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RECERT DEVELOPMENTS 1N GRANULAR-BED FILTERS

by

§. C. Saxena

~ ABSTRACT

Granular-bed filters in various medes (fixed, fluidized, and moving) have been
used for particulate and vapor filtration from gas streams for a long time;: Io
recent years, their exploitation in coal conversion processes for removal of
fine dust and traces of metal vapors has been pursued with good success. -Exxon,
Westinghouse, Combustion Power Company, Gemeral Electric, EFB, and Air Pollution
Technology are engaged in degeloping such filters for the purification of hot
and compressed flue gas from pressurized fluidizéd-bed combustors for power
generation. I; each mode of granular-bed f{iger operation, the particulate
collection effic@ency improves by the application of an external electric field

and even further enhancement is possible if the dust particles are charged. A

5

gfanular bed cogsisting of an admixture of magnetic and nomagnetic particles
 in a magﬁétic field is found to be a very attractive filter,.and its complete
p;omise and potential is under investigation. All these continuing recent
efforts are reviewgd'gnd examined, and recommendations are made for future

research in this pzrticular area of coal combustion technology.



EXECUTIVE SUMMARY

The u1£imate success of the eoal-fired pressurized fluidized-bed combined-cycle
combustion systems (PFBC/CC) for electric power'generation depends on the
availability of an economic filtration system which could remove efficiently
micron agd submicron range particles from the PFBC effluént gas stream before :.
it is expanded into a turbine chamber for energy recovery.- To accomplish éhis
many filtratién concepts are being develoﬁ;dﬂgnd carefully tested from tech-
nical and economic viewpoints. All sysﬁems a£ least consist of two stages of
filtration viz.,.prima¥y apd seéondary. While single or multiple cyclones may
constitute the primary stage, many filter choices and novel devices have been

proposed for the secondary stage. The exploitation of gramular-bed filters is

one such alternative and is being currently investigated rather extensivedly.

N "

The purpose of ‘the éresent report is to pool together all-the ongoing efforts

i

and examine their current status and relative mérits and demerits.

Several variants of the granular-bed filters have been used for thé filtration
of dust-laden gas for PFBC/CC applications. Three possible altermatives which
are being investigated are: fixed-bed, moving-bed; and fluidized-bed granular
filters. The application of an external electric field is also shown to
2ugment the particulate collection efficiency. Exxon and Westinghouse have
experimented with Ducon. filters and have modified them in the hope to obtain a
trouble-free operation at high temperatires and pressures for large gas.flow
velocities. The latter i; currently{engagéd in a program of researghiéiyj
evaluate the operation of  such filtef? with a simuiated PFBC gas sgream.
Enough test data, opesrational ekperience, ;nd economic evalhation”is not
available at the present time to enable a finmal judgment and this-will havé to

await the findings of Westinghouse. s



The work of Combu§tion Power Company is certainly very enébﬁ;aéing on their
countercurrent sc;eenlesshmoving-fed granular filters and itlﬂs'fair to conclude
that tﬁeir results at ambient'temper;ture and pressure and at higher tempera-
tures and ambient pressure promise a great success for such filters. However,
operation at high pressures and act;al testing in conjunction with a PFBC system
will only bring the status of such filters to a level where a definite tech-
nological decision can be made. EFB, Inc., have developed an elettrostatically
augmented moving-bed.féltgq wi?h.ipsiﬂeuou%‘q;oss-g;;nflov_w@i;@hgppgayg very
promising. Again, enough test data witﬁ an oparating PFBC gas effluent are

not available at'the present time to make a final.judgment. Air Pollution
Technology investigations with electrostatic dry plate scrubber at room
temperature and pressure are encouraging; consequently, the comstruction of 2
'bench;;cale unit for operation at high temperatures and high pressures is-in
piogress. Availability of thése results énd their critical assessment will
provide the adequate basis. for a fair evaluation of this technique. The work

of Exxon with magnetically stabilized granular beds appears very novel. and
attractive. If it becomes possible to adopt this technique at high tempera-~
tures and pressurés, then on the basis of present results at ambient tempera-
ture aﬁd pressure it appeart. that the field of filtration will be highly

revolutionized.

The.sﬁatus of the theoretical understanding of granular-bed filters is, in
general, in a primitive stage of deyelopment both as regards to pressure drop
as wgll as filtration eff&ciency. There is a difference of opimion even
regarhing the state of filter during filtration process. Most investigators

telieve that a dust cake is formed on the surface of media granules. The dust

collected on individual granules bridges the distance between them, and the

/-



controlling collection mechanism is barrier filtration. On the other hand

some workers emphasize that no dust cake is formed in iarge-scale filters and
the dust.collection takes place on the individual particles rathet directly.
A semi~theoretical approach is more often used in which the data are expressed
"in terms of the dimensionlecs characté;istic numbers which are supposed to
control the collection process such as Stokes, interception, impaction, and
Peclet numbers. The "unit-cell” approach has been developed and tested in
wmany cases with fair success. Within th; framéwork:of well~defined approxi-
mations, this method attempts to calculate the collection efficiency rathex
rigorously. The.methods in which allowance is a2lso made for the dust ’
'particles already collected on the media granule while computing the changes:
in pressure drop, and collection efficiency are in inf;ncy. All calculations
suffer from our inability to quantify the phenomenqp of re-entrainment for
which very little is understood at the present timé. It is a majoE limiting

factor in the mechanistic modeling of collection process in a granular-bed

filter.
- INTRODUCTION

The adoption of coal-fired, pressurized, fluidized-bed, combined-cycle combus-
tion systems by utilities for electric poﬁer gener;tion depends to a large
extent on the develcpment of an efficient and economic cleanup system. This
conclusion is based on several recent studies where differegt alternative
energy conversion technologies have been examined and evaluated. For instance,
Cain, et al.l, have investigated seyeral coal convérsion processes,:such as

v

fluid-bed combustion tatmo;pheric and pressurized), fuel cells, open cycle

magnetohydrodynamics from the viewpoint of cost and envirenmental constraints.
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" They iﬁfer that the pressurized flunidized~bed coal combustion (PFBC) process
coupled with somewhat relaxed pafticulate‘femoval requirements from flue gases
appears to be the most preferable one. Thus, it ségms guite clear that the
development of successful Eot and compressed gas cleanup techniques, and of ‘-
suitable ?aterials for turbine blades' coat{hg and cladding, threaten to

'Bgcome a bottleneck for the success of pressurized, fluidized-bed, combined-

cycle plants in the direct use of coal for power generation.

»
0

k"‘.‘ .
A number of gas purification devices have been developed over the years and
these include conventional cyclones and its several modified versions:

rotary-flow cyclones, multicone umits, cyclone-centrifuge, augmented cyclones;

porous metal, fibrous, fabric, and ceramic membrane filters; fixed-bed,

[N

intermittently moving bed, continuouély moving bed, and fluidized-bed granular
filters; and electrostatic precipitators. Several other novel devices ﬁhich
have been proposed and developed to different degreeé 6f prefection are:
molten solid contactors, dry scrubber, acoustic agglomerator, cyclomes, and
granular bed filters with an external field (electric or magneticj. In veiw
of the pressing gractical interest in the flue gas cleanup technélezy in
relatisn to PFBC applications, the United States Department of Energy has

sponsored a number of projects to explore, test; and develop several of the

promising techniques and an overview of this program is presented by MooreZ2.

The purpose of this report is to discmss the most recent work which is being
done in relation to granular bed filters. The granular bed filters have been
used over a long period of time to remove particulate material from dust-laden
gas streams and in four diiferent modes: fixed bed, intefmittent}y moving bed,

continneously moving bed, and fluidized bed. In some efforts an external
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electric field is imposed o the granular bed filter and the dust particles

) {
are electrically charged to augment the collection efficiency and specially
for submicron particles. In many others the triboelectrification of the dust

particles is considered adequate for the process. More recently, the use of

f

magnetic field is proposed and results obtainmed to &ate appear quite promising.
The earlier work on granular bed filters is included in the two previous reports, ..
Saxena®, and Saxena and Swift*. Recent experimental and theoretical efforts

in progress to understand the design details ox practical limitations ar;

detailed in the following.

Granular-Bed Filtefs

Combustion Power Company has beéﬁ‘investigating a moving-~bed granular filteg
(GBF) for application in pressurized, high-temperature enexgy conversion systems
under the sponsorship of the U.S. Department of Energ;S. The design details
of the moving bed granular filter and the flow diagram of the test'system are
given by Guillory®, ané Geffken; et al.5 The dirty gas to be cleaned is allowed
to flow radially outward in cross-flow through an annulus of granular‘collecting
media. The dirty media is pneumatically transported to a fluid bed located
just above the filter housing and after being cleaned is cycled back into_thé .
filter. Guillory® has correlated the'coL}ection efficiency and pgessﬁre drop
by the following simple relation on the basis of linear regression analysis of
the test datay

2 A

e %
U

<]

Here n is the particuléte collection efficiency, AP is the pressure drop

across the grannlar bed, U is the superficial gas velocity, Li is the inlet



dust concentration, M is the mediaz flow rate, and Ao and A, are the empirical
coefficients to be determined from linear regressidm of the experimental data.
Wigron” and Geffken, et al.S, have expressed the collectior efficiency as an
addition of four terms representing the particulate collection by impaction,

interception, diffusion, and sedimentation mechanisms, viz,

£ 5t 2 D €

d
= L3 3 p _ 4.36 -2/3 0,384 3/4
n=<N ; e (Nfe) | NI (NGr)

Gefken, et al.%, -have considered a simple empirical model for re-entrainment
phenomenon wiih little theoretical basis. They® have also considered the col-
- lectiorn efficiency and pressure drop relationship on dimensional considera-~
tions. Wades‘has summarized the early experience of Combustion Power Company
with moving granular bed filter ircluding the design detailé} experimentai
data, and mathematical modeling. Moresco, et al.?, have de;cribed the modified

version of the moving granular bed filter with several improvements and report

the results on the filtering of particulate matter from the exhaust gases of
~ .

an atmospheric coal-fired, fluid-bed combustor. The results look encouraging
inasmuch as particulate collection efficiencies of greater than 99 percent for
particles greater tham 3 um have been found. The continning work at the

Combustion Power Company is described in a recent article by Moresco and Cooperl?,

The Csmbustion Power Company has prdﬁucgd commercial cross-flow '"screened" gran-~
ular bed filters for high-temperature filtration of stack gas particulate and
fugitive dust Eleanup. The schemitic of the screened cross-flow moving-bed
granular filter is shown in Figure 1. The natural "pea gravel” is used as bed
material in the commercial filters and special alumina in the higﬁ-temperature

filters. Plugging problems were encountered in these screened filters both at



- low- and high-temperatures, due to %he sticky nature of thé& particulate matfer.
The screens of the moving granular bed filter were blinded when the flue gas
. -

AN
" was filtered for particulate matter from an atmospheric fluidized-bed combustor
burning Illinois No. 6 coal in dolomite. This screen blinding was attributed

to the adhesive/cohesive nature of the coal ash ‘and sulfated sorbent composite.
This caused a steady increase in the pressure drsp across the sc;eeﬁed'filten

.

and the test run had to be terminated. This lead fhem to develop a screenless,

countercurrent flow design for the filter as shown in Figure 2. No plugging

problem was encountered in the 1000~hour test run with this filter. Some

T 3

details of this run are given below. LT

Illinois No. 6 coal was burned with dolomite in,a fluidized bed at atmospheric

e '

pressure and 1143K. The feed air was preheated by in-line propane air heaters.

™~ P

.hﬂPértiéle-laden combustion gases were passed through a recjgie cyclone, a Bﬁimary

cycloﬁe, a particle sampling duct, and thence, into the filter. The clean fil-

}s

A+

tered gas exit at 1113K and was passed through a particle sampling duct before

=

.exiting into tﬂe atmosphere. ’Two mm high alumina refractory particles flow
down countercurrently to the hot gas flow im the filter bed. Four test segments
with cénfinuous operation of the filter for 100-, 200-, 300-, and 400-hour periods
.for a togal of 1000 hours have been successfully completéd without an§;sign bff
éeterioration. In all the tests the particle capture efficiencyzof the filter
' remained approximately 99 percent for filter pressure drop values ranging between
6.0 and 7.0 kPa and inlet gas flow velocity and particle loading of 0.18 m3/s
and 6.0 g/m® respectivelyAat 1113K. The particle collection efficiency (by
weight) is found to decvease from 99 percent for particles having an aerodynamic

particle diameter >4 um to about 93.2 * 1.0 for paxticleé of diameter about

0.3 um.
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Moresco and Cooper'! have recently reported om the low-température test ruus
conducted with this screenless granular bed filter. Titanium dioxide particulate
was injected as it permitted to investigate the ability of fhe filter to collect
micron and submicrom particles. %The mass median diameter of the particles was

2 gm. The measured dependent variables were the total filtration efficiency,

fractional efficiency, and pressure droﬁ. The ranges of the parameters varied

during the runs in terms of Reynolds number (NRe) gnd (VP Z LSE(VC Dp) were:

2 < 4
10< < NRE 10

V ZX
.5 -1
100 < 25t <39

D
e’p

Here ﬁp and 6: are the volume flow rate of particulates and granular collector

particles respectively, and Z is the filter bed depth. The experimental test
results could be correlated by the following relatiou: ,
NO.31

e

-3
P=3.5x10

.- 0.2¢
V 2N
P 5t
V. D
cp

Here. P is the penetration of the dust particles by mass.

Gorer.l2 performed a series of experiments at ambient temperatures and pressures
for gas flow velocities and media particles of the same magnitude as employed
by Combustion Power Company in their moving bed granmular filter. The Filter
was formed by 2 mm diameter alumina spheres in a plexiglas tube of 4.39 cm
internal diameter and supported over a coarse wire mesh screen and a standard
blastic from a 47 mm Nuclepore fiiter. The bed height was varied_from 3 em to

19.3 cm. As test aerosol the solid monodisperse, electrically neutral potassium
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bipthalate perticles, were used of five different gzometric diameters viz., 0.51,
0.93, 1.56, 2.78, and 3.91 pm. The density of solid particles being 1.636 g/cm,
the gas was dry aix at room temperature and atmosp§eric_pressure and its super-
ficial velocity was varied from 1 to 100 cm/s. The individual bed particle
efficiency, np; is calculated from the measured values of bed penetration, P,

and the following formula:

oxr

P=1-n

n

1]

L

-]

]
N

Here € is the bed voidage or (1 - &) is the solids fraction in the bed, Z is
the bed height, RP is bed particle radius, and np is the bed particle collection

efficiency. A constant value of 0.4 was used for & by Gorenl2.

Gorenl? has reported the measured P values as a function of superficial gas

flow velocity, U, for all the five sizes of bed particles. These data were

then used to gengrate np and plots of np.vezsus U are given for each particle

size. .For the 1a¥gest particle (3.91 pm), np first decreases as U increases

up to 9 cm/s, after that up to 35 cm/s as U increases np increases, and thereafter -
as U further increases np decreases again. These results can be qualitatively
ékpiéggedﬁon the basis of different mechanisms which are responsible for the
'deposition of dust particles on bed particles. Gravitationmal settling is the
predominant mode for larg; paréicle collection at low flow rates. As U increases
the particle residence time decreases and less and less time is available for

particle deposition on the bed particle, As a result, np decreases with U

inereasing. For sufficiently large values of U, the dust particles acquire

r
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sufficient inertiz to bring the mechanism of inertial impaction iﬁto play and
consequently np iucreases with ﬁ. ,However,_for these bard nonsticky particles,
an energetic‘éollision with hard solid bed particles results in a rebound of
the former. Thus, at some higher velocity the éffect of dust particles bouncing
off and be re-entrained in the gas flow overtakes their napture by the bed par-~
ticles, and as a result, np starts decreasing again. Similar qualitative variation
of np with U is found f&r dust particles of all sizes except as the size decreases,
the transition velocit?es a£ which different mechanisms play significant roles

are shifted to higher values. For smalllparticles (0.51 um) in Gorem's work?!Z,

the gas velocity-was never too high to cause impaction as the dominant mode for
dust capture, and hence, np decreases monotonically with U ovér the entire range
of experimentation.
Another observation made by Gorenl? from his data brings out the imporfance of
Brownian diffusion capture mechanism for smaller partiéles at low gas flow
velocities. He found that nP, for‘the smillest particles (0.51 pm), is lafgec
than the next lérger size particles-(0.93fpm) at the same flow rzte as long as

the gas velocity‘is small. For such conditions, np will be larger, the smaller
the pafticle size due to the larger contribution of the Brownian diffusion.
Based on his data, Goren?? derived quantitative expression for the particle )
collection efficiency in the regions where the predominant collection mechanisms
are due to inertial impactien, gravitational settling, and Brownian diffusion.
In these three regimes, the collection process is uniquely dependent upon the
stokes, NSt; gravitation,'NGr; and Peclet, Nfe; numbers, respectively. The
single particle‘collection efficiencies for the three regions will be repre-

sented by n?l. ngs and ngD, respectively. Gorenl? found. that:

9 /4
P . . /
ﬂII = ?270 (I\St) y
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as4
' P . : /
qu = 0.97 (hGr) ’
and
‘ P _ -2/3
Npp = 232 (NPe) .
Further,
e p_d2uc
N =-2 P ___ 8
St 9u D !
p
p_d2gC
N = -R2-P _S5
Gr 18 pu ?
and '
3npd D U
N, &£ ——2 P .
Pe Cs kBT

Here pP is the particle demsity, dP is the diameter of the dust particle, Cs
is the Cunningham empirical slip correction factor, B is the gas wviscosity, D
is the bed particle diameter, g is the acceleration due to gravity, T is the

temperature, and kB is the Boltzmann constant.

The dependence of ngl on Stokes number is found to be very different than the ,
nearly,firsé power dependence reportednin the literature which was established
from the limited data then available. Experimental data for the range of operating
" variables of relevance to conal conversion process;s are very essential to design
granular bed filters for flue. gas cleaning from coal combustors and gasifiers.
Similazly the correlation for ngs is st;ictly valid for gas flows vertically
downwards through the filter. Horizontal or vertical gas flows might lead'to
somewhat different correlations. Similarly it is pointed out!2? that the ;xponent
on NPe in the correlation.for ngD is in égreement with the theory of Brownian
depositioﬁ from very low Reynolds number flows, but the coefficient 23i is
larger than that derived from earligr workers in beds of smaller particles at

lower flow rates.



In this perspective the work performed at Argonne National Laboratory by?ﬁwift,
et 2l.13, and Jobnson, et al.4, is of particular significance. The schematic
of the test filter and filter 1009 are shown in Figures 3 and 4, respectively.
One of the goals of their work was to evaluate the concept of using the speﬁt
sulfur_absorbing sorbent from PFBC as a fixég-bed filtration media for the flue
gas from the 15.2 cm diamg;er fluidized-bed combustor. Fresh or sulfated lime~
stone or dolomite is used zs a granular bed'hgterial. The flue gas passes down~
ward through thé granular bed filter, having an inside diameter of either 7.8 or
ié cm. Bed depths of 5-40 cm have been ﬁsed. Preliminary experiments were per-
formed at ambiené conditions with no combustion to determine the degree to which
the dust from limestone granular bed would contribute to dust-loading in the
effluent gas from the filter. In these tests the compressed air with gas veloci~
ties ranging from ~0.6 to ~2.4 m/s %gs passed downwards through granular filter
beds Of fresh or sulfated limestona of particle size ranges -14 + 30 mesh and
-6 + 14 mesh. The test results reveaied the appropriaieness of using limestone

sorbent materials in fixed granular bed filters.

Experiments-were‘pext performed emgloying the flue gas from the combustor which
was opérated at about 1123K and around 308 kfa. The flue gas temperature at
the filte¥ during a typical combustion experiment was only about 453K. The )
tests were, however, regarded as valuable in th;t these were performed using a
gas containing par?iculate dust generated by an operating PFBC. These experi-
ments were performed in particular to evaluate the effects of filter bed particle
size, bed depth, and gas velocity on filtration efficiency. The fiitration
efficiency was founa to increase with bed depth in the range ex;pined. At the

same gas velocity and bed depth, dacreasing the mean particle size of the filter

bed resulted in an increase in collection efficiency. The results of tests
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designed to deéermine the effect of gas velocity on filtration efficiency have.
been regarded as inconclusive by these workers?S, Howevér, they13'14 comment
on the basis of their results that either the pfincipal mechanisms governing
pafﬁiclé capture in the bed are other than inertial impaction or particle

re-entrzinment becomes a problem at high velocities.

Yung, et al.l%, proposed am analytical model for the collection efficiency:of
dust in a granular filter. It is assumed that most of the large particles pre-
sent in the gas to be filtered are removed by the earlier filtering unité'such

as primary and secondary cyclones, and as a resu]£, the mass loading of particu-
lates is reduced to the order of 1 gr per standard cubic foot. A granular bed

is ﬁictured as -comprising of either stationary or slowly moving bed of individual
relatively close-packed granules. It is assumed that'in large~scale units, no
~filter caﬁg}will be formed either on the béd surface or within the bed. Con-
sequently, the collection of dust particles takes place on clean granular bed
particles. It is also claimed that the estimates of collection efficiencies

thus obtained are conservative ones. The granular bed is visuaiized as collec-
tion of a number of impaction stages connected in series, the pafticle collection

taking place by inertial impaction. The particle pepetration, Ptd, for the

P

granular bed comsisting of N impacticn stages is given by the following relatiom

in terms of the single stage collection efficiency, nII’

_ _ N

the subscript 4 signifies that the penetration refers to particles of diameter
dp' The inertial impaction collection efficiency, Npys is assumed to be a func-

tion of the imertial impaction parameter or Stokes number,:NSt, which is finally




expressed in terms of the bed porosity, &; bed particle diameter, Dp; and other

quantities such that

2
N, = 31-¢ pp dpf,cs
st 2 @ 9u D
£ P
For a randomly packed bed
=32
N=%p >
p

where Z is the bed depth.

The explicit relatiomslkip between nII and NSt is not developed but instead the

particle penet;ation experimental data are znalyzed on the basis of the .above
relations to evolve nII as a function of NSt' Thus, the Fheory was not te;ted

for its absolute ability to reproduce the experimental da;a but instead tblééémine
§>its consistency over s range of operating variables. These equations did express

?i the: experimental data to a fair degree of accuracy and consistency. The overall

collection efficiency, E, may be calculated from the knowledge of Ptd and the

particle size frequency distribution function on the basis of the following

formula:
=1~ f Pt £(d_) d(d)
n= o d " p P

It is well known that the collection efficiency of the bed is dependent.upon

the amount of dust already captured by the bed. Most of the theoretical work

is éddresged to the dynamics of particle deposition on bed particles only during
the initial stages of dust collection when it can be assumed that the bed par-

ticles are almost free of dust particles,
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Recent works of the former category are due to Pendse and Tien®, Gutfinger
and Tardos!?, Tardos, et 2l.1%, and Thambimuthu, et 21.212 In the experiments
of Gorenl?, the filtration period was short enough that the dust deposition
may be considered on a clean granular bed. In actual situations this is not
the case and the dust loading in the bed controls both thg paéticulate collec-
tion efficiency as well as the filter pressure'drop. The theoretical work in
this direction has just about began to emerge. Pendse, et al.29, in a recent
work have measured the increase in the hydrodynamic drag force under creeping
flow conditions on a spherical particle as small spherical particles are ;ttached
to its surface. They2® finally express the fractional increase in pressure
drop"for a granular bed filter which is partially clogged by dust particles
as:

c1e
D

Bl %

AF
1 D

WMoz

c-
c

Here APd and APC are the pressure drops corresponding to the clogged and clean

filter, respectively. FD is the drag force acting on the clean collector, and

c N
AFD is the drag force contribution due to the ith deposited particle on the col-
i ‘
lector which has a total of N particles deposited on its surface. The authors

report a procedure for estimating AF however, this involves the knowledge

D’
about the morphology of deposited parzicles. The position of each deposited
particle on the bed particle is proposed to be established by the simulation
model developed by Tien, et al.2! and Wang, et a;_zz Extension of these ideas

to preéict the dynamic behavior of a granular bed filtration process as it
becomes increasingly clogged is discussed by Pendse and Tien®3 under well-defiyed‘
approximations. The granular bed is assumed to be represented by the constric£ed

tube model proposed by Payatakes, et al.2¢ and accordingly, it can be viewed

as a number of unit bed elements (UBE) of specified thickness connected in series.
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Each UBE consists of a number of unit collectors, constricted tube type unit
cells, assumed to be identical in shape and size. The constricted tube model B
parameters such as number of constricted .ubes per unit area, length of unit

bed element, constriction diameter, height of the unit cell, and maximum diameter
of the unit cell are related to the macroscopic properties of porous media.

In the numerical simulétionzz, additional approximations are made limiting the
number of d?st particles in the gas stream, particle trajectories are taken
correspogding to extremely high- and low-particle inertia, and fluid streamlines
are strictly appropriate only when the flow is lamimar. Thus, though thi; work

marks the beginning of a theoretical calculation in the right direction, it is
g

far from being appropriate for application under conditions encountered in coal

conversion technology.

At Exxon Nutkis, et al.2?5, tested a Ducon-supplied granular bed filter im con-
junctioen with their mini-plant prgssuriz;ﬁ fluidized~bed combustion system
operating at temperatures up to 1253K and éressures up to 10?0 kPa. At a typical
fluidization velocity of about 6 ft/s, the-ﬁlue gas rate is 650 scfm. The parti-
culate loading in the flue gas enteriné the fi%}er is about 2.3 g/m3 or 1.0 gr/scf.
The mass median particle diameter is.5 to 7 mi;;oﬁk. The filter elements are
installed in a pressure vessel lined with refractory and is 2.4 m in diameter

and 3.4 m in height. The vessel has four flanges at the top and can hold up

to four filter elements, each one contained within a shroud. The inlet dusty

gas is.piped and meteéed to each shroud at the top end through a flanged joint. "
The filtered gas also exits from the top of each shroud and fills the interior

of the pressure vessel. The blowback air in the cleaning cycle enters im each

«f the filter elements at the top end and flows in the opposite direction through

the granular bed to that in the filtration cycle. Particulates removed from

.
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the filter du}ing filtration cvcle impinge on the inside surface of the shroud
and collect at the bottom in lockhoppers. The pressure vessel is heated to a
temperature above the dew point of the combustor flue gas before starting filt-

ration.

Initially, the tests were conducted with three filter elements bought from the :
Ducon company. Each element was 20 cm in diameter and 1.8 m-long, and contained

12 beds of somﬁ'granulér material such as alumina, quartz, etc. The inlet screen

size was 50 mesh and its function was to retain the filter media during the

cleaning cycle while allowing the fine dust particles to pass fhrongh. :; number

of tests ware then undertaken, but the pressure drops across the filter were

excessive and all efforts to blowback were unsuccessful. Visual inspection of

.these filter eleaments revealed that a hard filter cake had formedion the inlet

retaining. screens. Very little particulate du;t material was found in the filter
medium. Further testing under different con&itions was conducted, but the problem
of screen plugging pre&ented any successfu} testing. Filter element design .

was, therefore, modified to remove the screens and by providing more freeboard

to prevent entra;;ment of the filter media during blowback. A perfor;ted plate
fluidization grid was used to support the media which ensured good distributioﬁ

of blowback air. Such modified filter eleménts were iabricated and two of the
filter elements were installed, each containing five filter beds for testing.

The freeboard height was 1B cm in each of the filter beds and was found -adequate

to prevent the entrainment of the filter media. ‘ '

The successful operability of this modified filter has been demonstrated by.a
24-hour test run. During this period, no significant increase in the baseline

pressuxe drop across the filter occurred. Blowback was usually required every



10-20 minutes during which time the filter pressure drop had increased by only
14 kPa above its baieline value. Blowback period ranged between 2 and 30 sec-
onds, and the superficial gas velouity was verified between 0.15 to 0.75 m/s.
Filtration velocities ranged between 20 m/s to 24 m/s. Filter media partiéles
were 300 to 600 ym quartz particles, and 840 to 1400.um alwnina particles.

The particulate collection efficiencies of 90 to 95 percent were found for the
outlet particulate concentrations of aboqt O.Ijg/ma. The particulates in filtered
gas had a mass median size of about 3 pm, with about 10 percent larger than

10 pm. Tt was also observed that the outlet loadings increased with time:
Also, dust particles were found to retain in the filter bed (10 to 30 percent)
and these were uniformly.distributed throughout the filter bed. Several design
problems have been recognized and many have been identified in ambient tempera-
ture tests in a transparent filter unit. With adequate vefipements in filter

.- design, experiments have been planned over longer periods of duration t:0 estab-

lish this filtration technique.

Lippert, et al.és, are also in the process of.evaluating the concept of fixed-
bed granular filtration under a PRDA contract from the DOE for PFBC applicationms.
In Figure 5, is shown a single element comsisting of four compartments which
operate in parallel both in the filtration and cleaning (or blowback) cycles.
Each compartment contains a shallow bed of granular particles supported on an
appropriate distributor plate and serving as the filter media. Ipr the filtra~-
tion cycle, the dusty gas enters through a slot at the top of each compartment
and percolates down through thé filter bed. The cleaned gas from all compartment
combines and exits out of the element through the clean glass plenum. In the
cleaning cycle, the beds are cleaned by fluidizing them with a high-pressure

air flowing in the reverse direction for a short time. Sufficient freeboard
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heiént is available in each bed compartment so that the media gramnles are not
lost in this cleaning cycle while the dust particles are ejected from the bed.
The selection of proper granule size, compartment design, backflush velocity
and duration of the backflush cyéle is necessary‘for steady-state bed fluidiza-
tion. The backflush fluidization velocity must fall between the mipimum flu-
idization velocity of th; largest granules and the terminal velocity of the
smallest bed granules. Other qualitative considerations have been given by

these authors on the basis of their experiencé on cold flow model testing.

The parametric dependence of the operating variables and system geometry on
particulate collection efficiency and filter pressure drop are reasonably well
understood from the cold model and bench-scale test experiments, Saxena3.
According to Lippert, et al.?% in their filter bed, the high collection effi-
ciency is not due‘to the clean bed conditions but to a state of filter where
dust collected en individual-mediz granules bridges t@e distance between them
and the collection mechanism shifts to what is referred to as barrier filtration.
Under such conditions, high filtration efficienc§ is achieved due to the forma-
tion of dust cake - on the surface of filter granules. Indeed, the experimental
work conducted by Ducon, Inc., and Westinghouse independently on small-scale,
plexiglass models at low temperatnre and low pressure confirmed this. The Ducon
tests were conducted with fly ash (90 percent < 95 ym, 50 percent <.10 pm, and
5 percent < 1p m) and the formation of a surface cake was visually observed
with collection efficiency of almost 100 percent. Similar results were found
with carbon black. The filte¥ face velocity was kept smaller than 80 ft/min
which preserved the formation of surface cake. At higher velocities the break-
through of the dust was observed. Westinghouse employed ground limgstone dust

{100 pexcent < 10 pm) and obtained z collection efficiency ranging between 99.7
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and 99.9 percent in their low-temperature, low-pressure tests when the maximum
system pressure drop ranged between 5 and 10 kPa during a test period of 12 hours.
In their high-temperature (11.00°F), low-pressure runs, the collection efficiency

ranged between 96.0 to 99.9 percent for the gas velocity of 30 ft/min.

These authors2® also examine the test runs of Exxon researchers and advance
several possibilities that might have contributed to the limitgd success achieved
in their werk. A lot of concern is related to the backflush procedure and it

is proposed that dust expelled from one element probably settled on to thé other.
It is pointed out thgt proper settlement of the dust in the containment vessel
is an important aspect of filtratiom process. Further, it can.get complicated
if either the backflush velocity is excessively high or the bed iﬁ highly agi-
tated. 1In both(cases the agglomerated dust particles may get dispersed and

the resnlting particles will be of a size range which is hard to settle. These
authors also feel that in most of the Exxon tests, the filter was pulsed on
backflush and this might have caused a partial loss of bed media‘during the

pulsed transient.

" Based on their experience, the Westinghouse engineers have designed a six-element
test unit contained inside a2 single pressure vessel as shown.in Figure 6 for
filtering het gas containing fly ash or other dusts at high pressure. Each
element contains four parallel operating compartments each having a bed -of

15.2 cm x 30.5 cm x 3.8 cm deep and a surface area of 0.047 m2. The six—element'
unit thus has a total sur%ace area of 1.1 m®. The bed has a media particie

size range of 250 pum~650 pm, a freeboard height of 30.5 cm, and a backflush
velocity of 52 am/s. The operating filter face velocity is 25.4 cm/s and the
capacity of the pilet unit is rated at 16.7 m3®/min. In the cleaning cycle,

only cne element will be operated on backflush at any given time.
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Kalinowski ané Leich?? repor: on their results obtained in a 20.3-cm diameter
concurrent woving grannlar bed filter which they claim shduldlbe preferred over
continuously moving cross~flow design. In their arrangeient, the particle-laden
gas passes downward through a descending bed of media granules'whi&é the clean
granules are added continuously at the top of the bed. The 1east-square;.regres-
sion fi£ of the mass penetration, P, data at two bed volumes yielded the following
result:

P (%) = 2.42 + 0.69 x 107 KUZ
Here K is the intergranular dust deposit (1-to 5 percent by weight), U is.the

superficial velocity (100 to 200 mm/s), and 2 is the bed depth (130 and 230 mm).

Gutfinger, et al.2?®, employed a fluidized-bed, cross~flow filter to clean the
exhzust gases coming out of a 2.5 H.P, "Peter" Diesel éngine. The filter is
operated in the steady-state mode so that the clean media granules are continu~
ougly introduced at the top and dirty granules are removed from the bottom.
The. particulate collection filter efficiency, n, is obtained from the single

granule filter efficiency, np’ by the following relation:

=1 - - 1-8 2
n=1 exp | -1.5 np " ZRp

Here Z is the t;tal height of the filter, & is the porosity of the filtex bed,
and RP is the media granule radius. The mechanisms and theories in;olved ig'

the determination of n, axze given and reviewed by these authors28'2%, Gntfiﬁger,
et al.éo, have further discussed their result on moving-bed ;ross-flow filter

in a recent publication and their main results are briefly discussed in the

following.



They30 performed experiments with the granular bed of coarse quartz sand of

1.6 mm average diameter in the fluidized mode with a bed thickness of 10 cm.
Particulate efficiencies were measured of the fluidized-bed cross-flow filter

as a function §f dust particle diameter with the gas temperature as a parameter.
The smoke coming out of the diesel engine was diluted with hot compressed air.
The diesel smoke had a particle size distribution between 0.02-1 pm with a peak’
in the range 0.1-0.2 pm. The superficial gas velocity was 87 cm/s, and the’
measurements were conducted at the mean gas temperatures of 303, 468, and 478K.
It was noted that in the particulate collection, all the three mechanismszbf dif-
fusion, imertia, and interception were participating. It is also observed that
triboelectric effects are quite pronounced at room temperature with much less
contribution at higher temperatures. The cross-flow moving bed filter mode is
also examined at 300, 573, anﬁ 773K with a bed thickness of 15 cm. Experimental
results in all cases are éompared with the predictions of theory as given by

the above relation where in computing the single particle efficiency the effects

of inertia, interception, and diffusion are considered. In all cases the experi-

mental results are greater than those cbtained on the basis of theoretical cal-

culations.

Yamamura and TeradaS® have extensively tested a moving bed filter in which the
bed is about 50 cm of alumina balls of diameter 075, 1.0, and 2.0 mm. In one
series of runs the gas velocity was maintained at 0.5 m/s and the inlet -dust
concentration aé 1 g/m3. It was noticed that the outlet dust concentration

" for each size bed decreased with the increase in the bed depth, the relation
being linear on a semilogarithmic scale for bed depth greater than 10 cm. Fur-
ther, for the same‘bed depch, the outlet dust concentration was found to be

the largest for the smallest size bed particle and smallest for the largest
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bed particle (2 mm). Their experiments also revealed that the outlet dust con-
centration decreases as the gas velocity is decreased and also as the moving
rate of the ball decreased. This increase in the outlet dust éoncentration
with the.increase in the moviung rate of the balls slows down with the increase
in the value of the velocity of the moving bed. The dust accumulation on the
alumina balls per unit wvolume in the moving bed depends on the conditions of

the moving bed and inlet gas. When the inlét‘dust concentration is high or

the moving rate of the balls is low, accuﬁulation is high. The experiments
indicated that there is a maximum in the curve representing the particle éollec-
tion efficiency versus average dust accumulation in the bed. The dust removal
efficiency increases with the increase in the average dust accumulation, reaches
a maximum valué, and thereafter decreases as the average dust accumulation further
increases in the bed. The authors emphasize the need to know such characteris-

tics of the filter bed for am adequate design of a filter pilot plant.

The particulate collection efficiency exhibits a dramatic increase in its value
when an electric field, E, of a few kV/em (de or ac) is applied across a bed of
insulating or semi-insulating granules, Self, et a1l.32 The enhancement is mmuch
more pronounced for particles of submicroa size than for larger particles.

- The electrical effectiveness, Y, is defined in terms of the particle penetration,

P, as

_P(E=0 -P (E)
Y7 @& = 0)

The exﬁerimeéts of Self, et al.32, performed in an 8~inch fixed bed of %-inch
alumina balls, contained in a 4~inch by 4-inch v;rtical duct of plexiglas, showed
that y increases with the applied electrical field and asymptotically approaches
to a value of about 75 percent at E of about 5 kV/em. A meta;'screen located

in the central section of the bed served as a high-ﬁoltage electrode and similar



metal-grounded screens were placed at the top and bottom ends of the bed. The
dust particle diameter effect is expressed by an electrical factor of improvement,

F, which is defined as:

_ P (E = 0)
F=25m

For submicron particles, ¥ ranges between three to five, w.a. -as F is about

one for particles greater than 3 pm in diameter. They alsc repoxt that y is a
weakly increasing function of grain loading, and it decreases as the gas velocity
is increased. Their experiments did not distinguish between the effect of ac

or dc voltages on collection efficiency. They also point out to the importance
of ¢ iectrical charge on the dust particle in enhancing the particle collection
efficiency. It is :concluded32 that a large enhancement in collection efficiency
for submicron range particles is possi?le by the application of a strong electric

field and the increase is significant if the dust particles are charged.

Presser and Alexander3® have reported tgeir continuing effort on an electrically
augmented moving granular bed filter, Figuie 7. This design éremiums on the
experience of commerciazl technology of Electrified Filter Bed (EFB), which has
been successfully used in specific situatioms. For instance3%, at an aspﬁalt
roofing plant, such filters operated with an efficiency of gr;ater than 98 per-
cent for particles less than 2 gm in diameter. In this design33, the problem

of front face plugging which involves the blinding of the incident éilter face
has been resolved by reducing the louver area to the minimum essential for
retaining the bed granuleg because the dust deposits are formed at the lips of
the louvers. The elimination of the exposed louver surfaces {overhanging portion
of the louver) 1éft no bare metal surfaces for structures to build on from dust
particles which actually caused the plugging problem to start with. The filter

is 2 cylindrical unit {60 cm outer diameter; 40 cm inner diameter; bed depth,
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10 cm; and bed particles, 2 mm in diameter) in whick two:filter stages are ver-
tically arranged.: The dust-laden gas passes first through the lower stage where
most of the filtration occurs. The partially cleaned gas then rises up in the
central hollow region where its dust particles are chargad by the coroma dis-
charge from the high-voltage electrode installed along the axis of the filter.
This gas next exits through the upper stage of the filter where the media granules
are electrically polarized by an applied electriC'fieLd to efficiently remove

the dust particles. It is claimed that the problem of re-entrainment of collected
dust is automatically solved in this design. Any dust re-entrained from £he
lower stage is recaptured in tﬁe upper stage.- The granules move downward through
the beds with a slow speed which can be controlled by the screw feeder as shown
in the figure. - The granule-dust mixture is separazted, and the clean granules

~aTe recvcled to the filter bed. In order to avoid bed freezing in the front
region of the 1owér bed, a coarse mesh screen is installed at about % of the

bed overall depth away from the front louvers. Bed granules in this region

are moved downward at a faster rate than in the remaining bed. This arrange-
ment avoids bed freezing by removing the greater accumulations of dust faster
from the bed. At the present time a successful 84-hour test rum at room tempér-
ature and pressure in a 800-cfm pilot unit with Burgess No. 10 dust simulating
the HTHP fly ash has been completed. Work is pow in progress employing the

effluent gas from a high-temperature (1550°F) fluidized-bed coal combustor.

More recent developments of this electrostatic granular bed filter are reported
by Boericke, et al.3% It is claimed that this two-stage design collects more
dust per unit volume of the bed material than other designs. In some commercial
desigus, electrodes are inserted into the second stage to provide a voltage

gradient across the bed granules. This arrangement is found to increase the



collection efficiency o the particulates which are charged in the central sec-
tion by the wire corona. It is pointed out®S that in the PFB applications of
this device, a high-voltage collecting field can no longer be used due to the
finite electrical conductivity of the media particles and associated power lass.
However, their present experieﬁ%g suggests that appreciable augmentaﬁion in

the collection efficiencx‘isﬁﬁbSSible due to the electrostatic attractive force
between the charged dustléarticles and the bed conducting particles due to image
charges which appear across the ground plane. From their limited cold flow
test results, they""'s conclude that the particle penetration is a'function.of

bed loading parameter which is defined as the ratio of rate of dust collection

to the rate of media flow.

These workers3® have also reported in brief their approach to model the du;t
collection process in such electrostatic granular bed filters. They are essen-
tially working along the "unit cell" approach, outlined in one of the earlier
papevrs frqm General Electric Company3®®. The granula; bed is regarded as a homo-
geneous assemblage of identical cells, each ¢ell consisting of an individual

spherical particle surrounded by a concentric sheli-~ef gas whose radius is deter-

\\‘:- .

>

mined to duplicate the void fraction of the beé: By properly assigning the
boundary conditions for the fluid flow corresp;ﬁging to creeping (Stdkes) flow

2
at low Reynolds numbers or potential flow at hiéh Reynolds numbers, .particle
trajectories have been cémputed for dilute noninteracting particle suspensions
with appropriate initial conditions.' Drag forces, particle inertia, and electro-
static forces have been c;nsidered in the calculations of the limiting trajec;ories
and thence the collection efficiency. The total bed collection efficiency is

next obtained by the integration of this result over the depth of the granular bed

for the specified operating conditions and dust size. These workers realized
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that this unit cell approach underestimates the actual collection efficiency

of a granular bed and one of the reasons for this is what is referred to as

the "jettiné effect.” This is caused by the pres;nce of particles in the bed
which restrict the actual flow to a smalleé region of the ;nit cell. Currently,
analytical work is in progress to account for this jetting effect and also con-
trolled experiments are Eeing élanned to validate the theoretical model. The
experiments involve the measurements of collection efficiency with spherical
particles of different sizes with monodisperse aerosols of different sizes

and for a range of face velocities. These experiments are intended to eséablish
a correlation for the jetting parameter as a function of particle Reynolds number.
The experiments are also being conducted to understand the electrosta;:ic aug-
mentation by using conducting media and charged aerosols. leasurements will be
made over 2 range of media particle sizes and gas residence times. An updated
single-stage version of this two-stage design to handle large gas throughput for
a given size of media granules chosen to optimize the dust collection process
and without blowing them out of the bed is proposed as shown in Figure 8. The
basic difference in this design from the earlier ome of Figure 7, is in the
direction of gas flow which is now inside out in contrast to being outside in.

Also, the filter is now a single-stage unit.

Grace, et al.37 at Combustion Power Company have developed an electroscrubbef
granular filter whose schematic is shown in Figure 9. It consists of a -
cylindrical vessel containing two concentric, cylindrical 1ouvered.screens.
The annulus Between theus;reens is filled with pea-size gravel media. An
electrostatic grid in the form of a cage is located in this media. 4 high
voltage is applied to this grid and the electric field generated between this
conductor and the inner and outer screens enhances the particulate collection

efficiency as the dusty gas passes through the media. The enhancement is due
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to the frictional charging {or tribocharging) of the particulates as the diréy
gas flows through pipes and cyclones. Clean gas exits through the outer screen.
The filter media moves coxtinuously downward and is recycled into the filter
after cleaning it. Tt was found that electrostatics increases the collection
efficiency and for submicron'p;rticles, this enhancement is very éronounced from
about 65 percent to 95 percent. As 2 result of ﬁhis, the dependence of particle
collection efficiency on particle diameter disappears and the curve becomes
flat. Additional details and historical applications of Combustion Power

Company's electroscrubber filter is given in a recent paper by Parquet35.

The penetration of dust through such a filter where both mechanical and

electrical effects are present is expressed as:

(r-m a-n a-m .

tot elec

Grace, et al.37, have given the following expression for Nelec Which involves

the various system parameters:

: -2 (1 ~¢€)ZE c
n =1 - exp qp S
elec npb d U
PP

Here, € is the bed porosity, Z is the bed thickness, E is the average electric
field strength, and qp is the particle charge. ' It is evident from éhis relation
that increasing the particulate charge and electric field strength increases

the pafticle collection efficiency. The important mechanisms which lead to
mechanical collection are impaction and diffusion and they3? express these

effects as



where m is an empirically determined number whose value depends upon the Stokes
number range. It appears that these results are not vet tested in detail om

the basis of experimental data.

It has been known for some 30 years that electric charge acquired by the media
particles of a granular bed as a result of frictional electrification (auto-
electrification‘or triboelectrification) make them more appropriate for capturing
dust particles. This effect is particularly promounced if the bed granules are

of dielectric mwaterial. In recent years, triboelectrification enhances tﬁe filtra~-
tion efficiency has been explicitly demonstrated by Balasubramanian, et al.39,
for spout bed filters, and Tardos, et al.%%-42  for fluidized-bed filters. It
was found?® that the capture efficiency of a bed of plastic graoules {40-50 mesh)
exhibited a sudden appreciable increase as soon as the gas velocity exceeded

the miniwvum fluidization velocity. In their next effort to demonstrate more
conclusively that triboelectrification was responsible for the enhancément of
the filter capture capabilities, they installed 2 spherical nickel probe in a

1 mm spherical particle Lucite bed of 30 cm thickness, filtering 0.23 and 0.48 pm
neutral latex aefosols to measure the electrostatic potential. It was found
that the probe potential increased with gas velocity beyond minimum fluidization
and that the aerosol capture efficiency was maximum when the potential reached
its maximum value. With a sand band, it was established that the potential of
the nickel probe (2 mm in diameter) was uniquely dependent on the level ‘of gas
humidity for a fixed value of the fluidizing velocity beyond mipimum fluidi-
zation. The potential decreasing with the increase in the relative humidity

of the gas. Similar experiments were performed by Tardos and Pfeffer*? with

the refinement to include a modified Faraday cage so that the electrostatic

charge generated on the granules could also be estahlished. These experiments



wvhich were conducted with four different dielectric granules of average diameter,
ranging from 0.45 to 3.1 mm, indicated that at lower gas humidities (10 to 30 per-
cent) the particle caputre efficiency is almost constant with increase in gas
velociﬁy beyond minimum fluidization. It appears that th2 decrease in effirviency
due to gas bypassing is counterbalanced by strong electrostatic forces, resulting
from the electrification of the granules. For high values of relative bumidity
(40 to 60 percent) where the charge on the particles is relatively small and

the electrostatic forces are weak, the collection eff@piency decreases as the

gas velocity is increased beyond minimum fluidization due to gas bypassiné in

the bubble phase.

Tardos and PfefferS5® have described a computational procedure to esiimate the
filtration efficiency of a gramular bed of perfect insulators which have a very
low .and uniformly distributed surface charge. The general equation fo;‘caicula-
tion is the same as given above?®, except the single granule filter efficiency
calculation is now more involved than in the case of uncharged neutral particles.
Io the evaluation of np inertial, gravitational and electrostatic forces have
beea considered. Hence the thecoretical model provides a basis to calculate

the trajectory of a small charged dust particle in a granular bed under the
infiuence of these three types of forces. A number of approximations have been
made in the numerical computétions and these are explicitly mentioned in their
work55, The theoretical overall collection efficiency of a single granule is
obtained by adding to the value so obtained the efficiency'va;ue due to pure
diffusion only for which ;n explicit expression is available involving the
Peclet number. The theoretically calculated values are found to agree fairly
well with the experimental data. They have also inferred from their analysis

that the surface charge on the granules of the fluidized particles is dependent



on gas velocitv. It increases rapidly as the velocity goes beyond minimum
fluidization velocity but then drops as the velocity is further increased.

This drop is attributed to gas bubbles or to other fluid-mechanical factors in

the bed.

At MIT Melcher and his coworkers43-47 have been investigating electropacked
(EP) and electrofluidized (EF) beds as devices for efficient particulate col-
lection from particle laden gds streams. The bed has a central electrode to
which an electric potential is applied relative to the bed wall and the gas
entrained particies are already charged. Thus, by some such arrangement, the
bed semi-insulating particles get exposed to an elesctric field. Zaheéi and

Melcher%4?46 expressed the particulate collection efficiency, 1, of an electro-

fluidized bed as: "

2

3nc bE "o

n=l-e® "% U R
p

Here c is a constant, which is found4® to vary hetween 0.8 and 1.2, b is the
mobility of.the particles to be collected, E is the microscopic field experi-
enced-ﬁy the individual bed particles and if the particle packing is not too
close, it can be appréximated with a fair degree of accuracy by the applied )

electric field strength, RP is the bed granule radius, U is the spperficial

gas velocity and 20 is the unfluidized~bed height.

Ir a recent réport‘?, the.properties.of such beds using sand and glass beads

at ambient pressure but at temperatures up to a maximum of 1400°F have been
investigated. At temperatures above 1100°F, the electrical powerucons;mption

in EPB is greater than 10 W/100 acfm, and EFB has been investigated as an altern-

ative. Experiments revealed that for certain operating conditions where the



o
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particle electrical conductivity is low, the fluidized-bed current can be even
larger than the packed-bed current. This was actuélly found for sand for bed
voltage of 1KV, for temperatures in tha range 300° to 700°F, and for fluidiza-
tion Qelocities in the range 1.5 to 1.9 times the minimum fluidization velocity.
At temperatures greater than 700°F, where the particle comductivity is high,

the fluidization of bed reduces bed current by 25 to 56 percent. These results
are strictly valid-for a gently fluidized bed and with increase in gas velocity,
different qualitative trends are possible. For glass beads the fluidized~bed
currents always remain smaller than the backed-bed currents by about 25 percent.
The experiments Qere conducted in the temperature rang; 200° to BOO°F and the

gas fluidization velocity ranged between 1.5 to 2.0 times the minimum fluwidiza-
tion velocity.

Two mechanisms for charge transfer are postulated*®, In EPB situation the charge
transfer occurs via particles which bridge the distance between the two electrodes.
In EFB such a chain transfer can take place through the formation of such short
time duration particle'linkages. A sécond transfer mechapism in EFB exists

and is due to the bubble induced‘particle convection. A particle while residing
at the electrode surface acquires a limiting value of charge. The bubble sweeps
this charged particle away and repiaces it with 2 different bed particle. The
charged particle while in the emulsion phase of the bed shares its charge with
anothqr particle on contact. It has been shown that the convective transfer
meéhanism dominates for particles of low-electrical conductivity but chain trans-

fer dominates for high-particle conductivity.

Exxon Resezich and Engineering Company?® pioneered a novel method for tihe col-

b

lection of dust. entrained in a gas stream by a cross-flow moving granular bed



enclosed in an externally applied magnetic field, Figure 10. The bed material
consisted of an admixture of férro-magnetic (cobalt) and nommagnetic (bauxite

or alumina) particles. The experimental work of Golan and Matulevicius*® revealed
that the pressure drop across such a ked is considerably reduced and the solids
blowout velocity is appreciably increased for otherwise identical conditionmns

by the application of an external magnetic field. The increase in the value

of the magnetic field affects these parameters favorably. In a 4-inch thick,
magnetically stabilized bed particles of~900 Um diameter, the application of
magnetic field could reduce the pressuré drop by 50 percent at a fixed value

of gas velocity,:and for the same pressure drop the superficial gas velocity
could be increased by a factor of two. This ability to reduce the pressure

dro; or increase the gas throughput of a magnetically stabilized bed (MSB) gives
an edge to such granular beds over their normal operational procedure because

of the associated economic implications. The.other advantages claimed by Exxon
researchers for such a MSB System are: high particulaﬁe capture efficiency,
trace metal removal and ability to handle a wide variety of coals.

The application qf a magnetic field to a granular bed influences the structure
and orientation of its‘particles so that the bed voidage increases. Increase
in the magnetic field increases the bed voidage. This characteristic can thén
readily explain the observed lower pressure drops and higher gas throughputs
before any appreciable solids blowout occers in a magnetically stabilized bed
in relation to an unstabilized bed. The particnlate collection capability of

a small MSB froem an air stream containing 1.7 grains/scf of fly ash at a super-
ficial velocity of 3.1 ft/s was assessed as a function of time while the magnetic
field was varied from 0 to 105 oersteds. The overall collection efficiency

was found to decrease with time and the decrease during the first hour with no
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field was appreciable but, as ﬁhe magnetic field is applied, the rate of decre-
menz~decreased appreciably. TFor a magnetic field of 105 oersteds, the decrease
in the overali collection efficiency was only small even after 1 hour. Thus,

" such MSB fiiters can be emploﬁed for a longer filtration cycle and also can

handle much larger gas throughputs in comparison to unstabilized granular bed

filters.

Golan and Maﬁulevicius48 have also demonstrated that MSB filters are much more
efficient'thap other conventional filterﬁ such as sand filters, fabric filters,
and eleﬁtrostatié precipitators for particles in the size range 0.5 to 2 pm.
The-particle collection in MSB filters takes place by the comﬁined effects of
inertial impaction, direct interception, and Brownian diffusion. The reason
for such high collection efficiencies of MSB filters is not well understoed at
the present time and the authors%® attribute this to impaction due to higher
bed velocities in MSB. Further, particle collection on alréady collected dust
particle is poséible in such filters without causiné any plugging or excessive
préssure drop problems due to the higher bed voidage values in MSB. Finally,
it should be noted thai the particulate collection in an MSB is independent of
the hagﬁetic properties of the dust particles and depends only on the magrpetic
propé;ties of the bed particles and the magnituée of the magnetic field. This
is ig-sharp contrast with the principle of dust collection of a2 magnetic material
in thé vicinity of a ferromagnetic wire placed in a magnetic field*9'50, [Here,
the highly nonvniform magnetic field aréund the wire, Figure 11, attracts the
magnetized dust particle ;nd it is this attractive interaction between the two
dipoles which brings about the collection of dust particle on the wire.

Exxon Researchers4®’5! under the DOE sponsorship have planned to investigate

this novel filtration principle for the purpose of flue gas cleaning from an

N
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actuzl PFBC at temperatures in the range 1500°-1700°F and pressures from 8 to
1 atmospheres. The particulate collection efficiency will be measured as a
function-of dust loading, filter media residence time, magnetic field strength,
gas velocity, and ratio of magnetic to noamagnetic material. An gvaluation of
the magnetic material is underway to establish the corrosion and erosion prop-
erties in the actual'fluidized~bed flue gas enviromment. Continuouns filtra-

tion process will be undertaken as also the economic evaluation.

Air Pollution Technology, Inc. (APT), haQe developed a2 dry plate scrubber (DPS)
concept which ﬁhéy also refer to as particle collection by particles (P x P Sys-
.tem) for dusty gas cleanup and which is being extended to the particulate removal

from high-ceﬁperature and high-pressure gas streams. The early theoretical

and experimental work is described by Calvert, Patterson, and Drehmel®2, and
Célvert, et al.53, and more recent results with plans for future work are given
in a recent summary papef by Parker, et'53.54 Since the concept and the collec-
tion mechanism of the dusi particles on th; media granules‘is so similar to
that of 2 moving granular bed filter, it is appropriate to discuss this device

in this report on granular bed filters.

The dry plate scrubber uses one or more shailow beds of grapular material which,
as shown in Figure 12, could be horizontal or sloping and could have either
single or multiple feeds. These dense mobile bgds are supported over and moved
across perforated plates while the dust-laden gas at high velocities emerges in
the form of gas jets through these perforations and moves npwards through the
solid collectors. The fine solid dust particles collect on the media gramules
by inertiail impaction and direct interception. The dust deposition process can

be augmented by the application of an electric field which also enmhances the
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zdhesive force between the dust particleg and the solid collectors. It is
claé.med54 that the multiple stages of a DPS can be designed so as to preferen-
tially collect the large particles on the lower stages and fine particles and
vapors on the upper stages. The device is comsidered by APT to be specially
appropriate for cleaning high-temperature (900°C), high-pressure (1000 kPa)
effluent from a PFBC system. Single- and multiple-stage DPS units have been
operated under controlled conditions to investigate the effect of various
process design and operating parameters.so as to evolve an appropriate bench-
scale design for the evaluation of DPS oﬁeration at high temperatures and

pressures. Some of thesé‘findings are reported iz the following.

For preliminary tests and parametric investigations, monodisperse polystyrene
latex (PSL) microspheres (0.50, 0.76, 1.1, or 2.0 pm in diameter) or -
pélydisperse fly ash (0.5-10 pm) was used as dust. For room temperature
uniform diameter glass beads tO.S to 1.0 mm), and for ﬁigh temperature
slightly ellipsoidal z%rconia beads (5.4 g/cm®) and alumina spheres (3.6 g/cm3)
were used as bed materials. Glass beads were of diameter (0.4B and 1.00 mm)
while the size range for the othgr two particles ranged between 0.&2’to 0.85 mm.
Expgriﬁents revealed that the deeper beds do not appreciably inflﬁence the
collection efficiency with and without electrical augmentation,'and it is
proposed that shallow beds {about 1.5 cm) are preferable in view of the low-
pressure drops. . Investigations revealed that the co;lector media particles
size sensitively controls the pa&ticulahe collection'efficiency. The smaller
size particles (0.48 mm glass beads) were found ?; be more efficient for dust
collection than large particles (1.0 mm)._ ‘An gvgrége diameteg of about 0.7 mm
is proposed for media particles to obtain sc;b;e bed movement and_flow from

one stage to the other. In all these investigations.-superficial gas velocities




were varied in the range 20-70 cm/s. The jet velocity is much higher in the
range 15-40 m/s. Collector particles to gas flow ratio is about 0.1. The jet
diameter.is 1-2 mm and the percent open area of the perforations on the grid

plate is 1.0 to 3.5 percent.

The electrostatic dry plate scrubber (EDPS) is also investigated in all the

four possible operational modes viz, uncharged particles and neutral collectors
(UP/NC), uncharged particles and polarized collectors, K (UP/PC), charged particles
and neutral collectors (CP/NC), and chafged particles and polarized collectoré
(CP/BC). The duét particles are charged with a corona discharge with an electric
field strength cf -5.4 kV/cm. The collector particles are exposed to an electric
field strength of -A.S»kV/cm by introducing an electrode. above the bed and
maintaining it at a suitable negative potential with respect to the grounded

body of the EDPS. The obvious advantage in EDPS is that only one electrode is

in direct comtact with the bed; and, therefore, the prdblem of electrical
shortage at high temperatures does not arise. Both dieleétric (glass, alumina,
zirconia) and conductive (nickel) media collector particles have been used.

In the case.of conductive particles, the positive potential of the perforated
distributor plates charges them positively by pulling away their electrons.

While in the case of dielectric particles, these are polarized and local
positive and negative charge regions will exist on their surfaces. Such a
polarized collector system has an enhanced collection efficiency because of a

stronger coulombic attraction between the dust and the media particles.

The single-stage laboratory experiments with 0.5 pm diameter PSL particles and
diclectric particles revealed that the best collection efficiency is obtained
when the dust particles are charged and the media particles are polarized

(CP/PC). On the-other hand, the worst results are obtained when the pariicles
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2ze uncharged and the collectors are noti polarized (UP/NC). The collection
efficiency improves as soon as either the dust particles are charged‘or the
collector particles are polarized though the improvement is more in the former
case (CP/NC) than im the latter case (UP/PC). Experiments have also been
conducted with conductive nickel (0.38 mm) collectors. In this case also it
is found that the electrostatics introduce ;ldefigitive improvement so that
the collection efficiency for the (CP/PC) case ;s more than for the (UP/NC)
case. The effect of electrostatics has also been studied in a three-stage
unit where the alumina collectors were phlarized in the third stage only by
the application éf a high~voltage electric field, the first two stages had no
external field but the dust particles were charged. It was noticed that the
collection efficiency in the first two stages did increase as a result of
charging the particles in comparison to neutral DPS and specially for -
pérticles smaller than 2 pm. Further, most of the improvement in collection
effiéiency came in the third stage where the collectors were polarized.
Zirconia beads appear very promising; and, on the basis of the preliminary
investigations, these are preferable over alumina beads. Work in progress

will provide the essential details for the adequate selection of the proper bed

materigl.

The particulate efficiency of EDPS is found tec range from 97.9 to 98.8 percent
for particles smaller than 5 pum. 'Thg denser zirconia particles are found to
stabilize the bed movement and also enable greater throughputs than the beds

of alumina particles for éhe same amount of re-entrainment. The present work
has demonstrated that DPS and EDPS are promising filtration techniques at room
temperature and pressure. The bench~scale unit for operation at high tempera-
tures and pressures is under construction for experimental work. This knowledge

will be employed ‘to design and conduct an economic evaluation of a subpilot-

scale DPS unit.



CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

In the above we have briefly reviewed the work performed, in progress, or

planned to be undertaken in the near future on granular bed filters with .z

view to assess their reliability for adoprion in PFBC/CC power systems. In

the table we have shown the temperature and pressure ranges in which these
filters have been operated. It should be noted that the effort of Exxon with
Ducon filters and with its modified design comes closest to the test of a granu-
lar bed filter in actual operating condifions as will be encountered in an
operating pressn;ized fluidized~bed coal combustor combined-cycle power system.
The actual filter temperature was probably not as high as envisioned in combined-
cycle systems. More testing and proper upgrading of the filter design as
dictated by the operational experience is in order and indeed Westinghouse is
cﬁrrently engaged in such an endeavor. Argonne National Laboratoxy effort was
also not ambitious enough and the test results of Westinghouse and their proper
technical and economic assessment will bring to light the real potential of '
fixed-bed granular filters. Electrostatic augmentation enhances the particulate
collection efficiency of granular bed filters and it will be.worthwhile to
assess.this alternmative once the Westinghouse investigations are‘available and
found to be technically fusible and economically viable. We particularly )
emphasize this operational mode for it seriously influences the favorable collec-
tion of small particles, 2 pm and small. The work of Exxon with magnetically
stabilized filters is very atﬁractive and, if in their planned work at tempera-
tures between 1500°-1700°F and pressures between 8-10 atmospheres as good success

as they have obtained at ambient conditioms is obtained, the entire art and

practice of particulate filtration may have to undergo a revolutionary change,



TEMPERATURE AND PRESSURE RANGES EMPLOYED IN DIFFERENT

GRANULAR BED FILTERS

Organization

Filter

Temperature

Pressure

Remarks

Combustion Power
Company

Combustion Power
Company

Exxon

Westinghouse

Argonne National
Laboratory

EFB, Inc.

MIT

Exxon

Air Pollution
Technology

"Secreened" Moving
Granular Bed Filter

"Screenless" Moving
Granular Bed Filter

Ducon Supplied and
its Modified Granular
Bed Filter

Ducon-~Type Fixed-Bed
Filter

Fixed-Be. Filter

Eléctrically Augménted
Moving Granular Bed
Filter

Electropacked and
Electrofluidized Beds

Magnetically Stabi-
lized Bed

Dry Plate Scrubber and
Electrostatic Dry
Plate Scrubber

1113K

Ambient

< 1253K
(not
specified)

1100°F

453K

Ambient

< 1400°F

Ambient

Ambient

1 atm

Ambient

1000 kPa

Ambient'

308 kPa

Ambient

Ambient
Ambient

Ambient

Jllinois No. 6
Coal and Dolo-
mite in AFBC at
1143K

Titanium Diox-
ide of 2 um
were Injected

Mini-Plant PFRC
at 1253K and
1000 kPa,
Filtration
Velocities
20-24 m/s
Limestone Dust,
100 Percent

< 10pm, Gas
Velocity

30 ft/min

Combustor at
1123K and
308 kPa

84-Hour Test
Run, 800 cfm
Pilot Unit with
Burgess No. 10
Dust

1:sw:513d55

]
.



The moving granular bed filters have been developed over years by Combustion
Power Company and EFB, Inc., The "screenless" countercurrent moving bed filter
of CPC has been preferred for applications in coal conversion processes.
However, its operation in actual PFBC efflueﬁt gas eanvironment is to be demon-
strated as also of the electrically augmented inside out gas cross-flow moving
bed filter of EFB. It is, thus, clear that though many technological problems
associated with moving bed filters have been resolved, still the test experience

in actual desired environment is missing, and this will have to be available

for the proper assessment of this mode of granular bed filters.

Air Pollution Technology have been developing a filter which resembles to a
large degree a moving bed filter. They have shown its performance at ambient
tempersture and pressure conditions and, based on these results, tests have

been planned at high temperatures and high pressures. The actnal aéoption
potential of this electrostatic dry plate scrubber will have to await the availa-

bility of these planned tests and their assessment.

“‘n conclusion, wé note that the art of granular bed filters have come to a stage
éaat a tractable amount of experimental effort will bring out their true tech-
nological potential. It is gratifying that most of such work is in progress'
under PRDA contracts from the Department of Energy. The question of theoretical
understanding of filtration mechanism in granular bed filters is amn altogether
different ball game. Differen;es of opinion exist even on the state of the
filter during the filtratéon process and contradictery viewpoints are prevalent.
In this background the questiéns of filter design and scale-~up are handled
rather empirically. Existing semi-empirical correlations have very liitle basis

for any valid extrapolation. A well organized mathematical modeling effort



will be in order and particularly directed to that variant of the granular bed
filter which may turn out to be the most successful for adoption by the tech-

nology on the basis of ongoing'experimeniél research and development programs.
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Enmpirical numerical coefficient
Empirical numerical coefficient
Mobili;y of the particles |

A numerical comstant

Cunningham slip correctioﬁ factor
Mass diffusion coefficient

Dust particle diameter

Media paréicle dizmeter

Electrical field

Electrical improvement factor

Drag force acting on the clean collector particle
Acceleration due to gravity
Intergranular dust déposit by weight
Boltzmann constant

Unfluidized-bed height

Iniet gas ﬁust concentration
fmpirical numerical number

Granular media flow rate

Number of impaction stages

. Grﬁvitation number = Ut/U

Peclet number = DPU/D

=C d2 up_/9p
Stokes number s p-pp pu

Dust particle penetration by mass



Ptd Penetration for particles of size dP

qp Particle charge

Rp Media particle radius

Re Reynolds number

T Temperature

U Superficial gas velocity

U, Terminal velocity

?c Volume flow rate of granular media particles
ﬁp Volume flow rate of dust particles

z Filter bed'depth

‘Greek Letters

Y Electrical effectiveness

AFD Drag force contribution due to the ith deposited particle on the collector
i which has a total of N deposited particle on its surface

AP Pressure drop across the filter
AP Pressure drop across the clean filter

APd Pressure drop across the clogged filter

£ Filter bed voidage

n Particle collection efficiency of the filter
n Average‘collection efficiency

Nelec Collection efficiency due to electrical field

N1y Inertial impaction collection efficiemcy
Nmech -Collection efficiency due to mechanical forces

Individual bed particle collection efficiency

r}P
p Gas viscosity
PP Particle density
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