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GRANULAR FILTRATION IN FLUIDIZED-BED 

Joseph. S. Mei, Paul C. Yue, and John S. Halow 
U.S. Department of Energy 

Morgantown Energy Technology Center 
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. ABSTRACT 

Successfcl development of advanced coal-fired power conver- 
sion systems often require reliable and efficient cleanup devices 
which can remove pzrticulate arid gaseous poll1itants from liigh- 
temperature high-pressure gas strzams. A novel filtration concept 
far particulate cleanup has been developed at the Morgantown 
Energy Technology Center (METC) of the U.S. Department of 
Energy. Thz'filtmtion system consists of a fine metal screen filter 
immersed in a fluidized bed of granular material.' As the gas 
stream passes ihrough the fluidized bxi, a layer of the bed granu- 
lar material is entrained and deposited at the screen surface. This 
material provides a natural granular filter to separate fine particles 
from the gas stream passing through the bed. Since the filtering 
m d l a  is the granular material supplied by the fluidized bed, the 
filier is not subjected to blinding like candle filters. Because only 
the in-flowing gas, not fine particle cohesive forces, maintains the 
granular layer at the screen surface, once :be thickness and 
permeability of the granular layer is stabilized, it remains 
unchangeD as long as the in-flowing gas flow rate remains con- 
stant. The weight of the particles and the turbulent nature of the 
flgidized bed limits the thickness of the granular layer on the filter 
leading to a self-cleaning attribute of the filter. Filtration per- 
formance of the filter was first reported at the 12th International 
Conference on Fluidized-Bed Combustion, which the filtration 
system was operating only at a batch mode. This paper presents 
work since then on a continuous filtration system. 

The continuous filtration testing system consisted of a filter, a 
two-dimensional fluidized-bed, a continuous powder feeder, a 
laser-based in-line particle counting, sizing, and velocimeter 
(PCSV), and a continuous solids feedinoed  material withdrawal 
system. The two-dimensional, transparent fluidized-bed allowed 
clear observation of the general fluidized state of the granular 
material and the conditions under which fines are captured by the 
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granular layer. As i s  of experiments wers con&&xi at vari6.w 
ranges of operziting conditions with two different bed matenals: 
a 30 x 270-mesh acrylic powder with particle density of 1.1 g d c c  
titid a 40 x 27C-mesh Millwco6 sand, which has particle density 
of 2.5 g d c c .  During the experimefits, fine sard (less than 
100 microns) was fed continuously to the bed through the powder 
feeder at a. constant rate of 3.8 g d m i n  10.5 lbhr). Bed matedal 
and captured fine'pwicles were withdrawn contimously through 
an ove@ow tube. In :order to maintain a constant bed'level, 
makeup bed material was aiso fed continuously through a non- 
mechanical valve to the bottom of the fluidized bed. Performance 
of this granular filtration system w2s measured by the PCSV at 
downstream of the filter. 

High filtration perfom-ance was measilred when lower density 
powder was used as bed material. Collection efficiencies over 
99 percent were obtain4 with this bed material in .a.continuous 
f!ow mcde. Low filtration perlormance was experienced with 
heavier bed material. The low filtration performance with this 
material may be attributed to the failure of maintaining a suffi- 
ciently thick granular layer at the screen filter surface. Filtration 
performance as a function of .particle size -distribution and the 
pressure drop across the granular filter are also discussed in .this 
paper. 
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INTRODUCTION 
Successful development of advanced coal-fired power conver- 

sion systems often requires reliable and efficient gas-stream- 
cleanup devices that can remove particulate and gaseous pollutants 
from high temperature and high pressure gas streams. A novel 
filtration concept, fluidized-bed granular filtration, for particulate 
cleanup has been developed at the Morgantown Energy Tech- 
nology Center (METC). The fluidized-bed granular filter consists 



of a fine screened surface immersed in a fluidized bed of granular 
material. As the gas stream passes through the fluidized bed, a 
layer of fine granular material is deposited and packed at the 
screen surface, which provides a natural filter to separate the fine 
particles from the gas stream. Since the filtering media is the 
granular material supplied by the fluidized bed, the filter is not 
subjected to blinding. Cleaning the filter (if necessary) is much 
easier than with a ceramic filter because only the inflowing gas 
maintains the filter media at the screen surface. Therefore, the 
screen surface can be readily cleaned by momentarily interrupting 
the gas flow. The primary objective of this project is to demon- 
strate the technical feasibility of the fluidized-bed granular 
filtration concept. The specific goals of this project include the 
following objectives: 

Design, construct, and operate a cold flow model to obtain 
engineering data which include filtration performance and 
system operability for the future design of hot model. 

Design and demonstrate the technical feasibility of the 
fluidized-bed granular 5ltration concept in a hot model. 

. .  

Concept Description 
A fluidized-bed granular filtration system, shown in Figure 1 ,  

generally consists of a mctal screen filter supported by a per- 
forated tube immersed in a fluidized bed. The bed material is 
entrained by a gas to f0rm.a granular layer of bed particles at the 
surface of the filters. The fcrmaticn and rnainteqce of this 4ayer 
of bed pzrticles is the essential feature of the fluidized-bed 
granular filter concept. This deposited layer of particles creates 
a filtration medium (much like a granular-bed filter) that is 
capable of removing fine particles from the gas stream. This 
method of filtration combines the advantages of both granular-bed 
filters and porous, ceramic filters. Because the actual filtration 
media is bed particles, ihe fiuidized-bzd granuiar filter is i1ot 

subject to bliilding like ceramic filters. Cleaning is also easier. 
In the fluidized-bed granular filter, only in-flowing gas maintains 
the filter media. Thus, the filter can be readily cleaned by 
momentarily interrupting the gas flow. The filter may in fact be 
self cleaning since the buildup of fine material reduces the gas 
flow. This eliminates the force holding the particles to the screen 
and causes the excess of bed particles and collected fines to fall 
from the granular layer into the bed, Furthermore, the fluidized 
bed also provides turbulent motion for scouring and cleaning of 
the filter surface. 
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Experimental Test Facility and Operation 
The cold model of a fluidized-bed granular filtration system is 

shown schematically in Figure 2. The model is a two-dimensional 
fluidized bed with a vertical, metal-screen filter arrangement. The 
fluidized bed is 12 inches wide, 1.5 inches thick, and 36 inches 
high. 

The two-dimensional fluidized-bed consists of a freeboard sec- 
tion, a fluidized bed section, and an air plenum chamber. Both 
the freeboard and fluidized bed section are made of four 14-inch 
by 18 3/4-inch aluminum section. Each section has a 12 1/2-inch 
by 18-inch clear Lexan window so the behavior of the bed can be 
observed through the transparent front and back walls. This 
allowed observation of the general fluidized state of the bed and 
the conditions under which a particle layer is formed. In tests 
where a fine dust was added to the bed, the collection of fine dust 
by this particle layer can also 'be observed. The fluidized bed is 
separated from the plenum chamber by an air distributor, which 
consists of a 200-mesh metal screen sandwiched between two 
US-inch thick rectangular stainless-steel plates that are drilled 
with 1/8-inch nozzles. The 12-inch by 1 1/2-inch by 12-inch 
plenum is made of 1/8-inch thick stainless steel and serves as the 
fluidizing air header and also circumvent any preferential air flow 
to the air distributor. 

A single, vertical, screen filter element is inserted into the bed. 
Tne filter element, shown in Figure 3, consists of a I-inch by 
!-inch square tube perforated on two opposite sides of the square 
tube. The filter is entirely enclosed with a 100-mesh (149 micro- 
meter) fine me*A screen. The total. opening arqa in the perferated 
square tub& is 0.615 ff. One end (the bottom) of thq squat  ttibe - 
is closed. ??le otiizr end'of the square tube is'open ahd h welded 
to a 3/4-inch diameter, 8-inch locg stainless steel threaded tcbe. 
The tiher element is suspended from [he top flange. The distance 
between the bottom of the filter clenent to the gas distribetor can 
be varied from zero to a maximum of 6 icches by positioning the 
filter element at different heights. Gas flows into the bed through 
a gas distributor and exits the bed through the metal-screen and 
th2 holes in the two sides of the filter element. 

Bed katerial of two afferent densities was used'in the experi- 
ments: 30 x 270 mesh acrylic powder with particle density of 
1.10 p/cm3 and -40 mesh sands with particle density of 2.5 gml 
cm'. During the operation, 3.8 N m i n  (0.5 poundslhr) of fine 
sands, which is less than 100 micrometers were continmusly fed 
through a powder feeder into the bottom of the fluidized bed. 
The powder feeder consists basiza!ly of a stainless stee! canister 
mounted upon a vibrating unit. A miniature, variabte-speed screw 
conveyor in the bottom of the canister carries the powder 13 a 
mixing carburetor where the powder is entrained by the carrier 
gas. The powder feeder is rated for operation up to 100 psig 
pressure and is able to feed 0.5 to 5 pounds of fines per hour. 
Coarse bed material (either acrylic powder or sand) was fed 
continuously into the bottom of the fluidized bed through a non- 
mechanical " L  valve. In order to maintain a constant bed level, 
the same amount of bed material and fines were withdrawn con- 
tinuously from the fluidized bed through an overflow tube to a 
loop seal. These coarse bed material and fines were, then, 
transported to a solid collection vessel for reuse or disposal. 

Pressure transmitters were used to measure the pressure differen- 
tials as well as to characterize the hydrodynamics of the fluidized- 
bed filtration process. As illustrated in Figure 4, three high-speed 
(1 25 samples/sec) differential pressure transmitters were used. 
The PDT-57 transmitter measured the pressure differentials and 
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the differential pressure fluctuations across a 4-inch bed. The 
differential pressure drops and the differential pressure fluctuation 
across the fluidized bed were measured with transmitter PDT-58. 
PDT-59 transmitter measured pressure drops across the entire sys- 
tem, which included pressure drops across both the fluidized bed 
and the filter element. 

Solid loading in the gas stream was measured downstream of the 
filter element with a Particle Counter-Sizer-Velocimeter (PCSV), 
which was an on-line, laser-based particle monitor. The PCSV 
operates on the principle that the light scattered by single particles 
moving through the sample volume of a focussed high intensity 
laser beam. The PCSV is capable of sizing particles from 
0.2 micrometers to 200 micrometers. 

RESULTS AND DISCUSSION 
In order to demonstrate the technical feasibility of the fluidized- 

bed granular filtration concept, a two-dimensional cold model was 
designed and constructed. During the initial phase of the explora- 
tory testing (the purpose of these tests is to determine the repro- 
ducibility in performancz data as well as tcj explore tne iiniitations 
of the system), it was found that the deridty of the bed material 
is critlca~ to t3e formzt~on o.f the g a n u t u  l i p  the SU&& of 
the filter element 'and. thus. affecting the performhce of 'the 
granular fikration in fluidized bed. Two diff6rent bed materials, 
acrylic powdei and sand were chosen to investigate the effect of 
bed material density on granular filtration perfermance. 

Figure 5 shows the granular filtration performance ir, the 
fluidized-bed at the operating conditions listed below. The PCSV 
measured cumulative size distributions of dust loadings down- 
stream'from the filtw element i?t different data measuring periods 
are plotted against particle size in this figure. The data measuring 
per id  is defined by the preset total particle counts on the PCSV 
(in the present case the preset number of particle counts is 5,000). 
In this test, dust penetrated through the filter element reaching a 
high concentration ranging from 4 2 x io' particles per cn3 to 1 . 1  
x Id partic!es per cm3. Visual obseivaticn through the L x a n  
windows showed that fi!ter surface immersed in the fluidized bed 
was clean and very little bed material was held against the screen. 
The heavy bed material an3 its vigoroas scouring motion ?re- 
vented depositioc of fine particles on the surface of the filter 
element. Without the proper thickness of a granular layer as fil- 
tration media, particles smaller than the screen size eventually 
penetrate through the filter element and escape. The poor filtra- 
tion performance, therefore, is primarily attributed to the failure 
to maintain a granular layer, that is, keeping sufficient filtration 
media at the surface of the filter element. 

.. 

. 

TABLE 1. EXPERIMENTAL CONDITIONS FOR 
TEST NO. SS05 

~ 

Bed Material: Millwood Sands 
Bed Material Size: 420 x 0 micron 
Fines: Millwood Fine Sands 
Fine Sand Size: < 100 micron 
Fine Sand Feed Rate: 3.8 g d m i n  (0.5 Ib/hr) 
Distance to Filter: 0.152 m (6 inches) 
Static Bed Height: 0.254 m (10 inches) 
Gas Flow Rate: 3.68 and 6.51 m3/hr (130 and 230 scfh) 

It is also of interest to show that 90 percent of the particles 
which penetrated the filter element were fines with have sizes less 
than 3 microns. Table 2 shows that only 0.1 percent of large par- 
ticles having sizes between 40 to 149 micrometers were able to 
penetrate through the filter element. This suggests that a very thin 
granular layer may still deposit at the surface. As a result, void 
spaces in the granular layer have been reduced. As a particle 
apprcaches the thin granular layer, it w.il1 eilhir strike one Qr more 
surface particles or enter a void space. If the particle is larger 

. th? the.vpid:it attempB'to ente ,  rhep.@$e will be "sieved" out: . 

"sieved" out most .of the partic!es. h&ng sizes larger than 
40 rtiicrome:ers. If the particle is smaller than the void it efiteis, 
it will continue traveling through the void until it touches the par- ' 

tide surface and adheres: @r until the partide passes throcgh the 
void and the screen opening and exits on the clean air side of the 
filter element. Particie penetration, therefore, depends both on the 
thickness and. packing density or permeability of this granular . ' '  
layzi-. Based OR the expeiimental data, the thin grmuiar layer 
formed with the heavy sand particles at the surface of the filter 
element does not provide sufficiznt thickness and packing density 
to filter out the tine particles. As a consequence, large amount of 
fine particles can still penetrate through the thin granular layer 
deposited at the surface'of the filter element. 

. . . . 
. . .  . .  .. 

The reduction. of void. .size. in. tile &in g r ~ u l g . . l a y e r ,  t&, .. . _ . .  . . . 
' 

. . 

. .  

. 

TABLE 2. CUMULAT!VE NUMBER CONCENTRATION 
FOR TEST NO. SS05, DATA'COLLECTION 
PERICO k34 

% Diameter Cum Numb Conc 

99.90 0.50 1.1 E+05 
99.00 0.50 1.1 E+05 
90.00 0.53 1 .OE+05 

.70.00 ' 0.65 7,8E+05 
50.00 0.79 5.68+04 
30.00 1.03 3.3E+04 
10.00 2.22 1.1E+04 

1 .oo 8.06 1. I E+03 
0.10 37.08 1.1E+02 
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Figure 6 shows filtration performance under a different set of 
operating conditions listed below. A major difference in experi- 
mental conditions for Test SA06 is that lighter bed material was 
used in this experiment. The acrylic powder has particle density 
of 1.1 gm/cm3 which is less than half of the density of the heavy 
sand particles. Figure 6 shows the in-line PCSV measurements of 
dust penetration through the filter element. Cumulative particulate 
concentration measured at down stream of the filter element was 
plotted against particle sizes. Solid loadings in gas stream ranging 
from 10' number per cm3 to lo3 number per cm3 were measured. 
As can be seen from these data, the acrylic bed material provides 
a much better filtration performance. The acrylic powder fluid- 
ized bed, though provides certain turbulent motion for scouring 
and cleaning, however, such motion is not sufficient to remove 
the entire deposit layer (since the solid is much lighter and, 
therefore, has less momentum to scour and clean the surface). A 
fairly thick granular layer, approximately 2 cm thick can be main- 
tained at the immersed filter suiface as this can clearly be 
observed through the transparent windows. This deposit layer 
provides sufficient thickness and high packing density in compari- 
SOI: to heavy bed material. As a conseqnencc. the permeability of 
the deposit layer was iow, thus restricting dust particle penetration . .  
threugh.the. lo?ded,filter media: .- ' -. . 

. - A  

. . .  . .  . . _  .. . . .  

TABLE 3. EXPERIMENTAL CONDITIONS. FOR 
TEST NO. SA06 

Bed Materia!: Acrylic powder 
Bed Ma:efial Size: 595 x 53 micron 
Fines: Millwooc! fine Sands 
Fine Sand Size: < 100 micron . . 
Fine Sand Feed Rate: 3.8 g d m i n  ( O S  lbfhr)'. 
Distance to Fiiter: 0.152 m (6 inches) 
Static Bed Height: 0.352 m (10 inches) 
Gas Flow Rate: 3.68 and 9.34 m 3 h  (130 and 330 scfh) 

. .. . 

The increase in particle penetration $r&gh the filter element 
dniing data collection period NO3 may be attributed to t!!e change 
of quality of fluidization as more and more fine sand were added 
to the bed. When the fiuidized bed saturated with fine sands, the 

.bed density increases apd the air can no longer evenly distribute 
through the gas distributor. Instead, the air forms a center jet and 
the chain of bubbles which form at the top of the center jet 
impinge on the filter. This exerts a higher pressure on the lower 
portion of the filter element and causes higher particle penetration 
through the granular layer. As shown in Table 4, however, the 
low permeability of the deposit layer for acrylic powder limited 
the size of the largest particle that can penetrate to less than 
33 micrometers and its total number of penetration through the 
filter element to 0.1 percent. 

Both the data from Test Nos. SS05 and SA06 were plotted in 
Figure 7 in terms of particle loading in parts per million by 
weight. For the heavy sand particles, the gas velocity was not 
capable of maintaining a proper thickness of a granular layer, 

TABLE 4. CUMULATIVE NUMBER CONCENTRATlON 
FOR TEST NO. SA06, DATA COLLECTION 
PERIOD NO3 

% Diameter Cum Numb Conc 

99.90 
99.00 
90.00 
70.00 
50.00 
30.00 
10.00 

1 .oo 
0.10 

0.66 
0.66 
0.70 
0.92 
1.47 
1.97 
2.86 

16.96 
32.98 

9.4E+02 
9.38+02 
8 .5E42  
6.6E+02 
4.7E+02 
2 . 8 8 4 2  
9.4Ei01 
9.4E+00 
9.48-02 

particles smaller than the metal screen opening penetrate through 
the filter element. The rise in particle penetration through the 
filter element with time is caused by the removal of the granular 
layer. During Test SSOS, a small amount of acrylic powder was 
fed initially into the system prior to bed materia!. This was done 
to deliheratcly deposit a layer of filter media on.@e filter surface.-. :* 

It was believe thd'such a- layer could be maintain& to prouidg . - 
good filtration performam-, even when heavy bed material is 
added io ihe system later. HOWW~T,  thpse data show that the 
turbulent motion of the heavy bed material removes the granular 
layer of acrylic powdzr quickly and particle penetration through 
the filter element, thus, incieases dramatically. For the acrylic 
powder, however, filtration performance was improved and par- 
ticle penetration was greatly teduced from 106 to 8 ppmw. The 
packing density and the thickness of the granular layer maintained 
at the surface of the filter element was sufficient to provide high 
filtration. performince. 

Overall Filter collection efficiency was plotted for both heavy 
and light bed materials in Figure 8. High filter collection effi- 
ciencies, above 99 percent were obtained for acrylic bed material 
in Test No. SA&. Slightly lower efficiencies at higher gas 
velocities, Test Period NO1 and N03, 8re observed from these 
data. Increasing gas velocity creates two counter effects on the 
structure of the granular layer. 11 increses the packing density in 
the granular layer and as a consequence, lowered the permeability 
and reduced particulate penetration through the granular layer. 
However, higher gas velocity also exerts higher pressure to the 
particles in the granular layer. The fine particles closed to the 
metal screen become compressed and start passing through the 
screen. 

' 

' 

FUTURE WORK 
Based on the preliminary data, the fluidized-bed granular filter 

provides an alternative concept for particulate cleanup. The 
fluidized-bed granular filtration concept offers a more reliable, 
simpler, and economical particulate control system for hot gas- 
stream cleanup. However, these preliminary data show that for 
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heavy bed material, the filtration performance suffers greatly due 
to the faiture of maintaining a sufficiently thick granular layer at 
the screen surface of the filter element. A modified metal screen 
filter was tested in the two-dimensional fluidized bed cold model. 
Preliminary filtration performance of this modified filter showed 
high collection efficiency for both light and heavy bed materials. 
However, no information is provided in this paper as patent appli- 
cation for the modified filter is currently being filed. Future 
activities in the program will concentrate on testing of this 
modified filter in the fluidized-bed granular filtration cold model. 

More specifically, the development of the granular layer at the 
surface of the filter element and its influence on the quality of 
fluidization, effect of filtration media on the structure of the 
granular layer, and the behavior and holdup of fine dust in the bed 
and in the granular layer will be studied in the two-dimensional 
cold model as well as a three-dimensional cold model to be con- 
structed next year. In addition, a two- to three-tube configuration 
will also be explored. The purpose of this program is to provide 
an optimum configuration for the future design of a hot fluidized- 
bed granular filtration system. 
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