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ABSTRACT

The Multi Stage Collector (MSC™) concept for ultra-fine particulate control offers significant
improvements over current state-of-the-art technology. The new MSC™ design provides a
synergistic combination of both single- and two-stage electrostatic precipitation while
incorporating an additional collector-stage
by filtering the gas exiting the collector
through a barrier collector-zone.  This
arrangement ensures that essentially all
dust would be detained in this final stage.

The MSC™ contains multiple narrow and
wide zones formed by parallel corrugated
plates. Enclosed in the narrow zones are
discharge electrodes. These electrodes
provide a non-uniform electric field
leading to corona discharge. The corona
discharge causes particulate matter in the
gas flow to become charged. Wide
regions contain barrier filters thus creating
the two-stage precipitator with relatively uniform electric field. In these regions, particles are
collected on both plates and on the porous barrier elements, which also act as the final filtering
stage.

Results of the applications analyses and future development work are discussed. The gas flow
analyses with an aid of the CFD model are presented below.

INTRODUCTION

Ancient Romans used perforated plates of silver and bronze to strain wine for their wealthy
merchants; and filtered it for the poor through linen or other fabric. The Chinese, too, apparently
knew something about filtration for they sipped the heady nectar of grape as far back as 2000
B.C.; and it is certain that long before that time the prehistoric Cro-Magnon, the tall erect men
who lived in the caves of Dordogne in France and in other parts of Europe, enjoyed purified
water. Thus, the straining of liquids as well as filtering air and gases to hold back solids is a very
old story.

It is well known in the art how to build and use electrostatic precipitators. It is also known in the
art how to build and use a barrier filter such as a baghouse. Further, it is known in the art how to
charge particles and that charged particles may be collected in a barrier filter with lower pressure
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drop and emissions than uncharged particles collected for the same filtration velocity.

The MSC™® offers a new method and design for collecting dust, fume, etc. for industrial gases,
that is independent of electrical resistivity, thus it is especially beneficial when electrical
resistivity of such dust or fume as precipitated, exceeds 10'' Ohm-cm or is extremely low, for
example less than 10* Ohm-cm. This design will be most advantages when the material to be
collected consists mostly of a sub-micron dust and/or fume. It also could be easily integrated
with various catalysts for gaseous emissions collection.

BACKGROUND

Applicable theoretical background for this design had been discussed in the United States Patents
Ne 5,547,493, Ne 5,938,818, Ne 5,158,580, Ne 5,024,681, and Ne 6,152,988. The ‘493 teaches a
new two-stage precipitator design, while the patents ‘818, ‘580, ‘681, and ‘988 deal with a
combination of a precipitator or electrostatic augmentation and a barrier filter.

Evolution of Electrostatic Precipitation
A typical electrostatic precipitator incorporates two zones:
e The charging zone, where the dust or aerosol particles are being charged, and

e The collecting zone, where the charged particles are being separated and
transferred from the gas stream to a collecting electrode with subsequent removal
into the collecting or receiving hoppers.

The arrangement of these zones led to two typical precipitator design concepts: (i) a conventional
electrostatic precipitator where both zones are combined in a single-stage, and (ii) so called two-
stage design where these zones are separated.

Figure 1. Performance of the Laboratory Two- Figure 2. “Conventional” Precipitator Migration
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The electrostatic precipitation process, in the case of high-resistance dusts, results in the reverse
ionization (back corona) at the side of the collecting electrode at which the dust accumulates. As
a result, positively charged dust particles may be released or formed by such reverse ionization
and naturally (in a case when the discharge electrodes are negatively charged) such positively
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charged particles are repelled from the positively charged dust-collecting surfaces. As the gas
stream passes between the “conventional” dust-collecting electrodes, particles, which pick up a
positive charge by reverse ionization proximal to a collecting electrode, tend to move toward the
next discharge electrode where they may pick up a negative charge and then move toward the
collecting electrode where they may again pick up a positive charge, and so on.

In the case of the low-resistivity dust, somewhat similar process takes place, however due to the
entirely different phenomena. Low resistivity dusts are known for a quick discharging, thus, they
would be repelled back to the gas stream nearly instantly upon contacting the collecting plates
irrespective of their polarity. Viewed as a statistical phenomenon, therefore, particles of dust
tend to move in a zig-zag fashion between the plane of the discharge electrodes and the
collecting electrodes as the gas entrains such particles along the collecting path. The zig-zag
movement is a phenomenon which is associated with both high- and low-resistance dusts.

Because of the zig-zag phenomenon, the effectiveness of dust collection is obviously reduced
and hence the performance of a dust-collecting or dust-arresting assembly will be substantially
lower for high- or low-resistance dusts than with normal resistance dusts.

Sproull? investigated a special two-stage electrostatic precipitator for high resistivity dusts

collection application. The performance of this laboratory precipitator is illustrated in Figure 1.
The paper compares performance of this special two-stage precipitator with a “conventional”
single-stage design (Figure 2). If the resistivity of the material as precipitated is below 10"
ohm-cm, or if it can be reduced below this value easily, then a single-stage precipitator offers
certain advantages (within certain particle size range). However, if the resistivity of the material
as precipitated is between 10" and 10" ohm-cm most of the time, then the two-stage design
offers certain advantages based on the reported laboratory data.

Krigmont® described an electrostatic precipitator, which utilizes the unique electrode design that
provides for separate zones for aerosol
particles charging and collection in a
compact combined design (Figure 3).

Figure 3. Two-Stage Electrostatic Precipitator
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The spacing between the surfaces in the
charging and collecting zones is different, wider in the charging or corona generating zones and
narrow in the collecting ones where a uniform high-tension electric field is being required. A
high voltage electric field of an adjustable (variable) frequency and/or alternating polarity could
be applied to the dust arresting assembly to further improve collecting efficiency of bi-polar
charged aerosol onto the surfaces of both plates, thus substantially increasing the effective
collecting area.
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Barrier Filtration

Electric power utility as well as industrial user-companies are looking for ways to upgrade their
pollution control equipment. One approach would be to replace the existing under-performing
precipitator with a Barrier Filter (BF) of conventional design (baghouse), which is generally
accepted as an alternative to precipitators for collecting fly ash from flue gas. Conventional
designs can be categorized as low-ratio baghouses (for example, reverse-gas and shake-deflate)
and a relatively high ratio ones, so called pulsejet baghouses. BF’s are generally operate at
Filtration Velocities (FV) of 0.76 to 1.27 centimeters per second (1.5 to 2.5 ft/min), also defined
as air-to-cloth ratio or volumetric flow rate of flue gas per unit of effective filter area (cubic feet
of flue gas flow/min/square foot of filtering area). The pulsejet baghouses, on the other hand,
generally operate at 1.52 to 3.05 centimeters per second (3 to 6 ft/min).

Baghouses generally have very high collection efficiencies (greater than 99.9%) independent of
fly ash properties. However, because of their low filtration velocities, they are large, require
significant space, are costly to build, and unattractive as replacements for existing precipitators.
Reducing their size by increasing the filtration velocity across the filter bags usually results in
unacceptably high pressure loss and outlet particulate emissions. There is also potential for
"blinding" the filter bags - a condition where particles are embedded deep within the filter and
reduce flow drastically.

A typical pulsejet baghouse includes a number of individual bags or filtration tubes about four to
six inches in diameter, eight to twenty feet long, and are mounted within and suspended from a
tube sheet”. The particulate dust is collected on the outside surfaces of the bags while the flue
gas passes through the porous media to the inside, where it exits through the top of the bags into
a clean air plenum and subsequently out the stack. Cages are installed inside the bags to prevent
them from collapsing during the normal filtration process.

Because of the small bag spacing and forward filtration through the two rows of bags adjacent to
the row being cleaned, much of the dust that is removed from one row of bags is simply
recollected on the adjacent rows of bags. Thus, only the very large agglomerates of dust reach
the hopper after supplying the burst of air through the bags. This phenomenon of re-dispersion
and collection of dust after bag cleaning is a major obstacle to operating prior art baghouses at
higher filtration velocities.

Hybrid Particulate Collection Technologies

Efforts to increase barrier filters efficiency without a corresponding increase in pressure loss
have led to the development of electrostatically enhanced fabric filters and so-called hybrid
devices. Chen", described a method for removing particulates from a gas stream by
incorporating an electrostatic precipitator and a barrier filter arranged in series with the baghouse
being downstream of the precipitator. Subsequently'®, the baghouse was located internally in an
electrostatic precipitator. An alternative design was also described with the electrostatic
precipitator and a baghouse sharing a common housing with a precharger situated downstream of
the precipitator ahead of a baghouse.

Miller” described an advanced hybrid particulate collector consisting of a chamber housing both
baghouse filter elements and a section of an electrostatic precipitator situated between the rows
of the filter elements. In this design, when the filter elements are being cleaned by pulsing air in
a reverse direction, the dust dislodged from the bags is intended to be recaptured in the
electrostatic precipitator section.
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MULTI-STAGE COLLECTOR

MSC™ Concept

MSC™ is a new concept for particulate control. The intent of the MSC™ is to combine the best
features of the two-stage ESP and a Barrier Filter (BF). The MSC™ concept can be broadly
summarized as a system in which multiple stages are utilized, with each stage performing a
primary function and the multiple stages operating synergistically to provide significantly
improved overall results. Figure 4 presents the MSC™ conceptual arrangement.

The principal objective of the MSC™ design is to substantially improve fine particulate
collection by combining electrostatic charging - collection and filtration processes not only by
separating zones for particles charging and collecting, but, by providing new, unique collector
design with improved efficiency to collect fine dust particles independent of their electrical
properties.

The MSC™ offers a uniquely compact concept utilizing an upstream stage comprised of a
conventional electrostatic precipitator, followed by a downstream zone of the parallel surfaces
creating uniform electric field, followed by yet another stage, which incorporates barrier filter
conductive surfaces of which provide a uniform electric field. Moreover, by providing
continuously repeated stages in series, the downstream zones effectively charge and collect the
particles that are either uncollected or reentrained and collect those particles after they have been
charged.

Figure 4. Conceptual MSC™ Design. Top View
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Electrostatic Precipitation of Charged Particles on Porous Media
Surface

In the MSC™, particles are deposited onto the Barrier Filter Element (BFE) by two mechanisms:
electrostatic and diffusional deposition that act simultaneously. Inertial impaction occurs as a
result of a change in velocity between a fluid, such as air, and a particle suspended in the fluid.
As the fluid approaches an obstacle it will accelerate and change direction to pass around the
object. Depending on the mass of the particle, it may not be able to adapt to the fluid
acceleration and a difference in velocity will develop between the particle and fluid stream.
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Inertia will maintain the forward motion of the particle towards the object, but the fluid will
attempt to drag the particle around the obstacle. The resultant particle motion is a combination
of these forces of fluid drag and inertia. This results in impaction for the particles where inertia

dominates, and by-pass for those particles overwhelmed by fluid drag®.

Figure 5. Particle Interception Schematic
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Collection by diffusion occurs as a result of both fluid motion and the Brownian (random)
motion of particles. Diffusional collection effects are most significant for particles less than 1
micrometer (um) in diameter. Another collection mechanism, direct interception, occurs when a
particle comes within one particle radius of an obstacle. The path that the particle takes can be a
result of inertia, diffusion, or fluid motion.

On one hand, electrostatic deposition is effective for relatively large particles, but it is quite
ineffective for the ultra-fine ones because their charging probability in the corona field is too low.
On the other hand, the diffusional collection efficiency of particles on fibers is high for small
particles but low for the larger ones (Figure 5). Therefore, the simultaneous diffusional-
electrostatic collection is a useful technique for efficient

filtration of particles below 0.1pum.
Figure 6. ESP Power

Alonso® reported superior performance of an electrostatic Requirements

precipitator in which the collector electrode has been
substituted by series of wire screens transposed to the gas
flow. The particles deposition by diffusion was highly
efficient for particle diameters in the range of a few
nanometers.  The larger particles were collected by
conventional electrostatic deposition. The combination of
both mechanisms led to high particle collection for the
whole particle size range below 0.1pum.
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Mermelstein'” conducted a study to investigate the effect

of using stainless steel fibrous and porous filters as the :__'-T'_"'_#;
ground electrode of a point-to-plate electrostatic Particle diameter, microns
precipitator on particle penetration. The effect of filter

medium structure and pore size on particle removal has been investigated as a function of
particle size, for particles in the range of 0.03-1um and FV in the range of 15-75 cm/s (29-147
ft/m). The application of the electrical field decreased particle penetration by a factor of 6 to 54.
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The experiments confirmed that sub-micron particles were captured in the first few layers of the
filters by the action of electrostatic forces.

Fine Particulate Collection in Electrostatic Precipitators

The energy requirements for operation of an ESP consist mainly of electricity demand for fan
operation, electric field generation, and cleaning. It is evident that separation energies are larger
for a given mass of fine particles because of their much greater dispersion. This is illustrated in
the Figure 6", which gives the calculated power in watts expended to separate charged particles
of various sizes from air stream of 100,000 cfm at a particle loading of 1 gr/ft’. A power of about
500 W is needed to remove one-micron particles and only 5 W for the 10-micron ones. To
summarize, ESP’s power consumption ranges from 25 to 100 W/kacfm, with 40 W/kacfm being
typical for the two-stage precipitators..

MSC™ Design

The MSC™ assembly is made up from discharge electrodes placed between oppositely charged
electrodes. The discharge electrodes are
followed by Barrier Filter Elements (BFE)
located in the wide zone placed between
the collecting electrodes, the surface of the
BFE can be made conductive. The
corrugated plates are held at a first
electrical potential while the discharge
electrodes and the conductive surface of
the BFE’s are held at a second electrical
potential. Both the flat sides of each of
the discharge electrodes, corrugated plates
and the surfaces of the BFE form
collecting surfaces where the electric field
is relatively uniform.

The surfaces of the conductive BFE’s are formed with electric field forming parts that may be
suitably rounded and convex in the direction of the collecting electrode (Figure 7). The

corrugated plate collecting
Figure 7. High Tension Electric Field in the MSC™ electrodes are formed with narrow

and wide sections to
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in this non-uniform field region, a
corona discharge can take place between the electrode and the plates acting as an ion-charging
source for dust particles passing through it. The center region of uniform field on the other hand
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acts in a manner similar to the field between parallel capacitor plates with charged dust particles
collecting on the plates.

The dust particles around the discharge electrodes (i.e. in the regions of the corona-generating
points), which were charged to negative polarity are caught by the collecting electrode.
Meanwhile, dust particles near the corrugated collecting plate electrode, which have been
charged to a positive polarity by the positive ions resulting from reverse ionization, are
conveniently collected by the uniform field-forming part of the discharge electrode and the
conducting surfaces of the BFE’s.

The spacing between the discharge points (corona sources) and collecting surfaces are different,
wider in the charging or corona generating zones and narrow in the collecting ones where a
uniform high voltage electric field is required. This feature allows for the use of a single high
voltage power source for all electrostatic fields (in all zones). A high voltage electric field of an
adjustable (variable) frequency and/or alternating polarity could also be applied to the dust
arresting assembly to further improve collecting efficiency of bipolar charged aerosol onto the
surfaces of both plates, thus, substantially increasing the effective collecting area. It should be
noted that all collection surfaces can be cleaned in a conventional manner such as by rapping,
polarity reversal, or by other means.

COMPUTATIONAL FLUID DYNAMICS MODELING

Figure 8. CFD Model 3-D View Figure 9. CFD Model Computational Grid
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In order to evaluate the MSC™ design, a detailed analysis of fluid dynamic flow was performed.
Computational Fluid Dynamics (CFD) simulation was conducted for the pilot MSC™ consisting
of four (4) rows of barrier filters (bags) four (4) bags each for a total of 16 bags and five (5)
collecting corrugated plates. A 3-D view of the CFD model is depicted on Figure 8. The MSC™
operation was simulated for three (3) operating conditions with the gas flows of 0.24, 0.47, and
0.69 m’/s at 149 °C (500, 1,000, and 1,500 acfm at 300 °F) for the filtration velocity in the range
of 5 — 15 cm/s (10-30 ft/m). The operating pressure drop supplied by the bags was assumed
about 6 inches of water. The simulation utilized body-fitted grid approach, which allows the use
of non-orthogonal grids that can accurately represent geometry of the simulated object. The
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computational grid is presented on Figure 9.

Figure 10. Velocity Distribution Figure 11. Velocity Distribution
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The simulation was carried out using standard k-e turbulence model with the logarithmic wall
functions. The turbulence intensity at the MSC™ inlet was assumed to be 5 %. Since the
pressure drop inside MSC™ is small with respect to the atmospheric pressure, the equation of
state of the gas used in the simulation was the one of the constant-density gas. The bags were
simulated as the porous media of the constant resistance, which was adjusted to ensure pressure
drop of 6 inches of water for the gas flow simulated.

Figure 12. Velocity Distribution Figure 13. Velocity Distribution
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The computational results, including the three-dimensional distribution of the flue gas velocity
(flow) are illustrated graphically in Figure 10 through Figure 13. Figures 10 and 11 represent
velocity distribution vectors for a gas flow of 1,000 acfm, while Figures 12 and 13 represent
velocity distribution vectors at the gas flow of 1,500 acfm inside the MSC™ pilot. As it could
be seen on figures presented, the flow distribution inside MSC™ pilot is uniform without any
major stagnation or recirculation zones.
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APPLICATIONS

One of the most important MSC™ design improvements is very high collection efficiency in a
submicron (ultra-fine) region, which extends its potential use to a wide variety of the fine
particulate/dust collection applications (Figure 14).

Figure 14. MSC™ Particulate Matter Collection Range(lz)
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Particularly the MSC™ could find its use within the following areas/applications:
e Ultra clean exhaust gases: “Vision 21”

e Integrated Gasification Combined Cycle (IGCC): super-clean de-dusting process
(synthetic) gases from the gasification equipment prior to the introduction into the
combustion turbine

e Industrial mineral processing industries:

» In-process capture of the expensive product material and return to the
process, i.e. metals, rock-dust, gold, etc

= Post-processing super-clean de-dusting prior to exhaust to the atmosphere.

e Ultra-clean air de-dusting in high-tech, medical, biological and other similar
applications.

e Multi-pollutant applications (SOx, NOx, Hg, etc.) via integrating (or
impregnating) catalyst materials within the barrier filter.

The MSC™ design is superbly compact and warrants very high efficiencies in the sib-
micron/ultra-fine particulate range. Hence, it may be also suitable for the combustion turbine
inlet air cleaning.
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Additional applications, for example, unique ability to generate ozone to promote oxidation
process of the gaseous components and introduce it in either “dirty” or “clean” gases (or both)
should be evaluated and may result in yet another beneficial use.

Case Study

A case study was conducted in order to evaluate suitability and size requirements of the MSC™
for the “conventional” ESP retrofitting. The goal of the study was to evaluate whether it would
be possible to fit the required barrier filter area and the respective ESP equipment in the existing
casing without its major refurbishing.

A 500 MW boiler-unit firing a sub-bituminous coal was selected. The existing three (3) filed
ESP had two (2) casings, four (4) cells each with 20 gas passages on 229 mm (9 inch) centers.
The collecting plates were 3.66 m (12 feet) long and 9.14 m (30 feet) high. This geometry
resulted in a SCA of 38.87 m*/m’/s (197 ft2/kacfm) at a gas flow of 826 m*/s (1,750,000 acfm) at
149 °C (300 °F).

Table 1 presents the results of the simulation. Assuming that the MSC™ will be able to operate
with the FV in the 5 - 6 cm/s (10 - 12 ft/m) range a reasonably suitable retrofit seems possible.
Naturally, as the MSC™ operation is independent of the fly ash resistivity, there will be no need
to evaluate the fly ash resistivity and the requirements for the flue gas conditioning (FGC).
Hence, this boiler would be an ideal user for the “spot” coal. Furthermore, as it was discussed
previously, the expected system performance should be within the “Vision 21" range; hence the
expected outlet emissions should satisfy requirements of any local air pollution control
regulatory office.

SUMMARY

The MSC™ technology is a novel, compact multi-stage collector for collecting dust, fume, etc.
from industrial gases, which is independent of electrical resistivity. This design should be
particularly advantageous when the material to be collected consists mostly of a sub-micron and
ultra-fine dust or fume.

The MSC™ concept offers significant improvement over conventional ESP’s and BF’s. It will
be especially beneficial when electrical resistivity of such dust or fume as precipitated, exceeds
10" Ohm-cm, or is extremely low, for example less than 10* Ohm-cm. Furthermore, this design
will be particularly advantageous when the material to be collected consists of a sub-micron dust
and/or fume or when it is required that exhaust must attain “super-clean” levels, for example the
“Vision 217 (< 0.005 1b/MBtu) or hot fuel gas clean-up upstream of the combustion turbine.

The MSC™ design is free of the detrimental characteristics of the single-, and two-stage
electrostatic precipitators, as well as known electrostatically enhanced barrier filters design:

e it continuously offers ample supply of the ions for aerosol particles charging,
e by virtue of the unique design offers improved collection efficiency, and

e it also incorporates an additional collector-stage by filtering the gas exiting the
collector through the barrier collector zone

Additionally, by integrating one of the stages with catalytical materials, the MSC™ may become
an “ultimate” multi-pollutant emissions control apparatus.

The MSC™ design provides an optimum combination of not only single-and two-stage ESP, but
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also incorporates an additional collector stage by filtering the gas exiting the collector through a
BFE’s, which, in essence, is the only way for the gases to “escape” or exit from the collector.
The MSC™ arrangement assures that essentially all dust (either uncollected in electrostatic
collection zones or being reentrained in the gas stream during the rapping and/or BFE-cleaning
steps) would be detained in this final stage. Finally, in the event the BFE gets “punctured” or
simply leaks, the overall MSC™ performance would suffer less, due to the remaining ESP
collection phenomena.

Table 1. Simulated Performance Data for a 500 MW Boiler-Unit

SIMULATED PERFORMANCE DATA

Barrier Filter Dia. cm - inch 15.24 6 12.7 5
Gas Flow m’/s - acfm 826 1,750,000 826 1,750,000
MSC™ Systems 2 2 2 2
Compartments per MSC™ 6 6 6 6
Compartment Length m - ft 6.1 20 6.1 20
Compartment Width m - ft 3.66 12 3.66 12
Effective Height m - ft 7.32 24 7.32 24
Barrier Filter Elements 14 x 24 16 x 27
Igg;ng;zgngfr Filter elements per 336 336 432 432
girrg;;rtmeriﬂter AreaPer 2 g 1177 12667 1261 13572
Barrier Filter Face Velocity cm/s — ft/m 5.81 11.52 5.46 10.75
Total Collecting Area m’—f* 29,485 317,376 32,950 354,673
Effective SCA M =y 0y 176 3882 197
ft*/kacfm

Operational Enhancements Offered by MSC™

e  MSC™ solves the problem of excessive fine-particle emissions with conventional
de-dusting technology.

e MSC™ greatly reduces the problem of higher emissions from conventional fabric
filters and hybrid devices in the event of partial breaking, leakage or any
malfunctioning parts of the systems.

12
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e MSC™ solves the problem of sparking and bags damaging in the hybrid
particulate collectors.

e MSC™ overcomes hurdles that prevent operation of pulsejet filters at high filter
velocity ratios.

e MSC™ requires significantly less BFE surface area than conventional barrier
filter. Consequently, the lower vessel size required to accommodate the MSC™
may result in the lower capital and operating costs.
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