 
t 

[ , 
1 
t 
f 

f 
.' 

'.JI.I ••• '1 Pli •• : Llm ,nl •• t 'lbil:J:l!I;. : : ;; 5 d,J 11 : IUt ::1 ':, t: :.::. J • Il10' ~ __ ~~_~_ 

,-

(U-Umf) mis 
\, 

.. 
1 

JJ .1 .2 .3 .4 
80 

60 '. 

"" 
~ 

l ."". 
f' 40 

"-
1 

e .. 
t" 0 

20 0 

-te -- il 0_ 

o __________________ ~ __________ ~ ________ ----~ ... 1.1 2.0 

U/U"" .. 

" . 

, <, 

( 
" 

1 ~"'1~ 

~ if, 
~} : 
" 

:~ 

< 

" 

1 



.,' 

·"., •••• ' 1III11.il.IJU ••• il •• ,lln ••• 31MI1IUIII!I •••• U." .... · .: ., [.a.us.lIllaS":'" ., ."., •••• L! ..... __ I __ .1t ... __ , "';'~'A_" _ •• _____ , . 

PIGURE 6.7 

1 

,,' 

-183- • 

1 

COllparison of iXèd and f-luidized beds collecdng 
dioctyl phthal e aeroso)' part icles 

dA - 1.35 
dp - 600 loi 
open ci 1 J "fixed bed (H - 9xlO- 2.) , 
full circ J fluidized bed (H.ç - 1.9xl0-2 a) 
tirel. vith asterisk, fluidizëa bed ("af - 8.8xl0~2 a) 
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, 

Ca.parison of fixed and fluidized beds collecting 
di oct yI phthalate Aerosol particles 

d - 1.7S \Ill' 

ë - 600 Tla 
~n circle, ,fixed bed ". 
full circle, fluidized bed (1. 86xlO- 2 a) 
c1rcle vith asterisk, fluidhed bed (8.81xlO- 2 Il) 
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.adif.ied two phase theory of fl~idization. Therefore, only some quali­

tative observations on the effect of bed height on aerosol penetration 
" 

< are presented here. Further observations are discussed in Section 6.2.3. 

6.2.2.2 Effect of bed depth 

'igure 6.9 shows the penetration of 1.6 pm DOP aerosol as a 

-function of bed depth. The bed was ~omposed of 110 pm collector particles 

and was op~rated at a 4superficia1 gas ve10city of 0.13 mIs which corres­

ponds to 6.S times the minimum f1uidization velocity. At very low bed 

depths, Hilf -.3.7XIO-3 
IR, the aerosol penetration is high (about 96\). 

The bed is not truly fluidized but consists of local spouts over the 

holes of the distributor. Increasing the bed 4epth to 7.4xI0-3 m simply 

increases the height of the spouts and a saall reduction in aerosol 
~ . 

peltetration i5 observed. When the bed height is increased to about 

1.2xIO·t à a very sharp increase in efficieney is observed and penetra­

tion of the challenging aerosol falls fro. 93' to 20'. At this point 

Yi,ual observat ion of the ~d showed tbat it he,d undergone a t~ansition 

frai local spoùting tp fluidization. 1his trlJlsiUon il shawn with a 

bl'oJcen 1~ in Pigure 6. 9 anel took pIace in the region 7.4xlO·3 < ".f < 

1.lxl0-2 a. 

011 P!pre 6.10, P lottecl on sai-logarithme axes, we see experi­

~ •• itla 110 .. coU ... partie'lel ~ere the penetration of 0.72 UIl, 

0.1 .. lIICl 1.1 .. Mf'OSOl pa~icl .......... uftcI al • luftetiOll of bed 

· ... iJht at a ..,..,lc1al ... yelocity of 0.13 a/ •• 

YUul ~tJ'V.t'. hf.tta th •• icIe ad top Of' the bed COIlf1rMd 

.. tU CU ........ 11 .~u. ..... tUt "-1., fomatiOll anel 
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F1uidized bed'expèriments - aerosol penetration 
versUs bed depth 

d - 110 ).la 

oP - 0.13 a/sec 

.' 

'i' 

t 

Il 

/ J 
.. ..:.... .. _ ... _--- . . - j 



1 ~---~~~--------~ co 
• 

,. 

. ' 

~ 
c::::t 

• 
r:' 

- l • 
E -• \ 

\\ "'. "t-

E 
J: 

'/ ~ 

® 
c:::) 

• " 

~ 
t:) .. , 

_ .. --_ ... ~ ..... "'" 6 
• 



FIGURE 6.10 

-187-

Pluidi~.d bed ~xperiment5 - aeroso1 penetration 
versus 1e3 deptb at minimua f1uidization 

d - 110 \la 
oP - 0.13 a/sec \~ 
full circle. dA - 0.72 P. 
open citcle. dA - 0.9 \la 
open.sqlare. dA - 1.1~. 
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coalescence were very rapide Coalescence of the bubbles took place 

_inly in the reglon between 1 to 3xl0·2 a. At a,..superficial velocity 

of O.ll mis the bubbles reaching the surface of the 3xlO-2 III deep bed 

had coalesced to a .ean dia.eter of approxiaately 10· 2 ~. As observa-

tien of Figures 6.9 and 6.10 shows, a substantial aaount of the challenging 
~ 

aeroso! is col1ected in a region close to the distribUtor. For example 

a 3xl0·2 • deep bed collected 56\ of the 0.72 pm diameter, 71\ of the 

0.9 ~. aerosol and 84\ of the 1.15 ~m diameter aerosoi. Inspection of 

Figure 6.10 shows that penetration decreases exponential1y with bed 
" 

height implying that the gas i5 in plug flow (see, however, Section 6.3.4). 

As will he seen in Chapter 7. at higher superficial gas velocities the 

backmixing of the gas by the rising bubbles i5 50 marked that the gas 

is essentially completely mixed. 

6.2.2.3 Effect of be4 loading 

'nIroughout the experillents reported in this study hed loading 

did not seea to affect aerosol penetration as long as the bed fluidized 

propet,ly. 'nIis aarees with the conclusions of all previous studies J 

which report no dependenee of penetration on hed loading. Meissner and 

Nickie/" ,for exuple, report that sUlca gel particles absorbed up 

to " of their wight without any appreciable change in aerosol penetra­

t~. Por low Haf' typically leu than 0.0,2 .J the bed eventuaUy, 

reached astate where it would, in a ut.ter of .i'nutes, undergo a transi-

tion f1'Oll fluidization to local ehannelUlIl vith little or no partiele 

lIOticn. 1111 •• tate of th. bed .a. tel'Md "frelliDg" and was ac:c:œpanied 

br • IUbltant!al ~a •• ln •• rosol penetfttlan.- 'lbe ·U ... required for 
o • ' 

0' 

." . 

, J 

t, 
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1 
the initiat ion of "freezing" depended on the aerosol diameter and gas 

velocity and appears to correspond to saturation of the bed vith DOP. 

-2 Typically a shallow bed, Haf - 2.0x10 Il, of UO lJm collectors operating 

at 0.13 Ills and collecting 1.6 lJll OOP particles froze afeter about 2 hours 

of operation. This loading 15 of the order of 10-
5 

times the bed weight 

and deep~r beds could be operated vith relatively higher bed loadings. 

A "frozen" shallov bed couid be fluidized if fresh colll!lctor particles 

were added. 

This phenomenon reflects the physical state of DOP ~nd 1s 
1 

probably a function of bath liquid aerosol viscosity and, as :600 1111 
1 , 

collectors could he operated vith relat1vely higher bed loa~gs, particle 
i 

to particle contact angle. Industria'uy, the collector pa1icles would 

he porous, e.g. silica gel or aluaina granules. These partfcles, as has 

been .mt ioned above, can col'lect a substant iàlly larger amknmt of aeroso 1 
1 

1 

before collector saturation and aeterioration of fluidizat~n occurs. 

6.3 Bxeer_nt,' vith a SoUd Aerosol 

6.3.1 Introduction and description of .!perilents 
jt 

'11111 .ection delcribes a series of experœnts 

infonatlon bath on the l'novai of soÏid aerosols and on 

1 

1 

iclt yielded 

e effect of 

"'l',lol partiele .denlity on peutratian. It a!so provided additi~l , . 
1Ilf~ttOll on the' eUect ~f 'bed depth and, llaultaneously-~ testect the 

puf .... ce of th. putiele countel' (desulbed.in SectiOll 4.2.2) • 

• i .... 6.11 aows the peaet~tiOll of IOUel ..thy1eDe blue aero.ol as a 

flmctiaa al bed· deJJtIa,· At Idniat.- f1u1cllutioe. Th. superticial JAS 
.1; 

~ftlocity thnuJh th .... WU O.lS fA/. acJ dl. 110 \.l. ,articles wera . ' 

,( 

\ 
\ 

! 
t 

.~ 
< 
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Pluidized bed"experimonts - aeroso1 penetration 
versus bed depth at minimum f1uidization 

cl.. - 110 p. 
uI' _ O. 13 ml sec 
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'. 

open circ1ès, 1:0 - 1.3 pm DOP 
full circ1es

t 
methylene blue, with arithmetic mea~ 

dia.eter 1.1 1.3 ~m 
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used as collectors. The bed depth was varied from 1 to l2x10-2 m and 

tbe surface 01 tbe collecto~ particles was, prior to the experiment, 

covered with a tbin layer of DOP wbicb was introduced to tbe bed as an 

aerosol. The amount of added DOP was not sufficient to freeze tbe 

fluidized bed. Subsequently, a solid methylene blue,aerosol, generated 

by dissolving aetbylene' blue in a mixture of 80\ metbyl aIcohoI and 20\ 

"distilled di-ionized water, was introduced to 'the bed. The Aerosol 

size distribution fell in tbree channels of tbe particle counter (C. 8-1. )llm, 

C1.-l.3)lla, and Cl.3-1.6)lla) • As, bowever, th i5 ~et of experiment 5 

was designed primari1y t~ determine wbether solid Aerosols cou1d he 

reaoved in a f1uidized bed, tbe Aerosol dillJDeter was of secondary import-

ance and tbe three channe1s were summed to give a single penetration for 

the whole size range •. This was achieved br operating the counter in 

TOTAL aode as described in Section 4.2.2. From the percentage distri-

bution of Aerosol in each channel it was estimated that tbe aritbmetic 

.an dia.ter vas approxiute1y 1.1 to 1.3 l'a. 

Piaur- 6.11·alI0 shows the Penetration of C1.0-l.3) l'a'OOP 

',' 1 .. rolol at the ... gas ve locity, ran,e of bed depths. and collector 

particle size. In this secODd set of experillents, however, the particle 

cOUDier -fS operating in SINGLS lIOCIe, distinguishing between aerosol 

partiele. of clifferent .bes· (Section 4~). and a t_ period of at 

1eatt four .. th. e lap.ecl Ntveen the two, sets of experilleuts" Thê 

\·1 

. " 
._sure4 J*letl'atlan of .-thylene blue verlUi becS height are p10tted 

" 
.pin la '!Jure ".12 CIl .eai-Iopritludc axe.. Ife wtll nier to these 

lipn. tater iD th. text. 

, ' " 1.. • ~ 

.. 

( 
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F1uid~zed bed experlments - aeroso1 penetration 
versus bed,depth at minimum f1uidization 

cL - 110 ". 
tJI' - 0.13 ais 
open circles, 1.0 - 1.3 ~. DOP 
full circ1es; .ethy1ene b1ue, vith arithmetic mean 

cU .. ter 1.1 - 1.3 ~. 
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/6.3.2 Re.aval of methylene blue aerosol 

Inspection of Figure 6.11 shows that soUd aerosol particles 
~ 

can he remaved. very efficiently. by a bed of fluidized spherical col-

lectors pravided that the surface of the collèctor is previou51y covered 
.;.. , 

with a thin layer of non.:'volatile liquide It i5 entirely possible that 

a solid aerosol may he relloved without coverin, th~ surfa'ce of 'the col­

-lector. However, such experiments will yield no useful general informa-

tiori. as the nature and I18gnitude of the cohesive forces between soUd 

surfaces are a function of the surface _terials, ànd will he different 

for each 'er0501 and collector substance. 
D6 ' 

Corn gives a review of 

the. ,subject and shows that the adhesion of soUd part~c:les to solid 

surfaces 15 dependent on the physical l:d chemical properties of the 

particles and the colleetot. Particle site, shape and microscopie 
t ' • 

lurface texture, the aiero5copic surface texture of the col1ector and 

the presence of electro~tatic charges a11 contribute to variations in 

obse1.jVed forces of particle adhesion. 1hus JUch an experillent 15 neces-
l ' 

ut11y specifie to the phy.sical and cheaica! cOllpoJition of the collector 

.cI &erolo'l*. The present exp.rillent. specifically refer tp penetrat ion 

of soUci aerolols throuab a flu1clbecl bed with no re-entrain_ht. 111er 

., th01'efore be used as A ba,eline for interpretation of data on col-

1ecttcm of sOli,cl aerOlolt cm dry Co,Il.ctor· surfaces. Any consistent 

_viatka fl'Oll the •• result. can he attributed to rt .. entraiuerlt of the 
• 

captared aerosol.putic1e. in tH fluLU, .. tiecl. lJispectlon of Piaure 6.11 

" .. ,. 
*Xt ., be lIOted ta p&*.~that- t~ TaCt eut. •• lIoubt CIl tb. 
utnpolatlœ of Pantaky,.'l .• .,..iMnt ... CO~l.ct.ton of l~t.x . . 
partiOI •• ., .' f1xect he" of, fl1 ... to colt.ctl_ of 111 _.01'1 11y Ash. . " 

, . 

. . 
. " 

" , 

, ~'_', ;f~_.l!.: .~i~;~~};,2 ... . :; :.~:f.,~!~ .l.J:"~,~,.,, ~ ~ 
.. '\ J .. ~i. 

"~:':<" ::: >.:;~j§~d'~I;")"'~" . 
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and Table 6.10, where penetration is ,givpn in tabular fom, shows that 

the aerosol penetration i5 belt>w 1\ for a bed height of over 0.1 ~. 

This is additiona1 confirmation that, provided an adequate distribution 

of" the gas is ensured, very high collection efficiencies of aerosolS 

l18y he achieved in .a f1uidized bed. Therefore, high penetrations reported 

in previous' studies must be partially ~ttributed to ineffective distri-

-butors, resulting in formation of large bubb~es giving significant 'f)~ 

passing. 11\e. third conclusion is that the pel\etration of methylene blue 
• 

i. consist~ntly lower than the pene;ration of DOP." Aga in , this indicates 

ne8ligible, re-entrainment. It uy ,~e noted that methylene' blué has a 

.cJfJnsity of ~.1J(103kg/m3, compared t~ 9.12xl02kg/m3 fo: DOP~ C~bined witl1 the 

resu1ts for DOP, in earlier· sections, we can now conclude that collèction 

efficiency increasès with both PA and dA' This gives furthe:z: support to 

the conclusion, indicated previous ly, that the d01l\in~t collect ion metha­

nisllS of>.llicron-sized aerosols in fluidized becta of )10 \Ill colléctor ·are 

inertial and gravitational. 

6.3.3 TestinS the performance of the par1:,icle counter 

Inspection of Pleure 6.12, where the results of Figure 6.11 

are show on .. ai-'lQpritha1c axes, shows tbat the scatter about tbe 

.xpulMnt. vith liquU DOP. where the partiele counter was ope rat in, 
, .. 

ln SIJCLI ... U. ev1dent1y. aore than th. scatter i~ the .thylene 

hlue eJpel""t. 1fhe1'e th. cOUIlter •• operatin. on roTAL 1lOCle. ) 'I1lus 

the _~or ftTOI' ia the ~t appear. to he ln th~ ,article counter 

.. la • CM _ .. at~ pobt lMt ....... u. ~...... ~1. Metlon of th. 
• ! 

___ . il ca1_ ......... __ t_" by th. -'*'........ Accw41n. 
". \ 

\ . 
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TABLE 6.10 Penetration in F.luidized Bed Experiments, 
Methylene Blue Aerosol, dA - 1.2.ilm• 

dp - 110 l!m, U - 0.13-m/s 

'"al f' 
, 

1.11 39.2 , . 
1.44 28.2 , 
2.04 18.7 , 
2.63 12.2 , 

. 
3.37 6.96 , 

4.33 3.33 , 

S.S5 1'.47 , 

7.14 , .88 , 

9.25 .47 1\ '" "" 12.00 "~3 1\ 
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to the manufacturers the error results from unavoidable e1ectrical 

"noise" in the apparatus and changes in voltages of the order of frac-

tions of a millivolt cause a small fraction of the particles tO,be 

counted in an upper or lower channel. Fr9m Figure 6.12, from the manu­

~ . :,facturers and from our experiaental experience tllis error is of the 

order of a fe~ per cent, normally dist~ibuted and can be redueÔa when 

. averaged over a few readings as was done in this study. Thus 'ppÎrat ion 

in SINGLE mode sacrifices the almost absolute number eount accuracy for 
r 

greater accuracy in determining the size of the particles. 

, 
6.3.4 Behaviour of a deep fluidized bed 

.. 
Inspection of Fi8Ure 6.12 provides further information on the 

collection behaviour of the ,fluidized bed as a function of bed depth. 

This observation may he made visually from Figure 6.12 bocause of the 

very high accuracy of this set of experiments, achieved by summing three 

channels of the particle coun~er. As seen from the figure the semi­

logarithmic plot of penetration versus bed height ii almost exactly 

linear up t~ a bed dept~ 'of 6xl0-2 a. This provides conclusive evidence 

that the ps in that section of the bed is in plug flow, and that inter­

chan,e ~tween the bubble and dense phase is' not the Haiting step of 

the process~ Por bed, deeper than about 6 - 7xl0·2 • this is not true, 

and penetration is web leu sensitive to subsequent increases in bed 

depth. 'lhus, at' these bed depths, the bubbles in the bed have coalesced 

to • lile suff1clently large for inteTchanae between the bubble and dense ,. 
phase, to be relatively lelS rapid and thus influence the averaU collec-

't!;... 'lherefore, aU other exp!!'riMftts, of this ,tudy vere perfoned with 

'O'..r "," 

! 
!, 
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beds shallower than 7xlO- 2 m. where the assumption of negligible resistance 

between the bubble and dense phase has been canfirmed. It May be noted 

that the efficiency of a 7x10-2 m bed is in any case quite high and can 

be increased to over 95\ far 1.35 llm particles if the 5uperficial gas 

ve lacity through tJ:1e bed i5 increased suffident Iy; th is is discussed 

in Section 6.S. For greater bed depths, devices such as baffles ta "'8, 

\ 
reduce bubble size would be necessary to take advantage af the extra depth. 

6.4 C'?Çarisan with Collect ion in a Fixed Bed 

6.4.1 Introduction 

In this study. analysis af experimental results indicated the 

existence of a velocity range for the 600 ~m collectar particles where 

a fluidized bed. collecting aerosol particies. was much more efficient 

than a fixed bed of the same depth and operating at the same velocity. 

The existence of such a velocity range effectively proves that the dense 

phase of a fluidized bed cannot be considered to he similar to a fixed 

bed for aerosol collection and that the fluctuat ing moveme-nt of the 

collector particles by the bubbles great Iy enhances aerosal collection • 
./ 

COliparison with previous work showed that in at Ieast one other study 

experi_ntal results supporting this conclusion were abtainedK3 

",'ortunately, as wil~,.Qe seen below, the authors interpreted their 

"'\lIts in a .... ne'r which did not reveal their importance. 

6.4.2 C0!f!rison,of a fix_d and a fluidized bed cOllectin, aerosol 
i 

T.ble 6 .. 6 shows oxperiMnts with & I.S5 ,... DOP a.rosol, and 

peJWtration il ... sur.cI as • func:ticn of p. -velocity at diff.rent bed 
) 

," 
! 
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heights. 

\ -2 ' 
The lowest (H

mf 
- 1.9x10 .m) and the deepest bed heights 

(Hmf- 8.8xIO- 2 m) are plott~d on Figure 6.7; penetrations at inter­

Mediate bed heights fall between these two limits. , On the same figure e 
the penetration of 1.35 ~m diameter DOP aerosol through a 0.09 m fixed 

bed of 600 ~m collector particles is plotted for comparison. In Chapter 4 

it was noted that these particles fluidi~e at a superficial gas vel?city 

of 0.3 mis. From the fixed ~ed re~ults in Figure 6.7, it is se en that 
, 

at this superficial gas velocity penetration decreases sharply with 

inereaSing velocity. The primary collection mechanism in the fixed bed 
\ 

is ~hen inertial deposition (see Chapter 5). If it 1s assumed, from 

the t~b phase the ory of fluidi~ation, that the gas in the dense phase 

travels with velocity of order Umf' then the primary collection mechanism 

in~he fluidized bed must also be inertial. Having now clarified th~se 

points we can observe, from Figure 6.7, that at a superficial gas velocity 

between 0.38 and 0.5 mis the fluidized bed is much more efficient than 

, a fixed bed of the same depth in removing particulates of the micron size 

range. A.s tpe pressure drap actoss the fixed bed is higner than the .. , 
~ressure drop across a fluidized bed at U > Uaf' this additional col-

lection by the f1uidized bed is achieved at significant saving in pressure 
1 

drop. l' 

1bis ~ a very blportant result, both from an academic and 

iDdustr'1a1 point ~ view. It disagrees with the conclusloos of aIl 

previous ~orkerl, and a1so could not have been foreseen fra. the two 

pha .. theory of fluidiz.ion. However, at lea.t "one j!.fevious st\dy, 
" K4 ,". 

'bY Inettil and aHclœan. . (.ee Olapter 2). who \t.ed an ·adequate cl1stri-
,~ ;, ~ . 

~ ri " ,j 

butor ... ip. pve .:xperment~l remlts _ich .upport thil canclusian. 

r. 
\ . , • 

'~ 
" 

4 

1 

1 
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Unfortunatc Iy, these authors interpre,ted their results on t,he basis of 

an arbitrarily defined "grid region of a fluidized bed", and neglected 

exper~ntal points in this region. This Ied them to conclude, erroneously, 

that "capture efficiency in the body of the fixed bed is larger than in 

the case of the fluidized bed". Diffusion was quoted, quite wrongly, as 

a possible collection mechanism (see Table 5.6 ) and results were expressed 

. in the formK4 

NTU - constant + k 'H (6.3) 

where 

N'ru - -lnCf) (6.4) 

where k' is the collection coefficient per unit bed height and H is 

the bed height of ~ fixed be4 or the bed he~ght at minimum f1uidiza-

tion of a f1uidized bed. Knettig and Beeckmans, however, based aIl their 

conclusions on the value of kt ne,glecting the constant in both fixed and 

fluidized bed results. The a~hor aarees entirely with neglect of the 

/ëabstant in Equation (6.3) for fixed beds because, as discussed in 
" 

Sect~on 5.2, t~is relu}ts fro. 1 .. 11 end effects. However, there i. 

no theoretical justification for neelecting the lIost illportant reeion 

of a fl~idized bed, which is situated above the distributor. It will 

he inter.stine to note at thts-)oint that the\~d depth ne,lected by 

,bettl, and leecban. (2.SX10-2 a) il .I.o.t equal,lto the total bed 
" ~ 

heipt of the fluit"bed becS .ed by *=~rthy .I1.11!tcl (2.S4xl0-2 .). 

~e expe~JI!IDt~l results Dl bett i.a ànd ... e ...... wm recalculated 

froa thelr clata, u.in, EquatiOlUl (6.3) .. (6.4), U\4I are -pre.ent" in 

1 

1 

:2J. 
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Table (6.11) ass~g a bed height of 0.1 m in each case; for aerosol 
l 

removal. this is a relatively deep bed. 

The values in parentheses are calculated penetrations for 

the fixed bed without excluding the constant in Equation (6.3) and are 
/ 

given here only for completeness as they include end effects. As inspec-

tion of Table 6.11 will show, in the experiments by Knettig and Beeckmans 

a 0.1 m high f1uidized bed at a superficial gas velocity of 0.14 mis 1s 

far more efficient than a fixed bed of the same height and operating at 

the same velocity in removing aerosol particl~s 0.8 ~m and 1.6 ~m diameter. 

Por 2.9 pm aarasol particles the two beds are effectively equal in 

efficiency. We are therefore faced with the important qualitative 

observat ion that a shallow fluidized bed is far more efficient than a 

fixed bed at certain operating condit ions. This analysis strengthens 

even further our hypotheses that bubble t~ dense phase transfer is rela-

tively rapid (pres~bly due to bubble coalescence) especially near the 
~ , 

1 

distributor plate, and collection i5 enhanced by bubble-induced particle 

IlOt ion. 

Tables 6.8 and 6.9 present additional experiments on 1.75 )lm 

and 2.5 ~m dialeter aerosols. As seen from these tables, there is very 

little pen.tration of th •• e aerosol sizes. OVer 99\ of 1.15 ~m aerosol 
/ 

11 cDÎlected by a 8.8 x 10.2 8 deep bed operatin, at 0.74 II/s and 
\ . 

yirtually aU of the chaU.., •• 2.5 118 Aerosol il' coUect,d br a bed 

approxiaately SxlO·2 • cleep ,t the ..... pl v.~o:city. COIIparison of 

T,ble. 6. a and 6.9 with the re.ults of Inettl, and .... cJœan. (Table 6. il) 
, , 

_._ the bed usecl in thi. study to be 110ft .fficient, pro'bably •• a , . 
rtlUlt of better , •• 41utributlon at t~. Ill"'" .. loclti •• Veel hare. 

, . 
• 1 
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, TABLE ~.11· Results of K,nettig and Beeckmans, 
~.. Assuming a Bed Height of 0.1 m 

~ 

U d' 0 A 
mIs c,.m) f' . 

- , 

Fixed bed, 0.8 58\ (57\) 
screen 0.112 1.6 45\ (38\) 
supported 2.9 5\ ( 3\) 

Fluidized 0.8 31\ 
bed, orifice 0.138 1.6 14\ 
plate distributor 2.9 5\ 

) 

\ , 

o 

--r 

- ,"" 

'!.~ r .• , (A.' 
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The higher Umf of the 600 ~m colleètors must a150 h~ve contributed to 

an increased inertial collection in the dense phase. 

Sorne of the results on,penetration of 1.75 ~m DOP aerosol 

(Table 6.8) are shown in Figure 6.~ and compared, in the same way, to a , 
similar set of fixed bed experiments. An identical picture emerges and 

inspection of Figure 6.8 suggests that the efficiency of the fixed bed 
t 

·will overtake the fluidized bed efficiency at agas velocity around 

0.5 mis. Between 0.3 and 0.5 mIs, however, the fluidized bed i5 more ... 

efficient than a fixed bed as noted above. THo final observations are .. 
made from Figures 6.3 to 6.8. The first is that Aerosol penetration 

deereases with increasing Aerosol diameter. This gives additional 

,strenath to the the ory of enhanced inertial collection and is diseuued 

in .ore detail in Section 6.6. m\e second is that extrapolated lines 

of fixed bed experiments in Pigures 6.7 and 6.8 meet tbe fluidized bed 

penetration CUf'Ves at a point nearer to U/UIIf,- 1.0, for larpr dA' 

tullelting that the advantage of !nereased inertial collection in a 

fluidized bed ovèr a fi~ed bed decreases with inereasing aerosol dia-
.. 1 

Mter. This il also seon in the fesults of betti, and Beeckmans where 

the two bedt perfora alllost equally in l'eIIoving 2.9 p. aerosol particles. 

6.5, HIé Vtl2f1'ty Jxl!riaentl (Oe.' < U, < 3,0 !L') . 
• 

6.S.1 IIltroduet Ion e4 description of ."J'Dent. 
In th. experiatntal HlUlt, pr .... " previously in thiJ 

chapt.,. • "finite treneS of ~Cl' .. ,fa. ,..tfttian wltll increadn. 

IUpIrfic1al ,., Vélocity ... nqtecl. ln ot*r, thenfcrr •• to ptT(o:rw 

.1pI2'~. at hipel' supeflc1al P' veloc1tie •• "tcOJaj experiMntal 
.. 

, . 
, ."": > ! 

, " 
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apparatus was designed"and built. AU experiments reported here were 

performed in the velocity range from 0.8 to 2.9 mIs and it should be 

noted that this 1s at least one order of magnitude higher than previous 

~, experimental studies reported in the literature. Experiments were per­

formed with the 60'0 lJlII collectors described previously, and with high ... 

density 550 vm collector particlês (4.SxI03 kg/m3) which fluidized a~ a 

superficial gas vèlocity of 0.44 mIs. Penetration of 1.35 vm and 1.75 ~m 
; , 

DOP aerosoJ particles was measured as a function of bed height at 

" minimum fluidization and superficial gas velocity through the bed. 

The conical orifice distributor used in this set of experiments is des-

cribed in Section 4.3 (see also Figure 4.6b) and had, approximately, 

a 7\ free area on the t~ surface of the plate. 

6.S.2 BEfect of ,as velocltYj co!parison of two distributors 

Piaures 6.14 At 6.15 show the penetration of 1.35 ~m and 1. 75 ~m 
.' l 

dia.eter DOP aerosol partieles as a funetion of superficial gas velocity, 

expressed as a aultiple of aini.ua fluldil.tion velocity (U/Umf) for dif­

ferent bed heights. Also shown on these flaures are penetrations of 

600 lia collector particles:obtailted at siailar conditions but with 

dlstributor A, (see Plaure 4.6&) used for e"eriMnts at lower gas velO-
c' _ ' , 

eiU ... (data presenteeS in Tabl •• 6.6 and 6.7). Inspecti~ ~f Piaures ' 
, 1 

6.14 ad 6.15 Ibow. that the trend of lnere •• inl efflcl.~eyj with increas lng 
, • . l '· 

• V"; 

P' veleolty •• ~ •. to • hifhe:r v~~ty ran',e. a~ '. eted. Ve'f'Y l~ ., ' 

,..etn.tt.~ a" obta1Mcl,with rtlativ'-ly 1_ bN h. • and. froa the 

'taure', ,'O.04~. chIep bI4 """,lq At -2.1 "' • ./ coU ct. about ... \ and 

• It of J'e . 
l.1S lia .... 1.1$ ...,..-01 tutie ..... li .. lY. 
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F1uidized bed"experiments - DOP aerosol penetration 
versus, aerosQ1 diameter 

1 ~ - 110 }lm 

"ml - 3.06~lO-2 DI 
upper linê, U - 4.9x10- 2 m/sec 
lower line, U 2.6xlO- 1 m/sec 
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F1uidized bed experiments - DOP aerosol penetrator 
versus u/umf 

~ - 1.35 \lm 
cr__ - 600 lJ-
~n square J H - O. 7 4xlO-2 m 
full circle. ~ - 1.8SxlO-2 m 

- open circle, H.Ç - 4.63xlO- 2 • 
-full cirêle wi~ border} ~ - 1.86xlO-2 • (Old distriiutor) 
open clrcle ~ith asterisk.~1i ~~3.98xlO-2 _ ' 
circ1e with border and asteri.k, Hat - 6. 78xlO- 2 m 
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Fluidized bed'experiments - penetration of DOP a,rosol 
pàrticles versus U/Uaf ' 

- 600 lJm 
d~ - 1.,75 lt-

en square, "mE - O. 7 4xl O· 2 m, ,dist ributor B 
fUll circle, ~ - 1.8SXIO·~ m, dis~ributor B 
open circle, H..~ - 4.63xlO· a, distri~tor B .~ 
-full circle wirti border, ~ 1.86xl0· ., distr tor A 
open circle with astarisk, -3.98xl0-2 a, d· tributor A 
circ le vith border and aster sk, Hat'- 6.78xIO· m, distributor A 
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is a substantial decrease in penetrat,ion with velocity and the bed 

operates most efficiently at higher velocities. These penetrations 

are substantially lower than those p~edicted by previous studies from 

extrapolation of their experiments performéd st low superficial gas 

vè'locit ies. Visual observat ion of the bed during operation showed 

that st such high gas velocities the collector particles were agitated 

very rapidly and the bed depth increased by about 0.1 m. Individual 

bubbles comparable to the diameter of the bed were formed and the bed 

was approaching the slug flow r~gime although it was too shallow for 

the formation of stable slugs. Inspection of Figures 6.14 and 6.15 shows 
It 

a substantial effect of distributor deSign on'the amount of aerosol 

penetrating the bed. As distributor B (Figure 4.6b) had a much larger 

free surface area, this resulted in a lower pressure drop across the 

plate givine poorer distribut ion of the incoming gas. The two set,S 

of experiments lie in different portions of the penetration versus 

velocity plot, and even an approxtaate correlation of the two sets would 

he arossly inaccurate. This inspection of the superior performance of 
1 

~ .ore afticient distributor facilitates interpretation of the dis­

heartenine conclusions réached br previous studies. Thus, the effect 
1 

of the IOlt illportant section of a,flüidized bed has been demonstrated . . , 
, , ' 

.xpert.lltal1y far th~ second t~ in thi. study, th, first t i8e being 
, , .. 1 

ta ~ian 6.2. l,and it il concluded that adequate diltrihution of the . .' 

au la "'1"0101 11;udiel in fluidped b6ds is of pl"t. illportanèe. . . . . 
,., 
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6.5.3 Experiments with high density collectors; furth,er conclusions 
on dominant collection mechanisms 

rable 6w13 presents experiments performed on high density 

co11ector particies (p - 4.49x103 kg/m3) where penetration of 1.35 ~m 
p 

and 1.75 ~m aerosols was measured as a function of superficia1 gas velocity and 

bed height at minimum fluidization. Resu1ts from Table 6.13 are shown 

, in Figures 6.16 and 6.17 where the penetration. of the èhallenging acroso1 

is plotted a5,a function of superficia1 gas velocity. Compar~son of 
-, , 

these resu1ts with experiments performed on 600 ~m collectors shows the 

high density partic1es to be more efficient. If the characteristic 

velocity o~the beds is taken as the superficiai gas velocity then the 

d~nser particles, with a higher Umf and a Io~er diameter have a signifi­

cantly higher Stokes number. The observed increase in efficiency'is 

thcrefore conHs,tent with an inortial collection mechanism, but cannot 
".. 

he explnined by gravitationa! or diffusionai co!1ect'ion. Interception 
, 

,i5 a150 unlikely to explain the improved petformance, since the inter-

ception parame ter (NR) 15 only very S~ightIy larger for the dense particies. , 
. " . 

Moreaver, as disc~ssed in SectioD.6.6, it i5 unrealistic to distinguish 

between "interception and inertial collection when the dense phase is 

rapidly agitated as \Dlder the conpitions of these experimel1tJs. 

. ·6.S.4 Industr,!al ~lications of hiah velocity expe~iments 
" ." ...... 

A\thoup cli,cusud .are ~extensively in Olapter 8, the inc;lustria1 
", 

ilipU.c:atiOllI of these 'éxpert.ents vUl he .Ilt~œed "h~re. "As observed 
,1 ,ù • 

Ina the eirperi'MÎltal -re.ultl' (Table,' '6.12 an4 6.13) .. ro~ol coUection 

lW a flu1c1i~ed bed b sub.taftttal ev .. wheft the ",cl, b Opetâtêd at wrY' 
oc... • .' 

~iah: Y.IOC:i~l... ID fact, ..-... coll.ctlO1l ellici_cies .re at, leut 
, $ , 

l , 

'. 
. """If ' 
{~ .. \ ". 

" . ,," ~~. ,. , 
JI. ,.l,I':::JL,J' •. ~~. !~\. ,1 e,j ,i' .. 1 Ci 

," 
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TABLE 6.12 Penetration in Fluidized Red High Velocity 
d - 600 lJm p 

... ~ . 

U, mIs 

D.i8 

1.09 

1.19 

1.42 
~ 

1.'66 

0.88 

1.09 

1.30 

1.40 

1 .. 66 

1.81 

0.88 

1.40 

2.07 

1.42 

1.42 

1.42 

1.42 

1.42 

'1.42 .. 

0.74 

0.74 

0.74 

0.74 

0.74 

1.85 

1~8S 

1.85 

1.85 

1.8S 

1. 85 

4.63 

1 

4.63 

4.63 

0.63 

1.07 

DISTRIBUTOR li 
1. 

49.8 

42'.3 

37.0 

34.4 

24.6 

33.5 

23.4 

17.1 

18.9 

16.2 

15.9! 

21.6 

28.6 

21.5 

15.7 

7.8 

4.0 

Experiments, 

32.9 

28.9 

25.2 

23.2 

17.0 

16.3 

19.4 

14.7 

8.8 

13. i 

2.1 

15.1 

4.1 

2.0 

27.1 

16.2 

10.1 

6.6 

: 6.5 

3.8 
1 

··1 1 

. , 
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TABLE 6.13 Penetration in Fluidized Bed High Velocity experiments, 
.~ - 550 Pli 

DISTRI8UTOR B 

p 
U. aIs Hm-. 0102 1.35 lIll 1.75 pli 

'-)J.42 0.74 19.4 8.7 

1.42 1.52 7.6 4.3 

1.42 2.22 5.7. 
. 

2.6 " 

1.66 0.74 17.2 7.7 

1.66 1.52 7.2 4.7 

1.66 2.22 3.9 1.5 

1.~9 0.74 15.9 10.0 

1.89 1.52 6.4 5.3 

1.89 2.22 3.7 1.4 

2.07 1.52 6.2 4.9 

2.07 2.22 3.7 2.2 

2.41 1.52 5.6 4.5 
,) 

2.41 1 2.22 2.6 1.7 

2.85 1.52 4.9 3.9 

1 " 

" 

:, 
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FIGURE 6.16' Aerosol penetrati~ versus 5uperficial gas veloçity 
for hillh velocity experiJDents 1 • 
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, 
dp - 550 ~ (high density particles) 
dA II1II 1.3S'll. 1 2 
open circle, ~ - 0.74 .xlO 
full circle, ~ - 1.52 mx10~ 
open square, H;f - 2.22 mxlO 

, 1 

1 
1 • 

.' 

. , 

.. . 
., 

• ",L ,J,', 

-. 

1 ,~. 1 ... 
,J 

" 



1 
, . 

. , 

20-

l 

) 

. ' 
10 ~ 

• 

3-0 

.. 
• 



PIGURE 6.17 

" .. ::, ... 

" ' .. 

• 

. 
Aerosol pen~tration versus superficiel gas velocity for 
high velocity experiments 

dp - 550 "'_ (high density particles) 
dA - l~ 75 ",. ' 
open circle, ~H - 0.74 axl02 
full circ1e, - 1.52 axl02 
open square, ... 2.22 JlXI02 

, 

. " 

'" 
, 

, ... ~' 

'~ . ~.,:; ;.!"" ~~~. -,~ ~ .:. ,}~ ./' .. r '. 

l, . 

f" 
( 

, , 



.' 

10 

0 

t 
0 

Cs 
• • 

2-. 0 t.. 

e 

.' 

.' 
" 

Il; Il; 1 .1;..... ._, --'1=: .... '-

0 

•• 

m. 
0 

• 

[] 

'1 . ) 
\ 

... ' 

-

• 

,j 

" 

" 



• 0 s ), ) 
~'''III. '.11 , .... " •• t .. I, •• t.' ... n., ... II1.It.II."ItJIIl!il ... t.II.~I$ ••• ;.~;ç_IIÎIÎ 1!IIII~ ••• ;J.itlll! M' ___ ib.a .Jl.t •• ~.I.i a_~"'l .. t ••• _ .i ..... ~ __ ,_,_.,' __ 

1 
( 

( \ . 

an order of magnitude higher than the values suggested by extrapolation 

of Dexp~rimental results obtained ,t _IOW s~erfie~al gas ~eloeitles in 

" f previous stu~ies. As the operable range of .uperfieial gas veloeity . 

throuah the ~d is increased (as ~.s done here by at least an order of 

_gnifude) t,he physieal dimensions of s'ueh a fUtering deviCe are eor­

respondingly reduced, together with the èapital and mainttnance cost of 

, • the proce,,'s. Therefore, thé practical significance of the ~xperiments , r • 
present~ in this section is that they h.ve lncreased the potential 

. ' 
capacity of a fluidized hed colleetina aero501 partieles hr. at lêast 

one order of aagnitude. It .. y he noted that these results give no 

tndAcation of an upper velocity liait, bayond the requirement that the 

coUector partfcles must no~ he .ntra~d out' of the bed. L ' 

1, 
6.6 Identificati ~~~ CollectiOn Mechanisms 

The fun tional dependence of penetration on aerosol dia_ter 
" , 

is deterwdned br the do.inant collection .. chanis •• In Olapter S .. ft ,... 
vas ùown that the doa~t collection _chani,s., for .icr~ l'~gè aerosol 

particles. in the fixed hed expert..ellts of t is study was tnertial depo­

litiOD. Gravitational settU.n1 va. found ta he the ~.conct- aost illportant 

~i ... aff'etul the coUector p.~U,cle ffieiency at 'low superficial 
.. ,) . . 

pa velocltt... on.. .. conclut ••. "" eneral arreelllnt vith llO.t . ' 
,",lOua Ru41... Hawvll", * •• ttua~iOft· 11 quite ·41tf'.~ for "rosol 

, .;' ~ , 

rnan.l ln fJublla........ *u p!Wl-. .t\lclles bve clai.-d th'at dif-
1 ~ '. ' ". 

'fut ... tat"",.I. ~ ~ .~ COU.-'loa _chIAi... 'Ql ••• 
, . . 

~~1 •• ftlUlt .. ~"'''l~, rro. ~1_.',' .~tal. results 

'~ .... nil .... "~,,, • ___ • ·.,· ... ~1.1 P' V*loclty. 
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'lhese authors see. to ft av .. , re.arded the fluidized.. bed as a hOllOgeneous 
" contactor. The inference that diffusion is the doainant collection 

.. chanis. was therefore drawn trOll observations of increasing penetra­

tion with increasin, ,as velocity. In previous sections it was shawn' 

that this kind of behaviaur actual;..ly results froa operatin, the bed at J 
Iow superficial gas velocity, and is aagravated by poor distributor ~ 

, " 

delian which results' in a larp portion of the aas bypassing the bed 

in the fora of lat,e bubbles. We have also argued that the doainant . , 

collection ~chanis.s in fixed and. fluidized,beds should he the sa~, 

assuaina that the dtarac:teristic velocity in a fluidbed bed Can be 

.aken as '!1If" H~ever, the~ is at least one studyD where the authors 

claia that for an exactly siailar set of operatina conditions (i.e. for 

.iailar bed collector cti .. eter, aerosol diaaeter and sUperficial ,as 

'ftloctty) inenia1 collection is Ûe c10ainaDt collection .chaniSIl in 
, 

f~d becta while diffusion ~ int.rcep~ion ate doainant in lluidized 

bed..~ It i.: therefore us.fui at this .t ... to cœ.i~r the dependence 

of pene~ration on aero.ol~1aaeter. 

, PiF- 6.13 show. the pel' cent penetratiœ of three size. of 
\ :-t~- ..' r 

MrOloll'U'tic1 •• (0.72 111. O.t ldI and 1:15 .. a) thr~ah a 3.1xl0-2 Il . ~' 

.., bed of 11~ ... cOll~ft.. c:. th. fiaun the p.~.traiions of the ... . ', ,\," ,. 
thne M1'OIo1 .iI •• , ...aurecl at HYeJl dilferent .superficial P' velo-

dtll. J '" ,1ott'" • MIIi-lops'it!udc ... u a tuDction of aerosol .. , . - ,~ 

41 ..... ,.. .. "*ity .tImNah,.' fluW._ becS dftpct f1'Oll 

•• l&1r2 fI(~ '~ .... ~ .e ~.i. w-~~ - ~).. '. . 
',~ : .. , Ir ... ,~ 1 .. l' '_ ,\0 ..., , 

. '. ,*\ •.. ' , . .,' , ' ....... "1'0'01 
" ~ .. ,. , l ~ • 

( 
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be diffusion. If it were, then penetration would inerease witb inereasing 

aer0501 diameter. As inspection of Figure 6.,13 will show, the dependenee 
, 

of penetration on a~rosol size becomes stronger as the superfieial gas 

velocity through the bed is inereased. At higher veloeities tbe mean 

residence tilae of an a~rosol partiele in the bed is lawer, giving rela­

tively less gravitational settling. EI,ctrostatic collection, diseussed 

- in Clapter 3' 15 anothe:r possible contribution. However" the aerosol 

particles in this study' were electrically neutral (see Section 4.2~1). 

Moreover. the experiments were perfor.ed with .• wlde range of relative 

" huaidity in the fluid1zing air, frOID vety low values (winter) to values 
\ 87 .in .xcel' of 90\ (high s~r). It is known that electrostatic 

char,e dissipation in flu~dited beds il strongly dependent on relative 
/" . --- " 

~uaidity, especially above 70\. No difference could b. detected between 

ponetr~tion ~sur ... nts using dry and ~.ry .hUllid air. Hence it llay he 

eoneluded that eleetrostatic effects were Dot significant in this study. . ~ 

C !he possible _chanis .. re_ining ,.re interception and inert~a. 

It vas shawn in, Clapter 5 that interctpt 10ft il not .a sipificant .. chall.!sll 

in lixed beds under the condition. of the experillents perforMd. Moreover, 
.,JI 

it i. uareaUstic to .b a olear distinction betweep inertial and inter-
" 

,-eeption collection wh." the col1ector partiele. are a,itated, as in the 
, , , 

.... Piaa .. of a fluidi&ed bH. 'J1ae coabined _ch_i •• wUI theref,ore 

... t'" "menul çol1ectiOll'· _ titis tel'll bein •• u,p.ted by the inerease 

of collection Wi~ ~taa P,.,t 'IIÀ aacI c&.éna.ma ~ not.cA earUer • 

• 
\ 

, 

. .', ".,. 
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6'.7 Su.aary 

This chap~er described experiments performed on ~ollection of 

0.7 - 1.7 p. diameter liquid and solid aerosol particles by fluidized 

bed.. Solid aerosol particles CQuid be collected provided the surface 
- .. 

of tl)e collector vas covered with 'a non-volatile .liquid. High collect ioo 

efficiencies were observed and penetration decreased exppnentially.with 

bed heipt tUI the -bypassing of aerosol in the forll of larp bubbles 

becne dœinant at Hilf Il"eator t~an 0.06 Il. Penetration incr~\sed vith 

increesing velocity close to .in~ fluidization, but sub.equontly 

\ 

reached a peak and decreased steadUy. 'Ihe increàsed efficiency il a 

fluidtzed bed operating at high velocit!es is the result of a Ilore 

effective distribution of ,as, enhance.ent of the bubble to dense phase 

tnnlfer _chanis. by rap,id bub~le coalescence near the distributor plate • 

... ,"-ceri iMrtJ..alcoUectiOft'" to the rapid agitetion Of the coUector , 

partie le.' by the risinl bubbles. Diffusion. and aravitatian are minor 
\ (\ 

collection _chanis .. while inertial deposition is dOilinantj th!s b. 

Y.ilieè1 by observing that effic!en~ increase. vith increaS,ing U." PA' 
~ 

dA .. d decreasing d. Over a narrow velocity range a fluidized bed is, 
. ' P 
~ efftci.nt than a fiDCI bed; there b at lealt one ,previous study , ... 
with .lat1ar .xpëriMntal re.ults supporting thi. co~cluÎian. 'lbe diQri-

of the hed i. 'an iIIportlllt de.lp variable as tt influence. the 

bitta1 IMabble .h. iD the bed ad thus the UIOUIlt of .. ro.~l penetration. 

,~~ ...... e"1Mat. at l\98I'fic1al P' velociti •• approachlng 3 aIs 

l1li pN..u4 la' th. incIutzolal lItplicati •• of th .... xper~t. are 

• 

.. .... 
" 

\ 
\ 
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\ 
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CHAPTER 7. MA'rnEMATICAL ASPECTS OF AEROSOL REMOVAL IN 

A fLUIDIZED BED OF CQLLECTOR PARTICLES 

7.1 Introduction 

The previous chapter presented experimental data on aerosol' 

collection in fluidized beds of ,pherical collector particles. Qualf'.. 

tative.analysis of the data indicated dominance of the inertial collection 

.chanisll in fluidbed beds collecting micron range aerosol particles. ;-'. 
" 

In the first part of this chapter the collection coefficients obtained , 
fram fixed bed experlments are used to estimate aerosol collection in 

, 

the immediate vicinity of an isolated bubble. A Davidson bubble, sur-

rounded by a concentric spherical cloud, i5 considered and nomerical 

estimates of the percent age of uncollected ;erolol ar~ obtained as a 

function of bubble diameter, aerosol particle diameter and bed height ., , , 

at àini.ua fluidization. In vlew of the sllplifying assumpti~s made 

and described below, no creat aceuraey _y he attached to the hu-rical 

est_tes of the aodel. However. when it. predictions are cOlipared with 

the experî_ntal reiults al this study. they .uU.st strOl'lgly that the 

1 .. pha.e of a shallow fluidized bed colleetinl aerosol particles _y 

Ilot be visuaU,ed as COIlsistPlI of, itlOlated bubbles rhin, to the surface . ~ 
• t " 

withœt interaction vith tbelr neipbour.. Overa\l collectlœ ln the 

..... )lM .. il th. tnatecl iD s.tctlan 1.3. btiMte. for the collection 
.~ 

coefflcl .. t.; ..., ... concl •• lve evJ,cJence for the daai.llam coUectiœ 
\ 

_chaaiS~ -aH obt.iMd. , 

i) 

, 

~~~trF.~.i!'"~ir ..tir. ::I~~, ~ .~~~:~ ... ~._ 4.;, ~ ~ t .. 

, 
,,' 

/ 

, 

) 

,..1 
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7.2 Aerosol Collection Around Isolated Bubbles 

7.2.1 Introduction 

The experimental dat~ presented in Chapter 6 indicated the 

enhanC8Ment of Aerosol collectiàn in a fluidized bed operating at high 

superficial gas velocities. It is possible that thi! increased collec­

tion could l?e due to the higher relative veJ.ocities oceurring between ~, 
, 

the fluid and partieles in the "cloud" surrounding the bubble (see 

Section 7.).2). However, this has not been analyzed previously. "The 
. 

purpose of this sec~ion is ta .sti.ate the amount of aerosoi colleeted 

in the dense phase atound an isolated bubble, and to determine the 

significa ce of !ncreased collection resulting fram the higher relative 

velotity tween the collector particles and· the fluide 

, . 
~ 

7.2.2 Definition of the bUbble 

'l'tle analysis is Wsed on the theory jeveloped br Davidson and 

Harrison Dl and their bubble lMXlel is shown .çhe.tieally in Figure 7.1. 

A flui'dized hed bubble il con.idered to he a .ph,rical void and, .if it . . . 
la Uolated pd reaote troa the boundaries. there are lcnown str... func~ 

tians to describe .l'the as.oclat.cl ps and partiel. IIOtion. 'lb. fluid 

~tttaJn a riain, bubble 11 u.U88d to star vith the bubbl. but" ta _te 

\ 

" .... lal' .~.lœ. 1nt~ th •• urrounclin. part ieulate phase vith eut. how­

...... t8ftllÛl. beyand the .\IiIf~ce of a sph.r~ tClftcentric vith t.~. bUb~I •• 
. ~ .l~ .' 

TIti. "re. ~ta. the "'lé, is caU" "the -bubbl. claud". '!he 
~,., , & .' ~ ... ,iIa. ""'1. il .... ...,.. la pre41Ria. the cl~ .,. and 

.. ~ ...... _ .. ,.le .. la"- .ab deY.~CIptId ~ JacuœJ1 

~ '. ~ ~. t&iiw • -~. '.Ji 
~ .. ., '. ~ •• ' • ., .." ..... ___ .... tM .•• roa-ol 

t, . ", 

.. 

\ , 
i 
~ 

~ 
JJ 
~~ 

1 ., 
" i 

l, 
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~ collected 
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around bubbles wer~~required it was prefered for it~ simplicity. 

Davidson and Harrison propose that the motion of the sblids is 

slmply superimposed on what would otherwise be the motion of the gas. 

The local velocity is, then, the vector sum of the gas velocity ~mongst 

stationary partiéle! a~d the particle velocity. The particle and-the 

fluid streamlines are shawn schematically in Figure 7.1. 

It should perhaps be mentioned that a "fast" butible, i.e. a 

bubble travelling faster than the fluid in the particulate phase is des-
q' 

cribed here. In the case of "slow" bubbles, Le. bubbles with arise 

velocity 10wer than the interstitial velocity of the fluid in the parti-

culate phase, the bubble cloud does not exist and the fluid uses the 

spherical void termed "bubble" as a short c,ut when rising to the surface. 

Fluidized beds where the fluid in thQ particulate phase rises faster 
SS than the bubbles are called "teeter beds", uslng Squires' terminology, 

and experiments in this study performed with 600 ~m and 550 ~m collector 

partieles belong to thi!" type of fluidization. 

7.2.3 Bubble veloeity and bubble diameter 

'11lere i5 ~ analolr between liquicls and fluidized bed5 applied 

to bubble rise velocity. Davies and Taylor 010 derived the rise velocity 
~ 

of a spherica! eap bubble in a liquid as Î 

z . 
lib - i 1Ft; ('1.1) 

wh.n lb U the radius of curvatUt"e of the bUbbl. &t 1ts nose. Althôugh 
, 1 

1'b 11 n6t the s .. a. the rdius of th. eirc:uaac:rlbin, sphere It will he 

" 

.' 
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\ 

Cbnsidered, as an approximation, to be so. ColltnsC10 has shawn that 
, , 

for three-dimensional bubbles in liquids the \error in making this assump-
J 

tion i5 of the order of a few per cent only. 

Extending the analogy betwéen a liquid and a fluidized bed. an 

estimate of the size of bubble formed at a multiorifice type distributor 

.. y he obtained. In gas liquid systems Davidson and SchülerD3 calcu-

lated the volume of an indivi~ual bubble in a stream produced at an orifice 

to be 

G1•2 
Vb - 1.138""'"6'6 , . (7.2) 

o 

where G is the volumetric gas'flow rate through the orifice. Harrison 
H2 and Leung ade analogous experillellts on bubble format 100 from an 

m;.ot~ tube p'laoed in a bed at ainiaua fluidization and confirmed 

Equation (7.2) for fluidized beds. Por a fluidized bed G is defined as 

the volUMt1;4c ps flow rate through an orifice in excess of llini1il.tm 

fluidization. Leun,W su,aests Equation (7.2) for the design of 

distributors in gas fluidized beds. Por the spheric~ bubble model used 

in this study, Equation (7.2) .y he re-arran,ed to ,ive the bubble 

diueter 

cP· 4 . 
db - 0.324 • .0.2 

r· 

'Dlus, usin. Equation (7.3), and a, superficlal lU velocity ran,e of 

(7.3) 

0.03 < U < 0.3 a/a for th. 110 11. coU.ctor. an4 0.35 < U < 0.7 ais "-

for th. 600 _ coll.ct'-.; •• t_te. fft th. lftitial bubble .be ranges 
1 é' 

'\ 
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formed at the multiorifiee distributo~ of this study (Distributor A. 

Figure 4.4a) may be obtained. These are presented in Table 7.1, together 

with estimated bubble veloeities, ealeulated from Equation 7.1 and bubble 

residenee times assuming a bed depth of 0.1 m. These ~pproximate values 
( 

serve in providing an insight into the physieal dimensions of the quan-

tities involved in this study. 

7.2.4 Exchange of aerosol between the bubble and the particulate phase , 

The fluid in a rising bubble is exehanged continuously with 

the fluid in its vicinity. This transfer is the result of two contributing 

mechanisms, namely transfer by throughflow and t~ansfer by diffusiOn. 

Approximate_estimates of the se transfer rates may he obtained from the 

analysis presented by Davidson and Harrison for the percolation of gas 
!I 

through a spherical void in a part ieulate bed. Assuming the motion of 
• '1 

.the .partieles arOWld the bubble to he similar to the motion of an inviseid 

liquid ar~d • spherieal object, a constant pressure inside the bubble, . 
a pressure &radient in the bed lovemed by D'Arey's Law, and a constant , 

voidale around the bubble equal to the voidage of the particulate phase 

they derived the transfer rate due to throughflow'to he 

(7.4) 

Accorclina to Davidson and Harriscn the diffusional contribution to inter­

phas. transfer can ~ .stt.&ted separately fra. penetration theory. 
f 

u·-.in. that resiltanc. to dilt'llsicn re,id., 'ln ~ aü fUa ins~de the 

bùble. 'ollowin. their derlvatlOft, the 'diffuslanal interphase ._55 

.. ' 

1 

~ . 
J 

f . . ), 
!1 
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transfer coefficient of aerosoi partiçIes, based on unit area of bubble 

surface is 

(7.5) 

Equations (7.4) and (7.5) _y he expressed per unit bubble volume. 'nleir 

relative cœtribution to interphase transfer of aercf'ol particles uy 

thus he estimated. 'nlen 

kb - 3 3 - 9UIIf 

2d 4/3'ffr b b 

, (7.6a) 

kA)) 
6k

A
t lfd2

b - 6k
A 

3 db 'ffd b 
(7.6b) 

• 

where ~ and kAb are the interphase' .. ss transfer coefficients of aerosoi 

particles, based on unit bubble volu.e, representing transfer of aerosoi 

due to the .chanisms of throuahflow and diffusion respectively. Hence, 

the ratio of diffusian.al to throupflow trusfer is 

1~3~DA 1\-1.1 
U.r 

u 

(7.7) 

Min. U., - 0.02 ais (.110 lia coll.c:tor part,icles). DA - 3.6xlO· ll 

.1.,. é,l1ffuliYit~ of 0.8 lAa .. rosol partiç~es in air &1; SOoe) and db -

4Xl0·4 ~ ~ ratio of 4ilfuilODal tnufer to traMler br throup'low 

is of ,It. __ r of 5:110-S• ft., ,1IIportut cOIlelusiCil 6r.tlterelore cira • 
. 

~, a •• tttu.ioaâl ttansfer in & typlcal bultbl. of titis Itudy CI.e , , ' - . 

. ' "'-

f ~ ',1 :; 1 • ~ J ~ 1 

" :~~~:t;;:'~~~:.:.:{" ':·'~·:/~~:~jk"~,".,. J,., ~._ .. 
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TABLE 7.1 Estimates for Bubble Di~ters 
Forming at Distributor A~ 

Bubb1e Velocities and 
Residence ~imest Hmf - 0.1, m 

.. 

110 ~m collectors 600 ~m collectors 

0.03 0.30 0.35 0.70 

i 7.lxlO- 2 2.7xlO- 1 1.4xlO- 1 3.1xIO~1 
" 

2/s 1.2xl0 1 , 
1. 2XI0 1 5.9 8.~ 

1.7 8.3xrO- 1 1.2 8. 3xlO~ 1 

''''" j 

~. ~.;"'-lW!~ .. 1.. r r' ., .i/thl "'" 
/ ' ---

. ,,\ -. ,.". .' .. ~ -.'- ~ '~ . 

,f 

.. 
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flow and hence is independent of aerosoi particle diameter. ThU!, 

Equation (7.4) was used in the spherical bubble model to estimate gas 

interchange between the phases. 

, This conclusion has a further important implication. A popular 

approach to ana'lysis of gas/soUd processes' in flui4ized beds 1s based 

on a model originlllly proposed by Orcutt et al. 03 , 
, which distinguishes 

between the gas in the bubbles and the dense phase. Innumerable subse-

, ' G7 
que nt developments of this .odel have heen proposed AlI pred,iet 

that, in the case of a fast gas/solid proces~ (normally chemieal reaetion, 

although the, process could he aerosol col1ectio~) "bypassing" depends on 
" 

the maS5 transfer rate between the bubbles and the dense phase. It has 

heen demonstrated that this transfer rate is independent of aerosol size, 

although the results in Chapter 6 show that penetration depends strongly 

an dA" Hence, penetration ihlthese e.riments can"ot depend primarily 

an bubble bypassing, and must be doainated by processes occurring in the 

dense phase. 

this chapter. 

These processes are exuine'd in detai! in the r"mainder of 
\ 

7 .2.S !suatiœs describin. ae~osol collectrion around a spher.ical bubble 

7.2.5.1 Motian of partiell. and fluid around the bubble 

The equtions. ,overnlna the llOtiCll of the partieles and .fluid 

ar~ a spherlcal bubble ven duiv~' by Davidson and Harrison based.OI\ . ... 
the ."UllptiCIIII pnscmt.ecI 1ft Secti. 7.2.... No ~rpose will he served 

e • 

in tMlr .,.,.4er~yd.~- acl the nt"" .u nf.rred to the, oriainal publi-. 
Dl '. , '. . 

cau., . Pi&DN '1.2 ..... ,1 .... ica111 • thre. dÙl8ft$lqn&l DaVids~ 
" . '" 

IMbblf. ,,,.. cloud nclitu~ .0' bu .. le miUa, rltl .... tWQ· typ~cal strea ... 

/ 

'r' 
"'-, . 

. ,.. 
, -' y, 
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Descript ion of Aerosol collect ion in the cloud of a 
Davidson bubble 
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/ 
lines 'f! and 'f are shawn ~ the f~.gure. The fluid stre lines, 

, 2 / • 
starting from the surface ~f the bubble at angle 9 fr the vertical and 

/ ' . / 

j oining the bubble at a,ngle (w-9). are defined by r stream function 
! / 

< rC3"72 2// 'f - 9Tb - uaf) (l - T) . 2 
1 r 

. wh.r. r. 9 ~.,~:lar ÇO-ord~t.~. • inter,titial .,ini:'" fluidiza-
, J, 

/' 1 

tiCQ\),~l&~~f is / 

/ 1 \ / 

/ U / 
/./ U.-f - ft lIf / " .. ~ 

/ ~ . 
/ . /. " 

whef ~ and ,~ are the vOida,e and superifie&l g~s velocity at m~um 

}

' / f~idiutian: The c~d radius 15 ,deter.fned from f 
/ /:\ . 
- / -'r3fh+~ 

r C b ut, - uaf .. 

,(7.8) 

(7.9) 

(7.1'0) 

. ' 

At a point P on Figure 7.2, defined by distance r Ire:. the centre of the - -. 
bubble and u,le e with the di:r.ct:lon 'of bubble .otion, the veloclties - . 
of th. collector partiel •• iD the cloud. relàtive" to the bubble are 

(7.11\) 

" " , 
\ ' , 

";.;Ln""_,,,,,,,,".}~I. ~'~"~N:~ j'" .L" ~ .. ' , .• 
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(Uli -\~}ose 
+ (t;, - UlOfl} ma 

(1.12) 

The cOliponents of the relative- velocity bettleen the collectar -partieles . ' .. 
and the Aerosol strea. are obtained frOil subtracting Equations (7.11) 

froa Equations (1.12) 

21'3 
(ur)rel- ur -. vr - uilf (1 +- -!-) eose 

l' 

1'3 

(ue) rel- ua .. va ... -,uaf (1 - -Î-) sbS 
r 

(~ .13) 

The aI,nitude of the relative veloc~ty between colleetor Pjrticles and 

. __ Dl .l'eU is -ctete1'llined fJ'.a. BqÜ.at:t. (7.13) 

(7.14) 

"na. equationl aiven above' are lillplifled if expnssed in dœnsionless 
, \ 

fora, &. follow.: 
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(Ur)R 

(U+) -
r rel Ua.! 

> • (7.15) 

/ 

... (ua)R 
(Ue )rel- u.r .. 

·f+ 
'---- ·f - 2 

uafr 
b 

u+ - ~ f- • 

b u.t' "''''~r I~· '1 ... 
'ft .~ l ' 

~~ 

Ma~ine the abave substitutions, the relative velocity between the col-

lector particle, and the fluiditine fluid and its ca.ponents are 

+' .,. 2 
("r )re.l- (1 + +!)èOS~ 

r 

-+ 1 
(ue )rel- ' (1 - r+!~Sine 

\ 

(7.16a) 

The diMnsionlels cOIlpODents of the fluid veloç!ty rel*tive ta the bubbl~s 
1, 

~J cv: ... 2) - CV! · .1] cote 

-&J/:. + 1)+ (li: -1] .iDli 

(7.161» 

IbaUarly. tM tliana1c:ala' st:nu tuftctloa ._l1fie. at the surface , . , 

" ... .. ... babble ..... l' - 1, to 

• > , •• 1 . 
1, "\. 

, 
'! . 

• 

1 
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'f - -3/2 sine 
b 

• 
_ U$3 1 _ lita 

, ';!,,\ ~:"i!> 

in ,"'~ LI,.. __ _ _ .. 
t jE 

(7.17) 

-/-~ 

Equations (7:15) to (7.17) will he used in the ne.xt section descri~·ing 

the collect\on of aerosol in the bubble cloud.~ 

7.2.5.2 Rate of aerosol collection in the vicinity of the bubble 

'lbe rate of aerosol collec;tion along a streamline (Figure 7.2) 
1 

"is deterained by the eo~onents of the fluid velocity relative to the 

bubble, ur' ua' and by the collection .rate constant Ky. This was defined 

in Olapter 5 as the aerosol collection paraaeter based on unit dense 

'phase vol'ime " ' 

, 

'v'- \ (S .3b) 

The abave equation .. y be used for calculating collection eff+ciencies 

in the .bubble cloud ass~ina the voidap in the cloud to he equal tQ 

the voida,e of a fixed bed. * The relative superficial gas, veloc:ity 

between 'collector partieles and aèrosol~is deterained fro. .. , .. ~~~ 
_.c.~ 

.... t,; 

{ " (7.18) 

~4m! (U)ftl 11 ,ive iD l'quatiœ (7.14). The individual collection 
o 

dfSelency of • coU.ct r put'lcle in • fluWbecl becl '.y he "presente' 
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for ~he indivic1llal collector by the correlation 'determined in Chapter 5 

efficiency of a particle in a fixed bed 

, (5.22) 

• where the inertial and gravitational collection parameters are based on 

the luperficial" gas, velocity between collector particles and aerosol 

(Equation 7.18). Equation (5.22) waf determined for a fixed bed where 

the direct ion of the cha lleng'ing aeroso 1 was "downflow". As co llect ion 

due ta aravitational deposition is not necessarily independent of orien­

tation to ~he ve~cal, ~hi5 equation il an approx,i~~ion. It 15, how-
. c, 

ever, the best correlation available and, further.ore, collection due 

to eravitational deposition is lecondary in :JJIportance. 

1bus 1 Aerosol collect ion at a point (r "~el on a streamline may , 
he expressed in the fo~ of three ordinary different ial equat ions ~ 

dr u ëit - r 

da -ua - -dt r 
(7.19) 

cie - -KyC () 

ft \ 
~ .. 

vile" Co 1. the . local c __ lltration of aero.ot, ur !lI'd uë are defined 
, , 

ln lIquat lCID (7.12)' ad Ky -r be cletera1aH, iJl
4 
the ..mer descr ibed above • 

•• • ...,. of Uftbown variable • .., be reduced to two br _kina 

pertalD .lIIpJ.ifyiq .. ~.~~. TIl. """1. vital ih clouet II consldered 
o 

" 
" 

" 

., , . . ' . ' 
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to form instantly at the distributor '.orifice and thus zero collection-

during formation 1S assumed. An instant ,acce lerat ion to constant ve1o-

city Ub and no neighbouring interfe~ence are postulated. Under thcse 

"quasi steady state" assumptio~s the t ime variables may qe eliminated 

from Equations (7.19) and ,the déter~ination of the aerosol concentration 
• 

Defining the fo11owing dimensionless variables 

fb 
C 

~ (Cb) , t 

rl'l'v ~ 
~ - -uilf 

, 

f 
1 , 

( 

(7.21) 

where (Cb)t is the average aerosol concentration in the bubble at tt.e 
f -1. Equations (7.20) become, in dimension1ess form 

'li 

dr+ u+r" - - '" de ue 
'> 

~ r+ 
(7.22) 

dl-
b - - .. ( ue" ~fb GO 

d& 0' 

Th. lolùtion of the •• equatibns is discusled ln thé following section. 
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7.2'.6 Numeriçal integrat ion of equat.ions 

Equ,at ions (1.22) describing the rate of aerosol collect ion 

• near a bubble were integrated along the bubble streamlines by the 

following computationa1 proc~dure: 

(i) A minimum and a maximum angle of 4
0 and 86 0 from the" -

vertical~re chose'" for computationa! convenience (see ... 
Figure 7.2). The minimum and maximum value, of the 

ve10city potential on the surface of- the bubble, ~f' 

was determined from Equation (7.17) and an odd number 

of computat iona! points were chosen. 

(ii) The two dimensionless differential èquations, describing 

the rate of aerosol collection, were integrated along 

each stream1ine by the fourth order Runge-Kutta-Merson 

process L4 
, Thus the aerasol concentration entering 

/ 
the bubble wàs determined along each computationa1 stream!ine., 

(iii)The average concentration entering the bubble 1s expressed 
1 

f 

as 1 

(7.23) 

_ere 

.+ - ·f (9-0) 
l 

·t - ., (8'«/2)., 

\ .. 
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1; 
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The integral in Equation (7.23) was ~valuated ~ Simpson's rule. It 
/ 

wasïdetermined, experimentally, that integrat1ng over 21 streamlines 
,-

was adequate for (fb)AV ta be sufficiently close to the true predictiôn 

of the mode 1. 

The rate of depletion of aerosoi in the bubble with respect 
l 

to time, assuming the gas in ~he bubble to be'weII mixed, can he described 

by a first order different1al equation of the form 

!...te ) 
dt' b 

- ~- (7.30) 

wbere Vb is tbe voluae of the bubble and q 1s determined from Equation 

(7.4). As the gas re-entering the bubble cavers a range of residence 

tiaes, i.e. dif~erent st~rti~g concentrations in the streamlines, the 

.odel implicitly assuaes th.t'the aerosoi in the bubble is deplete at 
, ' 

• relatively slow rate. In' view of the approximations already made, 
) 

, this assulIPtion represents no sedous li.itation provided that the ae 

• cœcentrat ion in "tbe l}ub~le does not change very rapid ly • 

~~entrat ion of the aerosol returning to tbe bubble, (fb) AV ,was dete;. 

sinecl for 10 'bubble diaaeters, fra. '\ - 10-3 • to '\ - 0.25 ÎI, ~d 6 
~ 

diffflrent aérosol sbes, froa dA - 0.7 p_ to dA - 1.8 pa. 'I1te results 

of thes., c:alculatlou ad the conclusions that _y he dr'wn frOll thell 

a19 pre .. atM ln -the .. xc .. ctian( 

7 .2.7 DiK!!!!cé el CClftc!,!*i9'! 

ftt _rlcal ,...lo.tl. .. ., tH ....,Ufied IIOCIel ",éd to . ~' 

._kt.'aer~l COll~~. ta tIae .... 1 ...... of • fluidbed bed .. ~ 
.. .,'" 

~! ........... _ ~ "UVl'" o«*eluiGfta. Althoup quant i-. , . '" 

, ;'r';-': " ... ',," . ' , . 
_ -*' t ,~" \ • ' .. 

. ,- ,';'>,,( ,~)r.:,;:,,~f';'. ' ,; ,.:.f,~".,:.4,,~~·;:g·./:1.~,1)~;:2~~,~,,~;,,;:.,',~ . 



. . ' 

, 

• 
.. 444! 4 *a 

-230 

tative precision may not he expected, it is unlikely that more realistic 

models, predicting more aeeurately the shape of the bubble cloud and the 
,,~ 

fluid streamlines.will give qualitativ~ly different results. 

The predicted average concentration of aerosol returning to the 

bubble, (fb)AV' Is shawn as a function of bubble dia~eter in Figure 7.3. 

Por the range of bubble sizes of 1nterest (SxIO·3 
< ~ < Sxl0· 2 m), signi­

'ficant aerosol collection in the cloud 1s predicted. 8ecause the predomi­

nant collection mechanism 15 inertial, thls collection is more pronounced 

for the larger aerosol sizes. Collection in the cloud is predicted to 

inerease slightly with inereasing bubble diameter. However, this effect 

1s .ore than offset by the higher velocities and hence shorter residence 

tiaes of larger bubbles. This 1s shown by~Pieure 7.4, which shows the 

ratio of final to initial cQIlcentration in the bubble for a COItsta.Qt bed 

4epth of 4xlO- 2 a. Moreov.r~1t 1s interest1ng to note that, for db 

lar,er than about IO~2 m, the e~eentration in the bubble as it reaehes 

l''he bed surface is relatively insensitive to bubble diameter, with lIlost 

of the aerosel bypassing the eollector particles. Figure 7.5 shows the 

~redicted' .. ount of uncollected aerosol as, a function of bed depth for 

a sin,le bubble dta.eter of 4xlO-3 m. Hardly Any collection is predicted 

for a 0.72 p. aerosol, while~ signific&nt .. ount of the 1.75 ~. Aerosol 
~~ 

is coll.cted in the cloud. 

'lbe •• precJietiàn. lead to f~"er illportant conclusions en ~he 

.clapila of aero.ol coUeeticm. 1t doit appear that the dependence of 

\ penetratiall cm aerosol dta.eter can 'he uplained by processes occurring 
, ' .. li> 

la tb ...... -ph ... (Fip'" 7.5). ~. the dlcrease of penet~ation 
. . ' ,,- . 

wi~ U cl .. rly ~ot 'be ~latDed ~ • eo4l1 a-aed on sina!e n~nteracting 
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Predicted fraction of aerosol uncollected as a function 
of bubble diaJDeter (~- o. OS .) 
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bubbles. From Figure 1.4, thi~ observation would have to he attributed 

to substantial decrease in mean bubble size with increasing veloc~ty, 

whereas in reality th~ reverse occurs. It is also notable that the pre-

dictèd penetration in single ris1ng bubbles 1s an order of magnitude 

larger than the measured values. It must therefore be concluded that, 

in the present study, the bubbles formed at the distributor,were.so 

·sa11 and coalè"sced. 50 frequent'~y t'hat exehange between bu~les and de~e , 
phase was very .1IUch iIOre rapid thàn can he predict~d by a model based on 

single rising bubbles. 'The implications of this conclusion are developed 

in the following section. 

It 118y aIso he noted that this conclusion highlights the 

mportance of operating with. shallow beds and distributors designed for 

suU initial bubble size. If the distributor gives large bubbles, col­

lection will he liaitod by transfer between the bubble and dense phases. 

Higher pe~etrat ions will then be observed, oven in' deep beds, and the 

penetration can be expected to increase with increasinl gas velocity. 
Mel 

Exactly tbb affect was noted in the results of McCJrthy et al. • and --
in the set of expetiMllt. with DOP aerosol de .. cribed in :Section 6.2.1:1: 

7.3 Aerosol Cpllectidf in a Fluidized Bed 
) 

., • 3 ~ 1 lat r04\1ct ion 

fb1l .. cti. pre_ntl • theoretical treatllènt of urolol col ... 
/ 

l.ctlon :ln • flulc1hed becI U'UIÛJl'" the behavioul' of tJle .cl to he 
, ... , 

CCIl.lIte.t rith the _ified two ph .... ~ of flCtlcliJatiOllo naere 
• 1 ~ , 

&ft .11 two previous att •• s. bot" _.ucce •• ~l, to _KJ'!be' the 
, • /.:'. 'l!.-_ 

",,-•• ' OIwrosol 1'lllO'hl' Ja' flulcl,u" )écl.: ~ 
,/' 

d 

( 
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The first was by Tardos, Gutfinger and Abual
1 

who claimed 
\ 

to have siDlllated mathematically the behaviour of a fluidized bed "at 

IdniaJm fluidization". Their treatJlent is based on the "cell model" 

con~ which atteopts to calculate the steady flao pattern and resultant 

collection around one collector partie le. Because they ~licitly 

assume that aIl th~ gas,passes through the dense phase and flow 15 steady, 
, 0 

\heir model is essentially a simulation of a fixed bed rather than a 

fluidized bed. More'over, they assume that diffusionaJ collection i5 

dominant for 2-3 ~. particles (see Section 2.3.1.1). Thus, their model 

be&rs little relationship to reality, and as a result they predict that 

bed depths of the arder of metres ar. required for effective aerosol 

rellOval. 
Mel J2 

The second attellpt ~as by McCarthy .lt Al. and Jaçkson 

""0, br going'1:9 -ehe otIter -extTeme, -rtteçted a qualitative explanation 

cl.bRing that the efficiency of a fluidized bed collecting aerosol i5 

low at high superficial ,as velocitie, because of ,as bypassing in the 

bubble phase. lt was shawn in Section 7.2.7 that th!s .y he the case 

if the p.s velocity is low and/or the ctistribut'or 15 poorly designed, 
o 1 

but that this _chanis. cannot explain the results of the present work~ ".. ;1 

'Ib.refore. lt is concluded that, the qualitative explanation aiven by 

~hY .!!. .!!.Mcl "and JacuOIlJa la notrealistic for a well-d.esianed 

ahallow collector bed. . .....; ~ 

~. up to t~.,pres.Di tia. then'''oel DOt appeal' to be an 

adequa~e tJl.~tlcal tnat.-nt oluroaol r8llOn~, ln ~luhU.l.d bed • .-
) - , 

on.. foUatin, .~~1_ offen the flltt auch attlll't ... ahow. that 

.... 1 collection .., ~ adequat.lr cIe.crIN' ta tent of the two-phue 

theory of fluUilatiC111.' 
" 

, 
'f 
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7.3.2 Oevelopment of a model \ ,-, 

7.3.2.1 The modified two phase theory of fluidization 
1 

In generaI, two phase fluidization theory assumes the bed to 

be composed of two distinct phafes, namely a dense or particulate phase, 

- consisting of particles and interstitial gas', and a lean or b~bble 
. 

phase, composed of rising volds termed "bubbles" and essent ially free 

-from partic1es. Effect ive ly , a11 of the conversion in a reactor or \ 

collection in a fluidized filter,takes place in the particulate phase. 

The-,classical two phase the ory of fl~idization was originally 
- ')'. \.J' T4 

postulated by 1~y and JOhnstone and developed further by the 

~ experimental results and theoretical treatments of orcutt02 ,Orcutt 

!l al. 03 and Davidson and HarrisonD2 It assumes that aIl the gas 
\ 

in excess of minimum fluidization travels in the bed in the form of 

bubbles giving a superficial bubble velocity 

(7.31) 

where G 15 tbe flatlf rate of the ,as in excess of lIinimum fluidization 

-and AB is the cross sectional area of the bed. Subsequent experimental . . . 
results by a nuaber of work.ra (e.g. G-7, C-7, G-8) suggested that the 

1 fi 

superficiel bubble velocity through the b&d i5 lIore adequately descTlbed 

br an equaticm of the font 

*ï - U .. lU-.f (7.32) 

wte X 11 ·~-?lIpirléal pa~t.r • 
. ' -----~ 

\ -
\ 

\ 
f 
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This led to what is now established as the modif~d or n-type 

(-Aw.o phase theol)' of fluidization which postulatesG
9 

G, 

AB 
(7.33) 

where n is a constant and Ëb is the average volume fraction of the lean 

·phase*. Although the n-type theory agrees with the classical two phase 

theory in assuming that the dense phase has voidage €mf and mean inter­

stitial gas velocity Umf/tmf it postulatcs an additional mean throughflow 

velocity inside a bubble equal to (n + l)Umfo If the Mean bubble velocity 

is U
b

, then 

(7.34) 

50 that 

(7.35) 

Thus the differences between the original two phase theory 

and the n-type the ory l18.y he suamaTized in terms of superfiç:ial velo-

cities, as follows: 

·In its .ore ae~al fora the modified two phase theory of fluidization 
.IS~S that the'volUie fraction of the bubble phase is a function of 
becS height. 

~. , 

,.. .. ~ .. 

'il 

\ ,. 

,~\ 

i , 
i 
1 

1 , 

_1 
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Original two phase the ory 
• 

Gas velocity 

u 

l , 
n-type two phase the.qry 

j 

Gas velocity -

bubble velocity + dense phase velocity (7.36a) 

(7.36b) 

.. , 
1 

bubble -t bubble throughflow t-dense phase 
velocity velocity velocity 

••••• (7.37a) 

u - U - UmfO t nËb) + UII1f(1 + n)Ëb + Umf(1 - Eb) 

••••• (7 .37b) 

The conventional two phase theory then becomes a special case of the 
, 

n-type two phase theory obtained by putting n - 0; parameter K thus 

becomes 1. The subject was reviewed extensively by Grace and CliftGS 

who summarized previous literature and showed that the n-type theory. 

which is an improvement over the original two phase model is an over-

s1.plificatlon itself and that n and K are not constant, as was originally 

hoped, but vary with experillents in the range -1.2 < n < 140 and "'0.7 < K < 

27. As the n-type theory is conceptually a more aceurate formulation 

of the process of flui~ization and is more general, it will be preferred 

in deriving the equations dèscribing aerosol removal in fluidized beds. 

7.3.2.2 Dense phase in plug flow 

Fiaure 7.6 shows sc:heutically the n-type two phase model of 

• fluidized bed. The bubble phase i5 assumed ta be ca.plètely void of 

particle~, and travelling in plug flov vith,a .superficial velocity fbUb' 
, , 

• 
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Sche~tic representation of the modified two phase model 
of a fluidized bed 
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given by Equation (7.33), and a throughflow superficial velocity Eb(n+l)U
mf

, 

The dense phase contains aIl the collector particles, is (in thi~ case) 

in plug flow, and travels with a superficial velocity Umf(l-Ë
b
). It i5 

postulated that aIl aerosol collection occurs in tQe particulate phase. 

At height h above the~nlet of the bed, where the bubble and 

dense phase concentrations are Cb and Cd' respectively, the flux or1' 

aerosol per unit bed area 1s 

Thus, considering , differential element between h and Ch + dh) in 
, , 

Figure 7.6 and taking a mass balance on the aerosol particles givés 
" 1 

for the dense phase 

so th.t, 

(
Rate of particles) 

in - (
Rate of particles) (Rate of ) 

~ + particle collection 

(
Rate bf particle, ) 

_ ~ transfer to bubble phase 
,J 

••••• (7.38a) 

(1- i'b)UafCct '- (1- 'ij,)Uaf(Cd +dCct) - ~ ~ dh(~ - Cd) 

/' 

••••• (7.38b) 

.; 

. ...... . , ~'" 

1 
"~ 

'" 

" t 



( } 
where kb is the interphase mass transf~r coeffi~ient of aerosol particles 

based on unit bubble volume and Ky is the aerosol collection parameter 

based on unit ~ense phase volume (Equation (S.3b)), It should be noted 

that KV was defined, in Cbapter S, in terms of' the relative superficial' 

velocity between aerosol and collector particles, which, according to the 

two phase theory, is U f in a fluidized bed irrespective of superficial . m 

gas velocity. Re-arranging Equation (7.38b) 

(7.39) 

Sillilarly, a mass balance on the 'aerosol particles ov~r the 

differential element dh gives for the bubb~e phase 

(
Rate of ) (Rate of ) +(Rate of particle~ 
particles in - particles out transfer to dense (7.40a) 

phase 

10 that, 

••••• (7.40b) 

i' 

.. 
/ 

, ... 
i. 

f! .. . 
, ' 

; 

J. 
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Adding Equations (7.39) and (7.41) to obtain a total mass balance over 

a differentiàl height db of the bed 

de . 
(1 - €'b)UI\f) <nf T Ky( 1 - Ëb)Cd - 0 

••••• (7.42) 

The equations presented above are simplified if expressed in 
1 I~ 

the fora of d imens ion le 5S groups. Denot ing ,the fract ion of the gas 

passing in the bubble phase as B 

8 -

-

'" superficial bubble velocity 
superficial velocity 

Then, Equation (7.41) and (7.42) simplify ta " 

- 0 

Definina the following jlmensionless variables 
, / 

-\ ' 

lt 
V 

x _ 

. ~ . 
•• 1 ... <:, .~':~: •• ' 

, 

(7.43a) 

(7.43b) 

(7.44a) 

- 0 (7.44b) 

, (7.45) 

(1.46) 



e 

Equations (7.44) simplfy futther, 

- 0 (7.47a) 

(7.47b) 

. l' ,the diJiensionléss collection rate c~n~tant. expressed .in, \ 
V , ~} 

this fora,!s the nu.ber of collection units (NCU) that would have been 

present in a uniformly fluidized bed, and is the parameter which lCnett ig 

and Beecbanl 3
, terlled NTU. The number of interphase transfer units. 

X, 15 the nuaber of tilDes the bubble gas is. interchanged with gas in the 

dense phase an passa,e through the bed. A high t'v value illplies hi,h 
. " ~ r-

aerosol collection efficiencies and a hiJh X.'alue implies low resistance 

to interphase transfer. These' dblensionl~ss groups are sillilar ta cor­

responding dimensionless aroups defined in\ the classical two phase theory 

D2 
.of fluldization • In the pneral case B. X, l'V vary vith bed height. 

Makina the sillplify.ing assUilption that they are constant' the solution o~ 
~ 

Equations (7.47) ls of the leneral fora 

" -
-alh -a.}l 

CIe + CZe (1.48) 

where ... f~ + JCly)2 - 41~~(l ... s) 0.5 
8 1 - (1"" "X) 

(1.4h) 2HC1 - al 

~ -ex + t'x) - Ex -t "1)2 .. 41\,X(1 - sj 0.-5 
(1.4gb) . ·211(1 - ') 

~ 

~ 
• 

, . 
. , 

.. .,... 'l<' l, ~',::, >' , ~ 
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Dif~erentiating Equation (7.48) with respect to bed height 

- - (7.50) 

Assuming that the rate of removal of aerosol particles during bubble ... 

formation is zero at the distributor plate and expressing aerosol con-
, ? 

centrations as fractions of the inlet value (i.e. C1N - 1) the boundary 
dCb " 

conditions are at h -' 0, Cb - l, 'dJl - o. 

Substituti~ these boundary conditions in Equations (7.48) an~ 

(7.50) 

Cl - -2 

-2-111 ., 
\ (7.51a) 

C2 
al - -2-a l 'il" 

(7.51b) 

1berefore, 

(7.52) 

-L}a . ) (7.53) 

Substitutina Squations (7.52) and (7.53) in Bquation (1.47a) and re-, . 
arran.in.,one obta1ns the conc.ntra~ion' of ,the aerolol partiele, in the 

dense ~se at bed depth h: 

", 

. \ 

•• .. 
" , ; '. 

. . 

i 
1 

1 
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The, average exit concentration of aerosol particles i5 

C (fraction. Of) (bUbble Phase) ~raction . Of) . (dense phase ), t 
~ - gas passmg .. aerosoi con- + gas passmg *' aerosol 

in as bubbles centration' in dense coneentration 
- at exit hase at exit 

••••• (7 .5Sa) 

(7.SSb) 

1hen the fractional penetration of the .. erosol particles. defined as the 

fraction of the particles net collected by the bed Cout/Cin is 

wIlere -1 and -2 are ,iven br Bquation (7.49), H 15 the hei&ht of the bed , 
.ich, assuaing constant Ëb is 

H -
(7.57) 

\ ' , 
.. X la th. ftUIIbe1" of !Dt ..... tnasfer units, defined in Equation (7.46). 

'liait da_ 11 the .... ral Ixprea.lon far lhe fract ianal &8ros01 

"'-_'- •• tM,,,W l', la ~_, fi •• ~tiOll (~.S6) is siailar to 
, . ...... .. ~ .......... fil,'," ., .. tbtt-~r ~eaical ~(!-

U. ' •• Da"'.., W .. 1" ...... ,~,-' ..... 1 .. 1 two phue, th.~ 
• \. r 
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of fluidization • 
, ,; 

Its novei features ... however, are that it 1s derived 

based on the n-type theory of fluidization and that it treats aerosol 

removal as a pseudo-first order reaction. Thus, it is the first equa-

tion presented in the literature ... to des,cribe l1;erosol removai in a fluidized 
. • bed using fluidization theory. '. 

, 
7.3.2.3 Dense phase weil mixed 

In the case when the dense phase is assumed to be well mixed 

the aerosol concentra~ion in the dense phase is constant and tBdependent 

of bed height. Thus" re-arranging Equatiœ (7.47a) 

(7.58) 

and solving, 

- (1 - Ca) t EXP ~Xh/H] 
y 

(7.59) 

'--

Since th., particulate phase 15 assUMel to bec Perfeetlr mixed, its material 

balance can bè written br co~s~derin, t~~ total heieht H. 'lbus .. 
. , 

(
Rate of ) 
putiele. in 

(
Rate Of) 
partiele 

__ transfer 

} , 

'1 ~~}.rl. . .... , 

., 
.~ 
" 

,f1;> 

, 
'l 

1 ' , 

1 
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The lut tera sy he evaluated froID E,quation (7.59). Then, us!ng 

Equation (7.SSb).lsubstituting the dimensionless group B (Equation 7.43b) 
. ; 

.and re-arrangjng 

-x 2 
(1 -' 6e ). 

1 + K'V - se-X 
(7.61) 

gives the fractional aerosoi penetration when the particulate phase of 

the fluidized bed is considered te he weIl aixed. Like' Equation (7.56), 

which WBS derived for plug flow, this 1s the first equation presented in 

the literature describing Aerosol re_oval when the particulate phase of 

the fluidized bed 15 consldered to he wen .ixed. 

7.3.3 Effect of bubble coalescence and simplification of equations 
1 . 

tftte anullPtion that the Iean phase of a fluidiJ.ed bed consists 

of isolated bubbles rising to the surface without Interference fra. 
J 

• 1 

ne1Pbouring bubbles _y he a reasonable approxiution won the lean 

pllue has coalesced into large bub'bles. lew in nUilber. 1bis assUilption, 

honvet, ;'oes not tab into consideration bubble interaction and its 
. . '" 

possible effects on interphase as. transfer. 

CUlt et al.Cg ,Cl1ftCS , Clin and Gra~f7 ,C8,C6, --
and Grace and VentJUO have _de an ~ensive investiption on bubble 

~, 

coalescence and bubble spl1ttin. in fluidiZed be4s. Thelr studi •• have 

fGUlld tut during bubble coal.à.C8IlC. the YO~ of the flnal bubble 15 
1 

lIOn thaft t'h. sua of th. vol .. s of the oriaiQal bubbles. However .. as .' . 
CliftCS .... fka't",IbOWll. _ft t,o bubble • .". in the proce .. of 

coaleact.a • nhlrtaat'lal ....... t of th .... fcmi1Da the bubbles il inter-

, . 
. J::;.. '. i .. , ",'; J 
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~anged with gas from the dense phase. Thus coalescence contributes 

... 

significantly to ~nterphase transfert 

A second mechanism enhancing interphase transfer occurs as a 

result of bubble interaction. As Clift'CS , has shown, when two bubbles 

are in certain orientations they might not coalesce but, as a result of 

cloud overlapping, gas may leak from one bubble to the next. This leaking 

gas is transfe~d through the particulate phase and brings the essentially 
. ~ 

untreated bubble gas into contact with particles thus improving interphase 

transf-er. 

It appears th en that bubble interaction results in the enhance-

.ent of the interphase transfer mechanism. As bubble formation and coales­

cense and bubble interaction is extremely rapid hear the distributor this 

suggests that the interphase transfer is very high in this reglon of the 

bed. This is consistent wit~ Grace's observationG7 that the hydrodynamic 

bahaviour of the bed i5 relàtively unimportant near the distributor for 

fast reactions. As the experiment.a1 results of this study have shawn, 

aerosol removal mey he r~garded as a fast reaction essentially requiring 

relatively shallo. hed height~. 11lel"e i~. therefore. upIe theoret.icai 

and experÙlental inforation 'in the literature to just/if y a postulate 

which as.u.es ne,ligible iP,terphase resistance neaf the distributor plate 

for aerosol collectiOn. .. 

'!he equatiODs for .. rosol penetrat iO!l deve loped in the previous 

sectian .., therefore. he si.llpUfied,by taUng the lillit X + -. Equation 
'1 .t 

(7.56). for plu, lldw in the dense phase • .œe~s: 

. f ""V 
1 f - • 

" (7.62) 

, 
i 

" 

1 
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whÙe Equation (7.61) for weIl mixed dense phase becomes: 

f -
1 

(7.63) 

Comparison ,between these equations~d the results of the present study 

is examined in the next section. 

7.4 COmparison with E~erimental Results 

7.4. l Int roduct lon 

The previous section developed the equations describing aerosol 

rellOVal in a fluidized bed. With the assumption -that interphase resistance 

between the ~bble and dense'phase is negligible Equations (7.62) and (7.63~ 

describe the aerosol penetration when the dense phase gas is in plug flow 

or well .iXed. The fonn of thèse slmplified equations was justified by 

the effe~t of rapid bubble foraation and coalescence near the distributor 
tS 

plate, resulting in inereasec! t~nsfer between tM two phases. This sec-

tian proves, experimentally, the validity of these assumptions and siml­

taneoosly deteIilines statistically whether the gas in the dense phase is 

well .ixed or in 'plug flow. 
" . 

7.4.2 Bstiution of coUection ",te constants 

The data were analyl~ the form'of a collection coefficient 

dafin.4 as 

Ky 
t' - oU- (7.64) 

.. ' 

.. 
; .. 

.. 

t 

,; _________ .-.i ___________________________________ J!W' .. ~ 
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where K i5 the collection rate constant of aerosol in the part iculate 
V 

phase, defined in Equatill,n (S.3b) and described further in Section 7.2.5.2. 
tI 

From Equation (7.57) and from the definition of K'V (Equation 7.45) Equations .. . 
(7.62) and (7.63) become, fOT dense phase in plug flow 

, 

-k'pl"mt 
f - e 

and for dense phase weIl mixed 

f 
1 

1+ k'w"mr 

(7.65) 

(7.66) 

ThUI, if the dense phase of the fluidized bed is approximated by plug 

flow Il plot of 
.. 

(- Inf) vs ("mil 

will he linear, the gradient of the line 'heing numerically equal to k' r 
. p 

. S1lIilarly, if the particulate phase 1s well Ilixed, then a plot of 

t~· 
'--'- vs H., 

'.\ 

j 
W~l1 he linear and yield the value of k'w. 'lbe clata on aerolol penet~ , 

tien la fluidise.! bOII. c_ed of 110 ~ .. - 600·~. coli"ctor pantc!esl Î 

present" in Tables 6.1 to 6.3, 6~S, 6.6 ad 6.8 wre chosn for analy,Si~/ 
o 

the hiF veloeity expel':1aents we" exclucled firstly because they were per-

fOlWd wit;Jl • dUferent distributor plate and seceneUy beçause these 

•• 

. ....,," ....... , 

..j 
.. / 
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experiments have an inherent lower accuracy due ta the design difficulties 

desctibed in Chapter 4. Values of k' vere estimated from experiments at 

different bed heights assuming t~a! f - 1.0 at Hmf - 0.0. Thus for plug 

flow the regression equation, forced through zero intercept, reduces to 

k' pl 
iÎl- lnf i)" (Hmf) i 

aHmf)2i 

(7.67) 

where n is the number of experimental bed depths.. For the case when the 

tense pha~ is weIl mixed the analogous equation i5 

k' -w (7.68).. 

However, as bath {Hmf)i and (l-fi)/f
i 

will increase with decreasing pene­

trati~ the above equation is biased to give most significance to experi­

~tal points with the l-owest fi' Dy simple re-arrangement an unbiased 

regression equation uy he obtained, this is 

k' w 

p 
(l-f i) *f i (H!If) i 

- tal 
-----------------------
P ~ -<".f) 212 

1*1[i Y 
• 

wlilclÏ ,ives equal veipt ta a11 experi_ntal points. 

(7.69) 

'l1\us tvo le' values, one for dense phase in plug flow and one 

for d;ense JIIlase well .ixed, were estiaa1;ed froa experiaents at diffennt 

bed heipts and cœstant U and dA. 'l1\en the ori'linal experi.ental points 
.11 )/ 

of each set "re predicted usinl the estillate9 le' values. 1he residual 
" 

c1eviatiOll ir_ the rearessiOll lines is ,iven by 

.. ~ .... ...... , ._, ' 

, , 
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-k' CH )j 2 
e i>1 mf . 

([)eYiation)pl -= ~-=-";""'-n-----

1 J2 

(Deviat ion) - 1 + k' w O\nf) J 
w ~---------------------n 

(7.70a) 

(1)70b) 

where (Deviation') and (Deviation) are the square root of the sum. of pl w . 
;-..-À 

squares of the difference between experimental and estimatèd aerosol 

1 penetration divided br the number of experimental points, n. subscript 

El refers to dense phase in plug flow and subscript w refers to dense 

phase weIl mix~d. By comparing the relative magnitudes of (Deviation)pl 

and (DeV iat ion)w' it was determined whether the, dense phase was neàr 

to being weIl mixed or could he assumed to be in plug fiow. Table 7.2 

and Table 7.3 show the results of thesè calculations in condensed form, 

together with the estimated values o~ k'pl and k'w for each set of experi­

mènts with the 110 um and 600 um collectors. The values of (Deviation)pl 

and the ratio of (Deviation)w to (Deviation)pl are,also givcn. The next 

section determines, from the se Tesults,. the hydrodynamic behaviour of the 

bed. ' 

7.4.3 Behaviour of the fluidized bed 
, 

Inspection of Table 7.2 shows that the particulate phase in 

. ~ 
al.ost. aIl sets of experiments with 110 um collectors was near~r to plug 

flow. 'l'hus in a1110st all veloclt ies, except perhaps the h~ghest (U -

0.35 .vs), Equation (1.65) may bè used .are aecurately to describe aerosol 

collection in the bed. Inspection of the table confiru that resistance 

to interphase transfer i5 negligible since k'pl inereases slightly with 

inereasing superficial velocity. If the reverse wu true then ~'pl would 

" 

, 
;" 

',' 

" ~ 

J 
, ! 
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TABLE 7.2 Analysis of 110 ~m Col1ector Particles 

k' x104 
pl k'~104 (Dev iat ion) pl (Deviation)w 

dA, ~m U,mxl0 2/s (m- l ) (m- 1) x"102 (Deviat ion)p 1 

0.12 4.9 .212 .285 1.3 1.8 

0.72 6.0 .256 .389 3.2 1.4 

0.72 7.2 .269 .392 1.3 2.2 
'. 

0.72 12.9 .253 .431 2.0 1.8 

0.72 13.1 .262 .412 1.3 1.9 

0.72 19.5 .264 .460 3.3 1.5 

0.72 25.6 .283 .465 1.6 1.5 

0.72 34.9 .• 258 .535 1.9 0.8 

0.90 .4.9 .296 .441 1.5 2.1 

0.90 6.0 .347 .617 2.2 1.9 ., 

0.90 7.2 .385 .669 0.9 2.8 

0.90 12.9 .373 .804 1.2 2.8 

0.90 13.1 .413 .83Sj 1.0 3.2 

0.90 19.5 .391 .926 2.0 1.9 

0.90 25.6 .456 1.07 4.6 0.4 

0.90., 34.9 .387 1.17 1.8 0.8 

1.1S 4.9 .429 .805 1.3 1.7 
<r-

1.15 6.0 .457 1.06- 0.9 4.0 
II!,> 

1.15 7.2 .559 1.32 1.9 1.1 

1.15 12.9 .511 1.51 2.5 1.,1 

1.lS 13.1 .615 1.71 2.0 1.7 

1.15 19.5 .532 1.18, 3.7 ' 1.1 

e 1.1$ 25.6 .689 2.57 5.1 0.2 
J 

1.15 34.' .537 2.78 2.3 0.3 

\. 

~ .,. - .. 
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TABLE 7.3 Analysis of 600'~m Collector Particles .' 

k' xl04 
pl k'~104 . (Deviation)pl (Dev iat ion)w 

d 
A, l1m U, mx102/s Çm- 1) (m- I ) d02 (Deviation)pl 

f 

1.10 38.0 .197 .371 1.8 1.0 

1.10 43.7 .262 .545 4.5 0.5 

1.10 49.Z .281 .72S 3.2 0.4 

1.10 54.8 .310 .766 0.2 0".2 
. 

\ 
1.10 60.8 .316 .939 4.3 0.3 

1.10 73.7 .351 .991 8.3 0.4 
. 

1.35 38.0 .404 1.81 5.0 0.1 .. ' ' 

1.35 43.7 .509 2.66 7.6 0.0 

1.35 .. 49.2 .473 2.94 5.5 -0.01 

" 1.35 54.8 .555 3.52 8.5 0.1 
, 1 

1.35 60.8 .509 3.68 5.8 0.1 

1.35 73.7 .593 4.35 8.8 0.2 , 
", 

" , 

1.75 38.0 .672 8.30 4.1 0.1 ~ 

r 

1.75 43.7 1.11 12.3 4.5 0.1 <!' 

( 

~ 

1.75 
,. 

3.5 0.1 49.2 .......... 796 18.8 
~r" 

) 

S4;l' -1.75 1.16 14.6 4.5 0.0 

., 
! 
J. 

/----
1.75- 60.8 1.33 20.7 ... 2.3 0.1 

" 

, 
f 
~~ 
!. 

i 
" " 

t 
>1 , 
" 

f 
1 

1 
"~ ~~,r,." 
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decrease with increasing ve locity as more 0 the gas would trave 1 in the 

bubble phase. The fact that interphase ransfer is not limiting can "also 

be s-een from the fact that k'pl inc ases with increasing Aerosol diameter. 

As was shawn in Section 7.2, bypassing in the bubble phase is not 8 func-

tion of aerosol diameter. Th~is confirms the theoretical conclusions 

reached in Sect ion 1.3.3. Figure 7. 7 shows the per cent penet rat im of 

DOP Aerosol through a fluidized bed composed of 110 J.1m collectors at lJ'-

6.0xlO- 2 .vs, with the predicted penetration cu~es assuming the dense 
" 

phase i5\ in plug :61ow. As seen frOll the figure this assumption is in 

very good agreement with experimental results; each point on the figure 1s 
• 

hardly a fev per cent away from its predicted valu~. It is also interesting 

to note froll Figure 7.7 that at bed depths approxima·tely below I.SxIO- 2 m 

penetrations are higher than predicted dl!e to local spouting and jet 

penet rat ion in the bed. 

Pigure 7.8 shaws per cent penetration of LI llJl aerosol as a fWlC­

tion of bed depth for U - 0.13 ,a/sec, 'as a further example. Plotted on the 

fiaure are the predictions calculated fro. asswdng (i) dense phase is 

in plug flowj (H) dense phase is well .ixod. It 15 deaonstrated clearly 
\ 

that the dense phase 15 .ch eloser to plug flow. 

Inspection of Table 1.3 shows that the particulate ~~se in 

a1aOlt a11 sets of expel'iaents with 600 lUI collectors was vell aixod. 

'!hi. b ~shOlftl clear1y in Piaure 7 .. 9 where .asured penetration of 

partiele. is plotted as a ftinetion of bed depth far U - 0.4915 a/'5 

cc;llllf&recl with the two fi~ted CUl"Ves. 'l'Jlis clear differenee frOil the 

bebaviour of the 110 11. particles uy he .,crlbed to two effects: 

, . 

,.. 

\ " .. 

. 
'J 
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FIGURE 7.7 
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Aerosol penetration versus bed depth 

U - 6.02XlO- 2 mis 
,,- 110 lia 
fbll circle, dA - 0.72 ~m 
open circle, dA - O~90 ~m 

. fuU square, dA - 1. IS JJa 
lines, 8stimated penetrations assuming 

dense phase 15 in plug flow 

" 
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FIGURE 7.8 Aerosol penetration versus bed depth 

U - 0.13 mis 
cl,. - 110 lia 
f611 circle. dÀ - 1.1 ~. 

" solid Une. dense phase in plug flow 
broken line. dense phase in weIl mixed 
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FI~ 7.9 Aerosol penetration versus bed depth 

~ - 600 \.lm 
tf' _ 0.4915 ra/sec 
full circle, d - 1.75 ~ 

• bro'ken Une, p~ug flow lIIOde 1 
soUd line, wllIl, aixed model 
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1. Larger bu~blesJ due ~o.the higher values of (U-0
mf

) used 

with the 600 pm particles (see Tabl~ 7.1) and to the 
, 

lower probability of bubble break-up in _beds of larger 

part ie les. Dl 

2. Higher particle mobility J resulting from lower apparent 

viscosity in beds of large particles. D2 

It may a1so be noted that k'w'increases both with U and dA' once more 

confirming th~t collection cannot he limited by interphase transfer. 

In summary, it has been shawn in this section that, i~the bed 

of 110 pm collector, the dense phase gas was close to plug flow, whereas 

in the 600 ~m particles the gas is in a condition ,close to complete 

lIixing. With both collector sizes, resistance to interphase transfer 

was negligible and aerosol penetration could be adequately described either 
~ .If. 

by Equation (7.65) for dense phase in p1ug f19w, or by Equation (7.66) 

for den~e phase well mixed.· 

, 
7.5 Interpretation of Collection Rate Constants and Compatison with 

Pixed Beda ' 1 

7.5.1 Bfficlençr of a éollecter particle in a fluidized bed 

1.5.1.1 Introduction 

It could he argued that the concept of an ùtdividual colle(:tor 

partiele .tfkieney in & fluidized bed bas no precise _anine. In a , 

f1xed becI the superfic1&l velocity between collector particles and fluid . . 
il ... 1 to the superfic1al ",locity throu.p the bed. 111 & fluidized 

1MKl howver this is not '0; à'suafI&e the tvo. pbaH theory of fluidi%at ion 
,. 

11 COI'ft~. then the super:ficlal velOcity betWM1'l col1ectOl' partieles and 

f1uU la the _ .. lluldilati'cn velocity, Ullfe 'Dle situation ai"lht 



.. , 

'--
appear further complicated when the particulilte phase 1s well mixed. :;!' 

In tbis section. therefore. it will he shown that the collection efficiency 
1 

of an ~dividual particle in a fluidized bed may be derived from the 

,eneral definition ~f the efficiency of a spherical collector i~corporating, 

simultaneously, the conditions imposed br the two phase theory of fl~idi­

zation. It will al~o he shown that the relati~ship between EFT and kt 

il s!milar, irrespect ive of whether the particulate phase is in plug flow 

or well mixed. As these equations have not been presented previously in 

the literature 1 a detaHed derivat ion will be given. 

7.5.1.2 Dense phase in plug flow 

The nu.ber of c~llector particles per unit volume in a fixed 

bed vas given as 

Np - 6(1;&. (S.2) 
, .. d P 

AslUlling t~. void fraction ~. den •• phase of • iluidized bed is 

cCIlltant at the value correspondin, to ain1iïiilfluidization, Ellf' then 

the nUllber of collector particles in • differential bed depth db is 

equal to 

1 

Let the cCilcentratiCil of the .erosol claan,. in that dHferental bed 

Mpth fr_ C to (.C"" dC). 'l'ben rate of &8roso1 collectlœ by different!al 

.. dept:h il 

/' 

J 
1 

__ .-u.~.a:iml.~_........;.~,_.,_.!*:"""' ..... , ___ . ___ ~_ ... ___ . ____ ......... ______________ __ 
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The collection efficiency of an individual spherical 
.~ 

in general terms as 

p~rticles of aerosol colleoted 

particles in approach vol~e 

(7.72) 

colleètor was ~ed 
~/ 

(3.1) 

Il 
\ 

Thus the number of aerosol pa~icles collected by one spherical coll~or,~, 

diameter d 1 per unit time is 
p 

'lfd2 , 
R.r - EF'f *~* Umf * C (7.73) 

4' , . " ) ( 

where C is the numbel" concentration of aerOsol particles in the 'approach 

volUJlle. Now since ," 

(7.14) 

." 
, ' 

1ben from Equat ions (7.7'1) and (7.73) 

~ 

(7.75) 

t 1 , , 
whlch si..,lifies to 

'. ' Bpr (7.76) 

... 

( . 

..... ,.' 

\1 

l 

1 

, , . 

! 

) 

( 
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A mass balance on aerosol particles over a differential bed depth dh gives: 

-
therefore 

Rate of 
aerosol in 

Rate of Rate of 
aerosol out + 'acrosoi removal 

ue .- U(e 1" dC) + ktplCdhU 

1 dC 
"C'dh' 

kt 
pl 

, " 

(7.77a) 

(7.77b) 

(7.78) 

Substituting in Equation (7.76), the individual collection efficiency of 

a spherical collector, assuming the dense phase is in plug flow J is 

(7.79a) 

or altertatively from ~quation (7.~4) 

(7. 79b) 

This is equivalent to Equation (S.3b) Obtained for packed beds. 

7.5.1.3 Dense phase weJl aixed 

Iftlen the particu1ate phase is usuJ!lBd to be well Ilixed the, 

aerosol eoncentration in" the bed',,, ccnstant. Using Equation (~.2) the 

total nUllber of aerosçl'particles in the bed 15 iIfIIII" 

/, 

1 

1 ,. 
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.. (7.80) 

The Tate of aerosol collection in the bed 15 
-, 1 

" 

(7.81) 

whère Cm' and C refer t 0 the' number concent rat ion of aero50l enter.ing 
out 

and leaving the bed respectively. The rate of aero50l collection per 

particle i5 

,"';1 

(7.82) 

where Cout in this context 'is equivalent to the concentrat ion of aerpsol 

in ne partiele a:ppraach voluae, and is used because the cHnse phase i5 

well Ilixed and resistance to interphase transfer is negli,ible. However, 

from Equation (7.74) 

Substituting from Equations (7.80), (7.81) and (7.82) and sillplifying 

sinee for a weIl .bec! dense phase 

le' v 
_ (l-f)(f 

Hlif 

~ 

\ 

(7.83) 

(7.6) 

1 
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then 

kt d 
(EFT)w - CU) * C!.)· * w p 

Umf 3 (I-EmI) 

,. ..... ,... 

(7.84) 

Thus Equations (7.79a) and (7.84) are identical and the relationship 

,between EFT and kt does not de pend on whether the dense phase is weIl 

mixed or in plug flow. The above conclusion is extremely.useful as it 

allows a direct comparison between the efficiency of a,c~llector in a 

fixed ànd in a fluidized bed. Corresponding experimental values for 

EFTare given for the two sizes of collector in Tables 7.4 and 7.5. ,and, 

,! 
Il 

1 

1 

the comparison with efficiency in a fixed bed is investigated in sectir 

7.5.2. 

7.5.2 Statistical analysis of fluidized bed data and 'comparison Withl 
fixed beds 

7.5.2.1 Introduction 

The exj>erimental efficiencies of the 110 ].lm and 600 ~m collector 
, 

'particles. calculated as described in the previous section, were analysed 

by IIlltip,le regression, with a procedure similar to that described in 

Chapter S. The 110 ].lm collectors were analysed first and the donclusions 

drawn were used to narrow thl'J search for an efficiêncy equation for 600 ~rn 

\ -collectors. In Section 6.6 it was determined,that the dominant collection 

_cJlanisa in a fluidized bed i5 ~e~l deposition. , This can be C~~firmed 

qualitatively by inspeetion of Tables 7Yand 7.5. As seen from t~ • 

ta.b1el, partlcle efficiency gces up quite sharply wit~ increasing aero~ 
du.ter, proportiœal to s power of sorolol dlameter grester than unity. 

'ftlUI the è&lysb cClftcentrated on deteraining the fora of the relat ionship 
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TABLE ,1. 4 Experimental Collection Efficiency of 
110 llm Collect ors in a F luid ized l3etl 

EFT x 10
2 

mx102/s (0.64 - 0.8) vm (0.8 - 1.()) pm (1. 0 - 1. 3) 
1 

4.9 0.66 0.92 1.34 

6.0 1.00 1.33 1.79 

7.2 1.24 1.77 2.57 

12.9 2.07 3.0S " 4.17 

13.1 2.17 3.43 5.10 
, 

19.5 3.27 4.84 6.60 

25.6 4.60 7.41 11.2 

34.9 5.73 ~.S7 11.9 

.. 

/ 

\.lm 

i , 

-
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TABLE 7.5 Experimental Collection'Efficicncy of 
6()0 }lm Collectors in a F luidized Bed 

EFT" x 10 2 

U,mxl02/s (1.0 - 1. 20) J..Im (1.2 - 1.5) ).lm (1.5 - 2.0) 

38.0 3.29 16.1 73.8 

43.7 5.56 27.2 126 
• 

49.2 8.32 33.9 216 

54.8 9.81 45.1 187 
. 

60.8 13.3 52.4 ,295 

73.7 17.0 74.9 -----

1 

, 

).lm 1 

., 1 
1 

.. ... -
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between ,individual particle collection efficiency and the inertial collection 

parameter, St. 

7.5.2.2 Analysis of 110 ~m co1lectors 

The 110 ~m collector partic1es were analyzed by testing two 

hypothetiC'a1 models. A notation similar to the approach of Olapter 5 is 

qsed, the model tested being identified by a letter (S for 110 ~m, B for 

600 ~m) and a number. The two models tested were as follows:· 

Model lS assumed, in accordance with the two"phase theory of 

fluidization, that the relative ve10city between collector and fluid is 

the minimum f1uidization ve1ocity, irrespect ive of U. Thus, 

(7.85) 

'Ihis modell disagrees with aIl previous studies, which claimed that iner-, \ 

tial deposition for 'micron range particles in a fluidized bed is negligible\ 

Mode! 25 i5 an, extensiOl\ of the first hypothes)s. It incorporates 

an additimal terll which allows for the enhancement of inertial collection 

; ,J!It.used by the aotion of collector particles induced by rising )rubbles. 

(7.86) 

• 
It is tbus usu_d tut tbe enhance..nt of inertial collection i5 a linear 

functiOll of the ratio of bubble to dense phase ps flov. * The coefficients 

of. tbe.e two IIOdels were detel'llinecl by IUIt!p!. repssian and their 

*It is iIIpUcit ly assu.ed ben that the bubble phase tlev is (U-Uaf) as 
pt'ediaed br the .i.ple two phase th.ory. Sinee the value of n In 
Equation (7.33) is essentially unbaown, there is littl. point in ineluding 
it ln &Il • ..,irical cottelatin, equation. 

J" 

\ 

f 
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values are given in Table 7.6, together vith the ,square of the adjusted 

lI1~tiple correlation coefficient, R2
AD , and the adjusted standard resi­

dual, SAD (see Appendix P). Inspection of the table shows that Model 25, 

which incorporates the dimensionless velocity collection parameter 
U-U 

( umf) and yields the following efficiency equation 

(7.87) 

i5 far superior. lUth R2
AD - 0.989 and SAD - S.SxI0-3 Mode 1 25 explains 

aver 98\ of the variation in experime1'rtal data and is an a1most perfeet 

siallation of the process of' aerosol reÎaoval in the bed. This is shown 

acre cl~arly on Figures 7.10 ta 7.12.where the ex,perimental efEiciencies 

of the three aerosol sizes are compared vith the predict ions of the tvo . . 
.-ciels. 1he fact that the doainant collectien il mertial c:teposit ion, 

enhanced by the f1uetuating movement of collectors induced by the bubble 

phase, is \Dldisput.able even for 0.72 UII diameter alrosol partieles. 

Pemaps an illustrative cOllparison with fixed bed e~rillents should 
, 

he ude at this point. The second ter. of Equation (7.87) tends ta zero 

as U ... Uaf. Thul the efficieney of the fluidizld bed eollector partiel.s 
r 

extrapolates to the Stokes nuber at minill1ll f1uidizat ioo Dlltiplied by 

• factor of .3. 7. Coaparison of this wit, the best equatiClll prelented in 

aw.apter 5 for col1ectim in fixed beds of UQJrr co llect ors 

(5.22) 

'IJ ne coefficient 

01' lIqUation (7.17) 11 111"'tl" Il!p.r. COIIpeUatinl for the nOllect,d effect , 
• '1 

• 

f , , 
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F1GURE 7.10 

-271f 

Measured and predicted collector efficiencies 
in fluidized bed as a function of superficial gas 
velocity 

dn - 110 lIm 
roll circ le J dA - 0.72 ,1Im 
broken lin~J model IS 
soUd ~Jine., model 2S 
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FIGURE 7.ll 
\ 

Measured ~d predicted collector efficiencies 
in fluidf~ bed experiments as a function of 
5uperficial gas velocity 

cl.. - 110 \lm 
ftîu circle, d - 0.90 \lm 
broken Une - èodel 1'5 
solid line ~ model 2S 
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fIGURE 7.12. Measured and predicted collector efficiencies 
in fluidized bed experiments as a function of 
sUperficial gas velocity 

----- ... \ , 

d - 110 \.lm 
fRIl circle, dA : 1.15 ~m 
broken line -~e1 1S 
solid line -model 2S 
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of gravitational scttling. This terrn- could not be determined separately 

" 

• 

in the flu ·élized ed since, lik~ St
mf

, it is proportional to dA' and Umf t 2' 

cou ld\rot ",~a~e _ n th'le ~ame way as U in the f ixed bed exper imcnt s. 
'- \( 

Thus, this remarkabl~gr~~nt between two completely different types 

of expe riment 5 • perf.~_~~~' different aeros.1 5 hes. feHect 5 the 

predict ive accura~y of the -co11ect ion equat ions presented in th is study. 

7.5.2.3 Analysis of 600 ~m collector 

The analysis of 110 ~m cQIlectors established the t'orm of 

Equation (7.86) for aerosol collection in the bed. A preliminary analysis 

of the data efficiency data presented in Table 7.5 showed that, for the 

600 ~m collector particlcs, the dependence of inertia1 collection in the 

fluidized bed on the Stokes number was of the form 

(7.88) 

where E. is a c,on st an t • lhe ana lys is of 600 pm co llect or part ic le s, th us, 

concentrated on the dete~tion of this constant and Models lB to SB 

-' 
tested the hypotheses that this constant was c - 1.0, 2.0, 3.0, 3.5 and 

4.0, respe~tively. The results of these computatiàls are presented in 
" 

Ta~le 7.6 together with.~rrespCllding R2
AD and SAD values. Inspection of 

the table will show that 3.0 < c < 4.0. As the efficienc{es of (1.0 - 1.2) um 

aerosol were far lower than the other sbe ranges (Tables 7.S). -~~y played 
, 1 

a weak role in. detenlining the' coefficients of ModeIs lB to SB. Thus the 

predicted efficiencies of this size range are essentially an extrapolation 

,of, the correlated coefficien1:s detel'lllned by the large st two size ranges. 



Fr 
i 
i 
1 

1 

1 
1 

fl 
IJ 0 

~1 .. 
! 1 
1 ! 

~f 
~l 
• t 
,-1 
, , . 
l 
l t ~ a 

L. 

:.t 
4 ~ 

ct 
lef 
~~ 
t -

J ~ , . 
~~! , 

j 
'l 

1 

J 

e­
~ 

d 
~ P . 

110 pa 

110 )18 
a -, 
600 .. 

600..-
600 __ 

'" 
680 .-

600.-
, -, 

7 
( 

:.-

1 

j 

, 

f.. 

./ 

~,~ ua ME « • Q.qq::""'Ci'''~ """1$ S 
............ _ ~ .,-4(6'f ..... -,..~ 

/-

, 
TABLE 1.6 

c .. . . 

" 
Mode 1 Fitted Regression Equation 

. -
~ -

15 -42.9 Stllf 

25 3';.-7f) st-llf [1.0 + 1.S6(U-Umf)/Umf] 

18 61.5 Stllf [1.0 ~}.9S(U-U~)/Umf] 

28 _ 3.69x103St211f r 1.0 + 6.72CU-Um)/Umf}-

. 1. 40x10S C;t 
3 
af [1.0 + 24.3 (U-UllifJÎUmf J 38 

- , 
48 8.S9x10SSt3 , S

mr [1.0 + 43.1(U-Umf)/U~ 

SB ',~r 6.l1X10
6
St4 •0 mf [1. 0 + 64.3 (U-Umf) IUmf) . 
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Statistical Ana1ysls 
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0.749 

0.934 

0.983 

0.983 

0.976 

SAoX 102 

2.9 

0.55 

0.58 

0.30 

0.15 

0.15 

0.18 

~~ 

'­t. 

~ .. ,4.8 .. :;;;O :; 

1 
N ....., 

1l 

~ 

~~ ( .,.,.i. ..... k 

t-

, < 

'. -; 
-~ 

;. 

i 
:t 

cf 
;.. 
:0, 

j 
). , 
J 
~= 

'1- -,\ 

d , 
:. 
if 

~ 
~ 
'01 

J 
,f 
~ 

l 



1 
.. 

-
\ 

, . 

FIGURE 7.13 

--"" 

\, 

-2~ 

Measure

t 
and predicted collector effiaiencies 

in flui i~ed bed experiments as a function of 
superfi laI gas velocity , 

d - 600 }.lm 

:fB,p circ le, dA - 1. 1 )lm 

irregular broken line - ~odel 38 
broken line - mode 1 48 
solid line - model SB 
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Therefore, Modcls 3B to SB were teste~ graphical1y by comparing the pre-
, 

dictions of these Models for the (1.0 - 1.2) ~m with the experimental 

points. This is shown in Figure 7.13. Inspection of the f.igure shows 

that Model 4B, which assumes that·c - 3.5 is superior to the other two. 

Assumption of c - 3. (Mode1 3B), overpredicts the experirnental efficiencies 

of 1.1 ~m Aerosol and assumption of c - 4, Model SB, underpredicts them. 

Thus it may'he concluded that Model 4B is superior in describing the 

Aerosol collection efficiencies of 600 ~m collector~ in a fluidized bed. 

This yields the following efficiency equat ion. 

(7. 8~) 

which simplifies to 

(7.90) 

without much 1055 of accuracy as a comparison of the two contributing 

teras in Equation (7.89) will show. 

The expertDental collection efficiencies of 600 ~m collector 

partieles are plotted vith their predicted values ... calculated- from Equation 
_ •• ," tI 0 

(7.90), in F~gure 7.14 and ca.pared vith the corresponding collection 

effle,iencies of 1.7S 1I1l aerosol in a fixed r The eÏ1h~'Ceaae~t of iner­

tul eoll~ctlon is ~~t obv,ious ~ thisJ1aure where it ia observed that 

the 600 pa co ll. ct .. partieles eoU~in, 1.15 llII aer~sol, becOlllO at least 
/ , 

one oorder of _anitude aore eft~ent when fluidized by t~e eha~lenging 

"l'OIol. Thi. ineHa.e lIOre ~ off.et. th. .lf~ct of dense Phase .ixing, 

, 

t 
'\ 

1 

• 
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FIGURE 7 .14 Collection efficiencies of 600 ~m collector particles 
in a fluidized bed ~ 
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fu Il) square, dA - 1. 75 vm ~ 
• f open circle, dA - 1.35 vm 
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so that, as noted earlier, a weIl mixed fluidized bed can give lower 

penetration than a'packed bed with plug flow. 

The high power of Stmf in Equations (7.89) and (7.90) compared 

to (7.87) merits sorne comment. In part, the stronger dependence of E on 

Stmf may result from the larger values of Remf and 5tmf for the 600 ~m 

collector, as predicted by various workers for isolated collectors and 

also found in packed beds in Chapter S. Howev~r, the magnitude of the 

dependence suggests that collection is not as simple as in a steady flow 

s~uation, and this is also reflected by the fa et that individual pa~icle 

collection efficiency in n fluidized hed can he greater than unity. Pre-". 

suma.bly the fluctuating motion of the particles in the dense phase causes 

the. to sweep a gas volume greater than the particle approach volume. 

1. 6 Sullllary 
.. 

11lis ch.ptei analyzed' the experimental results on aerosol col-
, 

lection presen~.~d in thapter 6. 
, . 

A prel~.inary analysis, which sillulated aerosol collection 
... ' . 

,round an isolated spherica.l Davidson bubble, showed that collectioh in \' ~ 

" 
.. fluiclized bed -r not be deacribed br visuaUzing the lean phase as 

conllst~. of isolated bubbles rislng to the surfacé of the be~ .without 

interference froa .neiahbctlrinl hobbIes.. 'Ibis is dus ta ~act tha:, iirl ... 
,. v.zr 1Il.11ov bed, bub'ble coale.cence 'is lrequent. Subseciuen~ly, 'a theory.~ . \ - . , 

.clescribinl u1.-0101 re.wal in flu.1dlle6 bedJ wali meloped, base~ Oft the 

_UW two p~.e ~heory of flui4batiClll. It· WU Iho.m that bubble 

r-. 
!' r 
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A preliminary analysis of aerosol transfer coefficients showed 

that the particul~te phase of beds fluidited with 110 ~m collectors was 

nearer to plug flow. while for the 600 ~m collectors the dense phase was 

nearer to being weIl mixed. Subsequently the individual collection 
tI 

" efficiency of a spherical collector in a fluidized bed was derived from 

first principles. The resulting experimental effici~ncies were correlated 

by multiple linear regression. It was shawn thât the dominant collection 

sechanism of micron range aerosol particles ~ fluidized beds is inertial • 

collection enhanced by the fluctuating movement of collector ~articles 

induced by the bubble phase. For aerosol collect~on in the beds of 110 ~. 

collectors the best equation for aerosol removal is 

(7.87) 

<4 

wlUeh explains 98.9' ,of the variat lm in exper~ntal data. The correspond1ng 

~ equation of collection br 600 ~a diameter partiele, 15 
l, 

at;- (7.90) 

. . 
which explains ,98.2" of the variation in experillental data. 'lbus t~ 
~. . 

accuncy of the above CorrelatiCllI 
-- l 

Is ae~trated and they are sUllested 

as usetui .11p eq.tiClls. 
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CHAPTER 8. INOUSTRIAL IMPLICATIONS OF THE WORK AND 
RECOMMENDATIONS FOR FUTURE STUDIES 

, / 
~ 

As has becn demonstrated in this study, \he fluidized bed offers 
" 

itself as a candidate for the development of efficient filtering devices 

in industry. The prime advantages of a fluidized bed filter together with 

their industrial implications and rJeo~ended eXtensions of the work are 

presented below: 

The .ost iœportant advantage of a fluidized bed is its continuous 
\ , 

operation mode. Aerosol particles may be collected continuously while 
\ , ., 

"spent" collectors are removed and fresh collectors added while the bed 

is ~ in operation. Thus the need for expensive batch or semi-batch operation 

is elillinated. The econoaie' advantages of such a d.-ice are then partially 

4etermined by the cost of regenerating or replacing the spent collector . 
·particles. Although this study did :not. concentTate on bed loading effects 

there is sufiicie;t ~viden~e in the literatpreM4 that'por-ous collectors 

(alumina granules, sitiea gel) can pic~ up to '7\ of their ~eight in aerosol 

before beco.ing too sticJcy to fluidize. As this proce~s is also a function 

of the diffusion rate of liquid Aerosol in a parOlI! colle ct or , further 
• 

lovestiaatian on spefific aPR)ications w~ld he desirable. However, if 

collection is achieved at liiah tellperature and the aerosol partieles are 
• .... • t', 

cleltroyec1 by buminl--!n the bec1' this "ac1ditional cost il e1illinated • 

M· .... sb ... in_ thla Itudy. very hip collection .ffieiencies 

-1 lie oka •• ,.1th • flu1clil~ bèd.. ,~4 ,an .... te c1i1te~tion 
. , 

of ... la 1dl_e4~ TIwI the cllltr1Wtor pJate a.ld he 11vl1l' prille 
1 l , _ 

, ... w._~ ... del1Pia ...... ,B' _k. ..At ... ,.~' .t.tt',bution of ... 
• ,. • tIJ ....,. 

,il SaYartalt', !'CI • ..,.alecf'r •. " ...... 1 ..... zOu LtIa. pJ.àte. pilot 
• 'f t ~ J ' 

" "J 
'~ ':;','1 ~-'\., ':. 
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scale experiments will determine the minimum operating pressure drop 

and density of orifice holes necessary to ensure initial formation of 
\ 

S~ll bubb11s and thus rapid transfer between the lean and dense phases. 

As a rough guideline, the results of this thesis suggest that an orifice 

hôlé densi y of 3xl04 hOles/m2 and a pressure drop of the order of 100 n/m2 

provide ad quate distribution of gas for aerosol collection. 

1 There does not appear to be (iln upper Hmit to the superficial 

gas vel~ity thr~gh the bed at which high collection efficiencies are 

obtain~d~ apart from the requirement that the collector particles are 
J • 

~ot ~arried over frem the bed. As the results of this study have shown, 
) 

J 

co!1ection of micron range particles in the bed is by inertial deposition. 

Since, 

then 
Ulaf 

• Q III: 

P 
,l'; 

It has been shawn in th!s work tbat EFT 15 proportional to Stmf 

to a power equa! to or greater than \Dlity. Henee the efficiency through 

the ~ ... y, potentially, he- iÎlcreased by incre~5in, the collector diameter 
'. .J> ' 

Ôr 4enllty. 'Ibis h~s ~en de~tratecl ~ this stuc1y for superfici:al ,as 

~ ' .. locities up ~o 3 -II ~ pot_tiaUy ~ hiper Ye1oc~i.s could ~ , 
, 1a 

useeS. La~ ... den •• c::oUec,tor ,articl •• are a~sô reco ... nded because their 
\ , 

teftlinal veloclty raiH. the ....... U.~t. CII\ auperfic::ial ,a. velocity. 
\ 

p.or 10114 •• roaol.. ft ia, quit. li~ly that ~ .. r~oll part ie1és 

will alll __ t. SIl the·..A, ... 11·_' ~. fl.; '01' _.11 'bouftts of' , 
,. • 1 ~ "4' j 1 11 ~'t ~ 1 .. • ~ 

, ~ ",' " " .:' - ,1,*", 
'A' .::' ":,..illt,:', ;: • 

• l"'.:.~'·, ',[',,' 
',,;, t .... "\, ' 
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a liquid ph~se, and re-entrain in the form of large particles. ' These 

woutd be more easily collectable in a cyclone dev~ce situated downstream 
~I,. 

from fhe bed. Thus r~generation of the bed collect.rs would be completely 
i' 

eliminated and t~e bed would behave as an agglomerating device, increasing 

the aerosol diameter to a size easily removed. Similarly, it is possihle 

to use the agglomerated particles as collectors, thus eliminating the need 

~to regenerate and retum, the col1ec't~r. 04 

Another important advantage of the fluidized bed is that it can 

operate at high temperatures and pressur~s. Thus it is not limited by 

these physical factors, as fibrous collectors are. It should he pointed 

out howeve~ ~hat little or nothing is known about the collection mechanisms l' .. ) .... , 

around spherical collectors in a fluidized bed at high tempèratures and/or 

pressuJ"es. AU the results of this study were- performed at ambient tempera­

ture (10 - 30°C) and pressure. Alio, there is evidenceD6 that forces 

hol~ing soUd part,ie les" to. soUd s,!"aees weake'l "'ith increasing te..,., ra-' ~ 
ture and this should he'" kept in lIind when studies with dry collectors 

and solid aerosois are perfonned. It will not, in general, he possible 

to exttJpolate directly from studies on spherical~laboratory Aerosols 
. .. 

et aabient conditions to collectiGll of irregularly-shaped industrial 

particulates &t high teliperatureS. ' 

, ' 
'. ~ t' 
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, 
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OIAPTER 9. SUMMARY 

, 
An experimental facility has been devel~ed to e~able rapid 

collection of aarosols in th~ size range around 1 ~m in fixed and fluidized 

beds of collector particles. Solid and liquid aerosols were formed using 

a commercial spinning-disk generator, modified to give an aerosol whose 

size and number con~entration remained stable over long periods of time~ 

Light-scattering counters were used to maasure the number concentration 

of aerasoi in narrow size ranges. It was shawn that, over the range of 

\hese ~xperiments, precisely isokinetic sampling of the aerosol was not 

required. Penetrations in the collector beds vere determined by difference 

from t~e sample concentration without the bed in place, corrected for small 

long-term variations in generator output by periodic sampling upstream . , 

fro. the bed. The bed diameter wa! .15 m in aU experiments. 

Por fixed beds, experillent.s were performed with 1.35 and 1.75 lJm 

aerosols in beds of -110 and 600 \.la diameter"spherical collector. The gas 
. '-2 

f~ow WB! vertically downwards, with velocity from 2xlO to .• 4S m/sec. For 

solid aerosols, it was found that bed loading effects caused the penetra­

tion to c1ecrease vith tiM. 'l1\e .jority of the ~xperu.nts vere there-

o fore pe~orIIMtcl with' a dilute liquid aeTOsol (dioctyl phthalate). ,The 

·.~rl..nta~· results .erv.cl '0 r •• ~lv. prevt~ \Dl certa 1nt y about the~ 
I~ • -~1_"I.s. of· fUtnt\. Wlder "'I.e cœditiOJ\s~ It WB' ~own that the 

. \ \ 

. prMc.lunt eol1.ction~anl ... ~ II'*Vlt.t~onal ,.ettling .Cfor. U < 

0.01 a/.ec) and iftertlal deposition (fOl' U",0.08 a/ .. c), vith all other 

._bM et _ ........ ·.;t..-fitude le .. ~lIlt. '111. followin, 

I/Itft_i. ~ ~,... for ~~Oll_i" .ett1cUila4r of • linJle 

'~ .. u..br .... 4G1e.~_ ' . .. /, ' 
IJ! 1. ~ 

/ 

! 
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EST - 2.89 St + 6.89 NG 
(0.07 < Re < 1.4) (S.2Zj 

P 

EST - 5.83xlO~2 Re
p 

St + 1.42 NG (1.1 < Rcp < 17.4) (5.21) 

For tll.lidized beds, two distinct experimenta1 arrangements 

~ere developed, the first for superficial gas velocities up to 0.7 rn/sec 
...... 

and the second for operation up to 3 rn/sec. Spherical collector partic1es 
" 

of diameter 110 and 600 ~m with density 2.49x103 Kg/m3 , and 550 um with 

density 4.Sx103 Kg/rn3 were used. A special multi-orifice distributor was 

developed, to give good gas distribution with lQw aerosol collection . 
• 

It was shawn that, in the range just above minimum fluidization, aerosol 

penetration increases with gas velocity, especially if the distributor 

iB ineffective. At higher velocities with adequate gas distribution, 

penetration decreases stead'uy with increasing gas velocity J right up to 

the point at which'the collector pa~icles are conveyed out of the bed. 

Shallbw 'beds, wlth depths of typically .03 to 0.08 m. were found t\p col­

leet 1101'8 than 95\ of the ,chal~g,ing aerosol. Liquid aerosols vere 

cpllected stably Wltil the concentration on the collector reached such 

a level that the bed "froze'''. Por' soUd ae1'oso15, the collector was first .. 
coated vith a layer of a non"~olatile liqu~d; collection then occurred 

! , 

at the .... rate à. for~a liqui~ .erosol. with no evidence of re-entrain-

~t or other unlteadr ch&racteristicl,. Collection rates inereased vith 

.. roaol pat,ticl. sue. Por the 600--. puticl •• , &-1'&11 .. of ps super .. 
.... 

&1&1 ve10city wu f~d in which the penetration in the fluidbed bed 

VU lC!"l' 'tUa 111 ~ ,kM bU .nted .... ft the .... condition •• 
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The fluidi,zed bed result,s wtlre analyzed in tenns of established 

thcories of the mechanics of fluidization. Tt was shawn that aerosol is 

trapsferred from the bubbles te the dense phase primarily by bulk gas flow, 

with negligible contribution from Brownian diffusion. By calculating 

aerosol collection in the cloud region around a Davidson bubblc, it waS 

shown that the ·results ~a~not 'he interpreted in terms of a model based 
l ' 

on non-interacting gai hubbles rising through the collector bed. The ., ' 
, ' , 1: 

'llodel for fluidized bed reacters proposed by Orcutt ~~. was extènded, fi 
; 

to incorporate modifications to th~ simple two-phase theory of fluidiza- ~~ 

tion and to describe aerosol collection. It was shawn that, as a result 

of frequent bubble coalescence, aerosol transfer between the bubble and 

dense phases was very rapid'in these experiments. 50 that collection 
1 

was'determine~ entirely by processes occurring in the particulate phase. 

The depe~dence of aerosol p~netration on bed depth predicted by this 
" 

.odel was found to agr&e c1o~ely wit~ the experiments, with the dense 
v 

phase gas in plug flow in the 110 ~m particles and,fully mixed in the 

600 l'~ particles. New exprsssions for the colleëtion efficiency of a 
, .. 

particle in a fluidized bed were developed from first, princip1es, based 

on the modified two-phase theory of fluidization: 

, ) 

[ 
U-U f] 

- 3.7Q Staf 1 + 1.S6( 0 ") (dp - 110 lIlIl) 
lIf " " 

(7 .r~1) 

l' - \ 

[
'ft UU J 

1 - 8.S9xlO
S St~S 1 + 43.1( ~ Ill) 

, lIf 
(d - 60'0 lJm) 

"P J t 
••••• (7~ 89) 

1 
" v 

.. HCCJDd te1'1l 'la •• d." of di ••• "'t ~CIIl' li daaiDaDt, pd delcribt!s 

.. ~t of in.~1al ""0I1t1Gft br the fhactuat1nI-p'.rticl~ lIOtion 
" -.. ~.., ... .,.,11'. 
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'. C.LAIMS -to ORIGINALITY 

1. Development of experirnental systems to enaMe rapid deterrninat ion 

of aero~ol penetration in fixed beds, and in fluiàized beds at 

intermediate and high gas velocities, with penetration based on 

number concentration for narrow size ranges. 
'" 2. Design of a distributor to give good gas distribution with negligible 

aerosol collection. 

3. Developrnent pf an experimental t~chnittfe ta deterrnine collect ion 

efficiencies in a fixed bed, without bed loading or end effects. 

4. Unambieuou5 identification of the dominant cqllection mechanisms 

of micron-range aerosols in fixed and fluidized beds. 

S. Presentation of useful desian equations for the collèction effieiency 

of ~ individual particle in a fixed bed. 

6. Comprehensive experimental data for aerosol penetrltion in a fluidized 

bed of realistic size operated at industrially viable g85 velocities. 

7. Analysis of aerosoi collection in fluidized beds. based on the modi­

fied two-phase theory of fluidization, and ,of collection in the cloud 

region of a Davidsan bubble. 

1. ~riv.ation, fro. tirst principles, of a .eaningfui defini~ ion of 

1ndividual partiele co~leetlon .ffieieney in a fluidized bed, and 

4evelopMftt of us.ful de.ilft eoriela~ions. 
" ' 

8. DellOftltrat~on of ne.l1.ible re.lItanee .to tran.fer between bubb~e 

, .. 

\""" ~ 
and pattlculat. pha ••• in • Sha~ow fluidized bed eollecting aerosol. 

~, , 

~ \ .. j ~ • ~ 
, y .! '1 ~l 
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l~. Demonstratiôn that the particulate phase of a fluidized bed ;oes 

not behave in the same manner as a fixed bed for aerosol colléction, 

50 that bubblo induced particle motion causes higher individual particle 
J 

collection efficiencies. 
: 

Il. Demonstration that aerosol penetration in a-shallow fluidized bed 

operated sufficiently above minimum fluidization decreases monotonically 

with increasing gas velocity • 
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" NOTATION 

col1ecti~g surface area of e1ectrostatic precipitator 
(1.0), Il 

cross sectiorta1 a~ea of bed (S.5a), m2 

coefficients ,qf regression equation (5.14), dimension1.ess 

intercept of regression equation (5.14), dimensionless 
. 3 

concentration of aerosol particles, part/m 

free constants, defined in equations used 

coefficient matrix 

effective diffusi~ity (3.25), .2/5 

diamoter (1.2), m 

deposition efficiency of collector particle (3.1), 
diaension less 

~otal collection efficiency of a collector particle in 
• fixed bed (5.1), dimensionless 

total collection efficiency of a cOllect~article in a 
fluidized bed (7.73), dilllellsioniess •• 

Stokes-Cunn~&ha. slip correction factor (3.30), dimen­
. s.io1lless 

electric field intensity (.12), volts/m 

fUnct ion of variable in brackets . .", 
~ ,,' "'~ 

fraction of aerosol Ilot ~l1ected (1.1), diMnsionless 

""" per cent of ~erosol Ilœ col1ected (2.1), dimension1.ss 
,.----) 

funct ion of ~~riabl. in brackets 1 
.0("-riC P' flow rate (7.2), .S 1. 

acceleratlan clue to aravity (2.6), a/.2 

fItptJa of lUter (2.10), • . \ -
. . ) 

. " 

. , 

. . 
!(;::..~';m,."i>'.\':""" " 'b! ' ... if.:' j \., ~.r It ( 

. ,:, .. , .. ~'irJ'wr..',.' ... _ ~,l .... J,l;k_1, .. ,·L. 
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distance from Inlet surface of bed, • 

empirical parameter of modified two phase theory (7.32), 
dimensionless 

cgllection parameter based on unit dense phase mass (5.4a), 
.. IKgs ' 

collection parameter based on unit dense phase volume 
, (S.3b), 5- 1 

uss transfer coefficient of aerosol particles (3.23)', 
ais 

Boltzmann' s constant (3.29) 1 j oule/<1< 

interphase mass transfer coefficient due t() throughflow 
based on unit, bubble volume (7.6a), 5- 1 

"" interphase mais transfer coefficient due to diffusion 
based on unit bubble volume (7.6b), 5- 1 

collection co~fficient per unit bed height (6.3), .-1 
aRS5 of collector bed (S.Sa), kg 

, 
USS of coUector panicles pet' unit bed are a (S,Sa), 
kl/.~ ( 

USS of co'l1ector bed at height h CS.Sb), kg 

_55 per uni~ cross sectionsl area of bed at' height h 
(S.Sb), kg/m -

solutions of Equat,.ton (7.47), .. -1 

collection par~er (3.17), dimensionless 

eleetrolt.tic collection paramoters delined' in Equations 
(3.41 - 3.45); dilensionless . 
aUilber of spherical collectoI' p,rticles pel' unit dense' 
pha .. yolu.e (5.2). partieles/r 

~r of transfer unlts.(6.3), di.ensianless 
, 

..,lrlcal puueter of aod1fl. two phase the ory ; 
(7.33). cU_l'ionle..... , 

Olapter 7 

. 
t~.r .. rate due te.- tkrGUlhflOW (7 •• ) • .J / • 

\ 
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electrostatic charge on partiele, coulombs 

rate of deposition of aerosol particles on a eollector 
(3.23), partièles/s 

alltiple correlation ceofficient (P.16) 

polar co-ordinate, m 

radius (7.4)) • . 
residual me~n square (F.9) 

sua of squares about the sean (F.14) 

sua of squares abOut regreu ion (F .14) 

sua of squares due to regression (F. ~4) 
absolute temperatùre (3.291, o~ 
superficiai aas velocity (2.1), mis 

alar.tion velocity of aerosol ~artieles (1.2), mis 

superficial velocity of lUXi ... aerosol penetration (2.3),' 
a/a 

settllna veloeity of aerosol particle (3.39a), mis 
. 

interstitial fluid velocity in a fixed bed (5.6), ais 

volUlle (7.2), .3 

_ collector partiele velocity· relative ta bubble (7 0 ,11), ./5 
1 

• • et of'dependent variables in rear.ssion analysis (S.14), 
,dt.enliœle., 

ind.pendent, variable in reareslion analysis (5.14), diaen­
.ian1.,s 

distance f~œ x-axes pet'pendicular to direction of flàw 
(3.2). a 

.. nlol partiel. 
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F 

f 

fluidized bed eollector 

H 

1 

in 

fluid 

depth 

inertial 

in let 
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'. nuaber of independent variablés in regression'equation 

n 

P 

pl 

R 

'., 
r 

_1 

T 

, . '. 

• 
• 

.iniaum fluldization 

nu.ber of experiment1LI 'poi,nts 

nuaber of stages 

out-let 

collector, partiel. 

plui 

blt.rcept ibn 
i 

.1"OtaMt.r prelsun 

polar' co-oI'\tlDat. , 
~ 

_'-U.v. bltWMn collector and fluid 
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collection,constant (2.1), dimensionles~ 

fraction pl the gas passing in the bubble phase (1.43a), 
dt.ensionless -

diffu:s~al collection constant (3.33), dillensionless . 

par~ters of regression equation (F.I) 

coincidence loss factor (0.1), dimensionless 

,pre~s~~ difference ~oss length H of fUter (6.2), 
ka/as , 

elfect of fixed bed-support plate interface on aerosol 
• éolleetioR (5.11), dimensionless 

effect of fixed bed air interface on aerosol collection 
! (5. 9), diJlens ion le s s 

die-lectric constant of', aerosol pa~icl. (3.42). diiDéns~i~less 

dielectric constant of aerosol particle (3.42), dimensionless 

'1 'ru;~,.f/if tWe _pee (3.41) ,c.ul • .,.2s 2/k .. 3 

po~~~ ~o-or~~~~e. radians 

viscosity (1.2), ke/.s 

ratio of circumference to dla.eter of a circ le (3.23), 
dœnsionless 

clensity (2.6). ka/riS 

surface tens ion of liquid (4. ), ni. 

variaftce of rerression lin. 

cliMna tan le .. , t 1ae (3.5.) 

f1uicl acre .. Une, .3'1 
_plar ..,...s (4 •• ), ra..las/. 
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~ APPENDIX A 

DERIVATION ~QUATIONS 3/5, AND 3.6 
; 

Consider the motion of a ;tp erical Aerosol particle of diameter dA and 

density PA', carried by a gaos tream approaching a spherical c611,ector 

of diameter dp at velocit U remote from the collector. Taking Cartesian 

'coordinates, the canponents of the equatioo of motim for the Aerosol 

particle are: 

{Al} 

(A2) 

liIfIel'e the velocity ccçcnents of the Aerosol partiele are ((UA)x' (UA)y) at 

tiwe t, (Fx' F ) are the components of the drag of the gas on thé particle, y . 

~ and it is asiumed that gravitationa! effects are negligible. If. as is 

. . 

the case in the present work, the Reynolds nu.ber of the Aerosol particle 
" \ / 

is ._11, th en the drag cOlllpmenets are given by Stokes' T.aw as: 

(A3) 

r 

(A4) 

...... <Ote1).- (U~1»: are th. CaapOlle1lts of th. ps v~locity relative 

to th. coU.ctor partiele at (x,y), tni' li il the P' viseosity. It is 

J.lfl1CitlY ulUld, in BqUatlonl (A,{) and (A4), that( ,the •• rosol particle 
. 1 

lt 

1 
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/ , ' . 
" is so much smaller than the collector that ib,has negligiblc effect on 

the gas 'flow, and that thé ratio of PA te the gas den5ity i5 sa large 

that drag cemponents due te histol'Y and virt.ual maS5 can be neglected., 

Substituting Equat~ons (A3) and (A4) iote (Al) and (A2) a~-simplifying 
i , , 

yields 

(AS) 

(A6) 

, 
It is convenient to render tnese equations dimensionle5s in termS of: 

,f 

(A7) 

• 
(Ure 1)' x - (Ure1)/U (Ure 1) 'r - (tt~l)y/U (AB) 

or - 2tU/d 
P' 

(A9) 

(AlO) 

, ..h.uans (AS) and, (A6) th ... Yi~W the diMnsianl •• , oquatiOlls of _ion 

. 
" . . cl(UAl t Je 1 

St - [(Urel~' x - (UAl '-xl • th 
1"): 

clCU )' 
.;. [(Uz:tt) t Y - (UA)' 1 ]. St :A l 

• 31 . 
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APPENDIX,B, 

-.. 

DERIVATION OF .INTERCEPTION PARAMETERS FOR IDEALIZED CASES 

B.l St ...... 

Interception may be regarded as the irtcreased, collection resu1ting 

from the finite size of the aeroso1 part,icle. In the limit St ... "', the 

~particlels inertia is so high' that it follows a rectilinear trajectory. 

Henee all partic1es in an approach cylinder of diameter (d
p 

+- dA) are 

co11ected. whereas for vanishing1y small aerosol the corresponding diameter 

is d. Thus the additiona1 collection due to interception 1s described p 

by the efficieney 

E -R 

1rd
2 

/4 
P 

Por s_l1 dA' ER ean he approxi_ted as 

Ba -

8.2 St + 0 

(3.16a) 

[) 

(3. 16b) 

la tilla cue, th, particle iDerU. !I '0 l-'at it follows 

th .... streaaUlle.. CoUectlœ clue tG' iftte!CepU .• la theref~e deter-
1 • , 

.... by calCulaU.Il1 the ... ~llow tht" ~e ImauJu of viclth (dA/2), 

., 
, . 

, , 

l' " 
.;. r" ~, .. 

·' 

\ 
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• 
around the equat or of the collckt or. Two limit ing cases can be cons idered J 

corresponding to creeping flow (~ep + 0) and patential flow (Re
p 

+ œ). 

The corresponding collection efficiency i5 ~ost conveniently obtained 

from the value of the stream function at the outer boundary of the annulusj 

clearly this 1s equivalent to integrating the gas velocity through the 

annulus. 
, 

r 

B. 2.1 Creeping flow 

/ 

~ 
Prom the standard résult for the stream function, ., in Stokes 

flow around a sphere, the interception efficiency is 

.{r - (dA + c),) /2 , e - w/2) 
BR 

, - iJd2 /4 
P 

d 2 / d 1 - (1... A) _ ~{+. A) + 
2(1 T d,/,\» ~. 2~~ 

- (14;- NR)2 - ~l N
R

) + 1 (3.17) 
2(1'" NRJ 

Por 5_11 NR, thiS result liJlplifi~s as: 
, 
1 • 

lit .-

(3.1~) 

8.2.2 Patent1.l fie '. , 

in eDCtly ~1.,.... '~1., ,~e laterc.ptian cOll.~lon .. .' . \ 
.~·fo.ll .... : 

( 
. " 

1 1 .;t.... '. 
, ,,~, H~. :*"' 

1 
1 
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1 

2 1 
(l + NR) - N 

1'" R 

Again, for small NR, this is'approximated as: 

r 

1 

ER - 1.. 2~R + H
2 
R - (l "" NR + H2 

R' .... ) . 

~ 

- . 3NR" 0 [N
3 
R 1 

,1 

/ 

/ . 
1 

/ 

'~' , 

:'.i:I}~~~~:v f~ .. ;,.:!; .~~l,~, 

>, 

(3.19) .. 

(3.20) 
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APPENDIX C 

PRIME CALIBRATION OF THE PARTICLE· COUNTER 

C.l Introduction 

The Royco Model 200/202 particle couhter must he calibrated at 

periodic intervals, usually 2 to 6 aonth5, to compensate for the deteri­
~ 

oratian of its varlrus degradable compooents with tille. Prime calibra-

"tion is carried out by passing aerosol particles of a known size thrrugh 

the counter, comparing the indicated size distribution with the known 

• distributim, and making any necessary calibration adjustments·. Thus, 

the accuracy of the procedure is a fun ct ion of the Ilonodispers ity of the 

test aerosol and of the individual performing the calibration •. " Usually, 

as 'the particle 5~e distribution of the test aeroso! ls not precisely , 

1-
"- own, 50. judgementf on the part of the individual is required. This 

.. ':lts in -.:Jl .. d.ifJeMnoes in cali1mlt-iœ of the instnmaent depending 
"' . 

on who perfOl'1ls the task. It is strongly recœmended that latex particles 

_ ~actured by Dow Cheaical COllpany. Midland, Michipn, be used for a 

test aerosoI" These part.1cles are available in il spectl'Ull of dierete 

sizes of exceptionaUy 1. standard ·deviatiOl'l (see Table C.l). They are 
"' } . 

"' '. spherical and ,with known physiocal constants (1nélex of refraction - 1.595. , . \-, , 

density - 1.06xl03 ka/.s). 

As • test, the latex'partiele. used in this Itudy fOf' priM 

èaUbratiCll .. ft, anal" ...... il scannin. electran .1eroseape. Plaures, 

"ç.1a .... , C.lb show .lec't1'Oll IliCroaftph. of 'th ••• pan1ele •• ta'ka by 
, . 

Dr •. D. Atac~. PuJp .. Paper.,,~ tutU:ut. of~. Hil _lys!s 

('A - 0.74) apeed to .1thlla~ 1." ~ tilt àH ..... Ily Dow a..s.cal . ' Ct..., (cl, - 0.75 1 0.0026 .) ... k ta ........ ' .. dt ... lÊex 
f ~ \ , 

~1'C~~. prCllV'u. ........ ~, ........ I ,~",:~_M •. '''. partiele 

'.,.. .. • ~ 'l. J ~ 

,,' < 1\ 
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TABLE C.l Latex Particle Hydrosols Manufactured 
by Dow Chemical Company. Bio-Products 

Department, tt ... and. Michigan 

0.150 

1.171 

1.190 ... 

2.68 

.Accurac 

:t O~0026 

:t 0.013 

:t 0.0126 

:t 0.0149 
l' 
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FIGuRE C.l 

, , 

. , .. 

,. 

Scanning electron microscope photographs of Dow 
latex sphere: 

al .... 1fic:at ion x 6800 
h) ~ifieation x 27180 

, .' 
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C.2 Description of Generator 
/ 

Roycct}nstruments Inc. manufactures an aerosol pnerator 

(Model AGS 256) which is t&eoJllllended when prime ealibrating the partiele 
,J; 

eounter. The generator 1s shawn schelllatically in Pigure C.3. COIIpressed 
, 

air is used as a source of air for the atomber and drier. The input 

air line pressure is regulated at around 2. OxlOS n/m2. The drier air .-
valve controls the total volWle of air th~t passes through the drier- to 

the Aerosol mixer-tube. The drier air flew should be set to at least 
... . ...) ~ 

1.6xlO-4 .3/s to provide an ample supply of dry air. The drier"is filled 

with anhydrous calcium sulphate the colour of which changes fran pink 

to bille .... en A'turcted .i1Jh lIOistuTe. Proll the drier the air ~ses 

through a 0.3 \.la fUter to the aerosol aixer-tube where it is l1sed to 

clilute and dry the Iloist Aerosol fta. the atOilber. The atomber is a 

... 11' nebulizer or Jet pUllp. The input air causes a partial reduetion in 

pressure over the Jet that pratrudes into the water, 50 tl\at the .ater is 

clrawn out of the Jet to he' dispersed as a fine spray. ~e sti'e .. of 
J 

panially evaporated _ter and latex partieles flews out of the atOllber, ~ 

, ......... ~rGUah the fUDIMl ancl into the Aerosol sixer tube. The air fre. the 
1. • ? 

Rler ,.. ... iDto th. aerOlol llixer tube at two points in a direction' 
,.., 

that ClUMj' t~. air 1re. the ,tt"1er to ,~low mto a helix around the air 
. 

tr. the at_la.r. "'!abl, _ter is thua evapontecl. At the eDcl of. 
o \ 

tl. uroaol ~I'-tube. the OIltpIt air :li clnvn offaxlal1y • while the 
" 

..... air mta araua4 th. peripllezy tif the Mit. IItreaa. 

" 

.. 
.. ,." 

_~ ,,:,&:11,; ~Jt:)~?i:,V "$ ~:~~,,~f.P~'4<.L _ 

-./ 
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C.3 Procedure for Prime Calibrat iOn 

The JDethod described he low is the resu lt of the procedure.o 

recOlllJlended by the manufacturers, the experience 4 the author and 
• ,r ~ 

several private cOlUll.Ulicatiœs "ith the JIIIUlufacturers~ 

~~i) Purge the oÎtical cell (Pigure 4.3) for h'lf an heur . 
with clean air prier ta prime califration. 

(H) Clean the a\:OIIizer with acetOll~'istilled water and 

soap .and rinse at least ha If a dozen t imes .. 

(i'iÙMix a ver{ slI811 portiœ of latex material (in standard, 

eClllcentratims supplied by Dow Chemicals Co..,any) with 

about 10-5 .3 of distilled water in ~ elean container. 

i 

r~ Place the aixtu,re in an ultrasonit clemina bath for' at " 

least 20 .mutes te break any agalOlll8rates formed. * 
. 

(tT) Pour the partiele .i:xture "0 the llebulizer and tum on 

the air floW until a famt aist appearl on the walls of 

the nebulizer bow1. 

(v) 'l\am on the drier air. 

(vi) Connect the drier output (Figure C.3) te the partiele 

counter tnlet. • 
," 
\ 

(vii)Operate the particle counter at a flow rate of Sx10-6 .3/s 
,,-

alter havinl aUowecl a OIle-and-a-half heur W&X'II-up periode 

(vll1jlblitor three sh. raies entend around th, known si~e 

peak. 

'" • 

• lM Ct; l'lit. da th •• .,.rllatal procMa.,. of ru.t.Jcy (Seet!cn 2.2.1.2), .. 
, 1 

,. 
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(lx) Make the necessary adjustments to the particle count.er· 

'Wltil the monitored aerosol·l'peaks" in the correct size .. 
range. Thase adjustments are described in detâil in the 

J88Jlufacturers' service manua IRS • 

Il 

C.4 Operat ing Hints 

The following are usefu1 operating hints: 

Ci) Possible fracture of latex particl.e.s br excessive air pres­

sun! in the nebulizer should 'he avoided. 

(li) AggloJDerat'ion of particles mst he avoided by placing the 

solution in an ultrasonic cleaning bath as described in the 
" 

.PX1lvi~s sect~oo. L' 

'" 
(iii)lnsufficient drying air may result in the formation of 

WII't-eT droj, lets in t:be- test aerosol (see Paret 5 ky, Sect ion 

2.2.1.2). , 
(iv) Ineffieient fliters will cause at~spherie dust tQ pollute 

the test Aerosol. 

011 (v) Bxcessive coneentratloo of test Aerosol will cause coinci .. 

• . "-

, 
denc. 1054 (see Appenciix D). 

(vi) I~re v.ter will contaainate the test ae~osol (see Paretsky~ 

Sectiœ 2.2.1.2). To check for this conditim _ke a test 

run wlt~')nothinl excèpt the distil1ed water in the nebulizer • 

. s 
4 

. , . 
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APPBNDIX D 

'CORRECTIO~ OF COINCIDENCE LOSS IN PARTICLE COUNTER 

D.l Introduction 

Coincidence 10ss in the Model 200/202 Royco particle counter 

" results from the simultaneous appearance of two particles within the 

sensitive volume where measurement takes place (see Figure 4.3). - The 

aerosol particles appear randomly dUTing the measurement interval, with 

an average rate proportional to the concentration. As the concentration 

increases there is greater probability that two particles appear at the 
, 

same time, causing coincidence 10ss. The operation is su ch that if the 

particles are not of the same sile, the larger particle masks the smaller 

one, effectively"hiding the 5maller one while the larter is counted; two 

particles of the same size produce a~ additive effec} which simulates 
1 

a single particle. Coincidence loss, therefore, i5 not the same in all 

~annelst but instead 1s a functioo of the count in a particular size 

range related t'o the total C(lU1t in that she range plus all larger 

part le les. AIso, the response of the inst::ument is such that partic1es 

tlhiell pass thr~gh the sensitive volulle less than SXIO-4s apart produce 

coinc1d.ence 10ss. 'Ibis. Sxl0-4s sepàtatiCil tIme covers effects which 

melude optieal coincidence and optical and electronic "dead tille". 

Blectrmic "dead tme" ay be rouFly desc:ribed iLS ~e tille period requircd . ~, 

,for tire fn.tru.nt to he ready to count after a partiele has been registered; . . 

If a second part le,le enters ~he sens it,iftrt volu.. durinl the ffd8t!.d t iM" . 

period it will Dot be COU1lted at aU. 

A • 

(" . 

. " 
J ," 

,1 IQ '~~ ...... ,.' , 
, '('tr 
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D.2 Correction of Coïncidence Loss 
li, 

, For experiments where great accuracy is not required# coinci-

dence loss may be neglected without much 1055 of accuracy for con~ntra­

tians up ta approximately 108 particles/m3• For situations howe~r, a~ 

in this study, where high monitoring accuracy is desirab1e coincidence 

10ss has to be considered. It can ~corrected quite effectively from a - -graph supplied by the manufacturers. In general, therefore, 

Actual 
count T 

Measured x (1 y) 
count 

T 

(D.l) 

Mhere y is termed, br the manufacturersRS , the coincidence 10ss factor. 

The ~xperimenta1 results of this study were corrected for 

coincidence 1055 by applying two methods. Por concentrations greater 
1 

than 6xlO' particles/.3 coincidence 10ss was corrected from a graph 
1 

supp1ied br the manufacturers (Figure 4.4) which relates actual count 

U per .inute, when sampling at SxlO·6 .3/5 , to JIleasured eount. For con­

centrations less than 6xlO' partieles/m3 the graph was·inaccurate because 

of the limited accuracy 'with which points can he nad from it. It was 
, . 

therefore assu.ed that Y. the eoincidenee 105S factor, could be lineari~ed 

below thi, cCIlcentratiClll. The linearization of~~incidence loss ns , . 
expressed in teriLs of t~al pa.tti~les counted in a channel and aIl -larger 

channels per .inute. suplinl at a' flow rate of SXlO-6 .3/5 • 'lbe' aveJ;age 

of two value. ot y ftn taten frCII Fiaure (4.4) and extrapolated to zero. 

11ws, at a total count rate of 1.6XI04. partiel.s/ldnu~. 

(1 

. , , 

(0.2) 



t 

,. 

• 

• 

where (RA) is actual count rate and (RM) is measured count rate, 
T T 

particles/min. and at a count rate of 1.8x104 particles/mllt 

Thus 

/ 

(1 y) _ 19,400 _ 1.0718 
2 18,000 

Y
AV 

- __ Y..::;1~_Y..::;2~_-::- - 4.31xlO- 6 min/partic1e 
(1.6 1.8) t. 104 

(0.3) 

(0.4) 

so for a count up to 18,000 part ieles/minutes while sampling at 5x1O- 6 m3/s 

(0.5) 

(D.S) 

The abave procedure was approved by the manufacturers (private cODDUni-

cation). • 

C.3 Bxa!pIe of Correcting Coincidence Loss 

Suppose that the partic1e counter is s~ling at a flow rate 
~ 

of 5xl0-6 .3, s and three s lzes of Berosol in the ranges of (1.0 .:. 1. 2) lIm, . .. 

(1.2 - 1.5) ... and (l.S - 2.0) ~il are IIOIlltored. 111e _asu~ count j 

mua of the cha11en,ing and penet~tinl urosoi and the appa~­
tfttiCl&l; .apre.sec! as • pel"Ce1lta.è. ~ .lven in Table Dl.where (2.0 li- ) . 
81 .. Ul •• th. total ftuber. ut partieles equal to CJr laraer than 2.0 Pli. Il. th ... ,..ulta are • ..,..... in th. f01'll of fiL)' and (RA) • 

• '"''III T ,T 

, . 

<R,c> of 
T •• 

1 
~ . 
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(1.0 - 1.2) lJm (1. 2 .~.5)pJll ( 1. 5 - 2. 0) lJDl 2.0 lJm + 

challenging 
'( 

• 1 
aeroso1 9939 8664 5723 2862 

. . 
penetrating ~ 

aerosol 4327 1334 319 150 , 
, 

apparent -penetration 43.5' 15.4\ 5.6\ 

TABLE D.1 Measured Concentrations of Chal1eri~ing and Pènétrating Aerosol 
c' 

" ç , 

~~el (1.0 - 1.2) }.la is the total nu.ber of c~ted ~articles equal to ~)~I,I 
or greater than 1.0 }.la. (RA) o~ channel (1.0 - 1.2) }.lm is the actual 

T .~ • 
. nuaber of particles equa1 or greater than 1.0 lJa, corrected by one of the 

wo·..,.. deaCt'ibed in eect ion D. 2. 

Thus. ,far the chall~ging '~Ol ~e ohtaln ,the folIowlng table • 

. 
(1.0 - 1.2) llm (1.2 - 1.5) }.Ill (l.S - 2.0) lJa 

" 
, 

CR,,) 27,188 17,249 8565 
T 

(RA) 29,600 18,531 8902 
T 

/' 
/ 

RA Il,070'' 9621 6005 
-

. ". 
TAILII D.2 Conect lem of Coinciclénce Los, for OlaUenaln, Aerosol 



-

The equivalent table for the penetrating aerosol is 

(1.0 - 1.2) lJm (l.2 .- 1.5) ~m (1.5 - 2.0) 1Jm 

('\t) 6130 1803 469 
T . 

" (R~) 6292 1817 470 
T , 

" 
1 

R· 
A 

4475 1347 319 

TABLE 0.3 Correction of Coincidence Loss for Penetrating Aerosol' 

1hus. the aetual penetration of aerosol in the three size 

ranges of this exaaple _y be obtained by dividing the last row of 

Table.Dl by the last row of Table 02. '!he resulting actual penetrations 

are given in Table 04 together with lUlcorrected penet rat ions for comparison. 

(1.0 - 1.2) li- ,(1.2 - 1.S)\l- (l.S -.2.0) \lm 

apparent 
pe"!tratiOll 43.5' 15.4\ 5.6' 

-""'i6 

aetul 
penetratiœ 40.4\ 14.3' 5.3\ 

, 

pet' cent 
dllference . S.l' I.It 0.3\ , 

.. 

TAiLI D .. 4 COIIpU'ùan of Actual and ~ ...... tratiœs 

.. 

l 
1 
) 1 

\ 
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As inspection of Table D4 wi11!show the differencc in the uncorrected 

penetrations is large st for the sma11est size range and if coincidence 

1055 was not corrected, this would result in an error of 3\. ~us. 

although correction of coincidence loss 15 a cumbersome process, the 

effort required is worth the extra increase of accuracy. AlI penetra-:-

tians presented in this study were corrected for coincldence 1055 in the 

~ay described above. 
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APPF.NDIX E 

OPTIMIZATION OF ROTAMETER SELECTION 

a;; III 

The eapacity of the large rotameter is fixed at 0.011 m3/sec. 

The problem is to select a small rotameter, to minimize the error in 

flow determinatiod over the whole range f~om 4.7xlO·4 m3/sec.up to the 

·capacity of the large rotameter. Let the maxinum capacity of the smal! 

rotameter be a .3/sec• Th~ accuracy of the large rotameter i5 ± 0.01 of 

full ~cale, While,that of the small totameter i5 ± 0.02 of full sca~e. 

Hence the relative error in Any individual flow rate, x m3/sec, i5) 

0.02 a/x for 4.7xl0~4 < x < a, and 0.01 x O.Oll/x for a < x < 0.011. 

'Ibe integrated error over the whole range of the .asurements 15 then 

l a a 0.02& • dx+JO.
Oll

lolXlO-
4 
•• dx 

4,.7XI0-t- x a x....v ,"" - 0.02&. 1n(2.13xI03a) + 1. IXI0-4 ~ In(O.Oll/a) 

The ..aller rota.eter vas therefore seleeted as the catalog instrument 

vhi~ gave ty sallest value f~ the abave function. 

. , 

, . 

1 

, ' 
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APPENOIX P 

MULTIPLE REGRESSION AN~ EXAMINING THE REGRESSION EQUATION 
, , 

The multiple regression model in its general form i5 

y - (P.I) 

where yOis the dependent variable, Xl ,X2 ••• X. is the set of independept 

variables, • is the number'of indepèndent variables and 80 is the inter-

eept of the regression equationo As a .ode1 it i5 assumed that Xi a~e 
'\ 

known preeiselYobut that Y is subjeet to-normal error, being normally 
J ~' 

distributed about the regression line witl'l constan~ va;iance a
2

• l'le 
,-

wish to find estiJDates bo' bi of the parameters 13
0

, 8i " 

i5 to minimlze the sum of squares 
\' 

-
s -

/1 2 
CY - 80 .:. 81X1 - 82Xr .···. 8.X.) 

~ 

, Cl 
'l1le procedure 

(F.2) 

by setting as/aBo ~O, aS/3S1 -0 and reptacing 80 , Bi by their estimates 

foi fi" If we denote t~e nuaber of observati01}.s by n, and, for convenience 

define unsubseripted l~ti,Olls over the ftUIIber of observations then 

definiDl 

,C
lj - XiXj .. X, 'Xj 

ft 

Xl Y 
ClY - IIY. ... 
. ' 

il. {, n~ - œ 

Cyy - a 
/// 

,'/ 

,J 

~ 
,1 

""1 
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. 
leads to the m simultaneous linear equations 

Cl b •• c1Y 

c2.bD! c2Y 

~/ 
• • • 

• • • • 

c.b. c y 
m (~.6) 

together with 

(F.7) 
f 

The system descri~d by (F.6) i5 conveniently solved by inverting the 
1 

(axa) coefficient matrix C - (cij ) to live the aatrix C- l - (c'ij)~ 

We then have 
l ,t .. ' 

(F.S) 
~ 

~lutlOU of these equatians ,ive. est_tes ho and bi for the par ... ters 

'0_ 81• 'Dl. quantity called the residual .an square, s2. is ,iven by 

th. fOUc.iDÎ eqti&tlClft -. .1 T 

*t!' 

.u 
• 1 

," , . . 

1 

1 , 

... 
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ànd as will be seen later it cart be ~sed to evaluate the performance 

of a model~ Once the estimates have been obtained it is necessary to , 
examine the regression equation. and have some criteria to compare its 

dependability and performance with regression equations which may inc~';1de _ 

different numbers of independent va~iables. It should be kept in mind 

that the equation describing the system should he ~s simple ~s possible 

without, however, undue sacrifice of genera~jty and accuracy. The inclu-
~ ..-

sion of more independent variables will increase the apparent accuracy 

of the model br reduclng the residual degrees of freedom but this does 

not answer the question of whether the predictive accuracy of the model 

has been i..IIproved. 'l1lere are several useful criteril~ which can he 

-. 
e~loyed to answer this question and the two mast important ones will 

he discussed here. 

, In an effort·to tackle the question of what measure of preci­

sion to be attached to our ~stillates of the reeression model., consider 

the following Identitr. 

~ A 

'y j - y j - (Y j- - V) - CY j - Y) CP.lO) 

'where ~j il the .'predicted value of the dependent variable Y
j 

and V is 
. ~ 

the,.an value of Yj definecl as 
- , 

y _ ,t YJ , . a (P.u) 
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'ô 

n .... 2 n ... 2 s:: (Y, - Yj ) - ~ (V, - Y)' - (V - Y) 
j-1 J j-l J 

(F.12) 

it can be shawn that D13 Equation (F.12) is equivalent to 

n ... 2 n... 2 
~ (Y

J
, - Y) + ~(Y" - Y) 

j-1 ;t-i .1 

(F.I3) 

" -Now, (Yj - Y) is the deviation of the jth observation from the overa1r 

mean so thè left hand side of Equation (F.I3)is the sum of squares of 

deviations of the observations fro. the œan; thi5 15 shortoned to "SS 

about the mean" and is a1so the corrected ~WII of squares of the" Y' s • 
... 

Since (Y j - Yj ) i5 the devi~tion of the jth observation from its pre-

dicted or fitted value (the jth residual) and (Yj - Y) is the devia~ion 
, 

of 'the pl'edicted value of the jth ()bservation rro. the Man we can 

express Equation (F.I3) in words as follows 

(
Sua of squares)' ISo of squares \ .$WII of squares \r 
about the llean -tabout rep-essiont {due ta regressiontP.14a) 

or 

SSAM - SSAR + ssœ CP • 14b) 

) . 
'lhus, so_ of the ,vari.a,.t.t'on can he ascribed to the regression line (SSDR) 

ad lOIIIë (SSM) to the fact that tk~ actua! observations do not aIl 11e 

on the repel.ion Une. Froa thi. ,rOc4tClure .e 1 .. thàt a way ot 

..... ~1Aa h. useful the reareslian Une will he as a predictor is to 

........ ~ 01 ...... of ",1'tI ~ da ...... f.s due to ~ and how' -
<,.. , • "',t. to 8S~ .. woaltd Ile, pl ..... 11 as .. -1. -*. ~ .. r Cha SSAR. . . 

, " 

" 
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Defining the multiple correlation coefficient as 

SSDR 
'SS7\M 

(F .15) 

(F.16) 

vtt-. are looking for a lIodel that will bring the value of the square of 
" " 

the multiple correlation coefficient as close to unit y ,as possible.' In 

physical terms. R2 measures the proportion of total variation about !the 

.ean explained by the regressionj i.e. if R2 
-0.825 then our regression 

model explains 82~S' of the total variation in the data. 

The situation is s~ightly more eompricated when models vith 

different numbers of independen~ variables are campared because of the 

different degrees of freedom in each case. In fact, if the numBer of 

independent v.riables vas Jl8.de equal to the nUllber of observations 

(n,.) then the degrees of freeao. vould he zero and the multiple ~or­

relation would he 1 1 our .odel ''predicting'' precisely every observation! 

We therefore defin. an "adjusted IRlltiple. correlation coefficient", 
Co 

Which eli.inates the apparent inerease in R due to the addition of more 

Independent variables as fol1ows·2. 

and 
.2 _ 

AD 

.' 

CP. 18) 

•• c , -

,~ 
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Another indicator for evaluating a reg~es~ion mode! is the 

standard error of the estimate ,-, 

5 - vfesidual lIlean square (F.19) 
,.." 

where ~he residua1 mean square (SSDlV (n-m-1)) ,is given by Equation (-P. 9) 

Adjusting the standard error of the estimate by' 

(F.20) 

we eliainate the effect of having different numbers of independent 
"', \ 

variables. Bxaaination of this statistic indicates that the smaller 

it is the better. that is to say the more precise will be the predic-, 

t ions of our mode 1. 

Equations (P.18) and (F.20) are used to quant if y the perfor-~ 

..nee of a regression lIOde1. However. the final decision has to he 
~, 

.. de by the ana1yst who·~ill deeide whether R2
AD is sufficiently close 

to 1 and SAD is suffieient1y s .. 11 and determine whether inclusion of .... , 

aclditional independent variables il justified by, corresponding improve-

.. nt. in these quantiites •• 

. Ci) 
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