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ABSTRACT
Collection of solid and liquid aerosols in the size range

0.7 to 2.5 ym has been examined in 0,15 m diameter fixed and fluidized e

beds of spherical collector particles. Extensive experimental results

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

Electrically neutral, closely sized aerosols were formed using a spinning
disk generator, modified to give stal;le concentration over long periods: ‘
of t}hme. Aerosol number concentrations and .size were monitored by means 1
of light-scattering counters. ‘ : -

For fixed beds, dilute aerosols were used so that bed loadiné

effects were eliminated, By var);ing bed height, it was possible to

e

determine collection efficiencies without interference from entry and
exit effects. It was shown that the predominant collection mechanisms

under these conditions are gravitafimal settling and inertial-.deposition.

PRV

The results were analyzed statistically and design correlations for single
particle collection /offitfiencies are presented.

Por fluidized beds, it was shown that high removal efficiencies
can be obtained w;th shallow beds and superficial gas velocities up to
3 »/s, provided adequate distribution of the challenging aerosol is achieved.
To interpret gh'e results, a model for aerosol collection was developed,
based ort the lhodiﬁod two phtso theory of -flu:ldizat:lon. It was shown that
the transfer botM ‘bubble and particulate phases ‘1: sufficiently rapid,
in muamj than 0,08 m, that collection 1: determined solely by
pyz::n occurring in the dense i)!uu.” Expressions for the collection '
. éﬁchnéy of individusl bed particles were developed from first principles.
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P .
. Analysis of the results showed that the predominant collection mechanism
H

i et A A i

is inertial \enhanced by the fluctuating particle motion induced by bub-

bles: As a res:l » higher particle collection efficiencies are obtained
» - "R fluidized beds than in fixed beds, so that total aerosol penetration
. in a fluidized bed decreases with increasing superficial gas velocity.

The industrial }&‘vantagés of this technique, offering a cont inuous ly

renewable filter operable at high temperatures and/or pressure, ar& discussed.
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La collection d'aérosolsy solides et liquides, dont la grosseur

varie entre 0.7 et 2.5 um, a 6t& examinfe 3 1'aide de lits fixes et
fluidésés contenant des particuies collectrices (colleﬁw\ri) sphériques.
De nombreux résultats exper}meﬁtaux ont &té ol;tenus pour des collecteurs
ayant des diamétres de 110, 550 et -600 um, Dés afrosols de grosseur 3
peu prads mé ¥ 1'aide d'un gﬁﬁ&ateur A disque tournant modifié pour
produire une concentratiqn/ stable pouf un iong laps de ,tem‘ps. La concen-
tration (en quantit§) et 1la grosseur des adrosols ont &té& gontrolées avec
des compteurs 2 1unf3r§ dévige. “ <Yy '

- Dms le cas. des lits fixes, des aérosols diluﬁém\\été e)ployés
afin que les effets de charge du 14t soient &1iminés., En var1an;-, la

hauteur du 1it, i} a &t$ possible de déterminer les efficacités de col-

o

lection sans subirg 1'interférence des effets d'entrfe et de sortie., I1

!

est dt-ontrs que les mécanismes de collection prédominants sous ces /
conditions sont la :fédinuntation gnvitatimnolle et le dépdt inertiel. |
- Yes résultats ont 68 mlys&s statistiquement et des expressions de |
"design" y’our calculer los officacit&s de collection d'une _particule s¢nt

A et pr&mtt«. S

"Pour les lits fluidisés, il &st montré que de grandes effichcités

de. recouvremnt pmcnt. 8tre obtenues avec des lits peu profonds et des

vitesses de gaz superficielles allant jusqu'd 3 w/s, en autant qu'un
dinriwt:lm adéquate de 1'adrosol est accomplie. Dans le but d'int r-
préter les résultats, un modéle pour la collection d'arosols s t§
® divelopps, modble baif sur 1a "thboris 204if166 dés deux phases” en
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fiuidisation. Il est montré que le transfert entre la phase des bulles
ot celle des particules est suffisamment rapide dans des lits moins
profonds que 0.08 m et que la collection est déterminée soulement par des
procéd&\ ayant lieu dans la 4;)hase dense, Des expressions pour 1'efficacité
des particules individuelles (collecteurs) sont développé8és ici. &
. ’ \\\L;mlyse des résultats montre que le mécanisme de collection
prédonihaﬂ\t est inertiel et est caus§ par le mouvement fluctuant des
particules\'\sws 1'effet des bulles.’ Subséquemment , de meilleures
officacités&\;de collection sont obternues dans des lits fluidisés que dans
des lits fixk;s, et ainsi 1le pénétrgtim totale des afrosols dans un lit
fluidisé décxfpit avec une v616c1t6 de gaz superficielle croissante,
Les avantages \‘industriels de cette technique, offrant un filtre continuel-

lement renouvelable et capable de fonctioner 3 hautes températures et/ou

pressions, sont sussi discutés.
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CHAPTER 1. INTRQDUCTION

L2

1.1 The Need for Removal of Airborne Particulates>,

In recent years, thelgeneral need to limit pollution of the
environment*has become a matter of increasing concern to all mer:r:ers of
society. A range of new laws s'md emission standards have been intro-:
duced, in an effort to reduce the amount of pollutants discharged to
the environment. Air pollution in general, and in particular airborne
dusts and fumes which are a‘by—pr:duct of almost all process industries,
constitute an important aspect of pollution. The need for the control
ami recovery of these particulates, regardless of th;ir source, may be

i

classified under the following headings:

(1) Heslth Hazard/— Inhalation of excessive dust, irrespegtive
L of its chemical composition, produces a serious pulmonary
disease under the general term of pneumonoconiosis, sili-
» -cosis and asbestosis being its most dangerous forms. In
recent months the news media have reported large scale
confrontat‘ions in industry resulting from the poor health
record of personnel working in asbestos mines. Another
manifestation of the breathing of certain dusts is metal-
fume fever, which though transient and non-cumulative is
an unpleasant malady. Many dusts are irritant and cause

“mtitis dnd other skin diseases.

(i1) Bxplosion Risk - Dusts such as cereals, coal, cork, flour,

M’tﬁ&r.. malt, plastics, starch, sugar and wood are capable
+ . of producing explosive mixtures with air. The explosion

—— et
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risk increases with decreasing particle diameter due to

the larger surface available for combustion, and neces-
sitates the introduction of expensive measures such as
explosign vents, isolation of equipment and fire extinguishing
systems. Ve

(i1ii) Commercial Value - Economic reasons for the development of

particulate recmiery equipment are born from the commercial

' . ) 4
value of dust and fume resulting from manufacturing processes

such as smelting, refining, crushing, grinding, screening,
drying, etc,
Thus, it,is seen that the nee;l for removal of dusts and fumes is

a recognized necesgity in industry., However, \%he} (c“ontrolhteghnology for
fine particulatas\is at a Ejuativei} early stage of development. Removal
of airberne partimﬁptas becomes more costly and difficult for fine particles
of the order of one néron. In this size range, particles are too small
for inertial effects to be effective and yet too elarge for Brownian dif-

fusion to bes rapig. There appear to be three basic types of equipment
" U .

used in industry for micron range particulate removal, h These are electro-

ams_ e

static preéipitators, fabric filters, and wet scrubbers and are reviewed

in general terms in the next section.

i

1.2 Conyentional Commercial Equipment for Particulate Removal
1.2.1 Electrostati¢ precipitators ’
- In the 'tppli‘cat:lon of elect,rostutic ‘f{orces' to precipitators the
particulate mtter comprising the aerosol is charged by passing thfough
a highly ionized region.. The material is thus removed from the gas stream
o . K “ ) - ,
| " - | A
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by electrostatic forces in an intense™électric field (around 10 volts/m).
’ 4

Collected dust is removed from the system by washing or flushir'{g the
collection electrodes (wet electrostatic precipitation) or by impacting
or rapping (dry electrostat ic precipitation). The efficiency of an electro-

static precipitator may be semi-quantitatively determined by the Deutch-
Anderson equationol ‘ ’

u ,
(-1nf) = -G'i-A ' D) .1

“ \
. j
where f is the fractional penetration of aerosol, defined as the frac-

tion not collected, A is the collecting surface area, G is the.golumetric

N

flow rate of the gas and Uy is the migration velocity of {he particles

under the effect of the electric field Wy, FE (volts/m), and is
I
. J

estimated as

.

u

q
UM - 31rdAuf 1.2)

The charge on the particle, qk, is a function of aerosol diameter, dA'
The disadvantages of electrostatic precipitatox:s are high capital and
maintenance costs. Power requirements increase with particulate mass
‘loading, and efficiency decreases exponentially \;ith increasing gas
velocity and decreasing collection area. Power requirem.e(x\;ts are also
related to dust rg_sistivity. Thus detailed designs of precipit;tors are
umlly"specific to a particular industry. Ogﬁlesby _e_f_:_gl.m discuss
the spplication of electrostatic procipiutorslforjthe Gypsum, Phosphoric

Acid, Carbon Black, Cement and Elemental Phosphorous industries. Typically,

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

1.2.2 Fibrous filters

»

Fibrous filters are generally more effective than precipitators
for removing particles in the micron and sub-micron ranges. Usually
fibrous filters operate in the region of aon-stationary filtration (s;e
Section- 2.2.2), where a significant aﬁount of the challenging aerosol is
coilected by the particles already deposited on the filter. Unfortunately,
most 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 filters makes them relatively expensive to operate.
Fibrous filters are usually replaced or regenerated when the pressure
drop across the filter, which increases with increasing filter loading,
becomes uneconomical to maintain,

«

1.2.3 Net scrubbing devices

Wet scrubbing devices operate on the principle of bringing in
contact the effluent stream with a liquid phase. There is a wide range
of designs, sizes and performance characteristics available in industry.
High efficiencies.of 'micron r;mge particles may be achieved with wet
scrubbing devices but their unusually high power requ.;lrement, especially
for removal of submicron particulates, constitutes their biggest disad-
.vantsge. They share with. fibrous filters the disadvantage that they
cannot readily be applied to hot gases, in this case WScause the resultant
humidification causes a heavy .condensation plu:O when the gas is firally

discharged to atmosphere,
%)
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' Thus, the development of efficient -and low cost devices for

particulate removal is a pressing demand in industry. *

1.3 The Fluidized Bed as a Continuous Fiiter

Assuming a shallow fluidized bed can operate efficiently at
high suf)erficial gas velocities, its potentialities as a filtering device
are overwhelming. Firstly, a fluidized bed can be operated contiruously
with no need for periodic shut down. "Spent" collector particles can be
removed and fresh or regenerated particles can be added to the bed con-
tinuously. Secondly, a fluidized bed is not subject to an uppe;r tempera-
ture limit, as the material of the collecting medium may be chosen at
will to suit the operating conditions of the filtration process. Thirdly,
the process of removal may be combined wiéh a chemical reaction, i.e. thc;
similtaneous -relqval of a pollutent gas in the challenging aero;ol.
Fourthly, heat recovery from hot effluent_streams may be achieved siml-
taneously By the simple introduction bf cooling coils in the bed.* Fifthly,
the pressure d;op across a shallow fluidized 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;
hiﬁxer‘?aerosol loadings would increase efficiency due to the enhancement
of collection by particle agglomeration mechanisms. Removal of serosols
by fﬁl.u:ldized beds, however, has been only superficially examined in the
past, both industrially and academically,

* It is well known D2,K6 that a fluidized bed is also an excellent
heat exchanger,

3y
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It appears that the potentiality of a fluidized bed in removing
particulates has been noticed at least twicé in industry. Ceok, Swany
and Colpit:tsc11 , reporting on the recovery of fluoride compounds in a
fluidized bed and filter arrangement, noted that the major part of parti-
culate fluoride removal was achieved in the bed. Although the superficial
velocity is not reported it is likely, as the process constitutes an
industrial operation,.to be quite high. Rubin and MargolinR6 have recently
reported (1974) on the drying of coals and removing fines in a two-stage \
fluidized bed. The first stage had a low moisture content and was operated
at a low superficial velocity (0.7 < U < 1.0 m/s). The second stage was
comprised of coal of high moisture content and operated at a higher super-
ficial velocity (1.4 < U < 1.8 m/s), Most of the fines were removed at
the higher velocity of the second stage; a typical mass efficiency of
95% is reported. This suggests, therefore, tha\;:\high efficiencies lof par-
ticulate removal are possible at,high velocities. »

Acaden:lc'-&iesoarch on the subject, however, concentrated on b‘eds
of unrealistic size (typically 5x102 m diameter) or on very low super-
ficial velocity ranges. Distributor designs, which comprise a most impor-
tant aspect of a fluidized bed, are generally not described and researchers
tend to treat the b;d as a ho/qlogeneo;xs contactor, disregarding the two
phase theory of fluid:lzati&n/. As a result conclusions drawn in the liter-
ltuﬁ are vague, misleading and often contradictory. A general, but .
essentially unfounded, belief seeas to heve grown up that a fluidized_

'bed operating at high superficial velocities should be inefficient. As

s result of this’ impossible designs such as s 4 - S stage fluidized bed

- "

operating &-]a have been prq»osod (e.W:thy nn

~

>
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Jacksonn , Sharmons4 ). It is apparent that for a typical industrial
flow rateM of 100 - 300 n3/s the diameter of such a device, operating
at 0.2 m/s, would be about' 25 to 40 meters. Resultant structural costs
alone would make suclé'a device uneconomic.

Thus, it appears that, if the fluidized bed is to establish
its position as a filtering device for micron range particles, it has

to be operasble at superficial velocities of tMe order of meters per

second; this has not been investigated previously.

1.4 Scope of this Work

The scope of this work is to investigate the removal of aerosols
in fluidized beds of realistic size, interpreting the results in a manner
that will facilitate scale up,or design and, concurrently, to study aerosol
romoval in fixed beds comparing the efficiencies of the two devices.

First of all, previous work on fixed and fluidized beds is
investigated in Chapter 2. The experimental methods and conclusions of
previous studies are analyzed and the shortcomings of past work on aerosol
removal in fluidized beds become apparent in Section 2.3. Chapter 3 des-
cribes the possible collection mechanisms around an isolated spherical
collector; these are direct interception, inertial collection, diffusional
deposition, mvitnt'ioml settling and collection by electrostatic attrac-
tion. Dimensionless gollaction parameters are defined and approximate
estimates of the individual thearstical collectiom efficdencies of this
study m presented. The equipment used for oxpor‘i'mts is described in
Chspter 4. Basically, three designs were developed for experiments with
£ixed Inds. !hlidiud beds snd fluidized b.di st ﬂry ‘high superficial
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velocities (up to 3 m/s); Chapter 5 describes fixed bed experiments

where the collection efficiency of a collector particle is formulated

in a way which eliminates end effeéts of the bed. The results are
analyzed statistically, the dominant collection mechanisms are determined
and design equations describing aerosol removal in fixed beds are presented.
Extensive experiments on collectifm of aerosols by fluidized beds are
described in Chapter 6. These cover a wide range of velocities, colleétor
particle and aerosol diameter, and ‘bed height. The dominant collection
mochanism is shown to be inertial collection and experiments on tl;e removal
of solid aerosols are reported. The significance of the distributor in
aerosol collection is demonstrated. Based on the modified two phase theory
of fluidization, equations de.scribing, aerosol removal in fluidized beds.
are derived in Chapter 7 and compared to experimental results. The noted
incresase in inertial collectioa due to the vigoreus mixing of the dense
phase by bubbles is formulated in the form of a dimensionless velocity
number. In Chapter 8 thel promising implications of this work for industrial
design are discussed, and extensions of the work for future studies are

suggested.
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CHAPTER 2, PREVIOUS WORK

2.1 Introduction

This chapter reviews previous work on aerosol removal by

mechanical filtration, with particular emphasis on filtration in fixed
and fluidized beds composed of roughly spherical collector particles.
Theoretically, two phases may be distinguished: stationary filtration,
and non-stationaty filtration where the collection efficiency of the
filter may change with time. Although this study concentrated on .
stationary filtration, both of these phases will be discussed in the

following sections. |

¥ Published studies of filtration of aerosols in granular beds

are few in number. Researchers tend to agree, in .general, on the nature

" R

and relative effect of important mhbwn aeroscl penetration., Pre-
vious studies on fluidized beds, however, ar?“'\(nch more restricted.
As will be shown later, most studies investigathd rather limited ranges
with relatively crude methods of aerosol generation :nd measurement.,
As a result, experimental data in the literature is limited and conclu-
sions drawn are vague and sometimes misleading. The pioneering work
' g ©of Meissner and mckle}“ ‘ (1949), hinting at the possibility of

increased collection efficiency at high superficial gas veloc'itnies,
was largely ignored by most of the subsequent studies. A m§n1 belief

| soons to have daveﬁlopod that the penetration of aerosols should be quiie
high st hrgcmluplu .of linim fluidization velocities because of
ltl mlm in the bubdble phm Except rtcdntly (1974) ., there was
mﬁmﬁi ﬂlo phnm of .gerosol ml in fluidized

Y
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(—) beds in terms of the classical theory of fluidization. The possibility
‘ of enhancement of colléction’meéhaniSms, caﬁséd by the rapid mixing
induced by bubbles, in a fluidized bed, has not been referred to, investi-
gat?d or mentioned in the literature,
Meisen and Mathur™® have investigated recently (1974) the
h application of spouted beds to aerosol removali their work is reviewed
in Section 2.4.

~

2.2 Particle Collection in a Fixed Bed

2.2,]1 Steady state filtration

»
M

2.2.1.1 Introduction

In steady state filtration the deposition of particies takes
place in a pure filter and the structural changes caused by the»deposi-
tion of individual p%rticles are assumed to beitoo small to imfiuence

F the efficiency of the filter. In stationary;filtration it is usually

assumed that the collision efficiency of particles’with the collector

T N

particles is 100%, so that a particle which touches a collector remains

2

Pl N

in contact and is not dislodged in the following process of filtration.D6

*

The two most important parameters that have been investigated are the

s
L9

superficial gas velocity through the bed and the diameter of the aerosgl

gt
.
5 xzi?‘ R

particles. Frol(tho equations presented in Chapter 3, for the collection
1, * mechanisms around isolated spherical collectors, the effect of. super-.
ficial gas velocity snd aqiosol di‘;‘tet on penetration, defined as the
- . frattion of the challenging aerosol not collected by the filter, would
be expected to be of the for shown in Figures 2.1 and 2.2,

MR N, TR SIS e el
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FIGURE 2.1 Schematic representation of the effect of superficial
= gas velocity on penetratiom ’ .

PIGURE 2.2 Schematic representation of the effect of aerosol
- diameter on penetration
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2.2,1.2 Superficial gas velocity and penetration

As the velocity through the filter increases, diffusion
becomes lesg important, penetration reaches a ma;imum and then starts
decreasing with growth of inertial effects. This was demonstrated by

the results of Ramskill and AndersonRz

(Figure 2.3) who conducted tests
on sheets of filter materials and measured penetrations of aerosols of
sulphuric acid or dioctyl.phthalate of 0.2 - 0.8 um diameter at gas
velocities of up to 2.85 m/s. They used a light sdatiering method and

attempted an assessment of the inertial effect. GillespieG4

subsequently
re-examined their data, and introduced a slippage coefficient in order

to fit hi: theory. He claimed that particles do not necessarily adhere
on impact with fibres and that the proportion so doing depends on the
size, velocity and type of aerosol particle. DormanD12 correlated the
relative importance of inertia, diffusion and interception im-some of

Ramskill and Anderson's experiments where the aerosol was dioctyl

phihalate of 0.3 um diameter. He assumed that

Rate of diffusional collection o« U’i
Rate of inertial collection « U2 (2.1)

Rate of collection by interception = apNp + f£(U)

log(£') = 2.0 - (agU2 + aJuLiapNp) (2.2)

"

where 21, op sand ap are constants, and Na is the ratio of aerosol
to collector particle diameters.
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/
Dormaﬁsthen differentiated Equation (2.2) and , from the condition that

Eéé:ﬂ% = 0 at Up; the velocity of maximum penetration, obtained '

ap - 4011}1)2'5
- . ™

(2.3)

\

Equation (2.2) was then re-written as

2-log(£') = o+ au 25U 05y yooNy (2.4)

>

F2 .

By plotting (2-log(f')) against (02 + 4Up2'5U‘0‘S) a straight line was -
obtained, the intercht on the ordinate giving ap, whilst ay and uD'here
calculated from the g%ydient.

", Thomas and Yoder'2»T3  peasured penetration of dioctyl phthalate
serosols through sand beds where the diametersof the collector particles
were (1.6 ~3.6)*i0'4m and aerosol diameter varied from 0.2 - 2.0 ym.

They deiionstrated experimentally the effect of gravity settling by
doing experiments with their fixed bed at different orientations with
respeci to gravity, Thomas and Yoder confirmed experimentally the exist-
ence of a velocity of maximum penetration for ' a given serosol diameter.
Some of their results are presented in Figure 2.4, .

, Removal of aerosol particles in fixed’ber was investigated
systematically by Paretsky’l who analysed t@e effépt of velocity on
penetration ofllgljul din;nter pol&styrcn% latex microspheres in a sand
bed of (1.4 - 2.0)’10'3- diameter collector parti¢les. . "Upshot" and
"downshot" flows weére used with/’iﬁp'erﬁch’l gas velocit;es from 3.0*10~2

to 10~1u/s and the serosol concentration was monitored by a Model

s >
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PIGURE 2.4 Data of Thomas and Yodern: effect of aerosol diameter
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JM-3000-AL Sinclair-Phoenix photometer. Initially Paretsky tried to
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 losses of aerosol. Paretsky's research was
examined in detail by the author and found to suffer from 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 manufacturerle

, 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) Possible anomalous collection at the inlet
and’exit of the fixed bed was not accounted for, as was done in‘ this
study, but was assumed to be vnegligible. Anemalous collection at the
ends of screen supported fixed beds has been observed by knettig and
Beeckxnansx3 who report, for fixed beds, an 11% collection at zero
extrapolated bed height for 1.6 um dioctyl phthalate aerosols at a
superficial gas velocity of 8.2*10-2m/s. This effect may be expected
as a result of the higher local velocities i the immediate vicinity
of the support grid. it is most important in the range where inertial
collection dominates, as in Paretsky's experiments. ¢J Paretsky found
that the latex aerosol produced contained "water Qroplets"; this, pos-
#ibly, was either because .enough air was not provided for drying or
because the watsr used for atomizing was not sufficiently pure.* Paretsky

tried to correct the effect by using a second generator, which contained

only distilled water, to provide an apparent "zero" hconsgntration.

* See Appendix C.
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d) No mention is made of coincidence losses (described in Section 4.2,2)
in the particle counter which a}e not negligible. Correction of these
losses can be made, as in the present work, with consequent improvement
in experimental accutacy.

Paretsky examined(the effect ;f superfic%gl gas velocity and
measured a velocity of maximum penetration around (8.0 - 11.0) 10-2‘75
(see Figure 2.5) for 1.1 um aerosol particles. His curves for upshot
and downshot flow gave different ﬁenetrations and he attributed the dif-
ference to gravity settling. Experimental results were correlated in
the form of semi-empirical equations after an unsuccessful app}ication

of the cell model, discussed in Section 3.3.

2.2.1.3 Aerosol diameter and penetration

;heoretically and experimentally it has been established that
as the aerosol diameter decreases penetration increas;sss . The trend
continues down to a 0.3 um aerosol diameter where diffusion becomes
the predominant nnchanis? of aerosol collection and penetration decreases
with decrease in aerosol size.D6

The earliest published results appear to be those of Freund1ichF2
who found a maximum penetration in the diameter range 0.2 to 0.4 un.
No peak penstrating size was found by hnHarLl in experiments with
liquid monodisperse aerosols, with particles as small as 0.04 unm,
produced by tho.SIncluir-LaHar gonerator and Stern gg_gl.gg, if similar
experiments, found that penetration increased as the serosol size was
reduced down to 0.3 um, Chen®S , in experiments with monodisperse

serosols of 0.15 Unm ghnotcr and glass collector fibres of 2.5 - 3.0 um

§ i A, R
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FIGURE 2.5 Experimental results of Paretsky: effect of gravitational
settling on penetration
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( dianeter, reports that a peak penetrating size. exists only if the super-
ficial gas velocity is below .04 m/s. Chen also gives an experimentally
determined "iso-efficiency point", a velocity where the collection
efficiency is the same for all sizes of particles. Thomas and Yoder12,T3

L present experiments /in granular beds which illustrate that the size

corresponding to maximm penetration increases with a decrease in velo-

city; some of their results are shown in Figure 2.4,

r 2.2,2 Unsteady state filtration

o . The process of filtration is, in reality, rather more compli- (

cated than the model assumed by stationary filtration. In stationary

filtration it is assumed that the particle which touches the fibre is

captured and never released. In reality, however, the captured particle

may be released in the course of filtration hand pass through the filter,
It appears then that the behaviour of aerosol particles after capture
is s function of theladhesive forces holding the particle to the col-
lo'ctor. The magnitude of these adhesive forces depends on factors such

ss shape and size of aerosol pmich; and collector, their contact

F nAw T T . i"‘-n;;.*«w <7

x

surface, chemical composition, elo&triul dnrgqs, etc. The subject
'has boen investigated by mamy iuthorss"ss'x‘m»ci\:“t“; and

k]

[Ep——
£ -

CornD® gives an excellent review, ' Reported studies, however, apply

to specific situations :and, ss yet, there is no th or study which

silows a priori prediction of re-entrainment in 1 quantitative

tires,

1

Noreover, the assumption that deposition is taking place in

"sn ddeslised filter whose geomstrical configuration is and steady
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with respect to time is not strictly true. In reality, the serosol
particles cause structural changes in the filter and as a result both

penetration of aerosol and pressure drop across the filter may change

P3

with time., This effect is well known in liquid phase filtration and

is incorporated in standard design and operating procedures.

Leers“z reports that the distribution of captured aerosol

.
particles on the surface of the collector is selective; the particles
tend to deposit on one another forming so-called "trees" (see Figure 2.6).

The formation of these trees results in an increased efficiency with

‘relatively small change in pressure drop. Radushke\.richR1 , on theore- .

tical grounds,suggested an equation of the form

\
£y = (o™t . (2.5)
‘ L2 L2
LaMer™ ot al. confirmed the form of the equation experimentally.

In gruiuhr beds, BnglebrechtBl describes Lurgi's "gravel
bed filter" which, of course, operates in the regiam of non-stationary
filtration, Fairs and GodfroyF 1 describe a panel filter used in a
contact acid plant burning sulphur. _ Pressure drop across the filter

varied from 2.0x10-3& to 1.5x10-1m of water with respect to time; this

"period of time is not specified but is probably in the order of weeks.

A panel bed filter design has been patented by sl'mh:'oss6 who claims -
his design is superior to the Lurgi bed. |

nmm” experimented "vith fixed beds and msasured the
increased 'Qfﬂcioncy of'the bed in collecting ﬁtox microspheres (1.1um

disseter) when different amounts of fly ash were deposited on the bed.
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( : The fly ash was added to simulate the effect of bed loading on perfor-
mance and different methods of depdsi&ion were tried, The fly ash was
periodically removed by "puffback"*, Bore fly ash added and the latex
aerosol particles were used again to measure the new penetrgtion across
the bed. Paretsky's experimental results are presented sz Figure 2.7
and from the graph we see the marked effect of bed loading on the pene-
tration of the challenging latex aerosol. Paretsky's data, however,

v .. _ are confined to the binary system latex-fly ash and no mention is made
of the deposition of fly ash on fly ash." No theoretical interpretation
of unsteady state filtration is presented in Paretsky'é thesis.

The process of unsteady state filtration has been investigated,

~ with relation to industrial applications, by Kalen and Zenz** ’ Hazlett!>»HE

Schurr ot al.5! and Blasewitz and JudsonBS,

85 investigated the removal of radio-

Blasewitz and Judson
aa{ve serosols by glass fibres and demonstrated experimentally that
penetration decreased as the bed loading i;xcrelsed. Hazlett™ studied
the coalescence of water droplets in a fibrous bed and in a subsequent
st,ml)rmS -investigated the effect of adding a surfactant in the water.
Schurx’ st _1_1.81 (DuPont Company) report on the application of deep bed
’und filters to control the release of stack particulate activity from

the chemical processing areas of the Sevanngh River Plant. The special

*t

*A “puffback” is a sudden surge of air in the opposite direction from
filtration, which fluidizes the bed momentarily, and removes the layers
of £1ltration material which sre "saturated” with filtered particulates.
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Experimental results of Paretsky: example of non-

stationary filtration
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Loe]

feature of these beds is their enormous size, having a cross sectional

area of 2,200 m? and a bed depth of 2.4 meters. Collection efficiencies
-«

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

LY
K1 “éDucon Company) studied filtration in a

diameter. Kalen and Zenz
granular bed of the efflyent stream from a FCC regenerator. They fol-
lowed the same approach as Squires by using a "puffback' bdechnique to
momentarily fluidize the bed and break the aggi'omerates when the pres-
sure drop across the bed reached a predetermined size., More than 95%
collection is reported for a particulate size range of (2 - '20) ym and
bed depth of 6.4x10-2m.

Suﬁnarizing, it appears that in unsteady state filtration,
bed loading plays a beneficial part in enhancing aerosol collection.
Increased loading, however, leads to higher pressure drops across the
bed necessitating the periodic reméval of collected particulafes by
various methods. The quasi-batch operation of fixed beds is unavoidable
and is in fact their big disadvantage. This has led some researchers
to investigate the possible use of fluidized beds for collection of

2

airborne particulates, This area is discussed in the next seéction.

2.3 Particulate Collection in a Fluidized Bed

2.3.1 Effect of fluidized bed parameters

-

2.3.1.1 Superf:lchlhgas velocity and minimum fluidization velocity

Ina pioneering study Meissner and l»lic:kley“4 (1~949) removed
sulphuric acid ;ists 2 to 14 um in diameter by passing them through
beds of solids fluidized in s 5.1x10-2m dismeter tube. - They used alumina

granules, glass microspheres and silica gel as collector particles (Table 2.1).

il

Ry e I T RTINS T




;
and performed experiments varying the superficial gas velocity through
the bed from 0.30 - 0.82 m/s. The aerosol was generated by rapid cooling
of sulphuric acid vapour and th? concentration of the aerosol was
measured by a light intensity method, Substantial decrease in penetra-
tion of the incéming aerosol with increasing superficial gas velocity
is reported. In one run with silica gel particles the penetration &ecreased
from 30% to 7% when the velocity changed from 0.36 to 0.84 m/s. This,
as will be seen later, is ip direct cgnflict with results of subsequent
: gtudies but agrees partially with the results of this study. In?pection
bf some of the experimental results of Meissper and Mickley (Figure 2.8)
;hows this reduction in pene£ration.to be 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 calculatgg from Leva's equationDZ , which may be expressed as

g0-94¢, -of)°'94 g 1.82

‘ - -3 p P
Uoe 1.1x10° L (2.6)
3 Ug

then from Table 2.1 one draws the conclusion that Ngissner and Mlckley
were operating at multiples of U.f much larger than subsequent studles.
Unfortunately, in their study, the effluent aerosol was sampled after

tvo Cyclones provided to collect the bed particles, so that the signi-

ficance of their measured total collection efficiencies is impossible

to assess.
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Experimental results of Meissner and Mickley:
penetration versus superficial velocity in a
fluidized bed
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e
ned ppxmj-” Size range U_xt0-2 Ux10-2
Material kg/n3 um /s n/s
Alumina 2.5x103 D-9 150-75 0.7-2.4 0.35-0,78
Silica Gel 1.8x10° " 90-44 0.2-0.7 0.37-0.85
Microspheres  2,5x10° 90-44 0.3-0.9 0.32-0.62

TABLE 2.1 Experimental Details of Meissner and Mickley™

A3 (1957) collected Gentian violet

Anderson and Silverman
aerosol particles, 0,54 - 1,0 um in diameter, in shallow fluidized beds
of granules carrying an electrostatic charge induced by‘charged wires
in the bed. Atmospheric dusts were removed to an extent of 97% to 98%
in 2.5x10"2m beds of 200 um polystyrene beads at 1.5x10"2 m/s superficial
gas velocity, They concluded that the penetration of the challenging
aerosol increased with increasing velocity above minimum fluidization.

Scott and GuthrieS? (1959) investigated the removal of drop-
lets of dioctyl phthalate 0.87 um in dialeter, by a 5 1xﬂo-2n diameter
fluidized bed composed of 75 - 105 um diameter silica gel collector
particles. The aerosol was genersted in a LaMer-Sinclair serosol
generator and a chemical method, based on the reaction between organic
’ostors and hydroxylamine in alkaline solutions to form a hydroxamic
acid was used tounoasure concentrntions of aorosol.ﬁ‘lkviro mesh screen

of 75 ua opening was used as & diztributor. the superficial gas velocity

¢
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was varied from 2x10°2 to 1.5x10"! m/s and an inverse dependence of

penetration on velocity is reported as follows

’

£1 e 1 __ 2.7
* y0.78 ( )

’ o
Scott and Guthrie, from the dependence of penetfation on superficial

S \
-gas velocity, conclude that the dominant collection mechanism in their

work must be diffusion., As it is well 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 but the minimum
- ‘ »

fluidization velocity (Ugg) their logic is completely at fault. A gross

experimental error exists in their work and therefore their results

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

from 86% to 72% (i.e. 14%) on increasing the superficial gas velocity

from 3x10°2 to 14.2x10°2 m/s and a collection of 15 ~ 20% of the chal-

lenging aerosol by the inlet section and screen. Collection by inlet

section and screen was not analysed as a function of velocity, ﬂmZ ‘'was

it removed from the overall penetration to give the effective penetra-

tion of the bed itself. Scott snd Guthrie justified this by statingS2:

"As these are integral parts of the fluidized bed no attempt was made

to correct efficiencies by f.his amount,." The possibility of different

collection on different distributor designs was therefore ignored. In

addition, an inlet section and s 75 um screen (200 mesh) which collects

15 - 20% of 0.87 um aerosol particles seems extremely high to the author,
" based on the experience of the work described in later chapters.

et St
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Black and Boubel B4 (1969) investigated the effectiveness of
a 5.1x10"2 diameter flujgized bed in removing ammonium chloride aerosol
at superficial gas velocities of 4.4x10‘2.to 12,7x10"2 meters per second.
Glass shot was dsed as the fluidized medium and the diameter of their
collector partiéles, although not stated explicitly, can be ingsrred
from a photograph to be around 25 um; the.type :f distributor used is
not reported nor is the value of Ups- The diameter of the challenging

aerosol is given as 0.52 um with respect to count and as 4.3 um with respect

to mass. The large geometric standard deviation, given as 2.32, confirms
the fact that the Ased a heterodisperse aerosol. The aerosol was
produced by subl npt;bn of ammonium chloride particles with an effort

to achieve mon iléérsity by allowxng the larger particles to settle

ut in a stirrld/ ettling chamber. The concentration of the particles
was measured by?‘ Binclair-Phoenix photometer and their siie was analyzed
by an optical microscope. Black and Boubel claim 50 - 90% collection

2
efficienciey and report the superficial gas velocity to play a very

weak part erosol penetration with the following- equation

(£)' « ;b.l.l. (2.8)

al, J4

Jugel ot (1970) report oxpcrilenii in removing aerosol particles

(0 - 60) um in diuour, with ¢collection efficiancies up to 95%. Diameter

snd substance of colloctor particles, typa of distributor, uthods of
‘gemeration and measurement of the aerosqy and diameter of fluidized bed
‘. are not reported. Very littlé can be inferred from their results except

the fact that they were able to remove solid serosols by covoﬂiig the

2

collsctor purticlu with .'imug'-m called ';O:tandol".
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Boubel and JungeBB "(1971) used rotating cylindrical %.nd
conical fluidized beds of very small &ianeter (4x10'2m) and trie\g to
investigate the effect of radial acceleration on the filtration *f sodium
chloride aerosol particles of, reportedly, "submicron" size. ‘lhe\ col-
lector particles were glass spheres with a mean diameter of 15 miltrons
and, as the bed was rotated at great speed, experiments at high velocities
could be performed. The method of generating the aerosol is not Ltated
and concentraﬂons of the challenging and penetrating aerosol were
determined by colle¢ting the particles on a filter and subsequent ly
weighing 1t.‘( S@erficial gas velocities varifd from 3.0 to 11.1 m/s
and efficiency decreased from 50% to 20% in the range of velocities that

were investigated. Boubel and Young conclude that

!

N
£ o« _1 (2.9)

v0.903
which is not significantly different from the results of Scott and
Guthrie (Equation 2.7). The study of Boubel and Junge seems to offer
very little potential for a practical application as it js much more
preferable to use larger or demser collector particles, thus increasing
the minimum ‘t'luid:lutio;\ velocity, than to spin a fluidized bed at
great ‘speod and cost in order to increase the operating superficial gas
velocity through the bed, NcCarthy st ajMcl invps.tignted the removal
of dioctyl phthalate sercsol by 2,5x10"2m deep fluidized beds of 135
micron diameter alumina granules in a multistage arrangesent of a 0,15 m
diaseter colm.' The asrosol was produced in a Whitby-type serosol
generstor and concentrations of the challenging and penetrating aerosol

/




()

«31-
-
were determined with a condensation nuclei chamber. Penetrations were
below 0,1% for each of sever%sizes of the aerosol when the gas Yelo-
city was just below that for minimum fluidization. For flows of@Z.S
times the minimum fluidization velocity per cent penetrations increased

substantially (see T}ble 2.2).

wt dy,um f!
1.4 30%
1.0 45%
0,67 58%
0.37 43%
0,28 42%
0.13 37%
0,06 19%
_ «

TABLE 2,2 Experimental Results of McCarthy et a1, Mcl

The conciusion of McCarthy et al. is that as the superficial gas velocity
in the bed is increased above minimum fluidization penetration must
:increase because of gas bypas'sing in the bubble phase. In their work,

a simple Kunii and LevenspielX® model is applied where the bed is viewed
as consisting of two regions, a bubble and an emlsion*phase with gas
interchange between the phases, - 'l‘he‘ir nodél implicitly assumes that

the limiting step is the gas interchange between the two phases (see
Chapter 7), which, if true, would result in equal penetrations for each
aerosol size; something which as se;n from their experimental results

is obviously not true. llr:f'm"tzutxat'.e'lyq theoretical predictions and experi-
nnu; Tesults are co-pnreé in this paper only after thekurosol pas

passed through st least two fluidized beds where, st this point, the gas
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in the two phases is mixed at Ieast twice and penetrations are in the

low region of 0 - 10%, It is important to note the restricted range

of velocities investigated, 1.7x10°2 to 3.9x1072 m/s (Upe -1.?5110‘2 m/s);
as has been proved experimentally by the guthor, the sharp\iﬁcrease in
penetration just after minimum fluidization\is'a special case when ;ieWed
in terms of the wider spectrum of velocities that should be investigated
before any general conclusions are drawn. Also, inertial effects are

M3

neglected in their study, and Meisen and Mathur and Paretsky (1972)

have shown that this assumption is incorrect even for aerosol diameters

as low as 1.1 um in diameter.

J2

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

micron particulates in fluidized beds and suggests ﬁultist;ée arrange-
ments for reduéing the penetration through the bed.

Knettig and BeeclmansKs made a study on the capture of aerosol
particles in a 12.7x10"? m diameter fluidized bed supported on a grid
of 0.56% free area. The collector particles were glass spheres of /

mesn size 425 um and experiments were performed with methylene blue-

uranine solid aerosol particles of 0.8, 1.6 and 2.9 um diameter, The /

serosol was produced with a épinning disk generator and quantitatively
analyzed by fluorometry, Knettdg and Beeckmans experimented with three
different sup;rficinl gas velocities and were unable to draw any con-
clnsions_as'to the effect of superficial gas velocity on fluidizntion.(
This particular work will be discussed in detail in Chapter 7.

Tardos, Gutfinger and Abuafl} present nu-aric’i solut}ons
for "Deposition of dust particles in a fluidized bed £1iter". As, how-
over, the supcrficiul'gns velocities in 811 their c‘leqlationi are
taken as the mm fluidization ;clocity it is not exactly clear whether’

&

-

b e ot EW L O




33

v

they simulated a fixed or a fluidized bed. They also claim, as a result
of their calculations, that pgrticles of ‘2 to 3 microns should be removed
bycdiffusional deposition, a statement proved utterly wrong both experi-
mentally and theoretically., A further inaccuracy in their work

is th;; they used correlations presented by Stechina and Fuchs®® for
cylinders ("Studies in fibroﬁs aerosol filters'") in their calculation

of diffusion efficiencies for spherical collector particles. Aerosol
collection in a \—rertical pneumatic tra;lspbrt line has been investigated
by Behie, Beeckmans, Knettig and BulaniBl » who combined electrostatic
and inertial effects in removing 2.4 um magnesium éulphate pa;'ticles

by glass beads of 310 and 514 microns diameter coated with a non-volatile
oil, Experiments were performed varying the velocity up to 9.75 m/s

and single collector efficiencies of up to 98% are reported. In a similar

4
paper Knettig and Beeckmns‘ present essentially the same experimental

apparatus with very similar conclusions and use the equation presented

J3
by Johnstone , for the efficiency of Venturi sctubbers (see Section 3.2.1),

to correlate their results.

2.3.1.2 Effect of bed depth at minimum fluidization
None of the pioneering works attempt to.explain the performance

of a fluidized bed ‘removing aerosol particles in terms of the establisl"ned'?

\

L

picture of phenomena occurimng in gas fluidization. In particular, they
seem to rnmq the fluidized bed as a homogeneous contactor while it
is apparent that a certain amount of the mist :r dust bypassing could
arise from the part of the gas which passes through the bed as bubbles.

T o, -
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Meissner and MickleyM4 correlated their results as follows
£fe<H © (2.10)

where C is a constant which varies from 0.16 to 0.34 according to the
type of collector particle tested. Black and Boube1B4 suggest a

similar equation:
£«n 04 (2.11)

It is interesting to note that Meissner and Mickley who worked with
much larger aerosois report a lower‘constant; this is probably because
they also worked at higher velocities and a sub;tantial amount of their
aerosol bypassed in the bubble phase.

Knettig and Beecl‘mansKS took a similar approach in regarding
the fluidized bed as a homogeneous contactor. By disregarding their
results with H ¢ below 2.5x10"2m they exsressed their data in a form
similar to Eq;atian (2.10); Their valuelof ¢ is different for sach
aerosol and for each velocity used and no correlation of data was
attempted. Knettig and Beeckman's results are shown in Figure 219 where
the penetration expressed as number of transfer units is plotted versus
H-f; as seen from their grn;h curves.rather than straight lines will
represent their ro‘sults,_ moreé accurately, '

McCarthy ot n.llcl did )all‘ their experiments with Hpp = 2.5x10"2m
and, while recognizing the presence of bubbles, no investigation of the

effect of bed I\oiﬁlt on Subble size and penetration was attempted,

4
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penetration versus superficial velocity in a
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Tardo§ gg_gl,Tl by basing their calculations on Umf simulated
what was effectively a fixed bed. Their wo;k is purely theoretical,
and bears so little relationship to reality that it need be considered
no further. ‘
o Jacksong in his review paper recognizes the effect of gas
bypassing in the bubble phase. We are not aware of any other studies

in the literature that attempt to explain the effect of bed height on

aerosol remanl in a fluidized bed.

l
!

2.3.1,3 Effect of dissributor 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 implicit1§ recognize the effect of i

the distributor, there is no other mention in the literature as to the —

importance of this design variable. As Figure 2.9 will show, thg approach
of Knettig and Beeckmans who neglected experimental points below an
lrgi;raryubed height is purely artificial and offers no-ekplanation of
the distribugor effect,

The majority of the previous studies (see Section 2.3.1,1) used
beds of very small diameter and it is well known that gas fluidized Peds
of such small diameter behave very differently from full scale beds.
More specifically, beds of a small diameter tend to operate in the slugging
régime at high superficial gas velocities.

Y
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2,3.1,4 Bed loading
&Although at first sight it may seem that bed loading should
affect the aerosol penetration, this appears 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 collect up to 7% by weight of sulphuric acid
aerosol before the bed was too sticky to fluidize. Black and Boube 134

Y

state that no effect of bed age was detectefl in their experiments,

2.3.2 Effect of aerosdl parapeters _,/’/‘

The physical :i:;meters describing the aerosol are diameter,
dy, physical state, i.e. solid or liquid, density, pA; monodispersity,
electrical charges and aerosol concentration. Except for very small

5

aerosolsF (dy < 0.4 um) the penetration decreases with increasing

aerosol size (see Section 2.2). In fluidized beds,AMcCarthy_gE_g}.Mcl“
(see Section 2,3.1,1) repo:t a peak penetrating size around 0.67 um
for liqﬁid‘dioctyl phthalate aerosols. Meissner and MigkleyM4 working
with aerosols 2 to 6 um diameter claim penetration to decrease with

‘ superficial gas velocity while Scott and Guthrie®? and Black and BoubelB4

who were working with aerosols of 0.87 um and 0.52 um, respectively,

claim the opposite. It is not, however, clear whether the decrease in
penetration with respect to velocity is because of larger aerosol diameters
. or higher operating velocities tﬁrouéh the bed. 227 density of the
serosol, p,, affects the Stokes number and the gravity settling parapeter
(see Chapter 3), Hoggvure there is insufficient*}nfornation in the iiter-

4

ature to determine the effect of this variable on penetration.
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Although in a recent paper Willeke_gg_g}."]- claim that the

fluidized bed ¥ an efficient device for deagglomerating 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
liquid. Jugel gﬁ_g;,Jd report removal of quartz sand particles by
collectors covered with a wetting agent called "Ostendol". Pilney and
EricksonP4 introduced oil into the pores of their collector particles

(aluminum silicate) and discovered that the removal efficiency increased

- K3
from 85% to 95% for solid, 8 um fly ash aerosols. 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 affect
the efficiency of individual particles., However, any gravimetric

measurement of heterodisperse challenging and penetrating aerosols will

be biased to give most significance to the largest size of particles

y
present. Furthermore, the implicit assumption made in almost all pre-

vious studies that the size distribution of the penetrating aerosol is
equal to the size distribution of the challenging aerosol i§ obviously
not true and is approximated only in the case of very monodisperse
aerosols, with low geometric standard deviation typically less than 1.2,
Therefaore, the most accurate method, in this type of study, is actually
counting and sizing the aerosol particles present. With the exception
of McCarthy et ﬂ.“d who used a condensation nucleation counter most

previous studies lack this experimental advantage.

o

.

sage

—
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‘[ " Electrical charges and induced electrostatic forces probably
contribute to collection efficiencies in a fluidized bed: Black and
Boubel84 came to the conclusion that induced eleétrostatic attraction
between aerosol and collector particles were about as important as dif;
fusional deposition for 0.52 ym aerosol particles; both colléction
mechanisms, however, were calculateé to be quite 1owP4 . Anderson and
Silverman™ with experiments on electrostatic charging in fluidized
beds report uncharged beds to show lower efficiencies. It has been
suggested by Pilney 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 aerosocl particles may be consideréd
to be proportional to the concentration. A pseudo-first order reaction
is therefore postulated and there is experimental evidence in the liter-
ature to support this. Meissner and Mickley"4 ‘(O.Q\to 2.7 mg/ms),

Scott and GuthrieSz

(24.7 to 32.4 mg/ms) and Black and Boube1B4 (0.03
to 8.3 mg/ms) report the collection efficiency in a fluidized bed to be
independent of aerosol concentration., In principle, at high aerosol
concentrations, the colléction mechanisms could be supported by agglomera-
tion of aer?sols. However, tﬂis mechanism becomes important only at

‘

very high concentrationg, typically greater than 1012 particles/m3 FS.

2.4 Particle Collection in a Spouted Bed

. Meisen and Mathur™3 reportéd a theoretical and experimental

4
study of (1-3) um aerosols in a 0.15 m diameter spouted bed of 1,700 ym
collector particles. Collection in the spout and in the annular zone

were treated separately but allowance was made for interphase transfer.
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1_51

(, -For the spout the correlation given by Behle et al.”" was used. For

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

spout ing Was established, it was found that penetration decreased with

increasing gas velocity. Meisen and Mathur concluded clearly that the
'

predominant collectiom mechanism in the spout was inertial, However,

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

depth necessary to obtain adequate collection limits the industrial

attractiveness of such a device.




+ 3.1 Introduction

CHAPTER 3. COLLECTION MECHANISMS IN A DENSE PARTICULATE MEDIUM’

»

The three factors that are important in a filtration process
are the dispersed particles, the dispersion medium and the collecting
medium, The aerosol particles are characterized by diameter, dA’ shape,

density, electr1c charge, ¢, and concentration, which can be

Pa»
expressed on a number, weight or volume basis. The gas flow is character-
ized by velocity, U, density, Pes absolute temperature, %, pressure; P,
viscosity, Moo and humidity. The collecting Qediui is characterized
by its geometrical dimensions - the. filtration sufface, AB' thickness,
H, the geometrical shape and size of collector particles, the void frac-
tion of the filter, €, and the specific §urface and electric charge,
q;, of the collector particles. The baﬁic parameters that describe
the process of filtration are the peér cent pen;tration, f', and the
resistance to flow or pressure drop, AP, of the filtér. The per cent
penetration is defined as the‘percentage of aerosol not collected by
the filter (i.e. 100f, where f is the fractional penetration).

In our analysis we confine ourselves to spherical aerosol
and collecter particles, The dispersion medium is air at atmospheric
temperature and pressure, As the system under study was almost iso-
thermal and as t§9 pressure differentials across the bed were of the
order of cms of water, the effect of any‘Feuperature and pressure
vnriat;ons on penetration are assumed to be negligible.

The remaining collecti%p mechanisms causing deposition in the

present work are inertial collection, direct interception, diffusion o

~ ‘ ' SR >
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deposition, gravitational and electrostatic deposition. These mech-
anisms and their relative importance are discussed in the following
section.

In our approach to aerosol deposition on fixed and fluidized
beds we have &sed one of the most widely used approaches, namely "the
method of isolated collector partieles". This unihod was developed by

L6,L8

Langmuir during the Second World War and basically starts by

|
calculating the velocity field around an isolated collector; this is
used for the calculation of the deposition efficiency on the particle
due to various mechanisms of aerosol deposition.

The deposition efficiency of a collector particle is defined

as

Ex = particles of aerosol collected (3.1)
particles in approach volume

'The influence of the neighbouring particles, which may be called "the
interference effect'F> » is expressed by the introduction of empirical
or semi-empirical corrections and the final stage ot? the calculation “
passes from the e!f!ﬁiency of an isﬁluted collector particle to the N
evaluation of the efficiency of a particle in a filter. In subsequent
chapters, this approach is used to evaluate the efficiencies of fixed

. and £luidized beds, including in the latter case, the hydrodynamic ®

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

3.2.1 Inertial collgction

The presence of the collector causes curvature of the gas
streamlines in its neighbourhood. Because. of their inertia, the aerosol
particles accelerate less than the gas and so their trajectories do not
follow the streamlines; they are projected against the collector and
may deposit there (see Figure 3.1). From the general definition of the
deposition efficiency of a collector particle it follows that

2
1 - %0321 ’ (3.2)
P

The critical trajectory of the aerosol particle, Yeps is
defined as the distance from the x-axis (Figure 3.1) beyond which it
is, theoretically, impossible to remove the particle by inertial col-
lection. The critical trajectory of the aerosol particle is determined
by the mass, resistance to flow and by its velocity of approach to
the collector., StairmandS’ preéents theoretical predictions of
inertial collection efficiency in terms of the dimensioniess group
(dA‘/URUT) for isolated spherical and cylindrical collector particles,

In analyzing deposition by‘inertial impaction the particles
are comnsidered éb be point masses in the calculation of thq§collection
9ffici.ncx. However, their size is accounted for in evaluation of the.
fluid's resistance to the particles'~-otion.

Three factors determine the inertial collection efficiency.
The first is the vo;locity distribution of the gas flowing around the
collector,vhich varies with the Reynolds number of the gas with respect
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Schematic representation of inertial deposition

FIGURE 3.1
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to the collector. The second factor is the trajectory of the particle,
This deperrds 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‘ig the adhesion of the particle to the collector - usually
assumed to be 100%. o

The first factor is described by the Reynolds. number of tht;

collector particle defined as

dy,
Re = P °f (3.3)
P uf

and the second factor is described by the Stokes number defined as

L
a2y
A DA ,

St = 3.4) ]
91xfdp ‘

At high values of Reynolds number (potential flow r&gime) |
the perturbing effect of the collector particle is limited to a rela-
tively small region close to the collector. Except near the collector
surface the flow pattorn‘corrosponds to that of an ideal gas. Potential |
flow is an idealization which is never approximated truly. While :
potentis]l flow is a reasonable approximation for the forward half of f
an isolated collector it is less good for packed beds where the collector T
will be affected by the-wakes of neighbouring particles. In tl:e' creeping
flow régime (Rep.< 0. :l)133 » ¥here the viscous terms in the equatibn of
fluid motion dominate, the disturbance crested by the collector is felt at
such ln§¢or distances. Thg effect of the sudden spreading of the stream-

lines st high Reynolds numbers is to enhance the influence of particle /
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3

inertia and therefore cause a higher collection efficiency, If.this

mechanism is studied independently and if it is assumed that the aerosol

particles obey Stokes Law then the eq‘ﬁations of motion for the particles

can be derived by applying Newton's second law to the aerosol.particle.

The equations in dimensionless form and rectangular co-ordinates

are (see Appendix A for the derivation of these equations)

@)’
A" x . '

and

da(u)’
St = (U, - W) (3.6)

The solution to the equation of motion will depend upon the velocity

field assumed agd several studies on inertial collection are

reported, +T1,A2,53,05,07,D8

L9
For potential flow around spheres Langmuir and Blodgett
suggest that the collection efficiency can be expressed in the region

St» 0.02 by the empirical formula

2 «
B = (St) : : (3.7)

I« (5t40.05)2

- For creeping flow around spherical collector pnrtié:les

L9

Langmuir and Blodgett obtained a curve which is represented by

}

-2
B =104 2:75In028t)

1 St-1,214 ' G.8)

=1

ﬂ;"
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Most of the theoretical solutions to Equations (3.5) and’
(3.6) yield a "critical Stokes number" below which no- inertial deposi-
tion takes pla‘ce. For spherical collectors StCR— O.DBSFS . In
reality, in cases of tuxzbulent flow, particles may also deposit on the

back of the collector and the inertial collection efficiency for St & Sto

is not zero, 1

i In the case of a fixed bed consisting of loosely packed
collector particles (0.42 < ¢ < 0.50), Paretskyp1 _reports inertial
collection efficiencies far below the critical Stokes number
(7.4x10-5<St < 4.4x10-2) and suggests the following empirical correla-

tions for inertial collection in fixed beds for 1,410 um < dp < 2,000 ym,

B, = 2.5 sel-13 (3.9)
for 710 wm < dp < 840 um
B, — 0.78 s¢0.98 (3.10)

Paretsky combines the data from the two sand sizes (Equations (3.9) and

)

(3.10)) into one equation of the form

B, = 2.0 sel-13 3.1,

for low Stokes numbers. (St < 4.4x1072),

Meisen and Mathur® investigated aerosol removal in a
spouted bed composed of cement clinker particles approximately 1700 um
diamtter, For the annulus Tegion of a spouted bed, which essentially
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behaves like a fixed bed, they suggest an equation to describe the total

collection efficxiency of collector particles*
E; = 2.6 St4 7.5x107 (3.12)

where the first term represents collection by inertial impaction.
Limited experimentali results obtained by Meisen and Mathur suggest,
according to the authors, that Equation (3.12) may be extrapolated to
a8 Reynolds number of at least 250 and a Stokes number of 0.007.
Knettig and Beeckmans“ based on the experimental results
presented by Hvs,rneHB on isolated spherical collectors suggest a poly-

nomial approximation for 0.0416 < St < 0.3 of the form

E, = 3.76x10-3 - 0.464 St 4 9.68 StZ - 16.2 St3 (3.13)

I

It will be shown in Section 3.2.6 that the empirical Equations

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

P

,”Davies for isolated collector particles. The hypothesis that there

exists a critical Stokes number below which no inertial dmpaction takes

F5

place has not been proved experiméntally. According to Fuchs the

theoretical proof of St 1is not rigorous because it assumes that the

CR
velocities of the fluid and aerosol particles are equal not at infinity

but at some finite distance from the center of the collector. It seems,
therefore, that in general the efficiency‘due to inertial impaction at
» !

low étok?s number is not zero and is repx}esented by an equation of the

.Y, ok (
Ty H
form ‘ \,\

“Examinstion of the
St was based on the 4

fore the coefficier

Iculstions on which this equation is based shawed that
sity of the Collector rather than the aerosol. There-
of St in Bquation (3.12) has been corrected by multi-

[—

L RRETET

-

- e

PR



~-49-

D E; =85t * £(Re) (3.14)

e v

3,2,2 Direct interception

The direct interception mechanism results from the finite
size of the aerosol particles. The particle is intercepted as soon
J as it approaches the surface of the collector to a distance equal to ’
its radius. This mechanism can be studied independently or by changing
r 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 3.5, 3.6). The latter method, however,

requires numerical solutions and is quite complicated even for a

“single isolated particle. Obviously, this approach is of little value
‘when studying aerosol collection in a fixed or fluidized bed.

¢ The first method studies the direct interception mechanism

independently from other collection mechanisms. This has the obvious
advantage that it presents analytical solutions for simple flow patterns
which can then be incorporated with other collection mechanisms.

’ < The direct interception mechanism is described by the following

parameter,
Y
' dA _ :
. N = § ' ‘ " (3.15).

r ]
The efficiency of deposition due to this mechanism is a function of Ny
and the Stokes number (Equation 3.4). To get the form of this rela-

tion in the following two extreme cases is relatively straightforward,
Y .

4

-

\“ <
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3.2.2.1 Interception efficiency for St + = °

In this case the inertia of particles is stch that their
trajectories, in the vicinity of the collector particle, are recti-.
lif;ea-r.n The efficiency due to direct interception is (see Appendix B)

: 2 2
(d +4d,)° - d .
,p A . A (3.16a)

N

which is approximated for small NR by“

A ER-

i

2Np ' (3.16b)

B & 2:%
' \‘

#
hd

3.2.2,2 Interception efficiency for St + 0

%S

* Here the particles have no inertia and follow the stream-

~ k]
lines of the gas. The interception collection depends on the type

of flow assumed around the spherical collector particle.
¢
The volumetric flow rate around the spherical collector is
obtained by integrating, analytically, the velocity field from r“-dp/Z

tor -(§p+dA)/2 for creeping flow around a sphere (see Appendix B)

- 2_3 1 '
B o= Gep? - Sampe Sl RY)

wliich, for small N, is spproximated by

4

B Jop? . 3.9

¢
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c for potential flow around a sphere

E )2 1

= (1IN - —— 3.19
R ( R (lfNR) ( )
.
which is approximated by N
Bpaz 3N | (3.20)

i

Then, for potential flow around an isolated sphere the efficiency due

to direct interception is

By = o Nps 2<ap <3 (3.21)

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

to increase the value of ap due to the sharper curving of the stream-

lines. For creeping flow around a sphere’

i By = w2, ope 3/2 (3.22)

. 3.2.3 Diffusional deposition

-

x

Because of Bfownian movement. (sometimes described as "The
Drunkard's Walk" or “Random Walk") the trajectories of particles do not
[ *
coincide with the streamlines of the gas even in the absenge of inertial
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effects. Particles will migrate to a collector surface purely as a
result of this random 6@ffusiona1 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 be infinitesimally small,

We define a mass transfer coefficient kA(m/s) based on
the local concentration of aerosol particles, C,

2
L3 . 3
RD ndp kAC (3.23)

where R, is the rate of deposition of aerosol particles on the collector

by diffusion and the efficiency due to diffusion deposition is

B e —— {3.24)

4
+

The problem is to determine the mass transfer coefficient in terms of

aerosol and collector particle diameter and superficial gas velocity.

’

The analysis may be expressed in terms of the Peclet number, or its

equivalent, the product of Reynogis number and Schmidt number, and

the Sherwood number. These dinfnsionless numbers are defﬁped as follows:

'

!

L ) d U ST \
o Pe = .ﬁL L B.25)
o | '
Sc = Lf_ (3.26)
(YL

\

\
' where pA(lz[s) is the effective diffusivity of serosol particles,
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K, d

Sh = —{}2- (3.27)
A

Pe = Re * S¢ (3.28)

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

particles
v kBTF .

t D - (3_4 29)
H A Fmugd,

. . 0
where kB is Boltzmann's constant, T is the absolute temperature, K, and

2.632x10~8
- d.

[;.32 + 2.01 exp(-8.322x106dA;}(3.30)
A 1l

\

F = 1,04

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

from a flow towards the surfa.ce of a sphere has been investigated theo- ’
retically and experimentally in connection with the condensation of vapdur
.on the surface of droplets or their evaporation. It can be shown that™>
the rate of diffusion of aerosols towards the surface of a stationary

spherical collector particle situated in an infinitely large volupme
Al f [

of serosol is )
L3

R = 2DpdC | o (3.31)
& .

0

from Equations (3.23) and (3.31).,)1’01- a stationary sphere

k, '« - ? . | (5.32a)
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or,

Sh = 2.0 (3.32b)

RD for a stationary sphere increases in flow for Rﬁp> 3.0F4 by a

factor 2.0 + 0.54 Re;/25c1/3. Table 3.1 gives D, and the corresponding

A
Schmidt number for dioctyl phthalate aerosol in air at 30°C. As can
‘be seen particle diffusiviﬁ}es are several orders of magnitude smaller
than diffusivities of gases and are closer‘to the values obtained Por
diffusivities of solutes in liquid. The Schmidt number which is around
unity for gases is greater than 10° even for 0.1 #m diameéer aerosols.
For t£is reason, experimental data on diffusion of vapours cannot be
extended to aerosols., What is required here is correlations that apply
to low Reynold numbers and Fvory high Schmidt numbers.

" The theory of diffusion towards a sphere at these conditions
has been investigated by various uuthoés and their results'in dimension-
less parameters are of the form ‘

D

“sh = 8rey/3s5c1/? (3.33)
vhere, according to LevichLls 8p = 1.0, to r-'riedlmlderFs 8p™ 0.59
and to Aksel'rud*! g = 1.07.
- We nr@ not aware of any experimental data on the diffusion
of £1owing aerosols on to spheres but Equation (3.33) can be verified by
the data of Aksel'rud for the dissolution rate in oil of spheres of
behzodc acid st 0.1,< h‘,< 2.5 and Sc ~ 2.3:106; these experiments give

v K]



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

at 30°C
d, m D nZ/sec S
A A [ 1
0.1 3.3x10-10 4.58x10°
0.2 1.26x10~10 1.2x1010
0.5 4,14x10- 11 3.65x1011
1.0 1.95x10" 11 7.73x1010 ‘
2.0 . 9, 24x10" 12 1.63x1011
y
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By = 1.1 in an excellent agreement with theory.

For large Reynolds number, 600 < Re_< 2600 and Sc = 2.3x100

P

Aksel'rud deduced the following equition which was confirmed experiﬁéntally

Sh = 0.8 Rexl,/zScl/3

For intermediate Reynolds number, 100 < Re

numbérs of the ordex of 103 Garneer

to (3.34) but with a value for BD - 0,95,

For the ranges of Reynolds and Schmidt number in this research

deposition of aerosols on spherical collector particles.

for dimensionless parameters in Equation (3.35)
J
1/3..1/3
kAd d u

Dy D, 173

i .
and the local mass transfer coefficient is .

/3, 2/3, -2/3
BDU DA . dp ]

k

A

By = %M

a -';ﬂi ¢ 0.2 - 0.27

(3.34)
< 700, and Schmidt

obtained an equation similar

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

Substituting

(3.35)

(3,36)

the efficiency &90 to diffusional deposition is, from Equation (3.23),

(3.37)

(3.38a)

— e R T

N
- ~ «



3.2.4 Gravitational deposition ~~

- 2/3, 2/3, -2/3
ND U DA dp

(3.38b)

é'
\

‘& s

The gravitational collection of the aerosol particles repre-
s;nts the sedimentation or settling of particles due to gravity forces.
Gravitational collection occurs because the gaseous Bﬁundary layer

psurrounding the collector surface is effectively at rest. Particles
of negligible inertia will settle onto the collector while falling
vertically at their sedimentation velocity, U..

S
The parameter for gravitational deposition, N

R3

G for an isolated

collector particle may be defined as

L4

Ug
N = . (3.39a)

and, in the abséace of other collection mechanisms, the gravitational

)
collection efficiency is

By =~ N, s (3.39b)

Af we assume that the serosol ;nrticle is in the Stokes flow régime;

then the tlriihlllvolocity ian be calculated from Equation (3.40)"3
. (N ' .

2

(3.40)
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Thomas and Yoder!2’ T3 and Paretskypl report different
collection efficiencies due to gravitational depositioﬁffor "upshot"
and "downshot" flow,

Ho;ever, as the terminal velocity of a 1 um particle of
specific gravity 1 is around 3.5x10'5m/secDS this mechanism of aerosol
removal plays only a subsidiary part under the normal ’onditions of

F5

filtration and becomes important only when Ug becomes appreciably

large and/or U is low.

3.2.5 Electrostatic deposition

The electrostatic properties of small 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 mechanisms of olectrostaﬁic deposition of aerosols on a collector
particle are discussed here. The equations presented were derived
basically by Kraemer and Johnstone K5 (1955) who solved the equations
.of motion for aerosol particles in an electric field neglecting all"
other forces. They calculated the collection efficiency of conducting
and non-conducting .aerosol pnrticles by a conducting sphere due to
olpctrostntig forces, for potential and viscous flows and for several
1ntorcaption parameters. Potential flow and negligible Brownian motion
of urowl pu'ucln were assumed.®

There are five aspects of alcctr:lcal forces, nctmg 1n a system
of particles uppruclfing a collector. For each case a collection para-

‘lﬁﬁ‘. the utie of the electrostatic force to the Stokes-Cunningham drag

m@m'mé{wwmmm‘um. -
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For the coulombic force between a charged collector and a

charged particle the descriptive parameter is

2 ququ " (3.41)
3Ixd pdAufUreleé

Ngy =

For the induction force between a charged spherical collector and an

uncharged particle

2 2

Ny, = {E=d)y 2 Fdp , (3.42)
%2 3 ugUpe1d7e]

The induction parameter representing forces between charged particles

and uncharg¥d spherical collectors is given by

N, = - - (3.43)

For the case of the repulsion force exerted by unipolar charged col-

lector particles on the aerosol partiéles being deposited

M4 T Wi (3.44)

For

e attraction between a charged aerosol particle and a grounded

"
‘collector which has s charge induced by the surrounding unipolar aerosol
particles c ' ‘ “»
S +
2 . i
Ngg = mﬂq Acoﬁ"‘“ ‘ » k (3.45)
*oAlre1p%s o

i

vhere' "m {mpters) is the u;-ur of the ipheriul serosol cloud which
influences the collector.
, ‘ e

Wt R e
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The induction péfamcter representing forces between charged

particles and uncharged spherical collecors, N__,1s quite small and

E3’
'-ay be neglectedxs. The forces corresponding to NE 4 and NES depend
upon aerosol concentration and sta;t becoming important only at high aerosol
concentrations (C > 1016 particles/m3). Approximate solutions for the equa-
tions of motion and collection efficiency may be obtained if only one type
of the electrostatic forces is considered at a time and if interception
is neglected. Kraemer and Johnstone carried out these calculations for
potential flow around spheres and their results are presented here in
their appropriste form.

' For the collection of a charged aerosol by a spherical, charged
collector, considering only the coulombic attraction force

E,, = -4N (3.46)

El El
and, for the collection of uncharged aerosol particles by a charged

collector, considering only the induced charge on the particle

0.4 ' :
- N “ (3.47)

It should be ‘nm'd that for msximum collection of aoroso~1
particles by coliectors both the pariiclos and the collectors should
be highly charged. Electrostatic collection is emhanced by cIecmsed
min velocity between the aerosol particles and the collector

*

cmnmm (3.41) to (3.45)). All electrostatic collection parameters

PR SN
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except the one describing the induction force between a charged collector
and an uncharged aerosol particle decrease with increasing diameter of
particle. ]

For the case of a neutral aérosol only Equation (3.47) could
provide a contribution to aerosol collection by induced electrostatic
attraction. As the aerosol, in this study, is bathed in a high concen-

;tration of bipolar air ions which are generated by a radioactive source

(see Section 4.2) it can be assumed to be electrically neutral.

In general terms

(3.48)

where ap is the constant of proportionality. This equat ion could
contribute to collection only in a fluidized bed where the collector
pa?ticles pick up an average charge, qp’ as a result of fluidization
(see Section 3.4),

LS

3.2.6 Total collection efficiency of an isolated sphericgl particle

When depositing fro‘ flow.gast a sphere, aerosol particles
may be subject to the simultaneous effect of all the mechanisms so
far mentioned. Fuchs'>  has shown that the individual efficiencies
'pf a collector particle are not additive. Indiscriminate summation
of ptrti;l efficiancies will approximate the correct solution only if
individual efficiencies are quite low, Robinson®® has shown that
-only for NG << ] are mviutiml md inertial deposiuom additive,
According to Puchs’s t!ll ‘total efficiency is gmtor than any of the

pertisl efficiencies ad saaller than their sua,

—rr
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. . If, however, the in‘dividual collection efficiencies are very
small and we .are allowed to make the assumption that there is no
appreciable interference between mechanisms, it is quite safe to carry
out the addition.

E ' For the total collection of an isolated spherical particle

the best equation for inertial deposition plus direct interception is

i "given by DaviesDs
2
EIR -— CIER + (cz*CSNR)St - c4NRSt] (3.49)
Q + assuming NR' St >»> NRSt, NRSt2 Equation (3.49), reduces to .
EIR Y c1NR+ czst : (3.50)

which has the same form as the equations obtained experimentally by

Meisen and Mathurm

(Equation (3.12)) and Paretskypl (Equations
= (3.9) to (3.11)) for fixed beds. '
If we further assume that diffusional and gravitational
settling efficiencies are small enough to be additive then, in the
absence of any electrostatic effects, the total collection efficiency

of an isolated spherical particle is given by

BT - Bno- BI+ Bb-r EG " (3.51)

vhere B is given b} Bquation (5.37) dnd E, by Bquation (3.39b). | |

e B L ' \
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In the presence of an electrostatic field, considering only
the induced charge on the aerosol particles by the charged spherical

collector total efficiency becomes

Erg = Ep+ B (3.52)

"where EE is given by Equation (3.48),

.
i LR

LA

3.3 Total Collection Efficiency of a Spherical Particle in a Fixed Bed

The efficiency of an isolated spherical particle is different
" from its efficééncy when it is surrounded by other collector particles,
There are two main reasons for this effect: a) the interstitial gas
veloci£y in the bed is higher than the superficial gas velocity; and
b) the streamline; around ‘the collector particle are different because
of the interfering effect of the neighbouring particles,: The presence
. of other particles results in an iricrease in ;he total efficiency of the
collector. flt is possible that this increase is different fot'evef&
mechanism. The most igportant parametér describing the interference
effect is the voidage of the fixed bed; but the effect of voidage may
. depend on other éarauet;rs such as the collector particle Reynolds number,
There 'is some disagreement among researchers as to how to take
account of the interference effect. Ghen ©  states that the increase
is a function of the filter porosity and probably Reynolds nunber.
Llngnuir/ii6 1ntroduced s correction constant, calculated experinentally

(&

. from pressure drop, 1lplicit1y this too daponds on bed voidage and

l-yuoli: uulbor. Chanc3 auuzosts an e-pirical for-uia qg‘the for-

3

g
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Bpr ET(1.0$~4.5(1-‘;)) ’ (3.53)
and Davies?® claims that the interference effect is the same for

different mechanisms and introduces an equation of the form.

Bgy — Ep(0.16+ 10.9(1-9) - 17(1-9%) (3.54)

BT

Both of these equations are for fibrous filters of high voidq,e,

D12,D6

Dorman suggested an equation which assumes that the

interference effect is the same for different mechanisms.

E
T
BT = (3.55)

Parcts;:pl tried to explain penetration in a fixed bed in
s more rigorous manner. He used Happel'sa} "Free Surface Model" to
obtain analytical expressions that would predict gha capture of aerosols
by each of the filtration mechanisms in granular beds. The free sur-
face, or cell model, assumes the fixed bed is composed of many cells;
sach cell containing a particle surrounded by a fluid envelope.
The outside surface of each cell is assumed to be fric-
tionless and th: entire disturbance caused by the gartiqle is confined
in fht-coll, Paretsky thon'iﬁcludtd the effect of gravitational, inertial
and diffusionsd collections in the equations of motion of the aerosol
pafticle (Bqustions (3.5) and (S.G)i and solved them numerically,
Unthxfunutcly;‘hia tﬁ;omiticnl ctions for serosol collection were
s fow orders of magnitude lower than his experimental results. The

i
i
3
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. ' conclusion to draw from this is that the interference effect of neigh-

bouring particles penetrates well into the cell boundaries resulting

in much higher collection efficiencies. The results of LeClair and
Hamielect!l show that application of the cell model is inaccurate C
even for mass transfer processes, In its general form the interference ‘ E

effect may be expressed as

Bpr = f£y(edepBp+ £ (e)c St 4 £ ()E; + £,(c)Eg (3.56)

]

|
where £(¢). are functions of voidage. :
b L :

1,4
If we make the assumption that either (i) one of the terms o

is dominant in the R,H.S. of the equation; or (ii) that
£,(e) @ fz(e) ~ f_,’(e) ~ f4(e) (3.57)
then, Equation (3.56) may be written as

BBT- F(e) E, (3.58);

As the voidage is constant in a fixed bed and as the same
u:uqtionfuy be made in the dense phase of a fluidized bed, we can .
wri}o for our purposes,

. This, then, is the total collection effifiency of s spherical particle

- AR v 3
3 - ’ . ¥ . ' ' .
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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 are produced becadse of particle to particle:
¥
contact and particle to bed wall contact. Thus, the bed particles could

,

get charged 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

D9,P2,L14,L16,N2 but only a few have carried

iC4

in fluidized systems
out serious investigations. Cirorowski and Wlodarsk report that’
the maximum charge was recorded just below the surface of the bed.
iisel'nikov gg_gl.xz confirmed this result, Boland and GeldartB7

made the important discovery that static electrification is generated

by the motion of particles around gas bupblcs, particuligiy in the

region of the wake, (This is significant because a high amount of un-
converted gas is contained in the bubéles). The same authors claim that
charges generated in the nose of the bubble and in the wake are of
opposite signs; their results, howeveéw, spply to two-dimensional beds

and should be regarded with reurvat{g;.

Other factors affocting lectrostatic charging in flu%ﬁ&zid /
beds are particle size and material, and bed wall matorial®’ .l Rela- |
tive humidicy does not affect generatiom of charges but plays an i-po7;nt
role on the rate of charge dissiputim." )

Black and Boube1®® report that for 0,52 um ammonium chioride
serosol induced electrostatic attraction (see Equation (3.47)) could

.
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be as important as Brownian diffusion. It is interesting to note that

;' (Equstion (3.47))

/ B d 0.8 4

gz = 9 (3.60)

This is because the induced dipole increases with distance of separa-
tion of charpges.

Although much research is required in this area, it seems
likely that at certain operating conditions the slightly disadvantageous
phenomenon of electrostatic charging in fluidized beds could contribute
significantly in removing airborne particulates. Figure 3.2 giveskS
some calculated values for efficiencies resulting from induced ‘electro-
static charges in spherical ¢ollector particles.

From Equation (3.48)

. .
Y
R AR
008’ / :w " “?
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» As the rysults of Boland and Geldart indicate tfng
. - of ehctrostatic generation in a fluidized bed depends on the collectot
to collector fﬂct:lon y‘ can usuna from Equation (3. 61) that ‘

agz - f(%) . ’ ' ' (3062)
_ vhere 4 refers to bubble size in a fluidized bed. As"2, with an
ort}ico type distr!.butor. both the number wd siu of the bubbles
s with velocity one would oquet t!ut the tfﬂcioncy due to induced

k n&%ﬁmuk ut%ractim mld Memu/nth m superficial gas velocity
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’
FIGURE 3.2  Experimental results of Kraeger and Johnstone for
! collection pf dioctyl phthaljte aerosol particles
on & spherical collector .
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To suwsmarize, the individual collection efficiency of a spherical
collector particle in a fluidized bed where only induled electrostatic

Dattractions are considered is given by

\

E - E

FT et EEZ (3.63) .

" and, although EB’Z cannot be estimated quantitatively, inspection of

Figure 3.2 shows that it c¢ould be ah important collection parameter. .

/
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" CHAPTER 4, DESCRIPTION OF EXPERIMENTAL APPARATUS .

~ ’

T TR T

4,1 Introduction
‘ The following chapter gives a detailed account of the equip-
ment used in this study and describes the procedure for a typical rum,
Figure 4.5 shows a schematic diagram of the equipment used for fixed
’and fluidized bed experiments fo;?superficial gas velocities up to 0.7
/s, For higher veldcities, uﬁ to 3 m/s, a completely different system
had to be designed and built; this is shown in Figure 4,14. The aerosol

was generated in a spinning disk’ generator and measured with a particle

| counter; these two items are described in the following section.

<

i

4.2 Generation and Sampling of Aerosols

4.2,1 The aerosol generator .

The spinning disk generator* produces an aerosol from a solu-

tion or suspension of particle -formation material, The feed is intro-
" duced, at a flow rate of 1,6x10~8 to 5x10~%x%/s, to the center of s
2.54x102m diameter stainless steel disk rotating at' 1,000 revolutions

H
per second, The liquid is etomized into two discrete droplet sizes. d

" Primery droplets, typically 30 microns in diameter, ave formed during
. 1iquid break up and used as the test umgﬁl. The smaller or satellite
~~ Jﬂrpglotl vhich, actording to Hurstad ot _._1.,"4. are about .ano third the
dismeter of the primary droplets, n.'f-c:rmwd from the flow system.

o, L ' ' .

*

' * manufactuyrsd by the Bnviromntal Resesrch Corporation, 3725 North
Dunlsp Street, 5t. Paul Mimmesots (¥5112), ,

4 N ¥ . f.
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© electric motor and is finally exhsusted into the mixing chamber. The

bmwmmnmummmubmmmm.m
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The size of the primary droplets, dpps 18 related to the angular disk

spéed, w, disk diameter, d fluid surface tension, o, and fluid .

disk’
densay,, P by the following expression

dhp * <—r) (4.1)
disk
where the constant of proportionality is equal to 4.5 according to MayMz and
(12)l according to the unufucturers“. ’\k ’

The generator is shown sthematically in Figure 4.1, Ambient

air is drawn through ] absolute f£ilter and a calibrated flowmeter into

" the -ixing/chamber by the uin air blower. The air then mixes with the

air flow recycted from the satellite removal system. After being
heated (optional) it passes through an absolute filter and turbulence
damping screwh snd -into the air classifier, In the éinstfiu; (Figure
4,2) the 1iquid solution or suspension is fed onto the center of a
lat:lng disk; the resulting bimodal spray distribution is separated
into prhlry and utollito asrosols. A flow rate 6? qiproxiutoly
3.8x10"a%/s was used to entrain the satellite droplets. This air |

passes into the satellite removal head, flows around and cools the

remining fraction of the air flows around the out/s:ldo of the satellite
removal head and entrains the primaxy droplets. These droplets which
rapidly cnponu. are wﬁt& into the pcniclc charge neutralizer

by-s Krypton 85 souros, Thus,. residual electrical &m on g
mam q:o an ui mwmm » Nrt o}
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FIGURE 4.1 Schematic diagram of spinning disk serosol generator
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Experimentally, it was found that small fluctuations 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, ﬁ
any primary droplets captured by the satellite blower were re-introduced, &
with the satéllite droplets, back to the system, the satellite droplets
being far too small to affect the monodispersity of the test aerosol
around the measured peak range. This modification involved disassemble- ,
ment of the generaéor, removal of the satellite blower from the generator
and building of a separate housing for the blower, '
The generator is capable of«producing up to 3x10'2m3/s of

aerosol, at a positive pressure head of 0.lm of water, of neutral, monho-

disperse, spheriocal aerosol at a concentration of around»l(),r8 partiéles/ms

. Aoreps

and a geometric standard deviation around 1.1 - 1.2 based on number size
distribution, Methylene blue aerosols (1.1 um diameter) were produced

by dissolving methylene blue in 20% distilled water/80% methyl alcohol

ila

i
3
J».‘

:

in concentrations around'40 - 60 parts per million. Liquid aerosols
were generated at various size ranges by atomizing a mixture of dioctyl
phthalate (DOP) and methanol in concentrations of 40?to 350 ppm. An
inherent problem in generating aerosols argund 1 micron using this
generator is the amount of 3011&3 residue in methyl alcohol which is
pp® in normal reagent grade. This error was minimized by using alcohol
of very high purity (solids residue 1 - 2 ppm,.Fisher Scientific Co.,
Cat, No. A-412), Three methods of feeding the ;;luiion to the disi were

triéd: ) . ’""”//\\\\
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i) through %Chﬂcro-metering peristaltic pump (The Peri Pump
Company Ltd., Model No.66);

¥

ii) wusing the liquid container provided by the manufacturers
situated at a height of 0.15 to 0.45m above the surface of the disc,
feeding through a No.22 needle;

iii) using the 4,5x10-3m3 bottle containing the solution at

"a height of 1.2m and, with gravity feed, to a No.24 hypodermic needle.

The last method was found to be far superior to the rest,

providing an aerosol constant in size and concentration for periods up

to 5.4x10%s (1S hours). Maintenance of the generator required:

i) replacing the bearings of the synchfonous motor every
100 - 200 hours (Bardon-high speed bearings, Cat. &o.SR4-SSTS, distri-
buted by Philip French Sales Ltd., Montreal);

ii) replacing the sponge rubber seals of the generator and
polishing the stainless steel disk at suitable}intervals;

iii) replacing the main air filter, satellite and main air

blower every 500 - 1000 hours;
i

iv) disassembling and cleaning the generator at frequent
intervals.

The suthor recosmmends that the manufacturers alter the design
of the synchrdgzus motor ass;lbly by hhﬁpging the disk diameter to
5.1x10"Zm and raisi@g the disk speed, if that is possible. Then, from
Bqultiqé (4.1) the lower practical limit of serosol diameter would be
extended substantially, Furthermore, the satellite droplets, which have
a good -onod:lspers'itym should not be destroyed bu.t passed to a second,
much smaller radicactive durgo’heutrant{r. The aerosol generstor would

o
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then be able to produce two monodisperse aerbsols, of different sizes,

simultaneously, at a relatively small additional cost.

4.2.2 The particle counterR-3

Thé™Rexan _Model 200 and 202 is an accurate and convenient
instrument for determining the number conééntration, particles/ms,
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 particles with diameter ranging from 0.3 to

10 microns in 15 selectable channels at a sample flow rate of 5.0x10’6m%/s.

Each measurable range reﬁresenfs an increment of approximately 25% in
particle diameter or 95% in particle volume. The particle counter will
eitﬁer tount all particles in one or more size ranges (single mode opera-
tion) or it will count all particles larger than any selected size range
(total mode 9peration). Any combination of particle size ranges may
be preselected for automatic monitoring, in sequence, with a prespecified
interval spent counting each range (this interval may_ be 18,‘60, 180
or 600 seconds). Thg nuaber of particles for the range being counted
is indicated on a five-digit bank of decade counters\and there are pro-
visions made for connection of recorders or a printer for a record of
the particle count, g

The Model 202 Counter is different, having in addition an air
dilution system and slightly different sizo ranges, The purpose of ’

tho dilution syston 1- to dilute aetoaols whose concentration results

in high Fudncidonco loss (explained later); both mod€ls were used at
- - Y c"
/
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different times* and Table 4.1 gives channel numbers and the corresponding

size ranges which are of interest to this study.

\

Channel Size Range, Microns

No. “Model 200 Model 202 | -
4 G.64 - 0.8 0.60 - 0.80

5 0.8 - 1.0 , 0.8 - 1.0

6 1.0 - 1,3 1.0 -"1.2 ‘
7 1.3 - 1.6 1.2 - 1.5 \

8 1.6 - 2.0 1.5 - 2.0

9 2.0 - 2.5 2.0 - 3.0

TABLE 4.1 Size Ranges of Model 200 and 202 Royco Particle Counter
The principle of operation is based upon the yell-establ‘ished

phenomena of light sca.ttering and reflection by small perticles. The
air sample pisses through an optical system with a small volume-sensitive
area (l.98x10‘9n3) where the particles deflect light from a controlled
source with a photgmultiplier tube positioned at 90° to the main projec-
tion axis (Figure 4.3). The pulse train from the photomultiplier is
dnalyzed electronically to segregate the pulses by size, and pulses
com\spa‘\,ding to the preselected particle sizes are indicated by the
decgde, counters. The mechanism producing this deflection is light

scattering for particles spproximately bélow one micron ‘in didmeter and

* Model 202 - use permitted by courtesy of the Department of Epidemiology,
McGill University, Montreal, ‘ '
‘\ . .
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r.eflect ion of 1light for particles aboyve one micron in diameter. Each

7~ of these mechanisms produces light pulses which have an,'amplitude pro-

portional to the projected area of the particle (i.e, to the square of
the particle diameter) and which have the same constant factor relating

pulse amplitude to area. Hence, there is a smooth transition between

the size ranges where actual scattering takes place and where reflection
)predominates so that p’t:ulses with uniform mp.litude increments are pro-
vided in proportion to (dA) 2 for particles of any size range, ‘
The particle counter was "prime calibrated" at periodic \

intervals using an aerosol of polystyrene latex particles 0,750 + 0,0028&
um dia-pter' producéd by a nozzle type /generatorﬂ built by R, Allen**,

The procedure and precautions to be taken for prime calibration are
described in Appendix C for the Benefit of future users of this instru-
ment. Basically, prime calibration is carried out by passing particles

of known size through the counter, conimring the indicated size distrv-
bution with the known distribution and meking any necess‘ary calibration
adjustments. The latex particles have & refractive index of 1.595 and .
a density of 1.06x10°kg/n>. There is, however, negligible degradation

in sizing acwrac:y when msasuring particles with entirg;ly different
ehiru&"iristics because the operation o—f the instrument utilizes white
111umination that is scattered l\:yt particles and collected over a large
spherical angle, '

o ' ‘ ‘r‘“‘

Y L

Munufactured by Dow Chemical Wy awmu anrt-mt.
luduua. mum
" Departsent of M@l mmyag. MeGill utvmtty, Montresl.




- Coincidence loss, therefore, i3 not the same in all channels, but is

" before each run. Field calibration is a simple operation and compensates

-

The sizing'error in the equipment depends primarily on the
care taken vhen prime calibration is performed; in general, taking

all the necessary precautions, the diameter of a particle can be deter-

mined to an accuracy of +15%. The second possible source of error in:
the counter is "coincidence loss", which results from the simltunegus
appearance of two particles within the sensitive volume where measure-
'ment takes place, The operat’:ion is such th;t if the particles are not
of the same size the larger particle masks the smaller one, effectively

hiding the smaller one while the larger is counted; two particles of

the same size produce an additive effect which simulates a larger particle,

a function of the count in a particular size range related to the total
count 1;:: that range plus all larger particles., It becomes important

at concentrations greater than 6x107 partit:los/l3 and can be prediéted
statistically, Coincidence loss;s in this study were corrected from

a graph suﬁplied by the manufacturers (Figure 4.4) and corrections

were around 12% in the extreme cnsei. (See Appendix D  for an example

of correcting coincidence loss.) The instrument must be "field calibrated"

for the deterioration of the vu-:lous. degradable components in the counter

between prime calibrations, ’ ’

Maintenance of the instrument, excluding troubleshooting,

involves ) ’ ‘ ' - ‘
, 1) bi-somthly priq calibration; T

11) field calibration before tach rum;

L]

*See Section 6,5.3 for further iifermstion on siting syrer. "
: % S C .
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FIGURE 4.4

Correction of coincidence loss. Actual concentration
as a function of measured concentration (Ry).
Ax s - x10 particles counted per minute sampling at a

flow rate of 5x10-6 w/s
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iii) yearly inspection of qlectronic chassis;

iv) wmonthly inspection of optical system;

v)  tube replacément when necessary;

vi) maintenance of vacuum pump drawing sample air;

vii) replacement of air fi}ters when necessary;

viii)periodic lu.t;;‘ipa'tion of various moving parts of the counter.
-

4.3 Description of Experimental Apparatus for Fixed and Fluidized Bed
Experiments (U < 0,7 m/s)

ﬁne equipment used for carrying out experiments with fixed
and fluidized beds with superficial gas velocity up to 0.7 m/s 1is shown
schematically in Fig\iro 4.5. The aerosol generator was adjusted to produce
an aerosol of 5x107 to 106 particles)ns at a constant flow rate, usually
around 0.9 to 1.4x10"2n%/s. Part of the aerosol was tale to the fluidized
bed, while the remainder passed to the laboratory fumehood. In this
way, by producing more aerc;sol than that required for experimentation
and disé&ding the remainder, experiments could be performed at different
v_olocitios through the nbo’d without varying conditions at the generator
and thys changing the particio size or concentratiqn of the aerosol. .
From the fluidized bed the aerosol passed through a fiitor', to remove

particles larger than 0.5 um, €0 two plﬂllel-“?mtdﬁ rotameters thus

‘ﬂh@n}h\g contanination of the rotameters by the serosol. The larger

rotmtcx;;i’\iittng{m range 1.8x10"2a%/3 st room tempersture snd
staospheric pressure and s calibrated sccurscy of 1% of full scale

*Filterite - reverse duo fine . distriduted by Industrial Projects Ltd.,
3300 Cavendish Boulevard, Montrenl, .
**prooks-Hi-Accuracy ful] view flowmster (Cat.No,1110-24), distributed

by Brooks Instrusents Div,, Emersom Electric.Canads itd., Merkhas, Ontario.

A}




| o ~
| -
3 1, » ~
: S
. '
: ) .
1 A
’ ¥, ' 2 .
-~
FIGURE 4.5 Schematic diagram of apparatus used for fluidized bed
. . experiments (0 < U < 0.7 m/s)
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{
reading. The smaller rotmeter* could be used with flows up to 2.1x10°3
m3/s with an industrial ac—curacy of + 2% of full scale reading; the
capacity of thif instrument was chosen after the total error of the
two rotameters was optimized numerically (see Appendix E ). Flow
through the fluidized bed and downstream system was maintained by a
vacuun pump** with free aizg'pacity 3.5x10-2m3/s. The pump was designed ‘
to operate at, high‘vacuum and lwas incapable of dealing with the air mass
flow rates demanded of it in this study. 'l‘herefore; it was modified

by removing the existing oil filtering system and installing an inertial

impaction device. This was designed and built to remove oil droplets

| greater than 10 - 20 microns, The pump oil discharged by the pump and
[

collected by the impactor was trickled to a reservoir where it was cooled

and subsequently returned ;:o the pump. With this arrangement the pump
could operate continuously without overheating and with negligible oil
losses. As the inertial impactor worked most ezficiently at high flow
rates, additional air was added to the reservoir to ensure sufficient
flow through the pump. n this way tl‘;e aerosol generator operated
slightly above at!ospheric pressure (at its normal Jesi‘gn conditions)
while the flui;dized bed was at a slight negative pressure.- Manometers
were provided,to determine the pressure drop across the distributor,
across the b‘k. and to indicate the pressure at the rotameters. The

messured volumetric flow fhmzh the rotameters was subsequeéntly corrected

*Brooks full-view, O-ring seal, glass tube flow meter (Cat.No.1112-A).
**VacTorr High Vacuum Pump, Cat.No.D-1500, distributed by Precision
Scientific Co.,, 3737 West Cortland Street, Chicigo, Illinois.
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for any deviations from atmospheric pressure with the following standard

a e B2 e

PR}

equation

P

(Flow)pp = (Flow)  x pB.*.’. (4.2)

atm

~

¢ .
where subscript RP refers to the absolute pressure at the rotameter, n/mz.

The bed was contained in a cylindrical glass column of 0.15m
inside diameter and 0.30m long or in a plexiglass column of the same
. diameter and 0.41m long. The fluidized bed distributor, Figure 4.§a, .
consisted of ; flat aluminum plate 3.2x10"3m thick, drilled with 1.2x10‘4m
diameter holes on a 9.5x10"3m triangular pitch giving a free surface
area of 1.5%., The fixed bed support, Figure 4.6b, coﬁkisted of an
aluminum plate 9.37x10"3m thick, drilled'with 6,15x10}4m diameter holes
on a 6.35x10"5m triangulaf pitch covered with a 74 mgcron opening stain- *
less steel wire mesh; the design of £ﬁe plate was flexible enough to allow
#gs use as a distributor for experiments with high superficial gas velo-
cities. To minimize aerosol collection on the distributoer the holes were
reamed out on the upstream side of the plates and the aerosol stream ;
approached the distributor through a plexiglass conical expansion chamber of
spproximately S° half angle, For the’ fixed bed experiments the flow
through the bed was reversed and arn additional 0.30mr3;ngth glass column
was added afger the ;upport plate in order to avoid Laying‘}he top of
the salpling_grobo too near the support plate. The pressure drop across
the fluidised bed distributor and across the fixed bed support plate was g
., masured, with an inclined micromsnometer, as a function of superficial
gas velocity, and the results are shown in Figures 4.7 and 4.8, The.
.y » )

&% A ,
A




FIGURE 4.6a

FIGURE 4,6b
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R

Schemat ic representation of fluidized bed distributor A

9.5x10"3 m
-1,6x10"3 =
1.7x10°3 m
d = 1,2x107°3 m
number of orifices == 259

s

a
b
c

Schematic representation of fluidized bed distributor B.
Also used as fixed bed support plate.

8 e

b =

C - 6.2:(10'; n

d = 1,7x10"° m N
-namber of orifices w= ' §57

)
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FIGURE 4.7 Pressure drop across fluidized hed distributor Aas a , X
function of superficial gas velocity '
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FIGURE 4.8 Pressure drop across fluidized bed distributor B as a
function of superficial gas veloeity
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p - ¢

pressure drop across the distributor, although low compared to values
recommended in the literatureX6é was higher than most of the 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 3x10'2m) ST

The distributor plate was designed to minimize collection of the incoming

- serosol by the plate, Figure 4.9 shows penetration through the distri-

butor as a function of superficial gas velbcity. As seen from the figure,
penetration through the distributor plate is 86% of the incoming aerosol
A

at the extreme .case (1.5 um diameter aerosol at a velocity of 0.77m/s).{

4

. ‘Por smaller aerosols and lower velocities aerosol removal was insigni-

fis:ant,'typically around a few per cent.

The experiments were performed with three different types of
e ¢

P Y
collector particles, namely, closely siszed glass spheres in two sizes

. ¢
and high density, technical. quality glass beads. The surface mean diameter

&

_of each type of collector was doterninod experimentally by measuring

the diameter of 300 particles for each size under an optical microscope

to an accuracy of t 2 ui‘and was 108 um, 596 um, and 546 um, respectively.

The results of these measurements sre sho\m on Tables 4.2, 4.3 and 4,4

and histograms of the size ranges are plotted on Figurés 4,10, 4,11 and o
4.12. The density, voidage and bulk density of the collector p?rticles

weTe determined axperimentslly and the sverages of threé imdependent
NOASUTUNINTS AYe given in Table 4.5. ’l‘hc ptrtlclos forming the bed *
wore ew before each rua by Mshz them in othanol, placing the
sixture hmwmcﬁnamhthfwu Jeast 20 mitwrtes, docanting
ot the thasst ﬂ%&yﬂﬂa siead qaum s eharain h
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FIGURE 4.10 Size histogram of 110 um collector|particles
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FIGURE 4,11  Size histogram of 550 um collector particles

.
N
.
.
“
” t
.
v
¢
B
o .
.
'
. s .
LTy
N . -y
‘ Tew
' “ -
. -

27~

iyl

¥t ! S5 PR
. lr"f‘ L

2

% i ey

.
s

3
»
]
»
.
-
‘
/ .
2
t
.
-
N
.

- N

5 o g
Wy g gl

J®
il

e
3y



15 1.

T T

-
o
B |

B

W
!

PERCENT OF TOTAL
I

479.9

s19.4 563.8

BCTME sy

608.3

652.7

e

oty e



T .

~
FIGURE 4.12  Size histogram of 600 um collector particles
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TABLE 4.5 Properties of Collector Particles

Average Values dp = 110 um dp = 600 um
\ particle density, 3 : 4
kg/m 2.44x1 Z.43x10
voidage 0.40 0.40 -
bulk density, 3 3
: kg/m 1,47x10 1.47x10
o
[ h\
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any remaining dust or aeroscl part:lcl.es. In this way the "background"
concentration of particles in the gas from the bed was reduced to les;s
than 0,05% of the aerosol concentration in an experimental run. Since
the suliest particles in the bed were 80 um in diameter, and at least
0.20m of freeboard was ieft asbove the fluidized bed, there wais negli-
gible carryover of bed particles to the filter or sample probe.

Aerosol samlés \;rere drawn off from the gas space below the
distributor and sbove the fluidized bed at 4,8x10"6 to 5.2x10~6u3/s
through a 6,0x1073m inside dismeter probe to the particle counter., The
flow rate through the counter was measured initially to * 2% with a
cilibrated orifice meter and inclined manometer and subsequently deter-
mined to ¥ 0.4% with a bubble meter. In order to minimize the lengths
of the sample lines, which were then left unchanged throughout the

"oxperiments, the -optical section of the particle counter wes dissssembled

from the instrument and placed in a construction which fitted around

the bed; the length of the fresboard sample probe was thus reduced to
spproximately 0.4m. This construction incorporated a pulley arrangenen.t
vhere the weight of the ;ptm section was balanced with two twenty
kilograms lead weights*® and the optics section could be vertical and .
rotated sround 360°, The construction, like any other major piece of
oquipment tuilt, was placed on lock-roller casters to facilitate re-
arrangement into different configurations. A non-isokinetic saspling ”
orston vas ushd in this study, As the serosol was sampled downstream

of the “M. lﬂﬂl “ without the bed at th‘ same experimental velocity,

W n aﬂ» Wm W Mm um-nuy. Moutreal.
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any errors in sampling non-isokinetically plus any collection by the
support plate, inlet section, walls of column and sampling system were
automatically eliminated. If £5, fc, f, fu and fs refer to fractional

penetration of the aerosol through distributor, column, bed, non-isokinetic

silpler » and 'sampling system and Cin and Cc refer to concentﬁation of

aerosol at inlet and concentration of particles counted, respectively,

-
" then without the 'bed

(Cp)o - fbfc'fufscin (4.3) )
r ]

and with the bed in place ‘

(CP)I = fbfcfuf sCin’ _ o (4.4)

The fraction of the aerosol collected by the bed is then

o W ) s
; Cin , (('.!);~ . ¢

i

'ma distortion introducod by sampling non-isokinetically,
although olhzlmtod. is in any case sm1l and within experimsental errors,
&3 shown by blank test experiments plotted in Figure 4.13. This is
hardly surprising as we are dealing with aerosol diameters that are
most di!!icuit to remcve from an sir stream. ' The support plate used
in ‘{"" bed ww; siso cou«mu% s negligible smoupt of the in-
coming aerosol, MW“WIW‘W,\&&E the bed in
gkn. WMWWW fa“héﬁvm ‘&om this

¥




PIGURE 4.13
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Effect of sampling non-isokinetically.(DOP aerosol 1.5 um
dismeter). Broken line indicates isokinetic sampling
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. up" period for the generator. Reproducibility of check tests imfproved

,‘ used for aerosol removal with velocities up to 0.7m/s, yielded encouraging

~101-

Dur#fig operation possible variations im the concentration
and size of the aerosol particles produced ?y the Fenerator were detected
by drawing samples from below the suppart ﬂlate. Reproducibility of b

these "check tests" was better than 2% after allowing a one-hour "warm

markedly after the aerosol gemerator was modified as described in Section 4.2.

t

4.4 Air Flow System for Fluidized Bed Experiments at High Velocities
~ . (0.6 < U < 3In/s)

As the fluidized bed apparatus, described in Section 4.3 and

results at high superficial gas velocities a second system, capable of
handling up to leo‘zmsls, was designed and built. The system is shown
sthematically in Figure 4.14, The servsol generator was sdjusted to

TP

produce ’2.36::10‘2:3/3 of aerosol which was near its maximum capacity.
This aeros§1 was subsequently mixed with: clean air, which had been drawn
through an absolute filter of the same make and manufacture as the one
incorporated in the generator inlet*, in a 9,6x10"%n> lixing tank. Part
of the diluted serosol thus produced (around 9;‘0110"2-3/9) was passed
through the £luidized bed and the remsinder discharged to the fumehood.
The £ixed bed support plate .described in Fi'nro 4.6b was used as a distri-
butor givi?:g a 7% free surface area., The !luidizod bed was contained

1 s 0,ifa dtamter, 0.61n high cylindrical glass column,

"

 oUttre Aire Fiiter, mgé.::m. meoufactured by Hine Safety Appliances
mia, .

Co., Ptttum

A ¥




PIGURE 4,14

5

Schemat ic diagram of high velocity system (0.6 < U < 3,0 m/s)
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The sampling system was similar to the one described in
Section 4.3 exceﬁt thal:. the diameter of the sampling probe was reéuced
to 2. lxlo"‘"-. Flow through tl?e system was maintained with a high capa-
city air blower* and the exit of the blower was used to provide the
clean air diluting the aerosol produced b; the genefitor. The amount
of clean air added and the total flow through tl:e bed was measured by
two 5.1x10~%m diameter orifice meters’*with upstream and downstream
taps connected to inclined micromanometers, calibrated by a gas metering
device to an .a'E"cﬁi*acy of + 5%, The flow system was controlled by four
valves as shown in Figure 4,14,

u L

4,5 Procedure

4,5.1 Introduction

4

The following procedure describes an experimental run which
takes approximately two days, one for preparing the apparatus and an
aerosol in the desired size range and one for performing the experi-
ments. It involves measurement of penetration vs. velocity at different

m.bod heights in a fluidized bed and assumes no major breakdowns or

unstable performance of the serosol generator. ‘

.
i

o

4.5.2 fersperation (gtie duy) *
»

1. Clean the collector particles as described in Section 4.3;
sfter drying mi.gh»the necessayy smount for experiments,

a .

*Toinado mrﬁml Fan, -mmtum by Keith Blackman Ltd, minms,
m‘ Ulhﬂ 0

**Por cosparisom, this is equal to the diamster .of fluidised’ used by
soms previous studies (wﬁetton 2.3).
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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 height 0.51 to 1.0x10"3_p above the disk
surface.

iii. Check the oil level of the vacuum pump and add oil if
necessary.

iv. Disassemble the fluidized b;d, clean the cylindrical column,
expansion chamber, distributor and'§ampliﬁg probe, wash in distilled

< water, dry and as;emble. B

V. Turn on the particle counter and generator and allow a
warming up period of 1 - 2 hours. "

vi. Field calibrate particle counter.

vii, Add a sufficient amount of dioctyl phthalate to a
4.5x10"3m> bottle of meéhanol to produce an aerosol at the desired
sixe range monitoring the a;rosol with the particle counter. As the

" diameter and concentration of the test aerosol is a function of the

distance of the liquid feed needle frén the center and surface of the
‘spinning disk, this trial and errors procedu?e is unavoidable. Once an
scceptable aerosol is produced the equipment is weady for experiments.

v

4.5.3 Experiments (second day)

i. ) Start up the particle counter and generator and field .
calibrate counter after an initial warm up period.
ii. TUEn:on disc motor and liquid feed and measure the con-
f centration-and size of chsllenging aerosol from the gas spac; above tﬂe

distributor at the pradet,o{-md gas flow rates through the bed. Measure

1
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the aerosol at one, fixed, veipcity\heloﬁ the distributor; this is the
“Mside 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. Check
with the particle counter to ensure a zero or minimal "background" concen-
tration, ’ : . ?r;)

iv. Turn on liquid flow and, after reaching steady state,
measure the penetration of the challenging aerosol at a predetermined
flow rate indicated by the rotaleters? typically steady state is reached
in around § to 10 minutes. | ,

v. Change the flow through the b&d and ;epeat Step iv,

vi. After the penetration of the challenging aerosol through
the bed has been measured for 2 - 3 different flow rates place more
collector particles in the bed and repeat Steps iii to v. At frequent
intervals, typically every hour or so, verify that the generator is
producing a constant aerosol by making a "side check".

At the end of a 14 - 18 hour period the penetration of the
cﬁallenging aerosol will have been determined at 4 - S bed heights and
at 2 - 3;d1}ferent glow rates. During the same period of time the
£luidized bed will have- collscted sround 10-7 to 10°5 kg of dioctyl
phthalate; this is a minute amount and too small to introduce an effect
of bed loading ilthgpzh it represents 101 to 1013 one micron diameter

o

asrosol particles each weighing 5.0:10“9k;.

4 Ry etz




. -106- °

CHAPTER 5. COLLECTION MECHANISMS IN A FIXED BED
OF SPHERICAL COLLECTOR PARTICLES

5.1 Introduction

The varigus mechanisms resulting in the collection of airborne
particulates by isolated spherical collectors were discussed in Section
'3.2. These mechanisms were direct interception, inertial collection,
diffusional deposition and gravity settlir}g; on the assumption that
these effects are additivg, the total collection by an isolated collector
particle was given by Equation (3.51) as

*,

By = B4 B 4 .BD{EG (3.51)

The presence of other particles results in an increase of total efficiency
of the collector and Equation (3.59) was derived on the assumption that

. ]
this interference effect is the same for all mechanisms (Section 3.3).

Bpy - gy - | (3.59)
The following chapter tests experimentally the validity of these assump-
tions mod‘ deternines, again experimentally, the dominant collection
uchmi;u under ti\o conditions in this study. Experimental collection
efficiencies are compsred with the thoor;tiui predictions of Chapter’3.
The semi-empirical equatious fo:; collection in s fixed bed are compared
in Chapter 7 with collection ef€iciencies in a fluidized bed.

K}
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S.2 Preliminary Experiments

5.2.1 Collection behaviour of a fixed bed

Figure 5.1 shows some preliminary experiments which were per-
formed with 110 um collector particles and three aerosol sizes; 1.1 um,
1.35 ym and 1.75 ym. The bed height was 7.4x10-°m and the per cent

penetration of the liquid DOP serosol used is plotted as a function of

“superficial gas velocity. Inspection of the figure shows that penetra-

tion decreases with increasing aerosol diameter and gas velocity. This
suggests the dominance of inertial effects at superficial velocities
greater than around 0.1 -}s. At lower gas velocities, up to 4x10"2 w/s,
penetration increases with increasing velocity and with decreasing
serosol size. This indicates that at these velocities gravitation is the
predominant collection mechanism; this is discussed in more detail in
Section 5.5. In both ranges, the dependence of penetration on aerosol
size shows that diffusional collection cannot be significant; if it
were, penetration would increase with increasing serosol size. These
same .qualitative conclusions follow fron 211 the fixed bed experiments
1n this work. All curves pass through a nxinn; pénetration point around
4 to 8x10-2 m/s indicating the area where grnvitationnl and inertial
parameters are comparable in Mortmce. )

) Unfortunately, such a simple aﬂppronch cannot be used to esti-
mate the parsmsters of ssrosol coucctim because of the end efflcts

“of & 2ixed bed, 1’2" o end effects of & fixed bed and how they mey distort
tho nmu of the estimted coafficmu m d:lmand more fully in
Section 5.3, The figure prasented here amm only to ulu%uu the
mi mwm behaviour of & fixed bed as & fuiction of serosol
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FIGURE 5.1

Preliminary experiments on penetration of DOP aerosol as
a function of superficial velocity

= 110 um- )

- 7.4x10"3 m
full circles; dy = (1.0 - 1.2) um
open circles, d3 - (1.2 - 1.5) um
full squares, d, = (1.5 - 2,0) um
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5.2.2 Collection of solid methylene blue aerosol in a fixed bed

Figure 5.2 describes an experiment which was devised to
determine the feasibility of fixed bed experiments with solid methylene

blue aerosol. The experiment was performed as follows:

0.6 kg of 600 um collector particles were first cleaned by

“the method described in Chapter 4. They were subsequently fluidized

with DOP aerosol in order to cover their surface with a tﬁin layer of
DOP and thus prevent any suPsequent re-entrainment of solid aerosol
particles, ?cnetratlon of 1.1 um, 1.35 um and 1,75 u* solid nethylehe
blue particles through a fixed bed composed of the above collectors
was then measured with respect to time. 50 one-minute readings were .
monitored by the particle ‘counter- after a\period\ of 10 minutes was
allowed for the system to reach "steady state”. The first reading was
assigned an arbitrary value of 100% and the subsequent readings were
expressed as a percantage of this. The superficinl gas velocity. of the
bed was 0.13 m/s and the experinnt hsted npproxiutely 2 hours and 40

minutes.

\\
Figure 5.2 shows the variation in.the penstration of the three
asrosol sizes with respsct to time plotted on semi-logarithmic axes.

" As seen from the figure the dqmdmcu of penotration on time is expo-.

nentisl. This set of experiments belongs to the ares of unsteady state
filtrstion (Section 1;2.2) where t!.u. ssrosol p;rﬂ\%lps cause structurxl
chmiges in ﬁt filter w a8 & Tesult doth pénstration and pressure drop
scross the filter miy chaage with time. It alse sppears that the equation
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FIGURE 5,2

:\‘ f .

Penetration of methylene blue aerosol as a function of time

M =~ 0.6 kg :

U = 0,13 -/3 .
full -squares, d, = 1.1 um

open triangles, dy = 1.35 um
full circles, dy = 1,75 um
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suggested by Radushkevich®!  on theoretical grounds for unsteady state

filtration ' ) -

-

), - (€, )
~
is of the correct form. Leers'12 reports that the distribution of
“captured serosol particles on the surface of the collector is selecfive.
The particles tend to:deposit on one anvther forming so-called "t'rees",
causing & narfed increase in efficien.cy with relatively small change in
pressure drop. It would be possible, by performing experiments of tl;e
form )described above, t‘o determine the value of ¢ in Equ;tion 2.5 for
different values of U, d, and dp and thus to present useful empirical
equations predicting the start-up behaviour of fixed beds operating in
the- unsteady state ﬁltratilén régime. However, this was nth the object
of t}’xis study and the above experiment was done in order.to determine
whether fixed bed experiments with solid serosols could be performed.
As a result of this experiment it was :locidod that experiments with
solid aerosol would not yield accurate collection parameters and all

subsequent fixed bed dzqierinnts were performed with liquid DOP aerosols.

?

( .
\”8.3 hhthontiqal Porsulation of Aerosol Removal in a Fixed Bed

This section develops the squations defining aerasol removal.

in & fixed bed camposed of syhcﬂgn'touo;:tu particles. As the per-

“Yorsance of the £ixed bed my be substentially distorted by end effects

the equations MM; servsol collection are tm_tid‘ in a way which
elininates possible anomelous bebaviesr ot the bed extremes. |

’
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\

" In Section 3.1 the total collection efficiency for one col-

lector paﬁicle was defined, in general terms, as

B’l‘ __ particles of aerosol collected (G.1)
particles in approach volume

The number of aerosol par;icles collected by one spherical collector

“of diameter dp per unit time is then

wdz

Ry = EBT—-}—*U.*C (5.1)

s

where U is the superficial gas velocity through the bed and C is the
number concentration of aerosol particles in the approach volume. The
number of sphericg,l collector particles per unit dense phase volume is

given from simple geometry as

up - - | (5.2)

If we define Ky 8s the collection parameter based on unit dense phase
voluse, then the number of serosol particles collected per unit dense

phase volume is given as

n

v - ";‘t RT ' . '“ ‘ . (5.3‘).

sﬁbsti;uttit eapressions fer n; and &r from Bquations (S.1) and (5.2)
e ) M -

I S
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(1-¢)E_ U : i
K, - g.. i BT “'(5.3b)

Similarly, if we define a collection parameter Ky based on unit bed mass
’ .

"v g, .
& - ———-—-—pp(l_c) (S.4a)

’ 3Bn.U

- Wd; ‘ (5.4b)

and the collection efficiency of & spherical particle in a fixed bed is

oexpressed in terms of the collection parameter KM as

gr — EB * K, | " (5.4¢)

\ :
No‘n suppose thd\ collector bed contains mess M of collector particles and
has a cross sacﬂgnal area AB pex:pendictfhr to the direction of the gas
flow. Then |

(5.5a)
or pafticlas per unit bed area,

. Stmilarly, if b is the\distance from the inlet surface of the
7 bed .and Aris the mass of bed bet the surface and h, we can define

A4
! N

{5.5b)

Erey

. - v — e
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prs
where Ly
0<h<H “
0<m< M
0 < IA < MA

Referring to Figure 5.3 we consider an aerosol which approaches
“the bed with superficial gas velotity U m/s and aerosol concentra-
tion C, particles/ms. In the neighbourhood of the upper surface of
the bed, the velocity of the aerosol stream relative to the collector
particles changes from U to the interstitial gas velocity uy where ug

¥

is given by

u " »

1

¢

If we now assume that during this transition an anomalous

collection takes place at the top of the bed the'n the érue concentration
i.odintel* below m, = O‘is (l'solcin" In this context & represents
the snomalous collection at the upper surface of the Bed. The concentra-
tion of the aerosol after passing throuﬁss m, per unit area is C.

Taking s mass balance over a differential element (hlA gives

L3
«

U = UEH &)+ KCin, 5.7
30 that | ‘
' ) (5.8)

i CRNERC g
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Solving the first order differential equation with the boundary condition

Fl
g L e

that at m, -0, C=- (*-Go)cin

C = (1-co)cinsxpEmeA/la (5.9) :
Then immediately above the support plate at m, = MA the concentration
/"‘)
"of the aerosol is given by C = C, where
(-MAKM/U)
€, = (1-6))C, e - (5.10) 1

There is bound to be some collection at the support plate. However

large the free surface area of the plate, the fluid will always accelerate
in its vicinity. ‘Moregver, design details like the unavoidable intro-
duction of airtight seals between support plate and coluqn will probably i
result if a non-uniform flow distribution. Furthermore, the collector

particles, depending on their size and the size of the support plate

openings gnay stick on the plate and result in snomalous collection.

Simply taking a blank test without the fixed bed and subtracting the é‘
result from the collection with the bed in place will not eliminate this §
effect, which depends on both the bed parétic:?es and the support plate. .
Therefore, all previous stut'lies in which collection efficiencies were ;
deternined from experiments with a single bed depth are lisble to errar a
resulting from anomalous collection 'at. entry and exit from the bed, f1

If it is us?‘d then that there is an tnoulous ‘collection ;
st the support plate represented by & so that C imwcdiately changes 'é

A

from C, to G, then ‘ _ ' .

* v t P~ -
M b » o s dE N, . .
A Ak e A MENE N a0 ol gt AR S 1 ool SRR s R we ol S O L ——



Cout™

(1-8,)C, (5.11a)

MKy

- (1-8,)(1-8,)C, EXP ’[‘u‘" . (S.‘llb)

The overall fractional penetration, £, through the bed is

‘ ’

(,:wt "AKM
f - g - (1-5_) (1-6)EXP - 'Tl""] (5.12)
or
A Ky
Inf = 1n(1-5 ) (1-5,) -[Eib—-— , (5.13)

t

Preliminary experiments in this study confirmed that 1n(1-5,) (1—81)
cannot be eliminated by simply carrying out blank tests without the

bed. The value of this variable may be pbsiti've or negative and as

the phenomenon results partially from an acceleration of the fluid its
sign depends on whether gravitation or inertial effects nx predominant,

Pigure 5.4 demonstrates this schematically where it is assumed
that blank tests are done with the support plate in place.

Inspection of Figures 5.5 to 5.23 will confirm qualitatively
the* argument presented above. At high velocities and large aerpsol
dismeters semi- logfrithnic‘plots of per cent penetration versus bed
wo:lzht. extrapolate to & penetration at zero bed weight of les; than
1008 while at low velocities and smaller serosol diameters the reverse

is true.

The met approach therefore is to measure serosol penetra-

tions at dtffmn bed heights for a fixed set of conditions and if the
results are plotted in the form
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' PIGURE 5.4 Demonstration of correct approach in performing fixed
bed experiments
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FIGURE 5.5 * Fixed bed. experiments - aerosol penetration vs bed depth

N

‘ i d. -— 110 R
UP = 0.0098 m/sec

| open circles, dy = 135y
E © full circles, d, —“\ 1,75 um .
] PIGURE 5.6 Fixed bed experiments - aerosol penetration vs bed depth
: dp - 110 um - i

UY = 0.0202 m/sec .

open circles, d, = 1,35 um %

full circles, &A = 1,75 um

d: = 2,50 ym
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FIGURE 5.7

FIGURE 5.8
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Fixed bed experiments - aerosol péhetration vs bed depth

d - 110 um

- 0.0269 a/sec
open circles, d, « 1.35 1
full circles, & = 1.75 u
open squares,’ d: - 2,25y
Fixed bed experiments - serosol penetration vs bed depth

&

“p - 110 um ’ )
U = 0.0383 m/sec

open circles, d, = 1.35 um

full circles, dA = 1.75 um o

open circles, dy- = 2.25 um
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RIGURE 5;9

FIGURE 5.10
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Fixed bed experiments - aerosol penetrxtiom vs bed depth
d = 110 um ) .
UP = 0.0383 m/sec .
open circles, d, = 1.1 um
full circles, d: - 1,35 um

Fixed bed expérilents - aerosol penetration vs bed depth

% = 110 um

Ut = 00,0492 m/sec
open circles, d, - 1.3
full circles, d' = 1.7
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PIGURE 5.11 Fixed bed expdrinents - aerosol penetration vs bed depth
| d = 110 um
- 0.8604 a/sec
open circles, dy, = 1.75 um ;
full circles, dy . = 1.35 unm -4

FIGURE 5.12 . Fixed bed experiments - aerosol penetratioﬁ vs bed depth

d = 110 um

= 0.0869 m/sec
open circles, dA - 1.75 um
-full circles, dy = 1.35um
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FIGURE 5.13

PIGURE S, 14

Fixed bed experiments - aerosol penetration vs bed depth

d = 110 um

- 0. 5058 n/sec
open circles, d, = 1,75 um
full circles, dA - 1.35 um

~ Fixed bed experiments - aerosol penetration vs bed depth
d = 110 um i
UP = 0,1237 w/sec
open circles, dy = 1.75 um
_full circles, dy = 1.35 um :
A ‘
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FIGURE 5.15

PIGURE 5.16
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Fixed bed experiments - aerosol penetration vs bed depth

d = 110 um
P = 0,1519 n/sec

open circles, d, = 1.75 um
full circles, dy = 1.35 im

Fixed bed experiments - aerosol penetration vs bed depth

d = 110 um . o
P~ 0.1953 m/sec

open circles, d, = 1.75 um
full circles, d: - 1,35 um
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FIGURE S5.17 Fixed bed experiments - aerosol penetration vs bed depth

d = 600 um

= 0,0286 n/sec
open circles, d, = 1.75 um
full circles, d, = 1,35 um

FIGURE 5,18 Fixed bed experiments - serosol penetratiom vs bed depth

d, = 600 um )
UY = 0.0383 m/sec

open circles, dy = 1.75 um

full circles, d, = 1.35 um

i

A [}




"l N ,\o
' ° \ \O\
L = \\3
' ~N
\\
0t -
] ’ \\
. L o
N
: + N
- ~N
al : oo
N
© | 1 | | | |
] ) 4 [ 3 ' . 1.
Fig.s5.17 H(mx10?) —
] R b 13 L9 u 5
) . ) ) T
L. 7 °
* o
. L. \
|| ~
~
e \o\
t ™~
- ) . ~.
.,
0\\
N
. oy ~ .
. Y
J
, o | 1 i | L
@ ' L 4 L 4 " n
) fig3.38 ] | —
9!:, ﬂ y w{'
. 4 5,
e " ?‘“i-

it

e P R e D L
;,Ef;fmf e N




PP

Ml L S TLETIS e v—

2

¥

o
¥

w

FIGURE 5.19

FIGURE 5.20

l

Fixed bed experiments - aerosol penetration vs bed deptf\

d = 600 unm
UP = 0.0604 m/sec
open circles, dy = 1.75 um

Fixed bed experiments - a‘os’ol penetration vs bed depth

dp - 600 um

Ut = .0,1237 m/sec

open circles, d, = 1.75 um
full circles, dA - 1,35 um
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FIGURE 8.21

FIGURES 5,22

.

-Fixed bed experiments - aerosol penetration vs bed depth

- 600 um

= 0.1951 n/sec ‘
open circles, d, = 1.75 um
full circles, dﬁ = 1.35 um .

Fixed bed e)Torinnts - aerosol penetration vs bed depth
UP. = 0.3146 w/sec e

open circles, dy = 1,75 um
full circles, dy, = 1.35 um
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FIGURE 5,23 Fixed bed experiments - aerosol penetration vs bed depth

d = 6§00 ym
- 0,43B '/‘QC '
open circles, d, = 1.75 um
full circles, dy = 1.35 um
"y : .
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In(f) vs M

the gradient over a straight section of the plot is, from Equation (5.13),

equal to (-KM/ABU). Thus the anomalous end effects of the bed can be

eliminated and hence the collection coefficient of aerosol per unit
mass and, using Equation (5.4), the total collection efficiency of a

coliector particle in a fixed bed car be calculated correctly.

5.4 Experimental Results

Fixed bed experimeats liquid dioctyl phthalate aerosols
in the size ranges (1.0 - 1.2) ym, (1.2 - 1.5) um, (1.5 - 2.0) um were
carried out at differ;rnt superficial gas velocities and bed weights with
glass collector pafticles of 109 um ;nd $99 um surface to volume mean
diameter. For convenience we refer to these .partit':les as 110 um col-
lectors and 600 um collectors, but all calculations were based on the
surface to volume mean diameter which describes most realistically the
surface area per unit volume of the bed.

Experimentally it was determined that total bed weights of
0.2 and 0.5 kg respectively were sufficient for the fixed bed end e¥fects,
discussed in the previous section, to be negligible in the 0.15 m diameter
column used for this study. These weights correspond to bed heights

cpproxinuly equal to 34 nud 31 collector particle diameters respectively.
Pmtfutim of aerosol in th. bed was measured at 4-6 bed heights at-

0.1 kg weight inmmts for the 110 um collectors for fixed aerosol
duntm nd superficial gas volocitiu. The penetration of aerosol
thou.h the W i wuator p-rtitm was W at'S different bed

‘ ' how W to 0.8 xg niﬂt incremsnts,
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In order to®"eliminate bed loading effects each run was started
with fresh collector particles regenerated by the method described in

Section 4,3, Initial reproducibility problems were solved by the

following method: after charging the collector particles to the column

the bed was fluidized, with clean air, for a short period of time in
order to obtain a "loose-packed'" arrangement of the collector particles |
'simulating the condition of the dense phase in a fluidized bed. The |
surface of the bed was subsequently smoothed by a piston-like device
made of piexiglass. This procedure is illustrated in Figure 5.24 and
pyzved to be effective in ensuring reproducibility between runs.
The results of fixed bed experiments are shown on Figures 5.5
‘ to 5.23 where the per cent penetration 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-
squares regression, The relatively low scatter in the data is gvident.
Tables 5.1 to 5.4 present experiment collection efficiencies
for the 110 ym and 600 ym dismeter spﬁerical collector particles in a
fixed bed for 1.35 ym and 1.75 ym diameter DOP aerosol particles, cal-
culated using Equations (5.13) and (5.4c). We believe that these are
the most extensive and realistic dats presented yet in the literature
' because of & number of precautions taken in this study. FPirstly; liquid
serosols were used and the non-steady state behaviour of beds collecting
solid uroiols, described in Soctia; 5.2.2 was avoided. Secondly, the
eofficiencies were based onga number count and thus not biased to repre-
sent collection of ‘the largest serosol purticles present. Thirdly, the
extremely dilute test aerosol used (less than 10® ﬁarticlu/ls) ensured
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Device for ensuring reproducibilit)l' between runs in
. fixed bed experiments ‘ : Bt
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' ) . TABI:B S.1 Fixed Bed Experiments, dA= l.35/¢l, dp= 108.5,1:, D.0.P. Aerosol > I
s < : v
u "-'2/3“1\2/3‘1;3-2/,3 ‘
> . Bgx10? - mx10%/s (Re), Nx10? N x102  stxio?  se?xaof . x10? Ug/yx10°
O - . 1
3.28. 0.98 _0.07 _ 1.24 0.015 0.10 0.01 - 0.07 0.5
; . 3.5 2,02 . 0.15 1.24 0.015 0.20 0.04 0.04 0.26
5.43 2.69 0.19 1.24 0.015 0.27 0.07 0.04 0.20
3.88 0.28 =~ 1.24 0.015 0.38 0.14 0.03 0.14 ‘ g
s 3,83 0.28 1.24 0,015 0.38 0.14 0.03 0.14 ‘::‘ 3
L 492  0.35 1.24 0.015 0.49 0.24 0.02 0.11
: v 6.04  0.435 124 0015  0.60  0.36 0.02 0.09 §
“’“ '8.69 0.62 1.24 . 0,015 0.87 0.76 0.02 0.06 '
o 2.78° | 10.53  -0.76 .24  0.015  0.05 110 0.01 0.0
& | 3.67° ' 12.37 o.\ss\ 1.24\ 0.015 1.23 1.51 0.01 0.04
5.72  13.19 0.95 " 1.24 0.015 1.32 1,74 0.01 0.04 ;

8.38 19.53 1.40 1.24 0.015 1,9 - 3.8 ' 0.01 0.03
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TABLE 5.2 Bed Experiments, d, = 1.75,‘1, dpz 108.5.,il, D.0.P. Aerosol
:"’“’M _ v B — U-z/snAz/de-zls :
- . ll“alcz =10%/s  (Re),, ' ka;oz N2x102  stx10? - - seZxa0f x102 U 107
-,),\ , 4,89 0.98 1 0.07°  1.61 0.026 0.16 0.026 0.06 0.91
) 5.77 | 2.02 0.15  1.61 0.026  0.34 0.116 0.04 0.44
2,69~ 0.19  1.61 0.026 0.45  0.203 . 0,03 _0.33
383 0.28  1.61 0.026 0.64  0.410 0.02 0.23
388 035 1.61 0.026 0.83 0.689 0.02 0.18
4.92 a’)cs £ 161 0.026 1,02 1.04 0.02 0.15 L
8,69 0.62  1.61 - 0.026  1.46  2.13 0012 0.10 ¢
1055 07 161 0.026 1.77 3.13 ©0.01 0.08

‘ o 12.37 ,n‘es\ 1.61  0.026 2.08 4.33 0.01 0.07
. \ .57 -13.19 0.95 \_ 1.61 0.026  2.22 4.93 0.01 0.97
. ﬁzz' 19,53 ™~ 1.40 1.61 9.026\ 3.29 10. 82 0.01 0.05
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_TABLE 5.3 Fixed Bed Experiments, d, = 1.35, d,= 59, D.0.P. Aerosol

v : E 1r2/302/3dp-2/3

.
/;i,(
’ £

xx10%/s M), N x10° unleo?i sex10°  st?x108 ‘. x10° u ,uxm’
=, ”

2.6 113 2.25 .5.06( 052 027 0.l 1.86

3.83 1.52 2,25 5.06 0.69 0.48 . 0.09 1739

12.37 4.90 2.25 . 5.06 2,24 5.02 0.04 0.43

19.51 7.74 zzs 5.06 3.54  12.53 0.03 0.27

51.46 1247  2.25 5.06 5.70  32.50 ~0.02 0.17 .
43.% 17.36 2,25 - 5.06 7.9 3.4 T2 012 - - ¥

?
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TABLE 5.4 Fixed Bed Experiments, dAa- 1..75’.(-, dp= 596,,(-, D.0.P.‘ Aerosol

v - U—zlsnAzlsdP-z/s
Bx10  mx10%/s (o) Nx10®  NZx0®  sexio® st2x106 x103 u <10 3
S5 ° 2.8 113 2.92 - _8.53 0.87 0.76 0.09 3.12
4,17 5.83 1.52 2,92 8.53 1.17 1.37 0.08 2.33
" 2.97 604 . 239 292 8.53 L84  3.39 0.06 1.48
3.3~ 12,57 40  zm 853 3.7 14.21 k‘ 0.04 0.72
340 ' 19,51 | RA 8.53 5.94  35.28 " 0.03 0.46
° 12.47 2,92 - 8.53 9.51 91.78 0.02 0.28
% 17.36 2.92 8.53 - 10, 106.7 0.01 0.20
L -~ .
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" of the following collection paraneters. NR an St, St:2 u-2/3p 2/3dP

- 5.8.1 Introduction

" we will show that the diffusiomal and

o ~136-

tillt all secondary filtration mechanisms like the transient behaviour
of bed as a result of loading, aerosol coagulation mechanisms and
aerosol particle interference near the collector particle were élimi-
nated.. Finally, by performing experimeﬁts of penetration versus bed
height and calculating the collectol eff:lciencyqas described in

. -
Section 5.3, anomalous collection near the extremes of the fixed bed

,L
was eliminated. Thus, these efficiencies represent truly tie cdMection

" mechanisms around a collector particle in a fixed bed.

Also shown in Tables 5.1 to 5.4 are the corresponding values
-2/3
u /U together with the superficial gas velocity through the bed and

the collector particle Reynolds nunber based on superficial gas velocity.
The theoretical collection parmters were calculated from equations
presented in Chapter 3. In the following section. Tables 5.1 to 5.4 are .
uulyzed to determine the db-imnt couection mechanisms in a fixed bed

of sphorical collector particles, 'ﬂm conclusions will be used in inter-k -
preting the fluidized bgd'rosu}ts of Chapter 7.

5.5 Dominant Collection Mechanisms in & Pixed Bed

W—_————-————-————i———————-ﬂ-ﬁ-

)

In this uction with the help of Tables 5.1 to 5.4, Pigures
5.25 to 5.28 and the preliminery experiments described in Section 5.2.1
' tion mechanisms sre
negligible in this study and chat the collwﬁm udmu:u
are mmmumwmmsm eeling. " 1t huppens,

these wre mctxr the mm am- ehamiw unmmy ,_u_,u."“
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' who, for almost identical operating conditions, claimed that the

S

? dominant collettion mechanisms in a fixed or fluidized bed are inter-

ception and qiffusim; The fundamental errors in their reasoning will

Y S

be indicated in the course éf the analysis.

/

: 5.5.2 Elimination of the interception collection parameter

‘ One iqort'anf:"’aspect that needs ;larifying is whether time
interception -'adunis-‘,{ where the aerosol particle f}s ?mtercepted as
soon as it lpprmche; the surface of the collector to a‘ distance equal

to its radius, is an important collection mechanism.
{

y Intercep’ﬁon is govemeﬁ primarily by tﬁe pir ter NR’( .
" vhich is tﬂxe‘ratio of aerosol to éollectm: particle di{;r (dA/dp);
‘ Inspection of /1’&3135 5.1 and 5.2 ‘shows that for 110 um collector and
| aerosol pa 1;.§es of 1.35 ym and 1.75 un‘ diameter the experimental
officienc)l' of the collector is of the order of Ny and could be expressed
as Ny mlr‘:ip'l:lod by a factor of 2 to 4. "NcCarthy et al. noted a similar
offect, and claimed that‘ :lnterccytion' be an important collection
udmyln for aerosol particles around 1 gicrom. Unfagt\ma'tely; the
\ sgm%inn is not as siwple as this. Before any conclusions are r:ached
wo have to clarify whether the flow yrid the collectar particles is in
) the creeping or potential flow régime. If creeping flow is assumed
1 thim the theeretical interception efficiency is given as /

. / ‘ ’ - L
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and is negligible. If potential flow is assumed then
By == 3N (3.20)

Thus in the potential flow régime interception increases by several
orders of nagnitude and may become an- importlant collection mechamsml
lnspection of Tables 5,1 to 5.4 yields some useful infom-
tion as to the relative importance of the various collection patameters
in the ranges investigated in this study. As will be seen from these
tables the ranges of exper‘imntal velocities covered correspond to
(0.07 < Rep < 1,40) for the 110 pm collectolr particles and (1.1 % Rep <

AsB3 the creéping flow régime around

17.5) for the 600 um particles.
spheres is approximated at Rep< 0.1 and potential flow may be assumed
only at high Rep(tl}eorotically Rep" * for potential flow), we would
expect, at the Reynolds; numbérs covered in this study, the flow around
the collector purticle; to be more adequately approx:l-ated by the

cre‘eping flow equations. Paretsky " (6.8 < Rep < 100) assumed inter-
ception to be negligible. Meisen and Mnthurm also.neglected intex;-
ception but included a constant ter: in their correlation for Egy a8 af
function of St. Parotsky. in fact, bcsod the aquntions of his theoretical

ﬁll model on the assumption of creeping flow, Both of the ,nbovvo studies

presented mmnful cq»iriul corrcutiom which did not mclude inter-
aption for quite high Reynolds mumbers. The abw’/ xpcriunul evidence
can be further auppwtodbyimyutian : ’Ein 5.3 and 5.4 vhere it

[,

e
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o
. 600 um collectors then, for these particles the interception mechanism

cannot be equal to multiples of N.. Thus, we conclude that the flow
< around the 600 um collectors is nearer to creeping than to potential
| régime; interception is proportional to NR2 and therefore negligible.
If 600 um particleg are nearer to creeping flow than to potential flow

(1.1 < Re_< 17.5) then the 110 um collectors must be even nearer to

P

> " creeping flow (0.07 < Re_< 1.4). Concurrently, if interception is

p r
represented by NR2 for 600 um collectors then it must also be represented
by NRZ for the 110 um collectors which lie in a much lower Reynolds

‘ number range, We co\n_clude then that interception is negligible forv .

both collector particles of this study.
e

Inspection of Figures 5.25 and 5.26 where the experimental
efficiencies of 110 um collectors are plotted versus the superficial
gas velocit'y shows that EBT goes through a minimum at a velocity around

C\ 4 to 6x1072 n/s. This minimum happens B_y chance to lie in a region
) where Epy 1s of the order of N and McCarthy et g]. were thus misled

ingo concluding that, for -(0.15 < Re_< 0.34), EBT is proportional to

P
¢
NR and thus to implicitly claim fully developed potential flow around

the collectors for such low Reynolds numbers. ° .

1

'

$.5.3 Elimination of the diffusional deposition parameter

Inspection of Tables 5.1 to 5.4 will show the diffusional

- collection parameter, U-ZISDAZI?»dP-z/S’ to be at least one order of
mgnitude sulier thun‘ the gravitational paufeter, u,/u. at low velo-

cities and much mllcx: than the Stokes number at higher velocities.

i % ‘ There appears therefore to be no range of superficial gas velocity where
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FIGURE S.25 Individial collection efficiency of 110 um collector
versus superficial velocity (dy, = 1.35 um)
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! FIGURE 5,26 Individual collection efficiency of 110 pm collector
A . versus superficial velocity (dp = 1.75 um) ;
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FIGURE 5.27  Individual collection efficiency of 600 um collector
versus superficial velocity (clA - 1,35 um) :
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versus superficial velocity‘(dA = 1,75 um)

FIGURE S.28 Individua'l collection efficiency of 600 um collector !
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diffusional deposition could become important for aerosol particles
eround 1 um in diameter. This confirms the qualitative concludion

indicated by the preliminary experiments of ‘Section 5.2.1. The fact

that gravitational and not diffusional deposition is dominant in the low

velocity range is seen cle;rly from Tables 5.1 to 5.4 where the 1.75/ym

aerosol has always a higher experimental collection efficiency than the

'l.SS,am aerosol even in the range where inertial collection is negligible.

This is a physical impossibility if diffusionai deposition dominates
over gravitational settling. Thus, by measuring Egr as a fpnction of
dA we are able to confirm experimentally the theoretical conclusion
reached by inspection of the collection paramet?rs of diffusion and
gravitation. This, however, disagrees with the conclusions of at least
‘two 'studies, McCarthy 3E_gl¥°1 and Knettig(and Beeckmansk4 , who
misinterpreted the effect of gravity as difﬁusion and claimed that
diffusion was an important collection mechanism in fixed or fluidized
beds operating at conditions similar to this study.

!

Knettig and Beeckmans drew éhei; conclusion from experiments
with fluidized beds and did not present aiy collection parameters so
we can t:ie their statement to reflect an erroneocus interpretation of
the process of fluidization. ‘

- McCarthy ot E.llcl however not only claimed that diffusion
uﬁs important Wt slso presented thtoratical collggtion parameters of
diffusion in order to support thoir.;hcomy. Their theoretical para-
mters for collection by qiffuqien for different u’:ml'diipotors are
presented in Table 5,5. 1In Sectiom 5.5.2 we shows? that the first.

colum of this table, representing collection by faterception, is based

e R <

o
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TABLE 5.5 Erroneous Collection Parameters of McCarthy, Yankel
Patterson and Jackson

(dy = 1B5um, U= 1.6x10-2 m/s)

U

d, pm Bgx10° o 1’303(102
1.4 3.12 0.88
1.0 2.22 1.07
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

¢
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on wrong assumptions. The numerical values of the second column, where
theo;etical efficiencies for diffusional deposition are presented;
éppearéd at first sight to be extremely high. On investigating further,
we found that McCarthy et al. used in their study an equation derived

S7

by Bosanquet from a ver} approximate analysis for an infinitely

long isolated fibre in potential flow:

3

B - /o | (5.13)

D Pe

The applicability of this result to a spherical collector in a packed
bed in creeping flow is, at best,questionable. Moreover, McCarthy et al.

present. no experimental data in suﬁport of their predictions.*

r <

5.5.4 Conclusions .

The elimination of interception and diffusion as possible
contributing mechanisms in aerosol collection leaves inertial and gravi-
tational deposition as dominant colleétion -echanis;;. These two
variables are investigated in the next section where different hypo-
thetical models are tested by regrossion.,alt should perhaps be mentioned
hnra that, as a check, interception and diffusion were initially included

in the model. ‘These two variables were always rejected as having very

low significance levels, large standard errors and were sometimes assigned
'\m-y large and/or um:y/p ;.octficimts (s physical iqwouibi&ty) which

#

.

*1&. :itntt&un 1: nr ecuplicut ﬁy the facts thtt thttthy
imnsions L+T !, and that it is impossible to
e Sechcatbutave from their figures to’ obtatn mm suserical values
A

-

N
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[

amounts to additional strong statistical evidence that diffusional and

irrterception"mechanisms may be safely neglected,

5.6 Analysis of Experimental Results

$.6.1 Introduction

[

The experimental results presented on fixed beds were analysed

using multiple regression which is a statistical technique for analyzing

a reélationship between a dependent variable Y and a set of independent
variables 5(1, )(2,......)('II where m is the number of indeiaendent variables, E
The relationship is of the form.
1 1

Yy = bo+ b1X1+b2 2......bm)(ll ’ (5.14)
where the intercept of the regression equation, bo' and the coefficients
bl' bz......b. are estimated by the least squares method.

In our analysis the dependent variable is the experimental
collection efficiency, EB‘I" and the independent variables are the

dimensionless collection parameters N, St, N_ and NG. The assumption

D
that the collection parameters are independent variables is tantamount
to the uss;xq)tion that individual collection efficiencies around: the
collector urexindepondont of each oth;r. In Section 3,2.5, it was noted
that this assumption is not strictly tﬁm but is a reasonable approxi-
‘sdtion if individual collection efficiqncies are ail quite low and some
are negligible, Furthermore, as the total colltctio;: e}ﬁciency, by

definition, is the sum of the individual efficiencies then when all
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»

‘T‘z’ero. The intercept, bo’ from Equation 5.14 was therefore removed

-

Tom the equation and the multiple regressiod line was forced to pass
\~

through the origin. Draper and smithP13

in "Statistical Analysis"
comment: '"The omission of b0 from a model implies that the response
is zero when all the independent variables are zero. This is a very
strong assumption which is usually }xnjustified." However, in the
present case inclusion of b0 would lead to erroneous conclus:\ions. As
there is bound to be some expe;'imental scatter in the data, the regres-
sion analysis will always manage to reduce‘th-e scatter by assigning a
rion-zero value to bo which has no physica\l meaning; it mathematically
re/p:;esents the total collection efficiency when all contributing
efficiencies are zero. In the present case, b0 would thus correspond
to the contributijons of diffusion and interception, which have already
been shown to be negligible., 1In ;one of the models, as will be seen

later, a constant term was included in the regression equg'tion. This

was done, however, in order to estimate coefficients for the type of

equation suggested by Meisen and Mathurm and Paretsky Pl for inertial

collection in fixed beds.
A summary of the basic theory of -nltipie regression analysis
is presented in Appendix F and it is assumed here that the reader is

_ faniliar with the technique.

+

$.6.2 Statistical shalysis of the serosol collection models

The experimentsl collection efficiencies of the 110 um and

600 ym collectors, presented in Tables 5.1 to S.4iwere tested by multiple
regression analysis with five hypothetical collection models. The data

<
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were divided into three sets. The first set contained only the data of
110 um diameter collectors and is referred to as S (S for small collector
particles). The second set contained only the data of 600 um diameter
collector particles and is referred to as B (B, big). The third set
was simply the sum of the first two sets and is.called Set SB,
Each set then was tested with five hypothetical models repre-
senting aerosol collection by a sphcri‘cal collector in a fixed bed.
So in all 15 cases were run and the five models tested were as follows:
Model 1 assumed that gravitational collection is negligible s
and may be removed from the equation describing the total efficiency of
:¢collector particle in a fixed bed. This in fact has the form of the
equation presented by Meisen and Mathur (Equation (3.12)) and is siniilar
to the forms of the equations suggested by Paretsky for the velocity
m.o-uhm gravit Miom‘l collection is negligibile '(Bquetions (3.9) and
(3.10)).

BBT - nISt 4 ao (5.15)

&

However, Paretsky complicates his equation unnecessarily by raising the
Stokes number to an empirical power ihich_turns out to be very close to #
unity (9/8).

Model 2 is similar to the previous model but hias, in addition,

\ , . . ‘ :
by imcluding the gravitational collection parameter raised to an empirical

‘“' - .I“*.% . . I(S.IG)




Model 3 tested the hypothesis that the independsnt variable

of inertial collection could be represented better by the Stokes number

raised to the power of two and an intercept., This is a much simpler

equation than the four parameter polynomial approximation fitted by
Knettig and Besckmansm (Equation (3.13)).

]
E.. = a stl4a (5.17)

BT I 0 /
Model 4 is similar to Equation (5.16) with the modification of
including the gravitational settling term in the collection equation,

and removing the intercep;:.'

-

2 ‘ o

Bpp = g5t 4 a N ) (5.18)
Model 5 tested the hypothesis that the coefficient of the

inertial parameter is not constant but a linear function of the col-

. , .
lector particle Reynolds number based on superficial gas velocity.

- O ek

Theré is some indirect evidence for this i.n Paretsky's correlations.
for inertial collection (Equations (3.9) and (3.10)), where the coef-

ficient of the inertial term increases with collector diameter, from

RS

0.78 for 780 um collectors to 2.5 for 1,700 um collectors. The gravi- |
l @
tational term was included in this model . :

S s o

v ¢

Byr = (GRe)StdagN, _ (5.19) ;




A e e i A L e -

Bias R A

"

rd

w

! -151-

Table 5.6 presents the coefficients of the dominant collection
parameters (inertial and gravit%tional), fitted by multiple regression,
the square of the adjusted multiple correlation coefficient, RZAD’ and
t!\e adjusted standard residual, SAD (see Appendix F) for each gf the
fifteen cases described earlier. We now have fifteen different sets of
coefficients and we refer to them with 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 Set B which contains the data for 600 um collector
particles. "

Inspection of Table 5.6 and comparisons with previous attempts

to correlate E__ as.a function of Stokes number yield some interesting

BT
conclusions. We make two comparisons:
First, we compare the coefficient of inertial collection of
Model 18 (d = 600 um) which, from Table 5.6, is given by the equation
. -

Bpp = 0.8LSt¢s.7x1074 (5,20)

BT

as 0.81fith Bquation (3.10) which is suggested by Paretsky’/ for

serosol removal in fixed beds of 775 um collector.

B, - 0.78 5c0:98 . (3.10)

As seen sbove the two coefficients are almost identical.

It

v
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\ I
. TABLE 5.6 Summary of Multiple Regression Analysis
of Fixed Bed Experipents

] Statistical
1 Fitted Regression Coeﬁicients wlysis ;
4 Mode1 St st? . )NG u(;xloz R? o Sapi?’ g
1S 1.48 . S 3.2 0.31 1.6
25 2.89 - 6.8 - 0.94 1.3
110 un 3s - g 51.3 - 3.95 0.35 1.6 |
4s - 111,0 9.02 - 0.85 2.0
55 2,53 Re - 927 - 0.90 .1.7 ?
. ™
. 1B 08 - - s7x0? o.62 0.5
e 2B 0.834 - 0.97 - 0.8  0.25
600 um 3B - | 69.4 - 0.18 0.79  0.18
4B - 82.7 1.42 - 0.94 0.14
s L0583 Re - 1.2 - . 0.96 0.12
188 2,26 .. - 1.52 0.36 2.1
110 yn  25B  2.69 - 6.60 - 0.89 1.4
+ 388 - 76.3' - 2.5 0.33 . 2.1
600 un 8 - 112 8.49 - - 0.84 1.7
i 0.151 Re - 9.8 - - 0.50 3,0 .

@
)
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Now if we compare Paretsky'% correlation for dp - 1,700 um

with Meisen and Mathur's M3

correlation which is suggested for dp -

1,500 vm we see that fhe two coefficients are again almost identical.

[ o
In fact, Paretsky suggests

B, = 2.5 sel13

and Meisen and Mathur claim*

- -4
EByp — 2.6 St +7.5x10

+

3.9

(3.12)

P

The above two comparisons show that linear approximations of

this sort are quite reproducible for collector diameters of the same

size range. This strongly suggests that the form of Equation (3.14),

where an undefined function of Reynoles number is included in the irer-

tial term, is realistic and the coefficient of inertial collection is

not constant but varies with Rey. Model 5B, for 600 um collectors indi-

»
cates the samoe conclusion

Byy =

A}

5.83:10"2Rap8t +1.42 Ng (5.21)

This correlation has the highest R, (0.96) and the lowest adjusted

standard residual (smxwz - 0,12) of its group. This is not the case
for 110 um &ollectors and Model 28 gives the best equation for serosol

Pi

€

, » ‘
*Corrected as noted in Chapter S,

C -
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removal in that collector size range as

+

E - 2,89 St +6.89 Ng

BT

t

which has the highest R?

AD

of the variation in experimental data.

(5.22)

and lowest S, in its'group explaining 94%

A substantial improvement is therefore noted in the value of

RZAD and Sap for the experiments with 600 um collectors when it is

assumed, as in Model 5B, that the coafficient of the inertial term is

not constant but increases linearly with the collector particle Reynolds

number. This agrees, in principle, with the conclusions of most previoﬁs

\
studies on inertial collection by isolated spheres (for example Davies’

Cc3

S

BS | :
Chen , Blasewitz and Judson ) who claim that the inertial collec~ *

’

tion parameter should be a function of Reynolds number as well as Stokes

number especially at intermediate Reynolds number. In the range of Re

v

P

of these particles (1.1 < Rep < 17.4) the flow field is in the inter-

mediate régime for which reliable theoretical velocity distributions

are not yet available. An increase in velocity, which of course reflects

S

an increase in Rep, affects the velocity distribution of the gas flowing

around the collector. The perturbing effect of the collector particle is

reduced to a smaller region close to the collector,and this more abrupt

spreading of the streamlines at a higher Reynolds number enhances the

influence of partigle inertia and therefore causes a higher collection

eofficiency. The 110 um collector particles, }ie in a range of Rapluch

closer to the creeping -f low r‘giqa where theoretically the velocity field

is governed entirely by viscous forces and thus collection efficiency is

~

;
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insensitive to variations in the velocity of the fluid passing around
the collector. By the same reasoning at high Reynolds number the velo-

city profile in the vicinity of each particle will be much 'less sensitive

to Rep.and‘the collection effigtéﬁéy will be again insensitive to Reynolds

B

number,

Another interesting point to note is that including the

2 in the equation does not lead to any improvement

inertial term as St
in the predictions of the model and, in fact, leads to a much poorer
performance for the 110 um collectors (Model 45). A useful conclusioﬁ
drawn from this is that in most of the range of previous work on aerosol
removal in fluidized beds (100 um < dp < 600 um) inertial égllection

can be approximated successfully by assuming a linear dependence of
collector efficiency on Stokes number. Figures 5.2% te 5.28 show the
experimental particle collection efficieﬁcies of 1.35 ym and 1,75 um
aerosols by 110 um and 600 um diameter collectors as functions of super-
ficial gas velocity. As observed from these figures EBT goes through

a2 minimm at approxinately“SxIO'z m/s for 110 ym collectors 3;5 107! n/s
for 600 um collectors. Model 1 will not predict this lininug and will
therefore have a low RZAD”value. Therefore inclusion of the gravity
tern markedly improves the fit of the efficiency equatibn, especially
at low superficial gas velocities. This of course is reéflected by a

merked increase in Rzm and a corresponding reduction in the value of

' the adjusted standard residual, S,. Equation¥ (5.21) and (5.22) which
‘ \
are the best fits for the 110 um and 600 um collector partitle efficiencies

. \ .
.
<) . s W
<
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respectively are plotted in Figures 5.26 to 5.29 and compared with the
Meisen and Mathur type correlation. As can be seen from these figures
the correlations of this study are far superior predicting quite
accurately /in each set of experiments the minimum in Eg. where the effect

of inertial and gravitational collection is weakest.

5.7 Summary

In this chapter we reported preliminary experiments on the
transient behaviour of a fixed bed collecting 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 Lm, 1.35 um, 1.75 um-and 2.5 ym liquid DOP aerosol particles by
fixed beds .of 110 um and 600 um diameter collector particles. End 4
effects on the bed-air and bed-support plate interface were analysed ;
and we determined experimental collection efficiencies by performing
experimemts at different bed heights and thus eliminating these end
effects; The dominant collectich nccﬁanisns in this study were shown
to be inertial deposition and gravitational settling. Interception
efficiency was eliminated because of the low range of Repand diffusional
deposition was shown to be negligible when compared to the gravitational
settling parameter, Bxperinen?al results justified the elimination of
these two mechanisms. The experimental collection efficiencies were .
;nalyled by multiple regrpssion nnd.fivo hypothetical models were tested.

It was found that aerosol collection by the two sizes of
particles could not be correlated by one equation as they lay in different
flov régines. The 110 im collectors (0.07 < Rey <i.4) were in the @eeping
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flow régime and collection was insensitive to Reynolds number. Aerosol
collection by the 110 um collectors wag best represented by the following

equation

Eor = 2.89 St 4 6.89 Ng (5.22)
“which accounted for 94% of the variations in the experiments,

Collection by ‘the 600 um collectors which lay in a higher Rep
Tange was found to be affected by the particle Reynolds number. The
efficiency of these particles was best described by the following
equation

- -2
Bpr 5.83x10Re St + 1.42 nﬂ (5.21)

which explained 97% of the variation in experimental data. It is thus
seen that EqMtions (5.22) and (5.21) describe almost perfoctly collec-
tion of aerosols by 110 um and 600 um collector and are therefore suggested

as useful design equations.

/"// 1
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CHAPTER 6, FLUIDIZED BED EXPERIMENTS

6.1 Introduction,. »
This chapter presents experimental results for aerosol removal

in & 0.15 m diameter fluidized bed composed of spherical collector

particles. The equipment used for the generation and nonitori;xg of

“the aerosols, a typical experimental run, and other-experimental details

are described in Chapter 4. The experiments presented here analysed

the effect of superficial gas velocity thro{xgh the bed, bed height at
minisum fluidization, distributor effects, bed loading, diameter anld
physical state of aerosols, collector partic;e diameter and density,

and removal of aerosols at h.i“gh supgrficial gas velocities. The results
are discussed qualitatively and co-pn;ed with the conclusions of the
most recent previous stu&ies. This was found to be necessary in order
to :fispell the misleading belief which seems to have grown up that

serosol penetration in a fluidized bed increases with increasing gas

‘nlocity"cl"n , and that the bed is a honogimoous contactor in plug

1. Chapter 7 presents a mathematical analysis of the process
snd calculates collection coefficients which are based on the experi-
mentsl results of this study and an ip& two phase theory of fluidiza-
tion. To the best of our knowledge the experiments described in this
Mor are the sost socurhte mﬂtod yot in the literature, for the

mwm . ,
u} muﬂﬂnuciumhsdmathmdtm;

o mb&#wwmmmm«mmmm”
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(ii) The extremely dilute test aerosol used (less thdn 10?

particles/ns) ensured that all secondar); filtration
-mechanisms, like aerosol coagulation and aerosol
particle interference near the collector particles,

were eliminated.

(iii) The distributors used were designed to ensure a good

distribution of the incoming gas. Adedmte distribu-
tion of the gas was cmfjmd by visual observation

-of the bubbles and’the pressure drop across the ‘distri-
‘butor was measured, as a design precaution, as a func-
tion of superficial gas velocity (Figure 4.7). The
distributor orifices were drilled as a regular array

on triangular pitch, sad were designed for n}niml
collection.

Blank to:ts at experimental velocities without the bed
in place eliminated any errors due to collection by

the distributor plate, £luidized bed columm and sampling
system, and uny minor distortions introduced in the
mlc (Figure 4.13).u & result of non-:lsqkinetic sampling,
The m were performed with c&ly sized collector,
the dismeter of which was accurately determined by measuring
Mprticl'.l ﬂuéhbfthoﬁmhtchosuudﬁder an
mw microscopi. The almost clhienl treatment' of the
ulw (Section 4.39 Mcum run snd bhnk tests

W W ‘ii ww that the "background"
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' The experiments presented in this chapter encompass a far
wider spectrum of gas velocity than previous studies, reaching a super- -

ficial gas velocity of 2.85 m/s in the extreme case. 3

Diaciiion sl S

6.2 Expérinents on Basic Parameters of Aerosol Removal

6.2.1 Effect of superficial gas velocity

6.2.1.1 Penetration close to minimum fluidization
Perhaps the most misunderstood parameter of aerosol.z:uection |

in a fluidized bed has been the superficial gas velocity. Disc¢arding 4

experiments with 5x10~2 m diameter beds which were probably operating
in a slugging r&gime, previous studies have barely gone beyond 3-4 times
the’ ni.nim fluidization velocity. ‘ ' ‘
As an example of how the effect of superficial gas velocity i
on penetration 1_\83 been -iS‘interpreh\Q\t the past, the results of a :5
recent publication (N?venber 1974) by McC}rthy et 51_."‘:1 are presented |
in Figure 6.1. Their study, described in more detail in Chapter 2, ﬂ
inyestigated the removal of dioctyl phthalate aeiosois (DOP) in a 0.15 m
‘ l{l‘;i.dizo;! bed ‘bf 135 ym diameter alumina granules, On Figure 6.1 the
”\G§ penetration ofthe challenging aerosol, f', is plotted versus
" the mﬂem gas volocity through the bed, U, divided by the minimm
fluidization velocity, U.!. for two asrosol sires (d -1,0 md 0.67 um).
They carried out mw» from 1.1 to 2.5 U/U_e, which falls in d \
narrow velocity range of . 1;.7 to-8.9x10"2 a/s, and cuacludag that serosol \
pomm:lw incrensed emidtnbly with mhz luporﬁchl gas velo-
city. NcCarthy et &1, then mmlptml from thelr experimental rosults
M th that the trend of increasing pemetration will comtinue,
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. PIGURE 6.1 Aerosol penetration versus (U/U )
. McCarthy et a1 A

open circle, dy =~ 1,0 um ,
open square, d, = 0,67 um
d_ = 135 um o
) P m 2,5x10-2
- 1.56x10~2 m/sec
alumina granules

this studx .

) full circle, d, = 0.82 um
d, = 08,5 uym "\
- 2,8x10"2 -
: - 2,0x10"2 mn/sec
gﬁn microspheres
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' %

. approaching asymptotically a penetration of 100% as the gas velocity

r is increased. They conclude that the uséfulness of the fluidized bed *

, for aerosol collection is limited to low velocities and, as a solution

. . to obtaining low collection efficiencies, fhey present a design ir;cor- g
g poratini four to five fluidized beds in series, egch collecting a i

relatively small amount of the challenging aerosol. The final pene- 4

EI M £

“tration tl;rough this rather complicated device, assuming complete mixing~ ~

after each stage, is given by the following equation"c1:J2 ,

B S i L 2

Mot ) '
' - £
£ st f (6.1

»
"X

where n st is the number of stages and an is around 2 to 4x1072 m

Equation (6.1) holds, of course, for an inlet aerosol which is mono-

faac)

disperse; otherwise collection mechanisms and target efficiencies will
.vary as collection proceeds from stage to stage depending on the particle “‘
' size vuriatign.’
An l:tt.q)t was mide to duplicate McCarthy et af.'s fluidized
bed experiments as closely as pouib1§ using a 0.8 p= diameter DOP
urosol and the 110}4.: collector particles. The height of the bed at
minimm fluidizetion was 2.8x10-2 m and the mintmun fluidization velocity,
2,0x10"2 m/s, was sufficiently close to theirs (1.6x10'z m/s), to enable
comparisons to be made. The particle counter was- prime calibrated before
the c:q\nrhlnts, as 2 precaution, in the manner described in Appendix C.
In order ;.o prevent the bed pairticles gm falling through the orifices
at thess low velocities, the plate was covered.with a wire mesh of 74 un
W . One thivd oﬁ% halss in the distribuicdr p:m were blocked
. - . mimm m: %W’?& tllil \dtthMmlyzing
. X ; %"“ ,

-y
& F ‘ i , >
T [ R L ?-.,{‘
L4 © s y ¥ ¢ ot *, W 3"
. B, r, Lo , ; »w.,; I4d
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the factors contributing to high penetrx;tions at low gas velocities.
Blank tests were performed in order to eliminate collectiori by the wire
mesh. Aerosol collection by the wire mesh’ proved to be quite small and
of the order of 1-3 per cent?. .

Very closely spaced experiments were performed below and beyond

the range invesiigated by McCarthy et al.; the results are plotted in

Figurg 6.1. As will be seen from the figure, for U/Umf <2 (i.e, gas g~
velocity up to 4x10"2m/s) penetration does increase with superficial

gas velocity. 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 manner, the same trend is noted in

the results of McCarthy et 3;1_. , but their curves have not quite reached
their maxima. This observation is extremely important and to the best

of our knowledge it has not been referred to or investigated previously
in the literature. The penetration continues to decrease as the velocity
through the bed is increased, with no indication of passing through a
minimum. The lowest penetration in this set of experiments is at the
highest velocity of .12 m/s and, as will be seen from Figure 6.1, at

that point the bed is loro efficient than the fixed bed portion of the
eurvo.n Thus, the dlltl presented m‘this figure represent conclusive
experimontal evidence thst the aerosol penetrstion in a fluidized bed
does not increase continuously with increasing gas v;locity but reachéds

- » maximum and subsequently decreases. All subsequent experiments in this

study, discussed below, fall into a velocity range where pehotution
¥

*It may be noted that this is the reason (ses ton z.s.x.u uhy the
suthor £inds the results of Seott and Guthr » vho-feport a 15-20%
collection of 0,57 4 serosol pm&e!n by a screen of the same opening,

highly improbable,
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decr:eases with velocity. The reason for this surprising behaviour ;>f

the fluidized bed collecting aerosol particles at low velocities is,

we\ believe, a combination of three contributing factors.

\Q\ The first factor, and perhaps the most important of the _thrée
from an academic and practical point of view, is that aerosol removal

in shallow fluidized b&ds operating at high velocities falls in the range
where gas exdiméa between the bubble and the dense phase is very rapid
and penetration is not controlled by this mechanism. The limiting step
appears to be in the dense phase. This cpnclusion is justified by detailed
analysis fn Chapter 7, where it is shown that the fluidized bed may be modelled
successfully on the assumption that the resistance to gas interchange between
the phases is negligible. The reason for‘ the rapid gas int';erchange bgtween
the phise_f, at high velocities, can be attributed to very fast bubble

4 1;1 ahe' coalescence occurring in the region close to the distributor
phtel, Clif:'t:c$ and Clift et 3_1.09 have shown that a large fraction

of the gas forming the bubble clouds is transferfed to the dense ph ng when
coalescex;ce occurs, The same authors have also shown that this contribu-
tion to mass transfer is important particul;rly in the region ver;' close

to the distributor. It appears, therefore, that the experimental results
of this study {greo, in ﬁrinciple » With tﬁeir theory ,gpd coalescence .
contributes significantly to gas transfer between the phases,

.T‘ho uc\gnd ftetor. contributing to serosol collection, at'hig*\
velocities, 1s that the motion of the bed particles is affected by thé
rising tubbles. This vigorous mixing of the collector particles especially
in the clouds and in the wakes of the bubbles enhances inertial collection

‘zesulting, as will be seen in Chapter 7, in higher collection coefficients
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for larger aerosol particles. At lower flow rates, where the influence

A

of bubble-induced particle motion on inertial 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
difficulties inherent in performing experime;lts with aerosols. The
majority of previous studies, with the exception of the pioneering study
of Meissner and MicklayM4 , used low sl;perficial gas velocities*, ‘The
reason for this is simple: it is quite difficult to produce a monodisperse,
spherical and electrically neutral aer9501 at sufficiently large flow-
rates and exgerinentally stable conditions. The problem was overcome
in this study by the use of the spinning disl.: ‘generator, modified in the
nn;rer described in Chapter 4, but the msjority of the previous studies
used quite crude and complicated devices for aerosol generation (see
Chapter 2). For this reason, experi;ents with realistic bed Sizes, around

0.15 m, have been avoided in the past. Unfortunately, major problems

arise in nchievirig adequate distribution at low velocity of a gas containing

an serosol.. Porous plates cennot be used because they collect most of the
challenging serosol, thereby clogging and showing unsteady filtration
chnrnc.toristics‘. Ar sltermative is a pggfmte&. plate distributor, but

}

the percentage free area. required at low v'lociti\es' is small. This is-

probably the msuf why loat previous studies have avoided commenting

L

*It niy be noted that Meissner and Mickley, who were the only previous
workers to use elevated gas velocities, are also the only workers to report
.- decreasing penetration with increaging U, .

x ¥

i
i
|
3*
§
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extensively on gas distribution, and have chosen veéry simple distributor
.

designs. Scott and Guthriesz for example used a 75 um opening wire :
mesh, while McCarthy et al. used a 0.07 m deep fixed bed of 102 m dia-

meter c;ramic spheres and a "retaining screen' with unspecified opening.

The pressﬁre:drop across thiis "distributor bed" at the highest superficial

gas velocity used by McCarthy et al. can be calculated approximately from

P4

“the Ergun equation which is given for large spherical particles in fixed

beds asDz
(1-e)% v (1-e)p U°
AP i -
28 e 150 ———£- 41,75 __r-ﬂ- . (6.2)
H e3d2 e“d
§ P 10 S : -

Taking H ~ 0.67 m, € = 0.43, U= 3.9x107% ms™1, o = 1.2x10"® kgn'3,

d_ = 0.01m u_" 1,84x10~5 kgm~1s~1 we obtain 4P = 1.32 nm 2; this

f

c:n be considered to be a negligible pressute drop. Furthermore, any
beneficial effect their ceramic spheres might have had in distributing

 the gas was destroyed by the inclusion of an empty section 0.2 m deep
beﬁuaen the s;heres and the retaining'screen. This type of inef{ective
d;stributor results in the initial forlation of large bubbles, few in
number, ind is partly the reason for increasing penetration with increasmg :
vqloc:l.ty;_ The dotrilmtal effoct of an inefficient distributor on aerosol '
W&I;t can be verified from the results of . this study, plotted i{m

( Figurc 6. 1. where tho pcrtul blocking of the distributor orifices -agni—
fiod the chp(mdvnca of pmntntion on gas velocity at tha low range and
umlud in collection efficiencies even lower thm«obsmed by MeCarthy

&t al,

)
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6.2.1,2 Penetration at high velocities i
Ha%ing clarified the effect of gas velocity and inefficient

gas distribution we can examine further éxperimental;resdlts. All sub-

/ -

sequent expeniments were performed in the region Where bubble formation
and coalescer{ce/is rapid Figure 6.2 shows the effect of gas superficial
velocity, U, for three values of the qunup1ght at minimum fluidization,
Hmf' for 1.6 ym DOP in a bed of 110 ym co&&ectors Tables 6.1 to 6.4
present extensive experimental results for 0,72 ym, 0.9 ym, 1.1 ym and
1.6 um DOP aerosol with 110 um collector particles, Some of these results
are plotted in Figures 6.2 to 6.5. With very shallow beds and large
gerosol 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 dependence on gas velocity.

On increasing H_. so that the bed is truly fluidized much higher col-
lection is observed, and the penetration decreases with increasing velo-
cify. At greater depths thh aerosol penetration decreases substantially
and is again effectively independent of U, As discussed earlier, the
dependence of penetration on U at intermediate values of H . can be
attributed to enhanced inertial collection due to bubble-induced particle
movemsnt, It -n} be noted that although the deepest bed is still very

shallow in comparison wish conventional fluidization operations, high

-

collection efficiencies are obtained. From Tables 6.1 to 6.4 a 7x10°% m
deep bed operating at 0.36 m/s collects 98% of 1.6 um aerosel and B0% of
- the 0.723un dismeter aerosol, emher aerosol dismeters falling between
the@e,v:iues. It is also interesting to note in Figure 6.2 t¢ 6.5 that

the dependence of penetration on velocity becomes weaker with increasing



! FIGURE 6.2

The effect of gas superficial velocity on aerosol
penetratiofi for three values of the bed height at
ainiwum fluidization
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FIGURE 6.3

Fluidized bed experiments - aerosol penetration
versus ll/u.:f .

d, = 0,72 ym ’
- 110 um N
square, H_. = 3.06x10" 2. =
circle with as¥irisk, Hye = 3,98x10°2 m
open asterisk, Hpe = 5.10x10-2 » -
£011 asterisk, Hye = 6.78x10-Z m
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Fluidized bed experiments - aerosol penetration
versus um.f .
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FIGURE 6.5

n

Pluidized bed eiperinmts - aerosol penetration
versus U/U . -

d, =1.1m
w110 um
circle, - -1.22x1002 m
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TABLE 6.1 Penetration in Fluidized Bed Experiments,

4
‘

dp = 0.72 um, dy -‘nfp Hm

‘

Hoe Superficial Gas Velocity U,x10%/s i
nx10? | 4,92 6.03| 7.24 | 12.88 | 13.06] 19.55 | 25.61| 34.93 "
0.372 - | 99.4 - 96.6 - - - - B
0,744 - | 96.3 - 94.3 - 96,6 - - i

" 1,22 | 79,7 | 91.4 | 76.0 | 81.6 | 73.4 | 87.6 | 70.1 - 1
1.8 |69.1 |'66.9 | 62.9 | 61,0 - | s6.0 - - ‘1
3.06 | 56.2 48.2 | 46.1 | 43.8 | 41.9 | 39.3 | 38.5 | 43.2 '
3.98 [40.3 | 321 | 32.3 | 37.0 | 37.5 | 34.3 | 35.2 | 31.6 -
5.10 - | 20.4 - 22,8 - | 21.6 - .23.0
19.8 20.8 20.4 ) 21.9
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TABLE 6.2 Penetration in Fluidized Bed Experiments,
dy = 9.9 um, dp = 110 um

!

H.f' Superficial Gas Velocity mx10%/s

nx10%| 4.92| 6.08 | 7.24 | 12.88 | 13.06 19.53] 25.61| 34.93
0.372] - |90.9 - |80 - - -
0.744] - | 88.6 - |87 | - Jesaf| - -
1.22 | 72.3 | 78.0 | 617 |69 |sa.s | 587 | 436 -
1.86 | $9.8 | 52.8 |48.3 | a4.6 - 02| - -
3.06 | 44.6 36.8 [34.3 |28.6 |26.6 | 24.6 | 23.5 | 26.8
3.98 | 28.1 |24.5 |2004 [21.4 |[20.8]) 19.7 | 187 | 17.1
5.10 - | 3.2 - s - |- -0} 1
6.78 | - | 113 - | 108 - w03 - | 10.8
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TABLE 6.3 Penetration in Fluidized Bed Experiments, :

L} - -
N dy =115 un, d =110 ym

Superficial Gas Velocity ax10™%/s -

ax102 4.921 6.03 7.24 | 12,88 | 13.06( 19.53| 25.61| 34.93

0.372 - 85.4 - 70.2 - - | - -
0'.744 - 74.0 - 62.5 - 72.0 - -
1.22 54,7 | 59.7 44.4 49.8 41.6 32.f 26.2 -
1,86 45.1 | 37.9 31.5 28.4 - 24,1 - | -
3.06 29.9 1 22.5 19.8 15.5 14,0 | 13.0 | 11.4 12.4
3.98 | 17.4 | 14.1 11.3 11.3 9.8 8.9 8.1 7.3

5.10 - 6.9 - 5.3 - 5.2 - 4.8

é

6.78 - 6.1 - 5.9 - 6.0 - 5.6
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.4 Penetration in Fluidized Bed Experiments,

| dA = 1.6 ym, dp - 110 um
//
/n/szloz niﬁz f!
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 14.1
6.0 3.04 10.6
7.1 3.04 8.5
11.0 3.04 6.6
13.0 3.04 5.2
19.5 3.04 4.6
26.1 3.04 3.7
38.1 3.04 2.7
. 43.8 5.04 2.2
6.0 6.73 1.4
110 6.7% 0.6
13.0 6.73 1.1
" e 6.7 0.7
31.5 6.73 1.1
! Yoo
12.4 ' by "95.7
12.4 0.74 92.9
Y " 2.m 19.7

t
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velocity at intermediate bed heights. This is because the bubbles in

the bed, although.enhancing inertial collection, have a secondary effect:

of mixing the gas im the dense phase. As will be shown in Chapter 7 the
bed goes through a transition from plug flow at low velocities to approach
complete mixing at high velocities, and thus becomes less. efficient with
increasing gas velocity. This trans'itioi‘ml be‘haviour of the fluidized
“bed is discussed in mo:ie detail in Chapter 7.

Tables 6.5 to 6.9 present experiments with DOP aerosols of

1.1 &71.35 ym, 1.6 ym, 1.75 ym and 2.5 ym diameter with 600 ym diameter
collectér particles where penetration was measured as a function of velocity
and bed height at linimum fluidization, Figure 6.6 shows experiments

\lhere the penetr;tion of 1.1 ym dismeter serosol through a fluidized bed

of 600 um collector particles is measured as a function of U/U and

p-u ) at four different be} heights. The figure shows clearly the

effect of enhanced inertial collection at intermediate bed heights. At

}kf - 1.93(10"2 m, for example, the penetration of 1.1 um particles falls
from sbout 60% to 27% “, u/u of is increased fron'l..'; to 2.5. Over 90%

of these aerosol particles whic;'h fall 'in the range difficult to collect"
are removed by a 8.8x10"2 » deep fluidized bed at a s{xperficial gas velo-
city of 0.74 n/s.

6.2.2 Effect of bed depth at minisum £fhidization and bed losding

(3

6.2.2.1 . Introduction
The effect of bed depth ot minisum fluldization depends on

" superficial gas velocity and is described in more detail in Chapter 7,

”;no s mhmtul wodel for aerosol collection is derived from the
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TABLE 6,5 Penetration in Fluidized Bed Experiments,
d, = 1.1 ym, d_ = 600 um
i p
an Superficial Gas Velocity, U mx102/s
nx10° 38.03 43.72 49,15 54.84 | 60.79 | 73.68
1.86 59.15 48.07 43,17 - | 3s.66] 27.16 1
- 3.06 53,80 - 33.36 - 24,68 -
4 3.98 46,94 | ~36.64 31.05 28,98 | 28.16 | 24.79
5.10 33.74 - 21.63 - 15.58 -
6.78 24,72 | 17.92 t+ 13.28 12,48 | 11,79 | 11.31
8.81 20.07 - 11.66 - 9.41 - -
»
P AN
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TABLE 6.6 Penetration in Fluidized Bed Experiments,
dy = 1.35 um, dP = 600 um

-
4

)

~178-

Ho Superficial Gas Velocity, U mx10? s

w10 | 38,03 43.72 49.15 sa.84 | %0.79 | 73.68
1.86 21.36 16.71 14.34 10.80 7.59 7.41
3.06 16.84 - 7.85 - 8.16 -
3.98 | 13.13 8.84 8.46" 7:23 | 6.76 | 5.82
5.10 8.74 - 5.61 - 3.92 -
6.78 6.20 5.23 4.68 4.24 | 430 | 3.71
8. 81 6.50 - 4.50 - 3.53 -

e
:




TABLE 6.7 Penetration in Fluidized Bed Experiments,
’ dA - 1.6 um, dp w 600 um

m/.«,::io2 ;?52 £
34.5 1.11 . 7.9
) 34,5 1.44 6.9
" 34,5 2,04 6.7
34.5 2.63 5.5
34.5 3.37 1 5.8
34,5 g; 4.33 ' 4.7
49.1 ’ 1.11 7.7
? 9.1 1.44 6.0
49.1 2.04 5.0
jf 49.1 ~ 2.63 4.2
49.1 T 3,37 | 3.1
49.1 4.33 2.1
49.1 5SS ' 1.4
- 49.1 7.14 | 0.6
. 49.1 9.25 0.3
. . 34,5 4.33 1 3.3 |
43.8 4.58 3.9
47.6 4.35 2.1
s1.0 4,35 2.2
60.3 4.53 1.9
. ' |




TABLE 6.8 Penetration in Fluidized Bed Experiments,
dy = 1.75 um, dp = 600 um

Hoe '\ Superficial Gas Velocity, U mx10%/s

w10? | 38,03 | 43.72 | 49.15 54.84 | 60.79 |73.68
1.86 5.89 3.81 2.80 |~ 2.67 | 1.73 | 1.65
3.06 5.12 - 1.67 - 1.08 -
3,98 3.38 2,16 1.81- 1.96 1.59 1.42
5.10 1.87 - 0.922 - - 1.18
6.78 1.27 - 0.56 - - | 0.39
8.81 0.89 - "0.47 - - 0.32




TABLE 6.9 Penetration in Fluidized Bed Experiments,

dA = 2.5 um, dP = 600 um

L
H e U £

lx102 nxloz/s (-)
1.86 - 60.79 0.26
3.06 38,03 Q90
3.06 60,79 0.12
5,10 43.72 0.55
5.10 54,84 0.57
5.10 73.68 0.18
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FIGURE 6.6

Fluidized bed experiments - aerosol penetration

"

versus U/U-f

d, = 1.1 um

L J m v-

11 circle, - 1,86x10"2 m
Open square, - 3,98x10~2 @
full asterisk, - 6.78x10-2 m
open circle, Hye = 8.81x10"2 m
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PIGURE 6.7 Comparison of fixed and fluidized beds collecting

’ | | open circld, fixed bed (H = 9x10~2m) .
full circle, fluidized bed (H e = 1.9x10°2 m)
‘ circle with asterisk, fluidized bed (Hye = 8.8x10=2 m)
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FIGURE 6.8
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Comparison of fixed and fluidized beds collecting
dioctyl phthalate aerosol particles

d, = 1.75 um
ﬁg: 600 nm
n circle, fixed bed .
full circle, fluidized bed (1.86x10"2 m)
circle with asterisk, fluidized bed (8.81x10"2 m)
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| modified two phase theory of fluidization. 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 . ;
Figure 6.9 shows the penetration of 1.6 ym DOP aerosol as.a

-function of bed depth. The bed was composed of 110 um collector particles

and was operated at a ‘superficial gas velocity of 0.13 m/s which corres-

ponds to 6.5 times the minimum fluidization velocity. At very low bed

depths, H f -_3.7x10"3 m, the aerosol penetration is h:igh (about 96%).

The bed is not truly fluidized but' consists of local spouts over the

holes of the distributor. Increasing the bed depth to 7.4x10°3 g simply

increases the height of the spouts and a small reduction in aerosol -

peretration is observed\:\ When the bed heigi\t is increased to about
1.2x10"z B a very sharp increase in efficiency is observed and penetra-
tion of the challenging aerosol falls from 93% to 20%. At this point T
visual observation of the bed showed that it had undergone a transition |
from local spouting to fluidization. This transition is shown with a
broken nke in Figure 6.9 and took place in the region 7. 4x10*3 < Hee <
1.1x10°2 ,

; " Om Figure 6.10, plotted on seni-logarithnié axes, we see experi-
ments with 110 im collector pmic'les where the penetration of 0.72 um,
0.9 tm and 1.1 vm aerosol particles was measured as a function of bed
hoi;ht at s mpor!ichl gas velocity of 0,13 wm/s,

Visual cbiervation from the side and top o‘!"i:he bed confirmed

that the gas was adequately distributed and that pubble formation and
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Fluidized bed' expériments - aerosol penetration

versus bed depth
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FIGURE 6,10 Fluidized bed experiments - aerosol penefmtim i
versus Bed depth at minimum fluidization

av e,

d w 110 um .
UP m 0,13 n/sec ®
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1
)

coalescence were very rapid. Coalescence of the bubbles took place

mainly in the region between 1 to 31072

n, At a.superficial velocity

of 0.13 m/s the bubbles reaching the surface of the 3x1072 m deep bed

had coalesced to a mean diameter of approxinatel& 10~2 Q. As observa-

tion of Figures 6.9 and 6.10 shows, a substantial amount of the challenginé
aerosol is collected in a region close to the distf&butor. For example

a 3x10"2 m deep bed collected 56% of the 0.72 um diameter, 71% of the

0.9 um aerosol and 84% of the 1.15 um diameter aerosol. Inspection of
Figure 6.10 shows that penetration decreases exponentially with bed

heighg implying that the gas is in plug flow (see, however, Section 6.3.4).
As will be seen in Chapter 7, at higher superficial gas velocities the
backmixing of the gas by the rising bubbles is so marked that the gas

is essentially completely mixed.

6.2.2.3 Effect of bed loading

Throughout the experiments reporte& in this study bed loading
did not seem to affect aerosol penetration as long as the bed éluidized
propepdy. This agrees with the conclusions of all previous studies,
which report no dependence of penetration on bed loading. Meissner and
Mickloyu4 , for axa-pl;, report that silica gel particles absorbed up
to 7% of their ueightluithout any appreciable change in aerosol penetra-
tlfn. For low H gs typically less than 0.02 m, the bed eventuallx
reaghcd a state wvhere it would, in a matter of minutes, undergo a transi-
tion from fluidization to local channelling with little or no particle
motion. This state of the bed was termed "freezing" and was accompanied
by & substantial increase in aercsol pmtlnti‘op; The time required fqr

hd . 1
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the initiation of "freezing" depended on the aerosol diameter and gas
velocity and appears to correspond to saturation of the bed with DOP,

2 m, of 110 ym collectors operating

Typically a shallow bed, H . = 2,0x10°
at 0.13 m/s and collecting 1.6 um DOP particles froze after about 2 hours
of operation. This loading is of the order of 10-5 times the bed weight
and deeper beds could be operated with relatively higher bed loadings.

A "frozen" shallow bed could be fluidized if fresh collector iarticles
were added.

This phenomenon reflects the physical state of DOP #nd is
probably a function of both liquid aerosol viscosity and, as/%OO um
collectors could be operated with relatively higher bed loadﬁngs, particle
tolparticle contact angle, Industriaily, the collector par#icles would
be porou;, e.g. silica gel or alumina granules. These partfcles, as has

been mentioned above, can collect a substantially larger an?unt of aerosol

I
before collector saturation and deterioration of fluidization occurs.

6.3 Experiments with a Solid Aerosol

6.3.1 Introduction and description of experiments

This section describes a series of experiments which yielded

information both on the removal of soiid aerosols and on the effect of

aoi?sol particle density on penetration. It also provided additicﬁxl
information on the effect of ‘bed depth and, simultaneously) t;sted the
porfotlnhe; of the particle counter (described in Section 3.2.2].
Pigure 6.11 shows the penetration of solid -thylem'plue serosol as a
function of bed depth at minimum fluidization, The superficial gas

H :
svelocity through tlgo bed was 0,13 w/s snd the 110 um particles were

4
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Fluidized bed experiments - aerosol penetration
versus bed depth at minimum fluidization

= 110 ym
- 0.13 m/sec &
open circles, 1.0 - 1.3 um DOP
full circles, methylene blue, with arithmetic meap
diameter 1.1 - 1.3 um
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used as collectors. The bed depth was varied from 1 to 12x10"2 m and
the surface of the collector particles ;cas, prior to the experiment,
covered with a thin layer of DOP which was introduced to the bed as an
aerosol. The amount of added DOP was not sufficient to freeze the
fluidized bed. Subsequently, a solid methylene blue aerosol, generated
by dissolving methylene blue in a mixture of 80% methyl alcohol and 20%
"distilled di-ionized water, was introduced to the bed. The aerosol
size distribution fell in three channels of the particle counter((.B-l.)um, |
(1.-1.3)um, and (1.3-1.6)um) . As, however, this set of experiments
was designed primarily to determine whether solidv aerosols could be
removed in a fluidized bed, the aerosol diameter was of secondary import-
ance an& the three channels were summed to give a single penetration for
the whole size range. This was achieved by operating the counter in
TOTAL mode as described in Section 4.2,2, From the plercentage distri- |
bution of aerosol in 9nch channel it was estimated that the arithmetic
mean diameter was appréxiutely 1.1 to 1.3 ynm,
Figure 6.11 also shows the penetration of (1.0-1.3) um DOP
.’ + aerosol at the same gas \‘relocity, range of bed depths, and collector
particle size. In this second set of experiments, however, the particle
counter was operating in SINGLE mode, distinguishing between aerosol |
particles of different sizes (Section 4,2e2), and a Pime period of at ‘
least four months elapsed between the two sets of experiments. The
“measured penetration of wethylene blue versus bed height :re plotted
| aﬁin in Figure §.12 on semi-logarithmic axes, We will refer to these
figures later in the text. ‘
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Fluidized bed exper:'lments - aerosol penetration
versus bed depth at minimum fluidization

= 110 um
- 0,13 n/s
open circles, 1.0 - 1,3 um DOP
full circles, methylene blue, with arithmetic mean
diamster 1.1 - 1.3 unm

e T i R



-0

' ‘ : \\ | (‘muw’)‘-—-—q
R o " |




-198 | g

-6.3.2 Removal of methylene blue aerosol

Bt T hatat - aa b, i

Inspection of Figure 6.11 shows that solid aerosol particles

can be removed, ‘very efficiently, by a bed of fluidized spherical col-

et g S TR

g
r

lectors provided that the surface of the collector is previously covered
-’

with a thin layer of non-volatile liquid, It is entirely possible that

TR T IRT X

a solid aerosol may be removed without covering the surface of "the col-
“lector. However, such experiments will yield no useful general informa-

tion, as the nature and magnitude of the cohesive forces between solid

S A S e L ik i IR

surfaces are a function of the surface materials, and will be different

for each derosol and collector substance. CornD6 Agives a review of “ |

the. subject and shows that the adhesion of solid particles to solid
" surfaces is dependent on the physical and chemical properties of the
particles and the collector';. !’m:'tic;le.-k éize, shape and microscopic
surface texture, the microscopic surface texture of the collector and

the presence of electfo;tat ic charges all contribute to variations in

obsex/'ved forces of particle adhesion. Thus such an experiment is neces-

s

sarily specific to the physical and cﬁeui;:al composition of the collector
snd aerosol®. The present experiments specifically refer to penetration
of s61id aerosols through a fluidized bed with no re-entrainment, They
my thorefore be used as a baseline for interpretation of data on col-
lcctim of sol:ld serosols on dry conoctor surfaces, Any consistent
deviation from these results csn be attributed to re-entrainment of the

ceptured asrosol.paxticles in thQ ﬂuidited bod. Inspoction of Pigure 6.11

—
e

*It mxy be noted in plui.n;?tlue this fact casts sows doubt on tho
. extrapolation of Paretsky's?l .zn-mms on collection of latex . .
particles by a fixed bed of ﬂy to coldection of uy uh on fly ash.

[
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and Table 6.10, where penetration is.givgn in tabular form, shows that

the aerosol penetration is below 1% for a bed height of over 0.1 m.

This is additional confirmation that, provided an adequate distribution
of the gas is ensured, v;ary high collection efficiencies of aerosols

may be achieved in a fluidized bed. Therefore, high penetrations reported
in previous’studies must be partially attributed to ineffeétive distri-
“butors, resulting in formation of large bubbles giving significant ‘5’)"2
passing. -Tha third conclusion is Fhat the penetration of methylene blue
is consistently lower than the pene}:ration of DOP.- Again,. this indicates

negligible re-entrainment, It may be noted that methylene blue hds a

density of 1. 2x103kg/m » compared to 9. 72x102kg/m for DOP Combined with the

results for DOP in earlier-sections, we can now conclude that collectmn
efficiency increasés with both Pa and dA' This give.s‘further support to
the concl\usion, indicated previously, that the dominant collection mecha- ’
nisms of micron-sized aerosols in flui&izefl bed's‘ of 110 um collector are
inertial and gravitational,

6.3.3 Testing the performance of the particle counter

Inspec:tion of Figure 6,12, where the results of Figure 6.11
are shown on semi-logarithmic axes, shows that the scatter asbout the
oxpgriugts with liquid DOP, where the particle counter was operating
in SINGLE mode is, evidently, more than the scatter in the methylene
blue experiments vhere the counter was operating on TOTAL mode. Th;zs
the mjw error in the Wt sppears to be in thc particle counter
od 1s st the cut-off point bstween size ranges. m: section of the
counter is called “the discriminator' by the m«ama' According

RS



TABLE 6.10 Penetration in Fluidized Bed Experiments,
Methy lene Blue Aerosol, d
= 110 ym, U = 0.13

1.11
1.44
2.04
2.63
3.37
4.33
5.55
7.14
9.25

12.00
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to the manufacturers the error results from unavoidable electrical

"noise’ in the apparatus and changes in voltages of the order of frac-
tions of a milldvolt cause a small fraction of the particles to, be

counted in an upper or lower channel. From Figure 6.12, from the manu-

R5 X . . .
. gfacturers and from our experimental experience this error is of the

order of a few per cent, normally distributed and can be reduc:fd when
.averaged over a few readings as was done in this study. Thus /op‘grat ion
in SINGLE mode sacrifices the almost absolute number count accuracy for

greater accuracy in determining the size of the particles,

6.3.4 Behaviour of a deep f luidized bed

‘ Inspection of Figure 6.12 pr;vides further information on the
collection behaviour of the fluidized bed as a function of bed depth.
This observation may be made visually from Figurc 6.12 because of the
very high accuracy of this set of experiments, achieved by summing three
channels of the particle counter, As seen from the figure the semi-
logarithmic plot of penetration versus bed height is almost exactly
linear up to 2 bed depth ‘of 6x10"2 m. This provides conclusive evidence
that the gas in that sec‘tion' of the bed is in plug flow, and that inter-
change ‘»etween the bubble and dense phase is not the limiting step of

the process. For beds deeper than about ¢ - 7x1072

m this is not true,
and penetration is much less sensitive to subsequent increases in bed
depth. Thus, at these bed depths, the bubbles in tl;e bed have coalesced
to a size sufficiently large for 1m:orchgnge between the bubble and dense
pha:es to be relatively less rapid and thus influence the overall collec-

‘tion. Therefore, all other experiments of this study were performed with .

: >
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beds shallower than 7x10™2 m, where the assumption of negligible resistance

between the bubble and dense phase has been confirmed. It may be noted
that the efficiency of a 7x10°? m bed is in any case quite high and can
be increased to over 95% for 1.35 um particles if the superficial gas
velocity through the bed is increased sufficiently; this is discussed .

in Section 6.5. For greater bed depths, devices such as baffles to

h\
reduce bubble size would be necessary to take advantage of the extra depth.

6.4 Comparison with Collection in a Fixed Bed

6.4.1 Introduction

In this study, analysis of experimental results indicated the
existence of a velocity range for the 600 um collector particles where
a fluid.ized bed, collecting aerosol particles, 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 be similar to a fixed
bed for aerosol collection and that tl;e fluctuat ing movement of the
collector particles by the bubbles greatly enhances aerosol collection.

~
Comparison with previous work showed that in at least one other study

experimental results supporting this conclusion were obtained® .
Unfortunately, as will .be seen below, the authors interpreted their
resulits in a manner which did not reveal their importance.

[
6.4.2 Coqurison,.of a fixed and a fluidized bed collecting aerosol

Table 6.6 shows experiments with a 1.35 um DOP aerosol, and

penetration is measured as a function of gas velocity at different bed
g

e

R
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heights., The lowest (Hmf- 1.§x10'2,m) and the deepest bed hedghts

(Hmf- 8.8x10" 2 m) are plotted on Figure 6.7; penetrations at inter-
mediate bed heights fall between these two limits. On the same figure

the penetration of 1.35 um diameter DOP aerosol through a 0.09 m fixed

bed of 600 um collector particlés is plotted for comparison. In Chapter 4

v
I

it was noted that these particles fluidize at a superficial gas velocity

“of 0.3 m/s. From the fixed bed results in Figure 6.7, it is seen that

r
at this superficial gas velocity penetration decreases sharply with
increasing velocity. The primary collection mechanism in the fixed bed

is ghen inertial deposition (see Chapter 5). If it is assumed, from
. AY

the tiWb phase theory of fluidization, that the gas in the dense phase

travels with velocity of order U then the primary collection mechanism

nf’
in the fluidized bed must also be inertial. Having now clarified these
points we can observe, from Figure 6.7, that at a superficial gas velocity
between 0.38 and 0.5 m/s the fluidized bed is much more efficient than

a fixed bed of the same depth in removing particulates of the micron size
range. As the pressure drop across tﬁe fixed bed is higher than the

; i’ this additional col-
lection by the fluidized bed is achieved at significant saving in pressure

4
M

drop. i

pressure droﬁ across a fluidized bed at U > U

This is a very important result, both from an academic and

industrial point of view. It disagrees with the conclusicas of all

previous workers, and also could not have been foreseen from the two

phase theory of fluidization, However, at leest one B;evious s&dy,
by Knettig and Beecknans"®  (see Chapter 2). who used an-adequate distri-

butor design, gave experhentnl results which suppm this conclusion.

v




Unfortunately, these authors interpreted their results on the basis of

an arbitraril; defined "grid region of a fluidized bed', and neglected
experjgmental points in this region. This led 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 (se€ Table 5.6 ) and results were expressed

“in the form™

NTU « constant 4 k'H (6.3)
where

NTU = -In(f) ' 6.4)

<
-

4
where k' is the collection coefficient per unit Sed height and H is
the bed height of a fixed bed or the bed height at minimum fluidiza-
tion of a fluidized bed. Knettig and Beeckmans, however, based all their
conclusions on the value of k' neglecting th; constant in both fixed and
fluidized bed results. The author ugfees entireiy with neglect of the

< ¢tohstant in Equation (6.3) for fixed beds because, as discussed in
Sectjon 5.2, ihis resq}ts from small end effects. However, there is

. no theorstical justification for neglecting the most important region
6f 8 fluidized bed, which is situated above the distributor. It will
be interesting to note at this point that the'bed d;pth neglected by
Knettig and BOOCkMQS (2.!’:1:1()"2 m) is almost equai“to the total bed

height of the fluidized bed used by McCarthy gt al.®' (2.54x1072 w).
The experimental results of Knettig and Beeckmans wete recalculated

from their data, using Bquations (6.3) and (6.4), and are -presented in
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Table (6.11) assufping a bed height of 0.1 m in each case; for aerosol
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 0.1m high fluidized bed at a superficial gas velocity of 0.14 m/s is

far more efficient than a fixed bed of the same height and operating at

the same velocity in removing aerosol particles 0.8 ym and 1.6 ym diameter,
For 2.9 um aerosol particles the two beds are effectively equal in ‘
efficiency. We are therefore faced with the important qualitative

observation that a shallow fluidized bed is far more efficient than a

fixed bed at certain operating conditions. This analysis strengthens i
even further our hypotheses that bubble to dense phase transfer is rela- %
tively rapid (presumably due to bubble coalescenge) especially near the
distributor plate, and collection is enhanced by bubble-induced particle

motion,

¥

et

Tables 6.8 and 6.9 present additional experiments on 1.75 um
and 2.5 um diameter aerosols. As seen from these tables, there is very
little‘penotration of these aerosol sizes. Over 99% of 1,75 um aerosol .
is cbﬁected by a 8.8 x 102 m deep bed operating at 0.74 m/s and
virtually uli of the chauu‘;ing 2.5 um serosol is collected by a bed

S S

P

spproximately 5x10"2 m deep st the.same gas velocity. Comparison of
Tebles 6.8 and 6.9 with the results of Knettig and Beeckmans (Table 6.i1)
shows the bed used in this study to be more efficient, prbably as s
ruul? of better gas dhtriﬁiw at the higher velocities ysed here.

4
I
‘




TABLE (6.11' Results of Knettig and Beeckmans
" Assuming a Bed Height of 0.1 m
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>

U

<A

"o

N, ke \
R L R

m/s (,Lé) .f'
i Fixed bed, 0.8 58% (57%)
g 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%
}




-208

The higher Umf

an increased inertial collection in the dense phase,

of the 600 um collectors must also have contributed to

Some of the results on.penetration of 1,75 ym DOP aerosol
(Table 6.8) are shown in Figure 6.8 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

'
“will overtake the fluidized bed efficiency at a gas velocity around

0.5 m/s. Between 0.3 and 0.5 m/s, however, the fluidized bed is more .
efficient than a fixed bed as noted above,. ;fwo final observations are
made from Figures 6.3 to 6.8. The first is that aerosol penetration

decreases with increasing aerosol diameter. This gives additional

-strength to the theory of enhanced inertial collection and is discussed

in more detail in Seciion 6.6. 'The second is that extrapolated lines
of fixed bed experiments in Figures 6.7 and 6.8 meet the fluidized bed
penetration curves at a point nearer to U/U = 1.0, for larger d,,
suggesting that the advantage of increased ineftial collection in a
fluidized bed over a fixed bed decreases with increasing aerosol dia-
Iote;: This is also seen in the fesults of_Kﬁettig and Beeckmans where

the two beds perform almost equally in removing 2.9 ym aerosol particles.

ut

6.5 High Velogity Bxperiments (0.8< U< 3,0 ws).

6.5.1 Introduction and discrigtiou of experiment e
In the experimental results presented previously in this

chapter a definite trend of decressing penetrstion with increasing

superficial gas velocity was noted. In order, thniufﬁro, to perform

.xporin;ntn at higher superficial gas velocities a second experimental

L]
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apparatus was designed-and built. All experiments reported here were
performed in the velocity range from 0.8 to 2.9 m/s and it should be
noted that this is at least one order of magnitude higher than previous
\\ experimental studies reported in the literature., Experiments were per-
formed with the 690 um collectors described previously, and with high
density 550 um collector particles (4.5x103 kg/ms) which fluid%zed at a
—superficial gas velocity of 0.44 m/s, Penetration of 1.35 um and 1.75 um
DOP aeroso}] particles was measured as a function of bed height at
ninimum flaidization 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 top surface of the plate,

6.5.2 Effect of gas velocity; comparison of two distributors

‘ Figures 6.14 “H 6.15 show the penetration of 1.35 Qm and 1.75 ym
diameter DOP aerosol particles as a function of superficial gas velocity,
exprossed as a multiple of minimm fluidizaiion velocity (U/U,) for dif-
ferent bed heights. Also shown on these figures are penetrations of
600 um collector particles. obtained at similar conditions but with
distributor A,(Qae Pigure 4.6a) used for egperi-cuts at lower gas veiotF
cities (data presented in Tables 6.6 and 6.7). Inspection jof Figures
Qa 1’ and 6.15 shows that the trend ?f increasing efﬂcu‘\cyj, with increasing
gas v'oloeity Q’:&o@s‘ to & higher v&gc&ty range, as e ctd’rd. Very low
pmotuﬂmy are obtuimd.uith ;ohﬁvp"ly llan bed heights a;xd, fro; tl;e o
figures, 3 0.046 m  deep bed opersting st ‘2.1 w/s, colldcts about 94% and
988 of the 135 um and 1.1{@ asrosol perticles, !:“7‘&1%1)'. There
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FIGURE 6.13 Fluidized bed experiments - DOP aerosol penetration
i versus aerosol diameter

' dp w 110 um . |
- Hye = 3.06x10"2 i
upper liné, U = 4.9x10"2 m/sec :
« lower line, U = 2.6x10"1 m/sec ‘ |
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FIGURE 6. 14 Fluidized bed experlments - DOP aerosol penetrator

versus U[U
d - 1.35 ym
= 600 um ‘
, oBen square, H . = 0,74x10"2 m
‘ full circle, - 1,85x10"2
open circle, - 4,63x10°2 u
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FIGURE 6.15

-20,6

Fluidized bed experiments - pen;tration of DOP aerosol
particles versus U/U.’f

d, = 1.75 um
= 600 um
en square, H o = 0.74x10"2 m, distributor B

full circle, Hye = 1.85x10"2 m, distributor B
open circle, - 4,63x10"2 m, distribytor B

#ull circle wilh border, H . = 1,86x10"¢ m, distributor A
open circle with asterisk, = 3.98x10"2 m, djétributor A
circle with border and asterisk, H ¢ = 6.78x107

-

m, distributor A
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is a szbstantial decrease in penetration with velocity and the bed
operates most efficiently at higher velocities. These penetrations
are substantially lower than those predicted by previous studies from
extrapolation of their experiments performed at low superficial gas
velocities, Visual observation of the bed during operation showed
that at 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 régime although it was too shallow for

the formation of stable slugs, Inspection of Figures 6.14 and 6.15 shows
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 giving poorer distribution of the incoming gaQ. The two sets

of exporimehts lie in different portions of the penetration versus
velocity plot, and even an approximate correlation of tlie two sets would
be grossly inaccurate. ?his inspecti&n of the superior performance of

e more efficient distributor facilitates interpretation of the dis-

: hanrtening conclusions reached by previous studies. Thus, the effect

of tho -ost important section of a fluidized bed hus been demonstrated
prerilnntllly for the second time in this study, the first time being
in Section 6.2. l.and it is concluded that adequate distrihution of the
sns in aoro:ol suudies in fluidjzod hdds is of prina i-portance.
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6.5.3 Experiments with high density collectors; further conclusions
on dominant collection mechanisms

Table 6¢13 presents experiments performed on high density °
collector particles (pp -'4.49x103 kg/ms) where penetration of 1.35 um g
and 1.75 um aerosols was measured as a function of superficial gas velocity and
bed height at minimum fluidization. Results from Table 6.13 are shown

v _in Figures 6.16 and 6.17 where the penetration. of the thallenging aerosol

is plotted aﬁia function of superficial gas velocity. Comparison of
these results with experiments performed on 600 um collectors shows :;e
high density particles to be more efficient, If the characteristic

velocity of the beds is taken as the superficial gas velocity then the

denser particles, with a higher Umf and a lower diameter have a signifi-

cantly higher Stokes number.' The observed increase in efficiency’ is

therefore consistent :ith an inertial collection mechanism, but cannct
be explained by gravitational or diffusional collection. Interccption
is also unlikely to explain the improved performaﬁce, since the inter- .
ception parameter (NR) is only very slightly larger for the dgpse particles. £
Moreover, as discussed in Section 6.6, it is unrealistic to distinguiéh
between -interception and inertial collection when the dense phase is

rapidly agitated as under the conditions of these experiments.

4

-6.5.4 Industrial implications of high velocity experiments

Although discussed ibr‘xextensively in Chapter 8, the industrial

implications of these éxperiments will be mentioned héere. 'As observed

from the iiporii-ﬁtnl-fosult;’(Thblei'ﬁ.lz and 6.15) serosol collection
. by s fluidi;od bed is subsiantiq& even when the Soé,ib operated at very
“ high vo}oeigiﬁc. n fu:t'.,.é mufrod collection efficiencies ?ro at. least




TABLE 6.12 Penetration in Fluidized Bed High Velocity Experiments,

b . d, = 600 un
i DISTRIBUTOR 8 . )
? U, m/s Hyes mx102 T35 m 1.75
: 0.88 0.74 49.8 32.9
1.09 0.74 42,3 28.9
. 1,19 0.74 37.0 25,2
E 1.42 0.74 34.4 23,2
5 1.’62 0.74 4 24.6 17.0
0.88 1.85 33.5 16.3
1.09 1.85 23.4 19.4 f
1.30 1.85 17.1 14.7
1.40 1.85 18.9 8.8
1,66 1.85 16.2 13.7
1.81 1.85 15.9, /(21.1
0.88 4.63 21.6 15.1
1.40 4.63 9;7/,»/ 4.1
.2 2.0
41,6 27,1
28.6 16.2
21,5 10.1
15.7 6.6 1
7.8 . ~ 6.5 !
| 4.0 3.8 {




TABLE 6.13 Penetration in Fluidized bod High Velocity Experiments,

-2

dp = 550 um
DISTRIBUTOR B
- Al
U, n/s Hoe mx102 T.3% um T.75 um

.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
1.89 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 . 2.22 2.6 1.7
2.85 1.52 4.9 3.9
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FIGURE 6,16- Aerosol penetration versus superficial gas velogity
‘ for high velocity experiments

d =550 um (high density particles)
dP = 1.35 um

_ open circle, Hyp = 0,74 mx10 ’
full circle, Hye = 1.52 mx102
open square, Hye = 2,22 nx102
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FIGURE 6,17 Aerosol pengti'ation versus superficial gas velocity for
high velocity experiments

d_ = 550 um (high density particles)

dﬁ = 1,75 um 2
open circle, H o = 0.74 mx10
full circle, - 1,52 nx102
. open square, = 2,22 mx102
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an order of magnitude higher than the values suggested by extrapolat ion
ofpexperimental results obtained at low sﬁperfici’al gas Yelocities in

‘ pre\irious studies, As the gperable range of superficial gas velocity -
through the bﬁ’d is increased (as was done here by at least an order of
magnitude) tﬁe physical dimensions of such a filtering device are cor-
respondingly reduced, together with the capital and maintenance cost of

 ~the proce;s. 'lherefore, the pfactical significance of the preriments
presentgd in this section is that they have increased the potential . j
capacity of a fluidized bed col‘lecting aerosol particles by at least ',d
one order of magnitude. It may be noted that these results give no '
indﬁcetion of an upper velocity limit, beyond the requirement that the :
collector particles must not be entra;éd out of the bed, ' L

r

) ,
6.6 Identification—of Domtnant Collection Mechanisms

The funétioml dependence gf penetration on aerosol digmter
is d;teninod by the dominant collecflion mechanism. In Chapter 5,‘;~i-t ) ‘,“
was show;1 that the dominant collection uch;nisn, for micron range aerosol
particles, in the fixed bed experiments of t is study was inertial depo-
sition, Gravitational settling was found to|be the second most important
mbchinism, nffocting the collector particla fficiency at low superficisl
m wlocttin. These cmclu;oims. eneral agreement with most
pmim studies. However, tl!/o situation 13 quite ~diffcren{ for aerosol
semoval in fluidized beds, Wost previous studies have eumd that dif-
‘fusion and htmcpucn were the ﬂmt couoitim mechanisas, nmo
conclusions resulted primarily from mﬂm ef ixp::hmul results

‘m pmtuum was mcd us & function of mrﬁcial gas velocity,




-zxw

These authors seem to have regarded the fluidized. bed as a homogeneous

contactor. The inferenco'thnt diffusion is the dominant collection

»

mechanism was therefore drawn from observations of increasing penetra-
tion with increasing gas velocity, ’In p;'evious sections it was shown'
that this kind of behaviour actually results from operating the bed at
low suporficinul gas velocity, and is aggravated by poor distributer
design which results in a large portion of the gas bypassing the bed
in the form of large bubbles. We have.also argued that the dominant
collection mechanisms in fixed and. fluidized beds should be the same,
assuming that the characteristic velocity in a fluidized bed can be ‘ -
taken as Upe* How.over, there is at least ome st:uclyl(3 where the authors
claim that for an exactly similar set of operatfng c)onditioths (i.e, for
similar bed collector diameter, aerosol diameter and superficial gas
velocity) inertial collection is the dominant collection mechanism in
fh‘:ed ‘beds while diffusion and :lnicrcop‘tion aYe dominant in ,fluidizod
beds. It is therefore useful at this stage to consider the dependence
of penetration on serosol diameter. y .

~ Pigure 6.13 shovs tho per cent penetration of three sizes of
l;ro:ol particles (0.72 ;-, 0,9 ym and 1 15 um) through a 3 1x10"2 n '
deep bed of 110 ym collectors. On the f:lg}re the ponotntions of the -~
three 'u&oi sizes, measured at seven different superficial gas velo-
citin, are plotted on nu-lomm-ie axes as a function of serosol
dhﬂtn. ;ﬁ. The velocity m ﬂm tmm«i hod mpd frou
492102 a/s wg, = 3.5) to 0,26 Wy qw.,- 15).
Mtﬁ!m Wmhm mp hu.um serosol

]
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be diffusion. If it were, then penetration would increase with increasing
aerosel diameter, gs inspection of Figure 6.13 will show, the dependence
of penetration on aerosol size becomes stronger as the superficial gas
velocity thro;xgh the bed is increased. At higher velocities the mean
residence time of an aqr’cvsol particle in the bed is lower, giving rela-
tively less gravitational settling. Electrostatic collection, discussed

*in Chapter 5 is ‘another possible contribution. However, the aerosol

bl

N particles in this study were electrically neutral (see Section 4.2.1).
Moreover, the experiments were perforued[ with a wide range of relative
humidity in the fluidiziné air, from very low values (winter) to values
.in excess of 90% (high s\gmner). It is known thatw electro;:atic |
charge dissipatioh in flujdized b;ds is strongly dependemlz on relative
humidity, especially above 70%. No difference could be detected between
pcnatrftion measurements using dry and very -humid air. Hence it may be
concluded that hlectrostqtic effects were not significant in this st:xdy.

Q fl“hd possible mechanisms remaining are interception and inertia.

It was shown in Chapter 5 that interception is not a significant ;echuf;ism a
in fixed beds under the conditions of the experiments performed. Moreover,

it is unrealistic to ;h 8 clear distinction betweep inertial and inter- o
.ception collection when the "collectdr particles are agitated, as in the |
dense phase of a i'lu:ld:lzui bed. The combined mechanism will therefore

be termed "inertial collection", this term being suggested by the increase
of collection with umum Pas ¢y and decreasing d, noted earlier.

' 7
3 . N s
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6.7 Summary

This chapter described experiments performed on collection of
0.7 - 1.7 ym diameter liquid and solid aerosol particles by fluidized
beds. Solid aerosol particles could be collected provided the surface
of the collector was covered wit.h a non-volatile liquid. High collection
efficiencies were observed and penetration decreased exponentially with
bed height till the bypassing of aerosol in the form of large bubbles
became dominant at H.f greater tllzan 0.06 m, Penetration 1ncr.ehlsed with
increasing velocity close to minimum fluidization, but subsequently
reached a peank and decreased steadily. The incressed officiency gf a
fluidized bed operating at high velocities is the result of a more
effective distribution of gas, ephancenent of the bubble to dense phase
transfer mechanism by rapid bubhle coalescence near the distributor \plnte,
and snhanced inertislcollection due to the rapid agitation of the collector
particles by the rising bubbles. Diffusion and gravitation are minor
collection mechanisms v:hile ine(‘fti\al deposition is dominant; this is.
verified by observing that efficiency increases with increasing U.f, Pas
d, and -dccrnsing dp. 0\;-:' 'Y mrrowvirolocity rangé a Elu:ldi-zod bed is
more efficient than * fixed bed; there is at least one previous study .
with similar expérimental resuits supporting thi} conclugion, The disri-
of the bed is an 1q:ortn‘nt dﬁ:lgn variul;le as it influences the
initial bubble size in the bed and thus the amount of aerosol penetration.

Fluidized bed experiments at superficial gas ﬁlociti‘n spproaching 3 m/s
are presented and the industrial implications of these experiments are
mmd. ~ ¥ . ’ -

e

w2l




‘ \ S -21

CHAPTER 7. MATHEMATICAL ASPECTS OF A‘EROSOL REMOVAL IN
. A FLUIDIZED BED OF COLLECTOR PARTICLES

7.1 Introduction

The previous chapter presented éxperimental data on aerosol’

collection in fluidized beds of spherical collector particles, Quali-

S s S

tative .analysis of the data indicated dominance of the inertial collection

i

'-echpnisn in fluidized beds collecting micron range aerosol particles. .
In the first pu:t of this c};apter the collection coefficients obtained
from fixed bed experiments are’used to estimate aerosol collection in
the immediate vicinity of an isolated bubble, A Davidson bubble, sur-
rounded by a concentric sphericgl cloud, is considered and numeriéal
estimates of the percentage of uncollected :erosol are obtained as a
function of bubble diameter, aeros&l parggicle diameter and bed height
' st minimum fluidization. In view of the simplifying assumptions made
and described below, no great accuracy may be attached to the numerical
estimates of the nod;I. However, when its prodictuiom are compared with
L the experimental r‘eSults of this stud);. they suggest strongly that the
lean phase of a shallow fluidized bed collecting aerasol particles may
not be visuslzed as consisting of isolated bubbles rising to the surface
withoqt interaction with their neighbours. Oven‘\l ct;ue?:tim in the
dense phase is then treated in Section 7.3, Estimstes for the collection
coo!!i‘cn'nta. and more ;m:luulvo oevidence for the dominant collection

npllmiii are obtiined.
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7‘.2 Aerosol Collection Around Isolated Bubbles

7.2.1 Introduction

The experimental data presented in Chapter 6 indicated the
enhancement of aerosol collection in a fluidized bed operating at high
superficial gas velocities. It is possible that this increased collec-
tion could be due to the higher relative velocities occurring between
the i”luid and particlgs in the "cloud" surrouﬁding the l?ubble (see
Section 7.2.2). However, this has not been analyzed previously. The
purpose of this section is to estimt‘:e the amount of aerosol collected

in the dense phase around an isolated bubble, and to determine the

significance of increased collection resulting from the higher relative

velocity batween the collector particles and the fluid,

4

7.2,2 Definition of the bubble

- !

The analysis is bdsed on the theory ;lovelopod by Davidson and
HarrisonDP! and their bubble model is shown schematically in Figure 7.1.
A fluidized bed b}lbble is considered t.o be s spherical void and, if it
is isolated and remote from the boundaries, there are known stream func- \
tions to describe 'the associated gas and particle motion. The fluid
within a rising bubble is assumed to stay with the bubble but to make
Tegular oxdmsims into the su;-rmmding pnrticulato phase without, how-
ever, trmning beyond the surfaco of a sphare concentric with the bubble.
This qtcro. Wﬂu tho huhbli is called "the -‘bubble cloud", The

'Dtvmas bulible is not as mmto in predicting the cloud tlupo and

the -fmm styund_the mu 48 later odels developed by JacksenJl
od my'“  However, as wly Wa mm« of the sercsol

o o ™

e
%
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spherical Davidson bubble

11' lines, particle trajectories
broken lines, fluid streamlines

'
) o LT .

FIGURE 7.1 Gas streamlines and particle trajectories around a
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I' - ’ collected around bubbles wer® required it was prefered for its simplicity. '

Davidson and Harrison propose that the motion of the sblids is
simply superimposed on what would otherwise be the motion of the gas.
The local velocity is, then, the vector sum of the gas velocity amongst

stationary particles and the particle velocity. The particle and the

é fluid streamlines are shown schematically in Figure 7.1.
It should perhaps be mentioned that a "fast' bubble, i.e. a
bubble travelling faster than the fluid in the particulate phase is des-
cribed here. In the case of "slow" bubbles, i.e, bubbles with a ;ise s
velocity Iower than the interstitial velocity of the fluid in the parti-

culate phase, the bubble cloud does not exist and the fluid uses the

,,..H’,.,T(.wv-r-mv,,.,,
&

spherical void termed '‘bubble" as a short cut when rising to the surface.
Fluidized beds where the fluid in the particulate phase rises faster

¢ than the bubbles are called "teeter beds', using Squires'ss terminology,

!

EEN

and experiments in this study performed with 600 um and 550 um collector

particles belong to this type of fluidization,

J
7.2.3 Bubble velocity and bubble diameter

There is an analogy between liquids and fluidized beds applied

to bubble rise velocity. Davies and Tay lor D10 gerived the rise velocity

o . .
of a spherical cap bubble in a liquid as ¢ .
‘ | .

where 1, is the radius of curvature of the bubble at its nose. Although
, /
1, is nét the same as the radius of the circumscribing sphere it will be

Q.
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considered, as an épproximatidn. to be so. CollinsClo

has shown that
for three-dimensional bubbles in liquids the ‘'error in making this assump-
tion is of the order of a few per cent only,

Extending the analogy between a iiquid and a fluidized bed, an
estimate of the size of bubble formed at a multiorifice type distributor

D3

may be obtained. In gas liquid systems Davidson and Schuler calcu-

lated the volume of an individual bubble in a stream produced at an orifice

to be

gl-2 ‘
Vy = 1.138 = (7.2)

‘0.6
where G is the volumetric gas' flow rate through the orifice. Harrison
and l.eungHz made analogous experiments on bubble formation from an
:hrjcut& tube placed in & bed at minimum fluidization and confirmed
Equation (7.2) for fluidized beds, For a fluidized bed G is defined as
the volumetric gas flow rate through an orifice in excess of minimum
fluidization. Leungm suggests Equation (7.2) for the design of
distributors in gas fluioiized beds. For the' spherical bubble model used
in this study, Equation (7.2) may be re-arranged to give the bubble

’

diameter

: "
d - 0.324 -5-2-2— T (7.3)
. g

Thus, using Equation (7.3), and a superficial gas velocity range of
0.03 < U < 0.3 u/s for the 110 ym collectors and 0.35 < U < 0.7 m/s
for the 600 un conecto{o,ﬂ estimites for the initial bubble size ranges

/ 3
4

1

. N
a1y e T s N ¥ i T € ¢ p— < op— - ———r"




Rl

R‘

4

movee w e

T =223

formed at the multiorifice distributor of this study (Distributor A,
Figure 4.4a) may be obtained. These arec presented in Table 7.1, together
with estimated bubble velocities, calculated from Equation 7.1 and bubble

residence times assuming a bed depth of 0.1 m. These approximate values
" [ ’

’

serve in providing an insight into the physical dimensions of thé quan-

tities involved in this study. T

- A

7.2.4 Exchagge of aerosol between the bubble and the particulate phase |

The fluid in a rising bubble is exchanged continuously with

the fluid in its vicinity. This transfer is the result of two contributing

mechanisms, namely transfer by throughflow and transfer by diffusion.
Approximate estimates of these transfer rates may be obtained from the
analysis presented by Davidson and Harrison for the percolation of gas
through a spherical void in a particulate bed. Assuming the motion of
the particles around the bubble to be similar to the motion of an inviscid
liquid aréﬁnd H spherical object, a constant pressure inside the bubble,

a pressure gradient in tye bed govern;d by D'Arcy's Law, and a constant
voidage around the bubble equal to the voidage of the partigulate phase

they derived the transfer rate due to throughflow to be

q - 3U .fwrzb (7.4)

According to Davidson and Harrison the diffusiomal contribution to inter-

phase transfer can be estimated separately from penétiation theory,

¥
assuming that resistance to diffusion resides in a gis film inside the
bubble. Following their derivation, the diffusional interphase mass

e
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transfer coefficient of aerosol particles, based on unit area of bubble

surface is

f/

k, - 0.975 DAidb'lgi o (7.5)

-

Equations (7.4) and (7.5) may be expressed per unit bubble volume. Their
relative contribution to interphase transfer of aero/ol particles may

thus be estimated. Then

nf , .

Y - _3..3_ - (7.6a)

4/31‘!‘}) b '

2

6k,*rd 6k

ey e A
kgy ~ - . (7.6b)
Ab "dsb d, | .

where kb and k,, are the interphase mass transfer coefficients of aerosol
particles, based on unit bubble volume, repreSeniing transfer of aerosol
due to the mechanisms of throughflow and diffusion respectively. Hence,

the ratio of diffusional to throughflow transfer is

Ka 1,3.»0"\‘«,,";1 ’
¥ T Une
&

(7.7)
Teking U, = 0.02 m/s (110 ym collector particles), D, = 3.6x10"11
a?/s (diffusivity of 0.8 um serosol particles in air st 30°C) and 4, =
4x10"% » the ratio of diffusional transfer to transfer by throughflow

is of the order of 5x10~3. The important conclusion 5 therefore drawn

thet, us diffusiondl transfor in a typical bubble of this study (see
Table 7,1) is negligidble, interphase transfer is deternined by through-

@ »

-
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TABLE 7.1 Estimates for Bubble Diameters
.’ Forming at Distributor A,
Bubble Velocities and
Residence Times, H o= 0,1 m

, 110 ym collectors 600 um collectors
} B mzs 0,03 0.30 0.35 0.70
E dg, mx10 2 7.1x10°2 | 2.7x10"1 | 1,4x107} 3.1x1071
; Ug, mx10 %/s 5.9 Laaol | 83 | 1.2x0!
At s 1.7 8.3x10" 1 1.2 8.3x10" !
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flow and hence is independent of aerosol particle diameter., Thus,
Equation (7.4) was used in the spherical bubble model to estimate gas ’
. interchange between the phéses.
. This conclusion has a further important implication. A popular
approach to ana/ly‘sis of gas/solid ;;rocesses' in fluidized beds is based

03

on a model originally proposed by Orcutt et al. , which distinguishes

-between the gas in the bubbles and the dense phase. Innumerable subse-
quent develop&ents of this model have been proposedm . All predict
that, in the case of a fast gas/solid process (normally chemical reaction,
although the process could belaerosol ;ollectior}) "bypassing" \depends on
the mass transfer rate between the bubbles and the dense pﬁase. It has
been demonstrated that this transfer rate is independent of aerosol size,
although the results in Chapter 6 show that penetration depends strongly
on dA" Hence, per{etration ih#these experiments cannot depe;ld primarily
on bubble bypassing, and must be dominated by processes occurring in the
dense phas;. .These processes are examined in detail in the remainder of

1

this chapter.

7.2.5 Equations describini aerosol collection around a spherical bubble

- 7.2.5.1 Motion of particlés sud £luid around the bubble
' The equations governing the motion of the particles and fluid
around a spherical bubble were dorivfed: by Davidson and Harrison based.on
" the assumptions presented in Section ;.2.4. No purpose will be served
in their re.derivation and the "rud;r is referred to the. original publi~
cntmm . Pigure 7.2 shows dchmtiulxy & three dimensional Davidsoq

l:ubbld./ The cloud radius, r., tubble radivs, 1, and two. typical stream-

-
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FIGURE 7,2 Description of aerosol collection in the cloud of a
- Davidson bubble
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lines v., and Vg are shown ix{ the figure. The fluid stre

) 2

starting from the surface ¢f the bubble at angle © fr

lines,

the vertical and

/

joining the bubble at mgle (n-©), are defined by e stream function
/

7 -

4 r322/ )

b - ("b uge) (1 - ﬁ—)lif/—e/ (7.8)

Al

“where T, ) aré/ polar co-ordinates. e interstitial minimum fluidiza-

tion ,¥e w&iw is
' /// POV Ve / -
Ve 7 ,
< ) ) l‘/‘.' uﬁ - .E..__ / (7 - 9)
/ 7 | ,
/ Ve -

whex;e U-f and e/‘f are the voidage and superifical gas velocity at ?ﬁn m

/ flﬁidizatim. The cle:fd radius is determined from
/ .

-

o3 +
r T :
c b Up - Upe

(7.10)
At a point P on Figure 7.2, defined by distance r from the centre of the
bubble and angle & with the direction of bubble motion, the velocities

of the colioctor particles in the cloud relative to the bubble are

s

3 * ’ o
ol

Ve = - cos®(Uy, + ;r).

(7.11)

. °
ve = sine(ly -..;&)

\\\ \ m v, sud vy 80 the colpoumt d m&uh Nloeity relative to the
wa. Similarly, the cwmm a! m nw momy relative to

|
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- '.r.shquﬂ +2uy) - ,(Ub" -\‘%{.f) cose

3 ,
p
- [.;3..(-2—- + “.f) & (Uy - -f) in@

(7.12)

The components of tho relative velocity between the collector particles

and the aerosol stream are obtained from subtracting Equations (7.11)
from liquations (7.12) ’

>

" i
T b
(ur)rel- u "‘Vr - u-ffl-'- -:;)cose
. 3
. Th
(Ug) po1™ Yo = Vo = "Upe(l- ;!"')’me (7.13)

{

The magnitude of the relative velocity between collect;:r prrticles and

. sEpospl Strean is determined from Equatisn (7.13)

U, - «’u 2 &g ‘—7- ‘ . (7.14)

The equations given above;m simplified if expressed in dimensionless
form, as follows:

K}




- 4 | - (ur)R ..
' (ur ) rel -—u:f—- (7 . 15)
<
wh - (ug)y
rel Upr ' 7
+ T Y%
g
+ “ b té
1] + - ..u_h- ’
b U |

- * b
Making the above substitutions, the relative velocity between the col-

lector particles and the fluidizing fluid and its components are

]

(u: o™ (1 +N-r-.€-§)¢ose

-+ | ‘
g™ (1- ;%T)sine (7.16a)

+ | 2. 2
ey = AL w92,

/ The dimensionless components of the fluid velocity reldtive to the bubbles
\ b

/
/
e R W, .

- + 1 ut + ¢
u - 2) - (U = 1)] coss o
r ;}T( b J
- t (7.16b)
uty - :}5-( 7+ 4 @) - 1] sin ' '

Similarly, the dimensionless stress function sisplifies st the surface .
" o the bubble, where r ' =1, to

il s ceuminaidiaaene SR P T R S




e = - 3/2 sim® . (7.17)
d

N
3
Equations (7.15) to (7.17) will be used in the next section describing
the collection of aerosol in the bubble cloud.s ‘ -

7.2.5.2 Rate of aerosol collection in the vicinity of the bubble

The rate of aerosol collection along a streamline (Figure 7.2)
""is determined by the components of the fluid velocity relative to the
bubble, u., Ug, and by the collection rate constant Ky- This was defined
in Chapter 5 as the aerosol collection parameter bas;d on unit dense

“phase volume \

3(1-¢c .)E . -
K - —T_'f Uy (5.3b)
v ]
The above equation may be used for calculating collection efficiencies
in the bubble cloud assuming the voidage in the cloud to be equal to !

the voidage of a fixed bed.* The relative superficial gas. velocity

between 'collecgor particles and aerosol .is_determined from
N "“" 1
X 'R-J
el

(7.18)

y
U = (u)ﬂl. " ¢ "

“shere (u),q; 18 Siven in Equstion (7.14). The individual collection
efficiency of a collector particle in a fluidized bed ‘may be represented

00
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by the correlation determined in Chapter 5 for the individual collector

_, .
efficiency of a particle in a fixed bed
~
Epp = 2.89 5t +6.89 Ng © (5.22)

where the inertial and gravitational collection parameters are basgd on
the superficial. gas velocity bet;veen collector particles and aerosol
(Equation 7,18)., Equation (5.22) wa¥ determined for a. fixed bed where
the direction of the challenging aerosol was "downflow". As collection
due to gravitational deposition is not necessarily independent of orien-

tation to the verﬁcal, this equation is an approx}mation. It is, how-

ever, the best correlation available and, furthermore, collection due
to gravitational deposition is secondary in importance.

Thus, serosol collection at a point (r,d) on a streamline may

: . Y
f be expressed in the form of three ordinary differential equations PR
" dr
N a-t-:- \Ir
A Y

de Yg ?

w— R 019

de T | ( )

dac o

® " K

}

vhers C.is the local concentration of uroiol, u, and u, are defined

<t

in Bquatiom (7.12) md lKv may be dctenimd‘ in the manner described above.

The nusber of unknown varisbles msy be reduced to two by making
eertain simplifyingassumptions. The bubble with its cloud is considered
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. . to form instantly at the distributor orifice and thus zero collection

during formation is assumed. An instant .acceleration to constant velo-

Ls

o

E city U, anfi no neighbouring interference are postulated. Under these
3 "quasi steady state" assumptions the time variables may be eliminated
from Equations (7.19) and.the determination of the aerosol concentration
at a point (r,9) is achieved by the simultaneous solution of two differ-

ential equations

dr _ _*r_ - " |
Té‘ UG ! N
: , / (7.20)
-d-(-:- - -chr | t ; i
de UG ' * 4
Defining the following dimensionless variables P
/, )
L C 4
v fy m
(7.21)
! + _ Tyky .~
g - ot

where (Cb)t is the average aerosol concentration in the bubble at time

t. Equations (7.20) become, in dimnsim(;less fornm

W

a3
&' ur
;l_a_ - IJ“B: . o~

. (7.22)
df; x; et
i S Y @ .
‘d‘a uo b - 5
' The soliition of these equations is diseussed in thé following section.
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7.2,6 Numerical integgption of equations
Equations (7.22) describing the rate of aerosol collection
near a bubble were integrated along the bubble streamlines by the
) following computational procedure: ’
‘ , (i) A minimum and a maximumd?ngle of 4° and 86° from the*
| vertical were chgfenﬁrfor computational convenience (see
) Figure 7.2). The minimum and maximum value .of the ‘
velocity potential on the surface of the bubble, Ves i

was determined from Equation (7.17) and an odd number
of computational points were chosen, ; 1
(ii) The two dimensiogless differential equations, describing
the rate of aerosol collection, were integrated along
each streamline by the fourth order Runge-Kutta-Merson

processL4 . Thus the aerosol concentration entering

the bubble was determined along each computational streamline.
/
(1i1)The average concentration entering the bubble is expressed

, : as /

¥
/ .

. *2 . -
ot vg av? ‘ .
] 21 o
where

= 4 (070)
v o=, (em/z).
4
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'l_iw integral in Equation (7.23) was evaluated by Simpson's rule. It
w_as}detemined, experimentally, :hat integrating over 21 streamlines
ﬁr’as adequate for (fb)AV to be sufficiently close to the true prediction
of the model,
The rate of depletion of aerosol in the bubbl“e with respect
to time, assuming the gas in the bubble to be well mixed, can be described[

.by a first order differential equation of the form

d [1 - (fb)AV] *q .
a-t-(Cb) - Vb\ Cb ) (7.30)

Al

where Vb is the volume of the bubble and q is determined from Equation

(7.4).* As the gas re-entering the bubble covers a range of residence
tinies, i.e. different starting c¢oricentrations in the streamlines, the
model impligit“ly assumes th;t'the aerosol in the bubble is depleted at
m\relatively sl&n rate. In view of the approximations already made,
'tl/lis assumpt ion represents no serious limitation provided that the aenesol
concentrat 1:n in . the bubple does not ;:hange very rapidly. The averag
(conc‘antmt' ion of the aerosol returning to the bubble, (f,) Ay Mas deter-
mined for 10 bubble diameters, from db -10"3 to db = 0.25 i, and 6
diffqr;nt aerosol sizes, from d, = 0.7 ymtod, = 1.8 um. The results

of these calculations and the comclusions that may be driwn from them

-

are presented in the next section]

7.2,7 Discussion snd conclusions .

The noserical pr.odictim of the simplified model used to
m-m'rmgm collection in the bubble phase of a fluidized bed nyg,
be used to draw some useful mumm cmmtw?. Although quanti-

.
- " e,
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tative precision may not be expected, it is unlikely that more realistic
models, predicting more ac?urately the shépe of the bubble cloud and the
fluid streamlines, will giv; qualitatively different results,
The predicted average concentration of aerosol returning to the

bubble, (fb)AV’ is shown as a function of bubble diameter in Figure 7.3.
For the range of bubble sizes of interest (leO"3 < db < 5x10'2 m), signi-
"ficant aerosol collection in the cloud is predicted. Because the predomi-
nant collection mechanism is inertial, this collection is more pronounced
for the larger aerosol sizes, Coiigction in‘the cloud is predicted to
increase slightly with incfeasing bubble diameter. However, this effect
is more than offset by the higher velocities and hence shorter residence
times of larger bubbles, This is‘shown by Figure 7.4, which shows the
ratio of final to initial cencentration in the bubble for a constant bed
depth of 4x10™ 2, Moreover,\ it is interesting to note that, for d

3

larger than about 10'_'2 m, the concentration in the bubble as it reaches

éape bed surface is relatively insensitive to bubble diameter, with most

of the aerosel bypassing the collector particles. Figure 7.5 shows the

»

. predicted'anount of uncollected aerosol as a function of bed depth for

s

& single bubble dianeter of 4x10~3 m, Hardly any collection is predicted .
for a 0.72 um aorosol whilg/h significant amount of the 1.75 um aerosol
is collected in the cloud. _

These prodicti&ns lead to further important conclusions on the

mechanism of asrosol collection. It doe% appear that the dependence of

' pen.trttion on serosol diameter can be cxplained by procosses occurring

in the uuu-phm (Figure 7,5). !lmvar, tlu decrease of penetration

with U clearly camnot be explained by a Ws& on single nNntoracting
’ !

4
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FIGURE 7.3 Predicted average concentration of aerosol returning
to the bubble as a function of bubble diameter (dp = 110 um)
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FIGURE 7.4

Predicted fraction of aerosol uncbllected as a function
of bubble diameter (H, p = 0.05 m)
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*RIGURE 7.5 Predicted fraction of aergsol unco¥lected as a function
‘ of bed height (db = 4x10°4 m)
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bubbles, From Figure 7.4, this observation would have to be attributed

to substantial decrease in mean bubble size with increasing velocity, ,
whereas in reality Fhe reverse occurs, It is 'also notable that the pre-
dicted penetration in single rising bubbles is an order of magnitude

larger than the measured values, \It must therefore be concluded that,

in the present study, the bubblc;‘s formed at the distributor were so

"small and coalésced so frequent‘iy that exchange between bugl\)les and demee
phase was very much more rapid th;n can be predicted by a model based on
single rising bubbles. JThe’ implications of thi; conclusion are developed

in the following section.

It may also be noted that this conclusion highlights the

. oa " U

importance of operating with shallow bécis and distributors designed for
small initial bubble size, If the distributor gives large bubbles, col- ﬂ
lection will be limited by transfer between the f)ubble and dense phases.
Higher penetrations will then be observed, even in' deep beds, and the .
penetration can be expected to increase with increasing gas velocity.

*  Bxactly this effect was noted in the results of McCarthy ot :ﬁd , and

in the set of expetiments with DOP aerosol described in Section 6.2.1.1:

\ 7.3 Aerosol Collectidy in a Fluidized Bed .
‘21.3‘.1 Intr@uct ion ‘
This section presents a theoretical trestment oﬁ aerosol col- ;
lection in a fluid:lzod bod usu-ing the boluviour of the bed to be ’3
consistent with the -odiﬁod two phase them of flxﬂdiution. There j
are oitly two previocus sttempts, beth msucutsgpl , to describe the p 3
phenossnion of seTosol removal in fluidized boés L ‘i{ - '2
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The first was by Tardos, Gutfinger and Abuaf'rl who claimed

to have simulated mathematically the behaviour‘of a flu:‘fdi\zed bed "at
minimum fluidization", Their treatment is based on the "cell model"
concept, whic}'ln attempts to calculate the steady flow pattern and resultant
collection around one collector particle. Because they implicitly

assume that all the gas passes through the dense phase and flow is-steady,,
their model is essentially a simulation of a fixed bed rather than a
fluidized bed. itiore'aver, they assume that diffusional collection is
dominant for 2-3 um particles (see Section 2.3,1.1). Thus, their model
bears little relationship to reality, and as a result they predict that
bed depths of the order of metres aré required for effective aerosol
Temoval.

The second attempt was by McCarthy et g]..ucl and Jacksong
¥ho, by going-to the other extreme, sttempted a qualitative explanation
claiming that the efficiéncy of a fluidized bed collecting aerosol is
low at high superficial gas velocities because of gas bypassing in the
bubble phase. It was shown in Section 7.2.7 that this may be the case
if the gas velocityn is low and/or thle distributor is poorly designed,
but that this mechanism cannot explain the results‘ of the present work.
Therefore , it is concluded that the qualitative explanation given by
Why ot _a_;.“cl and Jackson’®  is not realistic for a well-designed
shallow collector bed.

‘_nws,.np towtl\'e.presonﬁ time, thot;o‘doo: not appear to be an
adequate thecretical trestment of serosol removal. in fluidized beds.
The ’fonov:lu s,ecigion offers the first such sttespt, and shows that
ssrosol collection mey be adequately described in terms of the two-phase
theory of fluidization. . | |
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7.3.2 Development of a model

7.3.2.1 The modified two phase theory of fluidization
In general, two phase fluidization theory assumes the b;ad to
be composed of two distinct phases, namely a dense or parficulate phase,
- consisting of particles and interstitial gas, and a lean or bubble

phase, composed of rising voids termed "bubbles" and essentially free

-from particles. 'Effectively, all of the conversion in a reactor or \‘;

collection in a fluidized filter takes place in the particulate phase.
The classical two phase theory of fluidization was originally
- )sxs’ T4
postulated by T y and Johnstone and developed further by the
experimental results and theoretical treatments of Orcutto2 , Orcutt
et al. 03 and Davidson and Harrisonb2 . It assumes that all the gas
N y
in excess of minimum fluidization travels in the bed in the form of

bubbles giving a superficial bubble velocity

¢
'ﬁ; - U U (7.31)

where G is the flow rate of the gas in excess of minimum fluidization
and Ay is the cross sectional area of the bed. Sub;sequent experimental
results by a number of workers (e.g. G-7, C-7, G-8) suggested that the
superficial bubble velocity through the béd is more adequately described

by an ;quation of the form

G ' i

wvhere X is 'l&pnh‘i&l parsmeter. g '
\ : ' »

' 7
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This led to what is now established as the modifigd or n-type

%f;LJ/;;O phase theory of fluidization which postulateng

G. -
A T U Upg(H ) )

(7.33)

where n is a constant and Eb 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 € nf and mean inter-

stitial gas velocity Umf/emf it postulates an additional mean throughflow

»

velocity inside a bubble equal to (n ¢ 1)Umf' If the mean bubble velocity
s »

is Ub, then ‘
)

- "“jG ‘

so that
’ U-u -
- mf
€ — (7.35)
b Ub 4-nUmf

Thus the differences between the original two phase theory

and the n-type theory may be summarized in terms of superficial velo-

td

cities, as follows:

T .
*In its more general form the modified twd phase theory of fluidization
p

assuses that the 'volume fraction of the bubble phase is a function of
bed height. - . B ’

o ' -
/ 3 ° ~
u “
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Original two phase theory

Gas velocit); = bubble velocity 4 dense phase velocity (7.36a)

U = (U- U+ Upe ' (7.36b)

n-type two phase theory )
-/ ;
Gas velocity = bubble -4 bubble throughflow + dense phase
velocity velocity velocity

tay »

coese(7.372)
U = U- umf(1+nE'b)+umf(1 +n)Eb+Umf(1~Eb)
ceeee(7.37D)

The conyentional two phase theory then becomes a special case of the
n-type two phase thleory obtained by putting n = 0; parameter K thus
becomes 1. (The subject was z:eviewed extensively by Grace and CliftG8

who summarized previous literature and showed that the n-type theory,
which is an improvement over the original two phase model is an over-
simplification itself and that n and K are not constant, as was originally
hoped, but vary with experil'nents in the range -1.2 < n < 140 and 0.7 < K <
27. As the n-type theory is conceptually a more accurate formulation

of the process of fluidization and is more general, it will be preferred

in deriving the equations describing aerosol removal in fluidized beds.

, - , $
-
7.3.2.2 Dense phase in plug flow
Figure 7.6 shows schematically the n-type two phase model of
@ fluidized bed. The bubble phase is assumed to be completely void of

particles, and travelling in plug flow with.a superficial velocity epUp »

‘.

-
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FIGURE 7.6 - Schematic repiesentation 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)Umf.

The dense phase contains all the collector particles, is (in this case)

in plug flow, and travels with a superficial velocity Umf(l-'e—b). It is

postulated that all aerosol collection occurs in the particulate phase. '
At height h above the'inlet of the bed, where the bubble and

dense phase concentrations are Cb and C 4’ respectively, the flux ofj\

“aerosol per unit bed area is
Qa - eb)Umedf w- Q- t:b)Umf)Cb

Thus, considering a differential element between h and (h + cih) in

e

.Figure 7.6 and téking a mass balance on the aerosol particles gives
" \

for the dense phase
£ ;
a : ) ¥

(Rate of particles) (Rate of pafticles) (Rate of )
- n

k]

in out particle collectio
Rate of particle ~ -
& i + transfer to bubble phase esses(7.38a) ‘3}
J 4
"
so that, " ~

a- 'e'b)um_.cd - (1 - ‘Eb)u“f(cd +dcd) - Kk ?b dh(c, - C,)
, , _ p
R AN E 'Eb)cddh - " eeees(7.38D)

LS
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_two phase theory; is Um

'gas velocity. Re-arrangink Equafion (7.38b)

il ® - + . tr
Gk ‘ Nte o - - .
IR R e R AR 0 L N . PR Wi ¥ I i e e R IR T I s e St e SRR ,n g
= 3
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vhere kb is the interphase mass transfer coeffigient of aerosol particles /
based on unit bubble volume and Kv is the aerosol collection parameter

based on unit dense phase volume (Equation (5.3b)). It should be noted

that Ky was defined, in Chapter 5, in terms of the relative superficial'
velocity between aerosol and collector particles, which, according to the

£ in a fluidized bed irrespective of superficial

et SR T 2

dc
- & il - kT - - -
(1 eb)Umf ™ kbeb(Cb Cd) Kv(l eb)Cd (7.39)
. §
Similarly, a mass balance on the aerosol particles over the

differential element dh gives for the bubble phase

-

Rate of (Rate of ) + Rate of particle
particles in/ = {particles out transfer to dense) (7.40a)

phase

so that,

“ W- (1- 500 = U= (1-5I0 )+ (C +dCy

s
- k(€ - Cdh ese0(7.40b)
Ra-lx4;n¢ing, ¢ ,
~ >
U - (1 - )V, & " ky &(C, ~ €y (7.41)

» .

¥y .




Adding Equations (7.39) and (7.41) to obtain a total mass balance over

a differential height dh of the bed
A
_ dc, _ dC . _
(1= TVpe g +U - (1= TV ) g2 +K(1- )6y = 0

ceeee(7.42)

P

-

The equations presented above are simplified if expressed in

| .
the form of dimensionless groups. Denoting.the fraction of the gas

passing in the bubble phase as B8

‘a
superficial bubble velocity

8 superficial velocity (7.432)
- -Uf “ ;E")U“f o (7.43b)
Then, Equation (7.41) and (7.42) simplify to N ®
;5;+_£2('Ebjcd) -0 © (7.44a)

dc d a-zy “
(1‘~8)»35-‘-’-+6-;;‘1+xv T L » (€ -Cy =0 (7.44b)

Defining the following dimensionless variables

A\ ‘ #
1-¢) ‘
( - KGH(L - € .
o Ky = (7.45)
- - »@ [}
H H
- M . C" (7.46)

ug U-(1 - :S)U-f '

—-——
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Equations ‘(7.44) simplfy further,

€,  x
g Ao, K A
(1 - ﬁ)a— + Bar- 4 T Cd - 0 (7.47b)

. K'v.the dinensionless collection rate constant, expressed in
this form, is the number of collection units (NCU) that would have bee%n\
present in a uniformly fluidized bed, and is the parameter which Knettig
and l&eeckmns‘cs - termed NTU. The number of interphase transfer units,
X, is the number of times the bubble gas is. interchanged with gas in the
dense phase on passage through the bed. A\high XK'y value implies high
aerosol collection efficiencies.and a high ‘x.rValue implies low resistance
to i'nterphase transfer. These dimﬁsimless groups are similar to cor-
responding dimensionless groups defined in, the classical two phase theory
©of fluidization "2,  In the general case 8, X, K'y vary with bed height.
Making the simplifying assumption that they are. constant' the solution of

a
Bquations (7.47) is of the general form

-m.h -a,h
g = cpe L4 cpe "2 (7.48)
where '
x4k + [+ x? - aexa - 6] O°
., - G D) = (7.45a)
ey - foexen?’ - - si 0.8
o B e T . (7.45%)
£ ,
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Differentiating Equation (7.48) with respect to bed height

dc -m_h -m h * ,
b 1 2
1C1° - nzcze . (7.50)

" emtguan - m
i

Assuming that the rate of removal of aerosol particles during bubble

formation is zero at the distributor plate anad expressing aerosol con-

céntrations as fractions of the inlet value (i.e. CIN = 1) the boundary

‘ ; dCb
conditions are at h ~ 0, Cb -1, = - 0. -

Substituting these'boundary conditions in Equations (7.48) and

(7.50)

C, = —2— : \ (7.51a)

(7.51b)
Therefore,
-yt e e Dy (7.52)
z‘.l ‘r -
- —-——-(’ - @ ) , (7.53]
anstituting Equations (7.52) and (7.53) in Equation (7.47a) and re- -

srranging, one obtains the concentration ‘of the aerosol particles in the

dense phase at bed depth h:




| .
1 -mh n&l aph |
Co = Tgap ‘It G- ome T O-xI)| O3

N

The. average exit concentration of aerosol particles is .

c (fraction of) bubble phase fraction of dense phase | . °
in

T gas passing aerosol con- gas passing] « [ aerosol
as bubbles centration in dense coneentration
at exit hase at exit
00000(7.558-)
= B(C )y ¥ (1-8) (Cyly (7.55b) '

Then the fractional penetration of the aerosol particles, defined as the

fraction of the particles not collected by the bed C,,./Cy, is

' 1 { —nlﬂ H(l-B)l1 -lzﬂ H(l-B)lz]
‘f--(-;-‘-l-j-lze (1--—-7-——)-1110 1 - ~—y—=)
eesea(7..56)
where n, and n, are given by Equation (7.49), H is the height of the bed
R vhich, assuming constant 'é'b is ,
\ ] 4
.
~ Hoe ‘
» L el “ - «57
H (i b) (7.57)

and X is the mumber of interphase transfor units, defined in Equation (7.46).
This then is the general expression for the fractional aerosol
mtmm vhen the. bod is in plug flow. Bquatiom (7.56) is similar to
squstions hm&hg conversion of & gas by & first-order chemical reac-
tion ﬁll WNMIM&WW!&“ two phuo theory
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of fluidization. Its novel features, however, are that it is 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- g g
tion presented in the literature-to 'des‘cribc aerosol removal in a fluidized ;ii
* y

bed using fluidization theory. -

N
.7.3:.2.3 iDense phase well/mixed ‘
In the case when the dense phase is assumed to be well mixed
the aerosol concentration in the dense phase is constant and independent
of bed height. Thus, re-arra’nging Equation (7.47a)

¢

l‘ d x ‘j —— .
=(Cy, - Cy) +'ﬂ'(cb - Cy) ] (7.58)
and solving,

(€, - € = (-c¢p tExg[—Xh/H] . (1.59)
Since the particulate phase is assumed to be ﬁerf;ctly mixed, its material

balance can be writtei: by consjdering the total height H, Thus,

(£

' © o~
Rate of Rate of + [fate of -\ [Rate of
particles in particles out grticle particle
' N \ transfer
* .....(7.608.) .
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[}

The last term may be evaluated from Equation (7.59). Then, using
Equation (7.55b) ,, substituting the dimensionless group 8 (Equation 7.43b)
Y

.and re-arrﬁngj.ng

x.2
£f - Be'x-i- (1 - ge Jx'
I*K'v - Be”

(7.61)

gives the fractional aerosol penetration wheén the particulate phase of
the fluidized bed is considered to be well mixed, Like Equation (7.56),
which was derived for plug flow, this is the first equation presented in
the literature describing aerosol removal when the particulate phase of

the fluidized bed is considered to be well mixed,

7.3.3 Effect of bubble coalescence and simplification of equations

The assumption that tl{e lean phase of a fluidized bed consists
of isolated bubbles rising to the surface w}ithout interference from
neighbouring bubbles may be a reasonable 'npproxintian wvhen the lean
phase has coalesced into large bubbles, few in number. This assumption,
however, goos not take 1;1to consideration bubble 1nt~eractionv and its
possible effects on in‘terp;use mass transfer.

. cufe ot 0169, c1aneS |, Clife and Grace?,C8,C6,
and Grace and Venta®10 have made an iutgnsive investigation on bubble
coalescence and bubble splitting in £luidized beds. Their studies have
found that during bubble coalsscence the volume of the final bubble is
wore than the sum of the volumes of the or:lgin;.l bubbles, However, as
c1unt®  has ﬂrn,\sllowﬁn, vhen two bubbles :v in the process of .
coalescing & substantial ssomt of the gas forming the bubbles is inter-




<hanged with gas from the dense phase. Thus coalescence contributes

significantly to interphase transfer.

A second mechanism enhancing interphase transfer occurs as a
result of bubble interaction. As, C1ift®®  has shown, when two bugbles
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 transferred through the particulate phase and brings the essentiglly
untreated bubble gas into contact with particles thus imgroving interphase
transfer, |

It appears then that bubble interaction results in the enhance-
ment of the in@erphase transfer mechanism. As bubble formation and coales-

cense and bubble interaction is extremely rapid near the distributor this

suggests that the interphase transfer is very high in this region of the

. bed. This is consistent with Grace's observation®’ that the hydrodynamic

behaviour of the bed is relktiveiy unimportant near the distributor for
fast reactions. As the experimental results of Fhis study have shown,'
aerosol removal may be regarded as a fast reaction essentially requiring
relatively shallow bed heights. There i§, therefore, ample theoretical
and experimental information in the literature to justify a postulate
which sssumes negligible interphase resistance near the distribptor plate
for serusol collection. o ' »

The oquations for aoiosol penetration developed in the previous
section mey therefore be simplified by taking the limit X + «, Equation
(7.56), for plug flow in the dense phase, becomes:

«K! )
£ =9 Y (7.62)

[ Ve Y23
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while Equation (7.61) for well mixed dense phase becomes:

1 .
1¥K 'y

(7.63)

A\

Comparison between these equations 'd the results of the present study

is examined in the next section. )

7.4 Comparison with Experimental Results

7.4.1 Introduction

The previous section developed the equations describing aerosol

removal in a fluidized bed. With the assumption that interphase resistance

between the bubble 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 mixed. The form of these simplified equations was justified by
the effect of rapid bubble formation and coalescence near the distributor
plate, resulting in increased t"ransfer b:tween th€ two phéSes. This sec-
tion pfoves, experimentally, the valiciity of these assumptions and simal-’
taneousl)f determines statistically whether the gas in the dense phase is

well mixed or in'plug flow.

7.4.2 Bstimation of collection rate constants

The data were analysed.in the form of a collection coefficient

defined as

‘v . . .
T ‘ (7.64)
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where Kv is the collection rate constant of aerosol in the particulate

phase, defined in Equatign (5.3b) and described further in Section 7.2.5.2.
- ,' .
From Equation (7.57) and from the definition of K'v (Equation 7.45) Equations
N L )

(7.62) and (7.63) become, for dense phase in plug flow

g = o Pl ' (7.65) .
and for dense phase well mixed . l o
4
g o1 (7.66)
14 k" Hpe ‘
’ »
Thus, if the dense phase of the‘f luidized bed is approximated by plug ‘
flow & plot of %
(- 1nf) vs (Hgp)
will be linear, the gradient of the line being num.arically equal to k'pl' .
Similarly, if the particu'late phase is well mixed, then a plot of f§
. i
N " i
| :;
\(111 be linear and yield the value of k' . The data on aerosol penet&t g
tion in fluidized beds composed of 110 ul‘md 600 um collector pnniclesz\ ;
presented in Tables 6.1 t$ 6.3, 6.5, 6.6 and 6.8 were chosen for analysis; // i
the high velocity experiments were excluded firstly because they were per- ‘
formed with a different distributor plate and secondly because these

1




iy Fo IRCRE 1, e e <t e o st SRS C RO T e e TR P e fr e

-25b
,
experiments have an inherent lower accuracy due to the design difficulties
desctibed in Chapter 4. Values of k' were estimated from experiments at
different bed heights assuming that f = 1.0 at an = 0.0, Thus for plug

flow the regression equation, forced through zero intercept, reduces to

n -1nf ) * (Hye) |
S | mf” i (7.67)

PL w2 )2
l-lmf

where n is the number of experimental bed depths. For the case when the
Yense phase is well mixed the analogous equation is
P (Hm,)i . (1 ~£,37£5) (7.68)

k',

1§1 (Hmf) i

However, as both (Hmf)i and (1--fi)/f:.L will increase with decreasing pene-

tratisn the above equation is biased to give most significance to experi-

mental points with the lowest f By simple re-arrangement an unbiased '

i'

regression equation may be obtained, this is
? (l-fi)*fi(H-f).

k', = isf . . (7.69)

Q (i) ]

which éives equal weight to all experimental points,
Thus two k' values, ome for dense phase in plug flow and one

for dense phase well mjixed, were estimated from experiments at different

bed heights and cofstant U and d Then the orfginal experimental points |

of each set were predicted using the estinted k' values. The residual
‘ )
deviation from the regression lines is given by _ "

i

watefld ~
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L. - e-k‘pfnmf)% ‘ ]
( - (Deviation) _ = L1 . (7.70a)
{ pl — n ’
- ] JZ
(Deviation) = i L1 1+ k() (7p70b)
n

where (De\a'iation)pl and (Deviation)w axy-e the square root of ;he sum of
squares of the difference between experimental and estimatgd aeTosol

/ ‘penetratior; divided by the number of experimental points, n, subscript
pl refers to dense phase in plug flow and subscript w refers to dense
phase well mix‘e.d. By comparing the relative magnitudes of (De\riaticn)p1
and (Deviation)w, it was determined whether the dense phase was near
to being well mixed or could be assumed to be in plug flow, Table 7,2
and Table 7.3 show the results of these calculations in condensed form, .
together with the estimated values of k'pl and k"w for each set of experil-
ménts with the 110 um and 600 um col‘lectors. The values of (De‘,\)'iatior\)p1
and the ratio of (Deviation)w to (Deviation)pl are also given. The next

section determines, from these results, the hydrodynamic behavicur of the

bed. .

7.4.3 Behaviour of the fluidized bed

Inspection of Table 7,2 shows 'thdt the particulate phase in

almost all sets of eiperiments with 110 um collectors was nearer tg plug
flow. Thus in almost all velocities, except perhaps the h;ghe;'.t U - 5{
0.35 m/s), Equation (7.65) may be used more nccurate]:)y to describe aerosol ’;5
collection in the bed., Inspection of the table confirms that resistance i
to interphase transfer is negligible since k'pl increases slightly with ,;
mcrhasmg superficial velocity, If the reverse was true then k' pl would \i

| i

%
:
§
§

s}

s S
PRES
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TABLE 7.2 Analysis of 110 um Collector Particles

k‘plxlo4 k'wJ(IO4 (Deviation)p1 ‘ (De\friation)w

dA, um U,mxloz/s (m'l) (" 1) x-loz (Deviat:ion)pl
0.72 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 %é;’ 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 .839 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
1,15 4.9 .429 805 | 13 1.7
115 | 6.0 .457 1.06 0.9 4.0
1.15 7.2 .559 1.32 : 1.9 1.1

1.15 12,9 .511 1.51 2.5 1.1 /

1.15 13.1 .615 1.71 2.0 1.7

1,15 19.5 .532 1.78 5.7 L
1.1% 25,6 ’.689 2,57 5.7 0.2

§

1.15 34.9 .537 2,78 2.3 0.3
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’ TABLE 7.3 Analysis of 600 'um Collector Particles

% ) k'plxlo4 k'wx104, (Deviation)pl (Deviatioﬁ)w
; A, um| U, mx10%/s (m';l) Y x102 (Deviation)p; . A
;
F | 110 38.0 .197 .371 1.8 1.0
E 1 1.10 43.7 .262 .545 4.5 0.5
§_' 1.10 49.2 .281 .725 3.2 0.4 :‘
g. 1.10 54.8 .310 .766 0.2 , 0,2 . 1
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 |°  s4.8 .555 3.52 8.5 0.1 -
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 &
v L7s | 437 ] Ln 12.3 4.5 0.1 | ]
1.75 49.2 ﬁ_@x”.m 18.8 3.5 ;01
175 | se8 | 116 14.6 4.5 0.0
1.7 |  60.8 1,33 20.7s 2.3 0.1 b
%
5
f
|
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decrease with‘ increasing velocity as more of ‘the gas would travel in the
bubble phase, The fact that interphase transfer is not lmitiné can ‘also
be seen from the fact that k'pl incyéases with increasing aerosol diameter.
As was shown in Section 7.2, bypassing in the bubble phase is not a func-
tion of aerosol diameter. This confirms the theoretical conclusions
reached in Section 7.3.3. Figure 7.7 shows the per cent penetration of
DOP aerosol through a fluidized bed composed of 110 um collectors at U =
6.0x10"2 m/s, with the predicted penetration cufves assuming the dense
phase 1¥“in plug filow, As seen from the figure this assumption is in

very good agreement with experimental results; each point on the figure is
. -

hardly a few per cent away from its predicted valug, It is also interesting

to note from Figure 7.7 that at bed depths approximately below 1.5:(10"2 n
penetrations are higher than predicted due to local spouting and jet

penetration in the bed.

Figure 7.8 shows per cent penetration of 1.1 um aerosol as a func-

tion of bed depth for U = 0.13 m/sec, as a further example. Plotted on the
figure are the predictions calculated from assuming (i) dense phase is
in plug flm.v; (ii) dense phase is well mixed. It is demonstrated clearly
that the dense phase is much closer to plug flow.

Inspection of Table 7.3 shows that the particulate ptggse in
almost all sets of experiments with 600 um collectors was well mixed. g
This is ‘shom clearly in Figure 7.9 where measured penetration of
pﬁicles is plotted as a function of bed depth for U= 0.4915 m/s
compared with the two fitted curves. This clesr difference from the

behaviour of the 110 ym particles may be ascribed to two effects:

- —
L oy pe e e R




FIGURE 7.7

Aerosol penetration versus bed depth

U= 6.02x10"2 m/s

o= 110 ym

11 circle, d, = 0.72 um
open circle, d, = 0.90 um

‘full square, dA = 1.15 um

lines, estimated penetrations assuming
dense phase is in plug flow




Y




0 TWERETRRERAT TR

.
- e

-26%

S
FIGURE 7.8 Aerosol penetration versus bed depth

"o U=0.13 m/s
we 110 um
11 circle, d; = 1.1 um
- solid line, dense phase in plug flow
broken line, dense phase in well mixed
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FI%URE 7.9 Aerosol penetration versus bed depth

w 600 um
- 0,4915 m/sec
full circle, d, = 1.75
. broken line, p&ug flow model
solid line, well mixed model
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1. Laxrger bubbles, due Eo.the higher values of (U'Um;) used
with the 600 um particles (see Table 7.1) and to the
lower probability of bubble break-up in beds ofnlarger
particles.D1 ) :

2, Higher particle mobility, resulting from lower apparent
viscosity in beds of lgrge particles.D2

It may also be noted that k'w'increases both with U and dA’ once more

confirming that collection cannot be limited by interphase transfer.

In summary, it has been shown in this section that, ip. the bed
of 110 um collector, the dense phase gas was close to plug flow, whereas

in the 600 um particles the gas is in a condition close to complete

mixing, With both collector sizes, resistance to interﬁhase transfer

was negligible and aerosol penetration could be adequately described either

x .

by Equation (7.65) for den?% phase in plug flow, or by Equation (7.66)

¢

for dense phase well mixed.’

X !
7.5 Interpretation of Collection Rate Constants and Comparison with
Fixed Beds ' '

3

7.5.1 Efficiency of s collecter particle in a fluidized bed

" 7.5.1.1 Introduction

It could be argued that the concept of an individual collector
particle efficiency in s fluidized bed has no precise meaning. 1In a
fixed b;d the superficial volgcity b;tnaon collector particles and fluid
is equal to the supgrfichl velocity through th; bed. In a fluidized
bed however this is not so; assumiig the two phase theory of fluidization
is correct, then the superficial velocity between collector particles and

£luid 1s the minimum fluidizstion velocity, The situstion might

U“.




appear further complicated when the pérticulﬁte phase is well mixed. P

' ' In this section, therefore, it will be shown that the collection efficiency
of an' individual (particle in a fluidized bed may be derived from the
general definition of the efficiency of a spherical collector incorporating,
simultanedusly, the conditions imposed by the two phase theory of fhfidi-
zation, It will also be shown that the relationship between Epr and k'
is similar, irrespective of whether ‘the particulate phase is in plug flow
or h.rell mixed. As these equations have not been presented previously in
the literature, @ detailed derivation will be givven.

. w0
7.5.1.2 Dense phase in plug flow
The number of collector particles per unit volume in a fixed

.
bed was given as

N = 3 \ ' (5.2)

Assuming the void fraction the dense phase of a fluidized bed is
,constant at the value corresponding to minfmum Fluidization, eye, then
the number of collector particles in a differential bed depth dh is

equal to ) '

wd

2 , 6(1-¢ c)dnA ,
: Hp - Mn"p - -———'f'-———s B i .71)
. P

Let the concentration of the aerosol change in that differential bed
depth from C to (C ¥ dC). Then rate of aercsol collection by differential
bed depth is




R B

-
-

N R, = U*A_ * dC (7.72)

i

The collection efficiency of an individual spherical collector was ﬁﬁ(ed .
e %
3 in general terms as f.\/

}
-

© ptarticles of aerosol collected R
EFT - B e ) (3 . 1) A
particles in approach volume

[}

\/

Thus the number of aerosol particles collected by one spherical colli?toi"‘*,‘

\‘.

3

diameter dp, per unit time is -

~

¥ nd? v
- *
) Ry Bpp * —-24 P»ye*c (7.73)
¥ > 1 . - { //
where C is the number concentration of aerc¢sol particles in the ’a{pproach
volume. Now since -
k ! * * w ‘
} RB -— Np RT dh AB (7.74)
4 - .
’ Then from Equations (7.71) and (7.73)
% 2
6(1-e_o)dhA, = nd“ U C
nf B p_mf
UApdC 3 * Epp * 3 (7.75)
. P
i, N
which simplifies to
o 24 U |
" i (7.76) |

T - BFT - 3U.f(l-c-f) * U &
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A mass balance on aerosol particles over a differential bed depth dh gives:

Rate of Rate of Rate of

aerosol in = aerosol out "aerosol removal (7.77a)

UC = U(C 4 dC) + k'pIthU (7.77b)
therefore o

%%Cl_ - k|p1 (7.78).

Substituting in Equation (7.76), the individual collection efficiency of

a spherical collector, assuming the dense phase is in plug flow, is

]
(E.) Ay B f.!i_ldi (7.792)
or alte'n’,at ively from Equation (7.64) .
: 2Ky, |
E e . A - 7.79b
(Epr)p1 U (1€ ) (7.79b)

3

This is equivalent to Equation (5.3b) obtained for packed beds.

L

9
7.5.1.3 Dense phase well mixed
When the particulate phase is assumed to be well mixed the
cﬂ -

aerosol concentration in the bed “is constant. Using Equation (5,2) the

\

‘ total number of aerosql particles in the bed is .

o

TR

T i o v
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6(1-¢ )HmfA .
- nf B 7.80
HllfABNp d3 ) ) * ( )
P
The rate of aerosol collection in the bed is
RB - ABU(Cin - Cout) (7.81)

whére Cin and Cou refer to the number concentration of aerosol entering

t

and leaving the bed respectively. The rate of aerosol collection per

particle is .

2 (™
- P » * .

R.l. F‘FT 7 Uns let (7.82)
where Cout in this context 'is equivalent to the concentration of aerpsol

in the particle sppromch volume, and is used because the dense phase is

well mixed and resistance to interphase transfer is negligible. However,
from Equation (7.74) *
v *
Ry = N, * Ry Hoe * Ay ( (7.7%)

Substituting from Equations (7.80), (7.81) and (7.82) and simplifying

Crrly = Vaf Upt  SUng(I-tye)

4

(7.83)

since for a well mixed dense phase

' 4y -~ C.,)/C°
k‘n - gl-:![f - in 11:‘: out , ‘ (7.6)
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then

f— U * 2 '1\- W
B, ~ @2 * @ Tl_?,ﬁT (7.84)

Thus Equations (7.79a) and (7.84) are identical and the relationship
between Ep. and k' does not depend on whether the dense phaée is well

mixed or in plug flow. The above conclusion is extremely.useful as it

allows a direct comparison between the efficiency of a collector in a
fixed and in a fluidized bed. Corresponding experimental values for
Epp are given for the two sizes of collector in Tables 7.4 and 7.5, and

the comparison with efficiency in a fixed bed is investigated in Secti

7.5.2.

7.5.2 Statistical analysis of fluidized bed data and comparison with
fixed beds

7.5.2.1 Introduction

The experimental efficiencies of the 110 um and 600 um collector
‘particles, ;alculated as described in the previous section, were analysed
by multiple regression, with a procedure similar to that described in
Chapter 5. The 110 um coliectors were analysed first and the donclusions
drawn were used to narrow the se;rch for an efficiency equation for 600 um
collectors. In Section 6.6 it was determined that the dominant collection
mechanism in a fluidized bed is inertial deposition. This can be confirmed
qualitati&ely by inspectioﬁ of Tablzzi;fl/;nd 7.5. As seen f:om_tﬁﬁgs\\;
tables, p;riicle efficiency gées up quite sharply with increasing aeroso
diameter, proportional to a power of aerosol diameter greater than unity.

Thus the snalysis concentrated on determining the form of the relationship

b e w artagd e
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TABLE,7.4 Experimental Collection Efficiency of
110 pm Collectors in a Fluidized Bed

Epr X 102
U, mx10%/s | (0.64 - 0.8) ym | (0.8 - 1.0) ym | (1.0 - 1.3) ym

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 3.05 . 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 11.9

8.57
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TABLE 7.5 Experimental Collection-Efficiency of
600 um Collectors in a Fluidized Bed

2
Epp- X 10
U,mx10%/s | (1.0 - 1,20) um| (1.2 - 1.5) um | (1.5 - 2.0) um *
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 | eme--
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3

between individual particle collection efficiency and the inertial collection

parameter, St.

7.5.2,2 Analysis of 110 um collectors

The 110 um collector pilrtiéles were analyzed by testing two
hypothetical models. A notation similar to the approach of Chapter S is
.used, the model tested being identified by a letter (S for 110 ym, B for
600 uym) and a number. The two models tested were as follows:

Model 1S assumed, in accordance with the two.phase theory of

fluidization, that the relative velocity between collector and f luid is

the minimum fluidization velocity, irrespective of U. Thus,

ERN
.
-

(7.85)

‘ EPT - aIStmf‘

1

This model dis‘agrees with all previous studiés, which claimed that iner-
tial deposition for micron range particles in a fluidized bed is negligible\\
Model 2S is an extension, of the first‘ hypothes@s. It incori)orates \
an additional term which allows for the enhancement of inertial collection
M,gused by the motion of collector particles induced by rising bubbles.

-

‘ U-u

It is thus assumed .thaéu the enhancement of inertial collection is a linear
function of the ratio of bubble to dense phase gas flow.* The coefficients
# of these two models were determined by multiple regression and their

*It is implicitly assumed here that the bubble phase flow is (U-U_c) as
prediéted by the simple two phase theory. Since the value of n Tg
Equation (7.33) is essentially unknown, there is little point in including

it in an empirical correlating equation,
Sy
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values are given in Table 7.6, together with the square of the adjusted
miltiple correlation coefficient, RZAD’ and the adjusted standard resi-

du'al, SAD (see Appendix F). Inspection of the table shows that Model 25, :
which incorporates the dimensionless velocity c¢ollection parameter
u-u ¥
( T } and yields the following efficiency equation

, u-u '

EPT - 3.70 St’.-f [1.0 + 1.56(T'}—)] | ‘ (7.87)
is far superior, With R%,; = 0,989 and S,) = 5.5x10™> Model 25 explains
over 98% of the variation in experimental data and is an almost perfect
simulation of the process of aerosol removal in the bed. This is shown
more clearly on Figures 7,10 to 7.12.where the experimental efficiencies
of Fhe three aerosol sizes are compared with the predictions of the two
aodels. The fuct' that the dominant collectien is inertial deposition,
enhanced by the fluctuating movement of collectors induced by the bubble
phase, is undisputable even for 0.72 um diameter aerosol particles,
Perhaps an illustrative comparison with fixed bed experiments should
be made at this point. 'i‘he second terl,n of Equation (7.87) tends to zero |
as U+ U,e. Thus the efficiency of the fluidized bed collector particles
extrapolates to the Stokes number at minimum fluidization multiplied by
a factor of 3.7, Comparison of this witl& the best equation presented in
 Chapter 5 for collection in fixed beds of 110, J&'collectors

Bygr = 2.9 8t 4 6.9 N; . (5.22)
shows a‘ 22% agreement in the vﬂu; of the two coefficients. ‘The coefficient

of Bquation (7.87) is slightly higher, cospensating for the neéglected effect
‘ o /’
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FIGURE 7.10
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Measured and predicted collector efficiencies
in fluidized bed as a function of superficial gas
velocity

= 110 um g
11 circle, clA - 0,72 um

broken line, model 1S

solid line, model 2S
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FIGURE 7.11
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Measured and predicted collector efficiencies
in fluidixd bed experiments as a function of
superficial gas velocity

= 110 um
11 circle, d, = 0,90 um
broken line = ﬁodel 1s -

so}id line = model 2S
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FIGURE 7.12.

Cd
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Measured and predicted collector efficiencies
in fluidized bed experiments &s a function of
superficial gas velocity )

d =110 pm

£B11 circle, d, = 1.15 um
broken line == Qodel 1S
solid line = model 2S
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of gravitational settling. This term could not be determined separate ly
Id

in the flufzed ed \since like Stmf, it is proportional to dzA, and U ¢
could\not \varie n th\i\same way as U in the fixed bed experiments,

~..

Thus, this remarkable gr?é nt between two completely different types
of experiments, performed w1 ‘different aerosol sizes, Yeflects the

predictive accuracy of the collection equations presented in this study.,

7.5.2.3 ‘Analysis of 600 um collector

The analysis of 110 um collectors established the form 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 um collector particles, the dependence of inertial collection in the

fluidized bed on the Stokes number was of the form

‘ U-U '
Bpp = (o)), St°E1.o + (GI)Z(T;?{] (7.88)

where ¢ is a constant. The analysis of 600 um collector particles, thus,
concentrated on the determination of this constant and Models 1B to 5B

testéd the hypotheses that this constant was ¢ = 1.0, 2.0, 3.0, 3.5 and

4.0, respectively. 'I‘he results of these computatmns are presented in

Table 7.6 together with ggrrespondmg R2 and Sap Values. Inspection of

the table will show that 3,0 < c < 4.0. As the efficiencies of (1.0 - 1.2) um
asTosol were far lower than thé other size ranges (Tables 75?,@)\(4)' played

a weak role in determining the coefficients of Models 1B to 5B, Thus the

predicted efficiencies of this size range are essentially an extrapolation

,of the correlated ~coei:'ficien;s determined by the largest two size ranges.
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i 4 Mode1 Fitted Regression Equation R%\p Sppx102
¥ = i -
1. 110 ym 1s 42,9 St ¢ 0.685 2.9
! - .
3 110 yn 25 3.70 Sty (1.0 + 1.56(U-U ) /U ] 0.989 0.55
¢ 600 (m 18 61.5 Stye [1.0 4 1.95U-U /U ] 0.749 0.58
! 600 ym 2B . 3.69x1035t2_c (1.0 + 6.72(U-Upg) /Ung) 0.934 0.30
4 g : : 50,3
;_ sgo ym 3B 1.40x10°5t” o [1.0 + 24.3 (U-UggT/Upe ] 0.983 0.15
4 600 ym 48 8.59x10%5¢3-5  [1.0 +43.10u-u /v ] 0.983 0.15
é 600 ym 5B, . 6.11x10%¢4-0 - [1.0+ 64.3¢U-U_)/u ] - 0.976 0.18
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TABLE 7.6 Summary of Multiple Regression Analysis of Fluidized Bed Experiments
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FIGURE 7,13 Measured and predicted collector efficiencies
=N in fluidized bed experiments as a function of ‘
superficial gas velocity
14 d = 600 um -
i\ _51 circle, dy = 1.1 um - i
irregular broken line = model 3B - '
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Therefore, Models 3B to 5B were tested graphically by comparing the pre-

dictions of these Models for the (1.0 - 1.2) uﬁ with the experimental

points, This is shown in Figure 7.13. Inspection of the figure shows

that Model 4B, which assumes that .c = 3.5 is superior to the other two. p
Assumption of ¢ = 3, (Model 3B), overpredicts the experimental efficiencies

of 1,1 um aerosol and assumption of c = 4, Model 5B, underpredicts them.

'Thus it may be concluded that Model 4B is superior in describing the

aerosol collection efficiencies of 600 um collectors in a fluidized bed.

This yields the following efficiency equation. *
: U-u j

Epr = 8.59x10° st_3-5 [1.0 4 43.1(—"f) (7.89)
. FT mf Upe I ‘

which simplifies to

U-u -
. 7 3.5 nf
Egp = 3.70x10° St . (-U;f—-) I (7.90)

without much loss of accuracy as a comparison of the two contributing

terms in Equation (7.89) will show, . St

| The experimental collection efficiencies of 600 um collector

. particles-a?e plotted with their predicted Jalues,"calcubated~from Equat ion

« (7.90), in FigﬁxQ 7:£i‘and compared with th; corresponding collection

efficiencies of 1,75 um aerosol in a fixed/pnﬁi The ehhancemeﬁt of iner-

tial 'collpction is most obvious in this figure where it is observed that

the 600 um collecter p\articﬂles collecting 1.75 um aerosol become at least

one ‘order of magnitude more eff//ié;t when fluidized by the challenging

serosol. This increase hore/;ﬁan offsets the effect of dense phase mixing,
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Collection efficiencies of 600 um collector particles
in a fluidized bed

full square, d, = 1.75 um
open circle, dy = 1.35 um
full circle, dA -1.1 um'
FOR FIXED BED COMPARISON

circle with asterisk, d, = 1.75 um
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so that, as noted earlier, a well 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 some comment., In part, the stronger dependence of E on
Stmf may result from the larger values of Remf and Stlnf for the 600 ym

collector, as predicted by various workers for iseolated collectors and

&

also found in packed beds in Chapter 5. However, the magnitude of the

dependence suggests that collection is not as simple as in a steady flow

tuation, and this is also reflected by the fact that individual particle
A

collection efficiency in a fluidized bed can be greater than unity. Pre-

sumably the fluctuating motion of the particles in the dense phase causes

them to sweep a gas volume greater than the particle approach volume,

7.6 Summary

This chaﬁtei-.analyied"the experimental results on aerosol col-
lection presontqd in t:hapter 6. .

A preliminary analysis, which simulated aerosol collection
sround an isolatéd spherical Davidson bubble, showed that collectioh in
a fluidized bed may not be described by visualizing the I;an phase as
consisting of uo‘lated bubbles rising to the surface of the bed ’without

interference from neighbouring bubbles. This is due to the Fact that, in"y

very shallow bed.\hgb‘ble coalescence is frequent, @bseduent,ly, a theory

‘describing aetosol removal in fluidized beds was developed, based on the

-odifm two phase theory of fluidization. It was shown that bubble
eo?nm« causes trmfor betwesn tho bubble ud psrtigulate phases
to be so xapid in the shallow beds uud here tlut simplified equtions
can be used £dr the tv;\ﬁmawthc Mu pluu is in plug flow ot
weil M; )
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A preliminary analysis of aerosol transfer coefficients showed .
that the particulate phase of beds fluidized with 116 um collectors was
nearer to plug flow, while for the 600 um collectors the dense i)hase was
nearer to being well mixed. Subsequently the individual collection
efficiency of a spherical collector {n a fluidized bed was derived from
first principles. The resulting experimental efficiencies were correlated
by multiple linear regression. It was shown that the dominant collection
mechanism of micron range aerosol particles in fluidized beds is inertial
collection enhanced by the fluctuating movement of collector part icle;s
induced by the bubble phase. For u;rosol collection in the beds of 110 um

collectors the best equation for aerosol removal is

U-Umf
:w BP’I‘ - 3,70 Stnf 1.0 +1.56(-ﬁ;f—-) (7.87)

4

which explains 98.9% of the variation in experimental data. The corresponding

equation of collection by 600 um diameter particles is

) U-U

7 3. nf

BG = 3.70c107 St sc-v——-f) (7.90)

which explains 98,2% of the var'utia.\ in experimental data. Thus the
accuracy of the above carrelations is deponstrated and they are suggested

o~ . -

as useful design eqiistions,
) R
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CHAPTER 8, INDUSTRIAL IMPLICATIONS OF THE WORK AND
RECOMMENDATIONS FOR FUTURE STUDIES

3

/
“/ .
As has been demonstrated in this study, the 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 implicatio;s and r8COmﬁended extensions of the work are
presented below: '

The most important advantage of a fluidized bed is its continuous
operation mode. Aerosol pa&rticles‘ may bedcollected cont inuously 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 eliminated. The econonic'advantages' of such a dqyvice are then partially
| determined by the cost of regenerating or replacing the spent collector
‘particles, Although this study did not concentrate on bed loading effects
there is suf;;cier:t evidence in the literatpfa that ”po;ous collectors
(alumina granules, sil'ica gel) can pick up to 7% of their ;veight in aeros&l
before becoming too sticky to fluidize, As this procegs‘ is also a function
of thit diffusion rate of liquid aerosol in a parou¥® collector, further
investigation on Specific applications would be desirable, However, if
collection is achieved at high temperature and the aerosol part icles are
dostroyad by burning-in the bed this additional cost is alininated . -

, As wis shom in this study, very high collection efficiencies

may be obtained with a ﬂui.duod bed praﬂdcd an adequate distgbution
of gus is aébwml. Thus tho distribitor ph.n shwld be given' prime
. sonsideration a Mimmg such & undt. ‘As sdsquute distribution of gy

h ixmrubly mqmued w L) mnu lu: nm the plate, pilot

e

ek &
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scale experiments will determine the minimum operating pressure drop

and deﬁsity of orifice holes necessary to ensure initial formation of
small bubble}s and thus rapid transfer between the lean and dense phases.,
As a rough guideline, the results of this thesis suggest that an orifice
hole density of 3x10% holes/m? and a pressure drop of the order of 100 n/m
provide. ad .quate distribution of gas for aerosol collection.

’ ’ , There does not appear to be an upper limit to the superficial
gas velc)éity throygh the bed at which high collection efficiencies are
obtair:;/d, apart frorn the requirement that the collector particles are
not /¢arried over from the bed. As the results of this study have shown,

collection of micron range particles in the bed is by inertial deposition.

i
/

* ~ Since,
, 4 <
1.98
umf € d’p P-
" then st . Ung 4098
=g Ty

It has been shown in this work that Epp is proportional to St .
to a power equal to or greater than unity. Hence the efficiency through
the bed may, potentially, be- iilcre‘ns.ed by increaiing the collector diameter
or denut}. This has been demtrated in this study for superficial o

3‘}‘ wlocities up to 3 w/s but pot.ontislly -udt higher velocilfies could be
used, urne. dann collector ptrticlos are also re:onended because their
//irfghor uuinll velocity raises the upper linlt on mperfichl gas velocity.

For solid umsols. it is qutt& likgly that the serosol particlés

will sgglomersts i the m, putibly mh tﬁa ﬁm of nall Amounts of

',:"r‘:iff’-
& I

| %
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] N

a liquid phase, and re-entrain in the form of large particles. These

would be more easily collectable in a cyclone device situated downstream ,
E from t'q;e bed. Thus regeneration of the bed collecters would be completely

E eliminated and the be*d would behave as an agglomerating device, increasing

v . the aerosol di@eter to a size easily removed. Similarly, it is possible

to use the agglomerated particles as collectors, thus eliminating the need

“to regenerate and retumn the collector, P4

Another impc;rtant advantage of the fluidized bed is that it can
operate at high temperatures and pressures, Thus it is not limited by ‘
these physical factors, as fibrous collect_;rs are. It should be pointed
out howeve:l; ‘ghat little or notl}ing is known about the collection mechanisms
around spherical collectors in a fiuidized bed at high tempe‘ra'tures and/or
pressures. All the results of this study were performed at ambient tempera-

D6

ture (20 - 30°C) and pressure. Also, there is evidence that forces

| holding solid part,icles“to,solid sgx;faces weaken with increasing tempera-L\
ture and this should be: kept in mind when studies with dry collectors

. #nd solid merosols are performed. It will not, in general, be possible

to extrapolate directly from studies on sphericaljslaboratory aerosols |

at ambient conditions to collectien of irregularly-shaped industri;i

particulates at high temperatures. *
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’ ‘ ' CHAPTER 9.  SUMMARY
; r
An experimental facility has been developed to enable rapid

collection of aerosols in the siZe range around 1 um 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 c0239ntration remained stable over long periods of time,
Light-scattering counters were used to measure the number concentration
of aerosol in narrow size ranges. It was shown that, over the range of
these experiments, precisely isokinetic sampling of the aerosol was not
required., Penetrations in the collector beds were determined by differepce
from th; samﬂle concentration without the bed in place, corrected for small
long-term variations in generator output by pFriodic sampling upstream
from the bed The bed diameter was .15 m in all experxments.

For fixed beds, experiments were performed with 1, 35 and 1.75 um
aerosols in beds of ‘110 and 600 um diameter spherical collector, The gas

f!ow was vertically downwards, with veiocity from 2x10'2

to .45 m/sec. For
so0lid aerosols, it was found that bed loading effects caused the penetra-
tion to decrease with time. The mjority of the experiments were there-

- fore perfomd with'a dilute liquid aerosol (dioctyl phthalate). .The

oxporinnntul Tesults served to resolve pruv&ous uncertainty about the
:‘1lnmmnisl of. filttntggn under thste conditions, It was shown that the

- predominant colléctim:\uchmiﬁs are gravitational settling .('for, U< \
0.08 w/sec)and inertial dcposition (for uao.os‘ n/sec), with_ all other
_—&hnun at least s ordpr of - itude less important. The following
mmaw were dwolmd for the| collection ofﬂcumy of a single

"wa Mich. "
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’ : h .07 < Re_ < 1.4) (5.22)
D E.. = 2.89 St + 6.89 N. (0 . )

Eyp — 5-83x1077 Rey St # 142 Ny (1.1 < Rep < 17.4)  (5,21)

For fluidized beds, two distinct experimental arrangements
were developed, the first for superficial gas velocities up to 0.7 m/sec
and tﬁé sgéond for operation up to 3 m/sec. Spherical collector particles
of diameter 110 and 600 um with density 2.49x10° Kg/ms, and 550 um with
density 4,5x103 Kg/m3 were used. A special multi-orifice distributor was
developed, to give gooé gas distribution with lqw aerosol collection,
It was shown that, in the range just above minimum fluidization, aerosol
penetration increases with gas velocity, especially if the distributor J
is ineffective. At higher velocities with adequate gas distribution, ,
penetration decreases steadily with increasing gas‘velocity, right up to
the point at which the collector pardicles are conveyed out of the bed.
Shallbwlbeds, with depths of tfpically .03 to 0.08 m, were found f% col-
lect more than 95% of the challenging aerosol. Liquid aerosol§ were

cpllected stably until the concentration on the collector reached‘such

i g ———

a level that the be& "froze". For solid aeyosols, the collector was first
coated with a layer of a noﬁ-vol;tile liguiﬂ; collection then occurred

st the same rate as for s liquid asiosol, with no evidence of re-entrain-
lpﬁt or other unsteady characteristics, Collection rates increased with
serosol p‘r,tich size. For the 600-ym pu'ticlei, utnsalof gas super-

#cial velocity was found in which the penetration in the fluidized bed ,

L G

e s

* was lower thaa in a f£ixed bed opersted under the sams conditions, | :
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The fluidized bed results were analyzed in terms of established

theories of the mechanics of fluidization. Tt was shown that aercsol is
trapsferred from the bubbles to the dense phase primarily by bulk gas flow,

with negligible contribution from Brownian diffusion. éy calculating
aerosol collectiou/in the cloud region around a Davidson bubble, it was !
shown that the-résults gannot‘be interp;eted in terms of a model based
on noh-interacting g;i-pubblés rising through the collector bed. The

"

‘model for fluidized bed reactors proposed by Orcutt et al. was exténded, g
4

N

to incorporate modifications to the simple two-phase theory of fluidiza- g,

tion and to describe aerosol collection. It was shown that, as a result
of frequent bubble coalescence, aerosol transfer between the bubble and
dense qhases was ver& rapid in these experiments, so that collection
was ‘determined entirely by processes occurring in the particulate phase.
The depé;dence of aerosol pénetration on bed depth predicted by this
model was'found to ag;ae closely with the experiments, with the dense
phase gas in plug flow in tﬂe 110 wm particlés and fully mixed in the
600 um particles. New expreéssions for the colleétiop efficiensy of a
particle in a fluidized bed were devéloped from first principles, based
on the modified two—phasé theory of fluidization: *

s 2

3.70 St [1+1seu-u"f] d_ =110 -
EPT bl . .f . (T:) v(p:-' 1 Wﬂ) ('ﬂ,?)

L oL i

- s 335 v Uﬂ -
Epp = 8.50x10° St_.5 |1 443, 1(-0-—3 (4 = 600 um)
!

: “ .
e { ' ac--o(7‘ 89)

the second tern m each of these equations is dominant , and describes
the Wt of huttial dapositim by the ﬂuctuating particlo notion
hﬂueod by bubbln.

————— oy
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(' g ) CLAIMS ’1‘0 ORIGINALITY
*

f.

Development of experimental systems to enable rapid determination

of aerogol penetration in fixed beds, and in fluidized beds at

intermediate and high gas velocities, with penetration based on

number concentration for narrow size ranges,

Design of ha distributor to give good gas distribution with negligible

'%

aerosol collectjion,

Development of an experimental tgchniqﬁe to determine collection
efficiencies in a fixed bed, witﬁhwi bed loading or end effects,
Ummbiguous identification of the dominant collection mechanisms

of micron-range aerosols in fixed and fluidized beds,

Presentation of useful design equations for the collection efficiency '
of an individual particle in a fixed bed.

Comprehensive expsrimental data for aerosol penetrition in a fluidized
Analysis of aerosol collection ir; fluidized beds, based on the modi-

fied two-phase theory of fluidization, and of collection in the cloud

e

bed of realistic size operated at industrially viable gas velocities. ’

region of a Davidson bubble. ‘

Derivation, from first principles, of a meaningful definition of

individual particle collection efficiency in a fluidized bed, and
" development of useful »dosim gor;*elabio:)s.

Demonstration of negligible resistance to transfer between bubble

. -~

“hipy » B
and particulate phases in a shallow fluidized bed collecting aerosol, l
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Demonstration that the particulate phase of a fluidized bed 9oes

not behave in the same manner as a fixed bed for aerosol collection,'
so that bubble induced particle motion causes highe;' indiv%dual particle
collection efficiencies, i
Demonstratio; that aerosol penetration in a-shallow fluidized bed

operated sufficiently above minimum fluidization decreases monotonically

with increasing gas velocity.

~

Ny
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NOTATION ? ’
. '

A collectigg surface area of electrostatic precipitator
(1.0), m

AB cross sectiorial area of bed (5.5a), n? - [

bi—o,m coefficients of regression equatior; (5.14), d“imensionl.ess

. .bO intercept of regression equation (5.1:4), dimensionless

c concentration of aerosol particles, pa.‘t't/m3 J

€,¢)-¢ 4 ' ‘frqe constants, defined in equations used ( ,

45 coefficient matrix '

D ' effective diffusivity (3,25), m?/s ,

d diameter (1.2), m |

E deposition efficiency of collector particle (3.1),
dimensionless

Egr total collection efficiency of a collector particle in
a fixed bed (5.1), dimensionless

" Bgp total collection efficiency of a collectorparticle in a

fluidized bed (7,73), dimensionless Do e ‘

P Stokes-Cunningham slip correction factor (3.30), dimen-
.sjonless )

- i PB electric field intensity (.12), volts/fn

P() g\mct ion of variable inmbrackets

' "fraction of aerosol not é?nected (1.1), dimensionless

£ per cent of aerosol noi{ollectod (2.1), dimensionless

£(u) function of vardable in brackets g

G volumstric gas flow rate (7.2), /s '

K g . acceleration due to gravity (2.6), -/s2 '

N depth of £ilter (2.10), m
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s
h distance from inlet surface of bed, m
. K - empirical parameter of modified two phase theory (7.32),
dimensionless
K gllection parameter based on unit dense phase mass (5.4a),
M m fKgs
Kv collection parameter based on unit dense phase volume
(5.3b), s-1
kA mass transfer coefficient of aerosol particles (3.23),
[d l/s
kg Boltzmann's constant (3.29), joule/9K ,
kb' intez;phase mass transfer coefficient due to throughflow |
based on unit bubble volume (7.6a), s-1
- -
Kab. interphase mass transfer coefficient due to diffusion
based on unit bubble volume (7.6b), s-1
k! collection coefficient per unit bed height (6.3), m!
M mass of collector bed (5.5a), kg
‘ i!A mass of collector particles per unit bed area (5.5a),
g . kg/n
n mass of collector bed at height h (5.5b), kg
», mass per unis cross sectional area of bed at height h
(5.5b), kg/m
nn, solutions of Equation (7.47), m™}
N collection pax;aﬁ'éter (3.17), dimensionless
' NBI'NBS electrostatic collection parameters defined in Equations
‘ (3.41 - 3.45), dimensionless
N’ number of spherical collector ;.lgrticles per unit dense
. P phase volume (5.2), particles/
NTU number of transfer units,(6.3), dimensionless
n g empirical parameter of modified two phase theory; Chapter 7

A 8 ss). dimehsionless -
tnmﬁor,mo due to throudlﬁav (7.4). -5/3
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SUBSCRIPTS
Aa

AV

2%
7

electrostatic charge on particle, coulombs

rate of deposition of aerosol particles on a collector
(3.23), partitles/s

multiple co;r'elation ceofficient (F,16)

polqr co-ordinate, m

radius (7.4), m

rasidual_uo_an square (F.9)

sum of squares about the mean (F.14)

sum of squares about regression (F.14)

sum of squares due to regression (F.l4)
:bso#geitalmemtdi'eoc i 2%)2, I;K' 2/

uperficial gas ve y (2.1), n/s

migration velocity of aerosol particles (1.2), m/s

superficial velocity of maximum aerosol penetration (2,3),
n/s

settling velocity of aerosol particle (3.39a), m/s
interstitial fluid velocity in a fixed bed (5.6), m/s

volume (7.2), 13 ’

. collector particle velocity relative to buhble (7.11), m/s

sot of -dependent variables in regression analysis (5.14),
Adimensionless

independent, variable in regression analysis (5.14), dimen-
sionless ’

distance from x-axes perpendicular to direction of £low
(302). » -

serosol particle
sdjusted 4
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mv

= T .

atmospheric . s
bubble

bubble cloud
critical \
diffusional
donsle phase
electrostatic
fluidized bed collector
fluid

depth

inert ia‘l

inlet

number of independ’eﬁt variablés in regression equation

minimum fluidization :
number of experimenthl points
number of stages

out-let

)

collector particle

plug , i
interception | ' -

"

I
.TOtEmeter pressure '

ponr?co-mmu ‘ :
reletive between collector snd £luid

»

total

'
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4

collection. constant (2,1), dimensionlessy

fraction of the gas passing in the bubble phase (7, 43a),
dimensionless

diffusi&nnl collection constant (3.33), dimensionless -
parameters of regression equation (F.1) t

coincidence loss factor (D.1l), dimensionless

‘prOSSBrg difference 55;053 length H of filter (6.2),

kg/ms

effect of fixed bed-support plate interface on aerosol
¢ollection (5.11), dimensionless

effect of fixed bed air interface on aerosol collecticn
(5.9), dimensionless -

dielectric constant of aerosol pazgﬁéle (3.42), dimdns}qnless
dielectric constant of aerosol particle (3.42), dimensionless
poumitt juity of £2e0 space (3.41),coeulombs?s?/kgn’
pogar co-ordinate, radians

viscosity (1.2), kz/ns

ratio of circumference to diameter of a circle (3.23),
dimensionless

density (2.6), kg/u’
surface tension of liquid (4.1]), n/m

. ]
;

variance of regression line
dintnsinnlcsq time (3.5)
£luid stresaline, n’/s
sngulsr speed (4.1), radimns/s ~ o

Peclet mumber (3.25)
m m 9-3) - " ’ : *
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- APPENDIX A ~>

o DERIVATION Gf/EQUATIONS S)QAAND'3.6

Consider the motion of a spherical aerosol particle of diameter d, and

density PpM carried by a gas \stream approaching a spherical collector

of diameter dp at velocity' U remote from the collector. Taking Cartesian

’

‘coordinates, the components of the equation of motion for the aerosol

particle are:

n .3 d -
VA Wy = Fy (A1)

x 3 d -
O Oy ~ Ty (A2)
where the velocity components of the serosol particle are ((UA)x' (UA)y) at ‘g

time t, (Fx, Fy) are the components of the drag of the Agas on the particle,
and it is asbumed that gravitational effects are negligible. If, as is

the case in the present work, the Reynolds number of the aerosol particle

is smil, thon\the drag componenets are given by Stok{s' Law as: ]
Fo= o o o-wp] B )

F, = 3wy [(“m)y - m")x] ' (A4) ;

: , i

i

\lh.er;p (Upe 1)y (“rnol)y' are the compoments of the gas velocity relative
to the collector particle st (x,y), snd u is the gas viscosity. It is s
mmm} assumed, in qutim/s (A{) and (A4}, that, the aerosol particle 4

v . {



. .
is s0 much smaller than the collector that it has negligible effect on
the gas 'flow, and that thé ratio of Py to the gas density is so large

that drag components due to history and virtual mass can be neglected.

Substituting Equations (A3) and (A4) into (A1) and (A2) alfgfsimplifying

[
\

yields LT ! o
) T'( )y = 21’8u [(Urel)x" (UA)x] : (AS)
\ 4% - ' \
\
d
FU, m 2 o, - ©), 1 (46)

APA

It is convenient to render these equations dimensionless in terms of:

’
P

o', = @I /U, U, )' - (UA)y/U (A7) |

¥

Weend'y = WreifV 5 W'y = ) N (B
y + ‘ v
2 . (L\\
St = d' ApAU/9udP (A9)
| . |
v 22U/, (A10) |

Bq&tims (AS) and. (AS) then yield the dimensionless equations of motion

.
'

discussed in Chapter 3%

~ ’ sc,dw") [w,,l) -cu),] 3:5)

¥

st . --;-—Y- [, - @, ] ‘~ (3.6)




APPENDIX B,

DERIVATION OF INTERCEPTION PARAMETERS FOR IDEALIZED CASES

B.1 St »+ =

o

Al

Interception. may be regarded as: the increased collection resulting
from the finite size of the aerosol particle. In the limit St + «, the
'particle's inertia is so high that it follows a rectilinear trajectory.
Hence all particles in an approach cylinder of diameter (dp+ dA) are
collected, whefeas for vanishingly small aerosol the corresponding diameter

is dp' Thus the additional collection due to interception is described

by the efficiency

2 2
':r(dp+ d) /4 - nd }/4

E -
R 7
a2 /a
'zp/z
@ +d)%.4
- P ; P o (3.16a)
¢ . \

For small dA’ ER can be approximated as

’
2
2d.d + d o
BR - _..A_.P.z_......_A. x MA/d 0 )
: d P
P
. ‘ 2
-+ ofn?, ] (3.16b)
y .

B.2 St » 0 . _ ‘ p

In this case, the particle inartia is so lcmgjmt it follows
the gas streamlines. Collsction due to interception is therefore deter-
s .
mined by caléulating the gasflow threugh the annulus of width (d,/2).

T8N g
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around the equator of the collector. Two limiting cases can be considered,
. corresponding to creeping flow (Rep + 0) and pbtential flow (Rep + ),

The corresponding collection efficiency is most convenient ly obtained

from the value of the stream function at the outer boundary of the annulus;

clearly this is equivalent to integrating the gas velocity through the

annulus,

3
¢

4 4

B.2.1 Creeping flow B S

1]

From the standard result for the stream function, ¥, in Stokes

flow around a sphere, the interception efficiency is

¥(r = (dy+ d))/2 , 6 = n/2)
va? /4

d, 2 ~d 1

e
+

N)+ —1 (3.17)

2 3
R 20+ Np)

. \
For small NR’ this result siq:liffbs as:

1
1
'

’ ’ L.
i‘l’: BR - e l & 2"“4- NZR - —;ﬁ'(\g‘,\ + NR)Q %(1 - NR+ Nzn.-n.)
- .-uz + o[uk ] : \\ ~ (3.18)
5.2.2 entisl f}g :

in cmtly mlum fuhim. the lutorcoptim conoction
‘o&m toum as: ) o




E

d, 2

A
- QA+ =) -FTTT
3; 14 d,/d

2

- (1+NR) -—1-;—-“—

1
p

1
R

Again, for small NR, this is‘approximated as:

r . E

R

R R
*

- 142N + N2

- 3N+ o[N"‘R]

-(1-N

R

+ N

2

R.-.co)'

(3.19) -
{
(3.20) ¢
.;5
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APPENDIX C

P

PRIME CALIBRATION OF THE PARTICLE. COUNTER

C.1 Introduction

The Royco Model 200/202 particle counter must be calibrated at
periodic intervals, usually 2 to 6 months, to compensate for the deteri-

L
oration of its various degradable components with time, Prime calibra-

“tion is carried out. by passing aerosol particles of a known size through
the counter, comparing the indicated size distribution with the known
distribution, and making' any necessary calibration adjustments. 'Iﬂus,
the accuracy of the proceaure is a function of the monodispersity of the
test aerosol and of the individual performing the calibration. Usually,
as the particle size distribution of the test aex:osol is not precisely
own, somes judgement/ on the part of the individual is required. This
us:lts in small.differvences in calibration of the inst‘runent depending
on who performs the task. It' is strongly recommended that latex particles
) lumfnciured by Dow Chemical Company, Midland, Michigan, be used for a
test serosol,’ These particles are available in a spectrum of dierete
sizes of exceptionally low standard .deviation (see Table C.1), They are
:pherical and .with known phys:lul cohstants (index of refraction = 1, 595,
demsity = 1. 06x10° kg/ud).
' ' | As & test, the latex particles used in this study for prime
s‘alibntt‘cn‘ were analysed under a scanning electron nicroscope." Figures .
.Cela and C.1b show electron micrographs of these particles, taken by
Dr.'D, Atack, Pulp and Paper Research Institute of Canada. His analysis
(d) = 0.74) agreed to within 1.3% of the sise stated by Dow Chemical
Mm (dA“O.‘IS t 0.0026 ym). It is thus m M these latex

p“““” provide a ""“m“ “’* .sevosol fﬂr qmmm the particle
mf. - "q‘l‘ ’ *&' . 3;‘:*« T AN ‘( 'a

oot . . . & H RSN
ER Y 1 W .é‘l' SAe Lok bt TR YOI .
N 3 o v v RN sy, €L ik . LS 1 N ;J\’@ st Rt
.
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TABLE C.1 Latex Particle Hydrosols Manufactured
by Dow Chemical Company, Bio-Products
Department, Migdand, Michigan

Particle Slize
in Microns . Accuracy
0.750 + 0,0026
: 1.171 t 0.013
1,190 ~ + 0.0126 | -
N 2.68 + 0.0149 ( \

P

WL e
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FIGURE C,1

e

Scanning electron microscope photographs of Dow

latex sphere:

s) ification x 6800
b) ification x 27180

\
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C.2 Description of Generator

/

chanstmmnts Inc. manufactures an aeroscl generator

(Model AGS 256) which is recommended when primé calibrating the particle
counter. The generator is shown schemticglly in Pigure C.3. Compressed
air is used as a source of air for the atomizer and drier. The input
air line pressure is regulated at around 2.0x10° n‘/mz. The driex_:‘ air
valve controls the total volume of air that passes through the drier to
the aerosol mixer-tube. The drier air flow should be set to at least
*.1.6x1()'4 n3/s toyprwiq‘e an ample supply o% dry air. The drier’is filled
with anhydrous calcium sulph;tte the colour of which changes from pink
to blue when saturated with moisture. From the drier the air passes
through a 0.3 um filter to the aerosol mixer-tube where it is use‘d to
dilute and dry the moist aerosol fiom the atomizer. The atomizer is a
small nebulizer or jet pui). The input air causes a partial xv'oduction in
pressure over the jet that protrudes into the water, so that the water is
drawn out of the jet to be dispersed as a fine spray. The stream of
partially ovapoxl'ated water and latex particles flowsk out of the atomizer, J
'\t_hroul‘h the funnel and into the serosol mixer tube. The air from the
drier passes into the mercsol mixer tube at two points in a direction
- that causes the air f;u the drier to flow into & helix around the air
from the stomizer. Remaining water is thus evaporated. At the end of.

the serosol mixer-tube, the output air is drawn off axially, vhile the

exihaust air exits around the poripltiry of the eenter stream.
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C.3 Procedure for Prime Calibration

The method described below is the result of the procedure”
recommended by the mnufacturers the experience,Qf the author and

several private commnications with the manufacturers.

-¥1) Purge the o‘tical cell (Figure 4.3) for hRIf an hour /
with clean air prior to 1;rime calibration.
(11) Clean the atomizer with aceton_e/Z;stilled water and
soap .and rinse at least half a dozen times..

(:l’ii)Mix a veryjsmll portion of latex material (in standerd !
concentrations supplied by Dow Chemicals Company) with
sbout 10~5 m3 of distilled water in a clean container.

"‘ Place the mixture in an ultrasonic cleaning bath for at ™, §
least 20 minutes to i:reak any agglomerates formed.*

(iv) Pour the parti;:la mixture into the nebulizer and turn on
the air flow until a faint mist appears on the walls of
the nebulizer bowl.

(v) Turn on the drier'air.

(vi) Comnect the drier output (Figure C.3) to the particle
counter inlet. ° o ' :

(vii)Operate the particle conter a;: a flow rate oé sno'“ -3/5
after having allowed a gnc-uf'ld-a-half hour warm-up period.

(viii)Monitor three size ranges céntered around the known size ‘

peak, v

“
o 1 *

* See comments dh the experimntal procedure of Paretsky (Section 2.2.1.2).

[N
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(ix) Make the necessary adjustments to the particle counter
{

‘until the monitored aerosol-"'peaks” in the correct size

range. These adjustments are described in detail in the

manufacturers' service manua IRS.

C.4 Operating Hints

L

-

5

The following are useful operating hints:

(i) Possible fracture of latex particles by excessive air pres-
sure in the nebulizer should be avoided.

(ii) Agglomeration of particles must be avoided by placing the
solution in an ultrasonic cleaning bath as described in the
previous section. -

(iii)Insqf}icieht drying air may result in the formation of

" water droplets in the test aerosol (see Paretsky, Section

2.2.1.2).
»

(iv) Inefficient filters will cause afnospheric dust to pollute
the test aerosol.
(v) Bxcessive concentration of test aerosol will cause coinci-

A Y

dence loss (see Appendix D).

(vi) Impure water will contaminate the test aerosol (see Paretsky,

Section 2.2.1.2). To check for this condition make a test

run with nothing except the distilled water in the nebulizer.
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APPENDIX D . '

'‘CORRECTION OF COINCIDENCE LOSS IN PARTICLE COUNTER

D.1 Introduction

Coincidence loss 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 during the measurement interval, with

an average rate proportional to the concentration, As the concentration
increases there is greater probability that two particles appear th the
same time, causing coincidence loss. Thé operation is such that if the
particles are not of the same size, the larger particle masks the smaller
one, effectively hiding the smaller one while the larLer is counted; two
particles of the same size produce an additive effect which simulates ¢
a single particle., Coincidence loss,” therefore, islnot the same in all
channels, but instead is a function of the count in a particular size

range related to the total count in that size range plus all larger

particles. Also, the response of the instrument is such that particles

which pass through the sensitive volume less than sx104

s apart produce
coincidence loss. This 5x10™*s sepatation time covers effects which
include optical coincidence and optical and electronic "dead time".

Electronic "dead time" may be roughly described as the time period required

for the instrument to be ready to count after a particle has been registered;

if a second particle enters the sengit_im volume during the "dead time'

period it will not be counted at all, v

3
1

h
Al
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D.2 Correction of Coincidence Loss
4, '

_For experiments where great accuracy is not required, coinci-
dence loss may be neglected without much loss of accuracy for congentra-

tions up to approximately 108 particles/ms. For situations howewer, as

“in this study, where high monitoring accuracy is desirable coincidence

a

loss has to be considered. It can ycgrrected quite effectively from a

O,

'graph supplied by the manufacturers. In general, therefore,

Actual — Measured (i v) (D. 1)
count count
T T

wvhere y is termed, by the manufacturersRs, the coincidence loss factor.

The experimental results of this study were corrected for
coincidence loss by applying two methods. For concentrations greater

!

than 6x107 particles/ns coincidence loss was corrected from a graph

supplied by the mn‘ufacturers (Figure 4.4) which relates actual count

“ per minute, when sampling at 5x10-6 nsls, to measured count. For con-

centrations less than 6x107 pu'ticles/m3 the graph was:inaccurate because

of the limited accuracy with which points can be read from it., It was

therefore assumed th}at v, the coincidence loss factor, could be lin:ari;ed ’

below this concentration, The l:lnea'riz'a‘tim of\coincidence loss was

expressed in terms of total pai‘ticlos\camted in a a\annel and all larger
channels per minute, sampling at s flow rate of 5x10~6 n"‘/s. The average
of two values of y were taken from F.igurc (4.4) and extrapolated to zero.

Thus, at a total count rate of 1.6x104' particles/minute

.
) g)‘ L3 LY 2
A)
¥ -5y - %:% - Loses (0.2)
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. where (R ) is actual count rate and (Ry) is measured count rate, é
T :
particles/min., and at & count rate of 1.8x104 particles/mir?.
/
/
19,400 o ‘
- e - ]1.0778 - D.3
(v 18,000 -3 ‘
Thus
. .
1 N -6 ‘
Yay - = 4,31x10"" min/particle (D.4) l

(1.6 1.8) * 10%

so for a count up to 18,000 particles/minutes while sampling at 5x10~6 mS/s

k]

R, = Ryx (1 vy ’ (0.5) |

- -6 ) *
| \ RM(l 4.31x10 xRM) (b.5)
The above procedure was approved by the manufacturers (private communi-

cation). ¢

&

C.3 Example of Correcting Coincidence Loss

Supposé ‘that the particle counter is sampling at a flow rate
of 5::10'6 -3/3 and three sizes of aerosol in the ranges of ‘(1.0 - 1.2) um,

(1.2 - 1.5) ym and (1.5 - 2.0) pym are monitored. The measuyed count

- rates of the challenging and pcnetra.ting asrosol and the appw-
trations, sxpressed as a percentaza'; are given in Table Dl.where (2.0 um )

signifies the total number. of particles oquulito or larger than 2.0 um,
Now these results are expressed in the form of (lt")' and (R)) . (RM) of
' ) T .

. u . o T 'r‘_
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(1.0 - 1.2) wm| (1.2 -J.5)um | (1.5 = 2.0) um] 2.0 pm +

challenging . V‘ [

aerosol 9939 8664 5723 2862
penetrating ~—)

aerosol 4327 1334 319 150

4

apparent ‘r ___
penetration 43,5% 15.4% 5.6%

TABLE D,1 Measured Concentrations of Challen ging and Penétrat ing ,Aeros ol

-

4

channel (1.0 - 1.2) um is the total number of counted particles equal to /"

[

¢

or greater thén 1.6 um, (RA) of chamel (1.0 2 1.2) {m is the actual
T

, number of particles equal or gxzé‘ater than 1.0 um, corrected by one of the |

two ‘ways described in Section D.2.

Thus, for the chhllgnhing abpsol we obtain the following table.

: Q0T um | (1.2- L5 wm [ (1.5 - 2.0) um
(‘u)%' 27,188 17,249 8565
T
(RA)T 29,600 18,531 8902
R, 11,070 9621 6005

+

- T -
TABLE D.2 Correction of Coincidence Loss for Challenging Aerosol

N

s oo o
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The equivalent table for the penetrating aerosol is

(.0~ 1.2) um A.2- L5 m. | (L5~ 2.0) wm
®R,) 6130 1803 469
R T :
®,) 6292 1817 470
T
L
R, 4475 1347 319

TABLE D.3 Correction of Coincidence Loss for Penetrating Aerosol -

Thus, the actual penetration of aerosol in the three size

ranges of this example may be obtained by dividing the last row of

Table DS by the last row of Table D2. The resulting actual penetrations

are g‘iven in Table D4 together with uncorrected penetrations for comparison.

Q0 -T2 ] (.2- L5 e [ (L5 - 2.0)
spparent
penetration 43.5% 15.4% 5.6%
" ekl
actual
penetration 40.4% 14,3% 5.3%
per cent -
difference - 3.1% 1,1% 0.3%
‘ . A

TABLE D.4 Comparison of Actusl and Uncorrected Penetrations

[y

- .
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As inspection of Table D4 will!show the difference in the uncorrected
penetrations is largest for the smallest size range and if coincidence
loss was not corrected, this would result in an error of 3%.
although correction of Acoincidence loss is a cumbersome process, the
effort required is worth the extra increase of accuracy.

tions presented in this study were corrected for coincidence loss in the

. ‘way described above.

«

.~
&
35

v, e -

All penetra-

“
5

-
%
?
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APPENDIX E

OPTIMIZATION OF ROTAMETER SELECTION

The capacity of the large rotameter is fixed at"0.0II m3/sec.
The problem is to select a small rotameter, to minimize the erfor in
flow determinatio over the whole range from 4,7x10"4 m:’/sec.up to the
‘capacity of the farge rotameter. Let the maximum capacity of the small
rotan;eter be a ns/sec. The accuracy of the large rotameter is t 0.01 of
full scale, while that of the small rotameter is i 0.02 of full scale.
Hence the relative error in any individual flow rate, x ms/sec, is
0.02 a/x for 4.7x10',4 <x<a, and 0,01 x 0.011/x for a < x < 0,011, |,

The integrated error over the whole range of the measurements is then

‘ 0.011 "4
J’ . 0, :23 d”] LIx1o
4, 7x10"* a \

\\

= 0,028 . In(2.13x10%) 4 1.1x10"% ) 1n(0.011/a)

The smaller rotameter was therefore selected as the catalog instrument

vhich gave the smallest value for the above function,
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APPENDIX F

MULTIPLE REGRESSION AND EXAMINING THE REGRESSION EQUATION

' z

The multiple regression model in its general form is

Y = B BX 4+ B, B X (F.1)

“where Y ‘is the dependent variable, X, ,X

12Xge+ Xy is the set of independent
variables, m is the number ‘of independent variables and B  is the inter-

cept of the regression equation. As a model it is assumed that X j are
"
known precisely -but that Y is subject to-normal error , bemg normally

3

distributed about the regression line with constant varinnce 02 We

wish to find estimates by, b; of the parameteré 50, Bi' The prcx:edureCl

is to minimize the sum of squares

o
' &

. ‘;
S_ (Y - Bo - lel - BzXz. saese B-x-)
?

2 (F.2)

by setting 35/38 -0, 35/35 =0 and replacing Bys By by their estimates

£ £,. If we denote the number of observations by n, and, for convenience

define unsubscripted susmations over the number of observations then
defining

P

X, X
- R e}
.C“ x.ixjk n
S X, Y
Ciy = X¥--g—
T “
vy

ki By eI UM A IS

s T W Y4
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e

leads to the m simultaneous linear equations -

cllbl ’clzbz . . . . clnbn - cly *
c21b1 °22b2 e o o a °2mbn 2y
c.lb1 t:mzb2 . e e e cmbn - ey
together with
r-F_ 2 %
bo'T Y- gbyx;

(F.6)

(F.7)

The system described by (F.6) is conveniently solved by inverting the

(mxm) coefficient matrix C = (cij) to give the matrix C~

We then have

v s - -
N

.

bi 1§°'1j°jy '

{

1

i)~

(F.8)
&

Solutions of these equations gives estimates b, and b, for the parameters

Jﬁo, ‘ﬂi. The quantity called the residual mean square, sz, is given by

the following equation

N

TR —

*

PR . ol
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and as will be seen later it can be used to evaluate the performance
of a model, Once the estimates have been obtained it is necessary t‘:~o
examine the regression equation, and have some criteria to compare its
dependability and perf(;rmance with regression equations which may include .
different numbers of independent variables. It should be kept in mind
that the equation describing the system should be as simple as possible
“without, however, undue sacrifice of generality and accuracy. The ing‘lq;
sion of more independent variabies will increase the apparent accuracy
of the model by reducing the residual degrees of freedom but this does
not answer the question of whether the predictive accuracy of the model '
has been improved. There aré several useful criteris which can be
elployea to answer this question and the two most important ones w’ill .
be discussed here. |
" In an effort.to tackle the question of what measure of preci-
sion to be attached to our estimates of the regression model, consider

‘

the following identity.

. 4

Y, - ?j T o-D-q -9 (P.10)

" o

]

'where ij is the predicted value of the dependent variable Yj and Y is
: ¥

tho_ann value of Yj defined as : )
£y , ‘
’Y ™™ m—i (Foll) :

‘a

Pl
VS
Bt

.

Squaring both ides of Bquation (F.10) sad summtg over all observations

- s,

-
et
e prel
R
3
&R
£

S
X
ARy
»
2,

M
Vg
S

.
=

k!

£ Ry




'I' ‘ - 2 n -~ 2
<zf(\f - Yy) 0, -N-(@-7 (F.12)
ja ) . j=b

D13

it can be shown that Equation (F,12) is equivalent to

SnZ Y S:(Y - Y)2+}:(¥ (F.13)

o ja )

« - Now, (Yj - Y) is the deviation of the jth observation from the overalr
mean so the left hand side of Equation (F.13)is the sum of squares of
deviations of the observations from the mean; this is shortened to "SS
about the mean" and is also the corrected sum of squares of the Y's,
Since (Yj - gj) is the deviation of theljth ocbservation from its pre-
dicted or fittod value (the jth residual) and (\;j - Y) is the deviation
of ‘the predicted value of the jth Qb;ervation from the mean we can

| express Equation (F.13) in words as follows

Sum of squares»'_ Sum of squares un of squares \ .
. about the mean sbout regression)* ldue to regressionfF148)
or
SSAM = SSAR + SSIR (F.14b)

k3

Thus, some of the varigtion can I;e ascribed to the regression line '(SSDR)
and somé (SSAR) to the fact that the actual observations do not all lie
on the regression line. From this' préco;iwe we see that a way of
‘ Rssessing how useful the regression line will be as a predictor is to
: | mhumuthtmammmﬁomudmtoMmdhw~
’. mutossm;nmnnpxm-dussmumwmmﬁm.
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. Defining the multiple correlation coefficient as
i ) \

. R = /330 (F.15)
) .
R® = 3ok ’ (F.16)

~ v
“we are looking for a model that will bring the value of the square of
. AN

the multiple corrélation coefficient as close to unity as possible.* In
physical terms, R2 measures the proportion of total variation about ‘the
mean explained by the regression; i.e. if R2 = 0.825 then our regression
model explains 82.5% of the total variation in the data.

The situation is slightly more complicated when models with
different numbers of independen}: variables are compared because of the
different degrees of freedom in each case. In fact, if the number of
independent vsriables was made equal to the number of observations
(n-m) then the degrees of frec&m would be zero and the multiple gor-

. relation would be 1 , our model "predicting" precisely every observation!
Ne therefo;e define an "a&justcd multiple. correlation coefficient",
wvhich eliminstes the apparent increase in R due to the addition of more

independent variables as follows B2

- - - 2 n"l .
Ryp 'Vl du: )"ﬁn(l?-'%')' (F.17)

2 . = c1n2 -1
. Ry 1.0 (1“?:?,-@;# ” (F.18)

and
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. Another indicator for evaluating a regression model is the
' standard error of the estimate : £
S = vresidual mean square © (F.19)

[y

where the residual mean square (SSDR/(n-m-1)) is given by Equation (F.9)

Adjusting the standard error of the estimate by~
‘; | . |
| 5, = sl (F.20)

we eliminate the effect of having different numbers of independent
variables. Examination of this statistic indicates that the smaller ' 1
it is the better, that is to say the more precise will be the predic- i

tions of our model,

Equations (F,18) and (F,20) are used to quantify the pe‘rfor-fa—
mance of a regression model. However, the final decision has to be .
made by the analyst who-will decide whether RZAD is sufficiently close
to 1 and S, is sufficientljy small apd determine whether inclusion of

sdditional independent variables is justified by corresponding improve-

ments in these quantities,.




