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Abstract

Two properties of energetic electrons in gas, their high

specific ionization and their production of radicals and other

chemically active specie, have promising applications to the clean-

up of flue gas from coal combustion. The copious ionization has

been used in a test particle charger to electrically charge 1 and

3 um particles for subsequent removal by electrostatic precipita-

tion. Particle charges greater than 5 times the theoretical ionic

charging value for 1 pm particles have been observed in a bi-elec-

trode electron beam precharger in which the beam energy is matched

with the electrode spacing. In another test device, pulsed stream-

er coronas have been used to release and to energize electrons

which promote gas phase chemical reactions and remove sulfur di-

oxide from humid air with high efficiency. The energizta electrons

produce oxidant radicals and chemically active specie which convert

the SO into sulfuric acid mist. While reported separately here,

the two applications of energetic electrons may be amenable to

combination in an integrated system for the combined treatment of

flUe CONF-8410444—

1. Introduction DE86 015266

Practical use has been made of energetic electrons in electro-

static precipitators for many decades (White, 1963). Energetic

electrons are produced in the corona discharge of a conventional

electrostatic precipitator and produce the necessary charging

current by ionization of the gas. In the usual case of negative

working polarity, the electrons leaving the corona discharge slow

down and attach to electronegative molecules which in turn collide

with the particles and deposit charge. Under certain conditions,

electrons can remain unattached or repetitively attach and detach
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so that they continue to be energized in an electric field (Penney,

1957; Shale, 1967; .bard, 1982; Dubard, 1983). TJK ,-urrent in-

terest in free electron charging aside, the operation of conven-

tional electrostatic precipitators is adequately understood in terms

of corona discharges which contain energetic electrons (Oglesby, 1978).

Electron beauts with energies considerably higher than those in

corona discharges are available from commercial electron beam sources

and these beams are used in a variety of industrial applications.

Projects on the electron beam treatment of flue gas from coal com-

bustion now span an energy range of approximately 10 eV to about

1 MeV. Two properties of energetic electrons in gas are utilized:

the high specific ionization and the promotion of radiochemical

reactions by the production of oxidant radicals and molecular ex-

citation. Two applications of energetic electrons are reported

here: the development of an electron beam particle precharger

which utilizes the copious ionization and a pulse energized elec-

tron reactor (PEER) for the removal of an S0_ fraction from a gas

stream.

The development of the particle precharger is based on earlier

ionization studies (Finney, 1981; Clements, 1981) which showed that

copious ionization currents were produced by beams of energetic

electrons (-1 MeV). The comprehensive assessment of electron beam

treatment for the removal of S0_ and NO began with work in Japan

(Tokunaga, 1978; Kawamura, 1981). Beams in the energy range 400-

800 keV have been used in these investigations. The promising

results garnered industrial interest and now two different com-

mercial electron beam treatment projects are underway in the U.S.

(Frank, 1984; Helfritch, 1984).

The Ebara process converts S0_ and NO into readily removable

products after the addition of NH to the flue gas (Frank, 1984).

The Research Cottrell process (Helfritch, 1984) advantageously

combines a spray dryer and electron beam treatment for the removal

of the noxious gas fractions. Electron beam sources which produce

750 keV are planned for both projects and, based on earlier experi-

ments, high removal efficiency is expected. In contrast, energetic

electrons in PEER are produced by positive pulsed corona which

sufficiently energized electrons for the radiochemical processing

with improved power efficiency and simpler equipment.
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2. Electron Beam ""-echarger

Based on a sexxes of experiments (Davis, 1978; r'inney, 1981;

Clements, 1981) a test facility (Clements, 1983) was constructed

for the assessment of electron beam precharging of coal fly ash

for use in a two-stage electrostatic precipitation system. First

experiments with the Mark I precharger confirmed the production

of ionization currents which were orders of magnitude larger than

those available in conventional precipitators. The test farther

showed that the ionization volume of the precharger test module

was too small for the lowest energy of the beam available from

the 3 MeV Van de Graaff accelerator, a minimum energy of approxi-

mately 1 MeV.

The beam ionization for an energy of 1 MeV was too much of a

good thing in the sense that a small amount of ionization took

place in the charging zone and even in the precharger exit region.

The presence of even 1% of opposite to desired polarity ion re-

duces the saturation particle charge by 20%. A match of electron

beam energy with the desired spacial extension of the ionization

zone is required. Since the precharger module and the precipita-

tor test system could not be enlarged, the system already occupied

the available laboratory space, the other choice was the construc-

tion of a low energy electron accelerator.

By reducing the beam energy the ionization zone is energeti-

cally confined so that particles in the charging region do not

encounter ions of polarity opposite to that desired. Energy-

geometry matching is schematically shown in Fig. 1. A low energy

electron accelerator was constructed which would provide such a

match given the size of the precharger module. The 100 keV accel-

erator is shown in 5ig. 2. The output current could be varied

between zero and 10 pA.

To test energy-geometry matching without the confinement of

the precipitator ductwork, two off line experiments were conducted.

In the first, a tri-electrode precharger was constructed as sche-

matically shown in Fig. 3. The beam from the low energy electron

accelerator is delivered from the left and the range of the elec-

trons is such that the ionization does not reach the grid, i.e.,

the range is less than D . The test aerosol, a suspension of PSL

particles was delivered as shown and the charge on the particles



was measured in r /a measurement device developed by Mizuno

(Mizuno, 1982).

The results of experiments with 1.1 pm diameter PSL particles

in the tri-electrode precharger are shown in Pig. 4. The satura-

tion charges computed with Pauthenier's theory are shown as dashed

lines with two values for the relative dielectric constants. The

solid data points are for air as a carrier gas. One measurement

is shown for nitrogen, the open data point. A substantial con-

tribution from free electron charging is expected when the model

gas is pure nitrogen and the data point supports the expectation

of very efficient charging by free electrons. Charge measurement

for N at higher field values were not recorded because of strong

evidence that the particles were precipitated before being sampled.

Particle charging with the triode precharger was equal or greater

than that predicted by Pauthenier's theory and in the case of

nitrogen, the charge on the particles was substantially higher.

With the energy-geometry match requirement satisfied,

there was no functional need for the grid in the off line test

precharger. The grid was removed and the device was operated as

a bi-electrode precharger in a second set of experiments (see

Fig. 5). The results of particle charging experiments in the

bi-electrode precharger using 1.1 um PSL is shown in Fig. 6.

Substantially larger particle charges were measured than are pre-

dicted by Pauthenier's theory using the average electric field,

i.e., the potential difference divided by electrode spacing. One

or more of the following reasons are responsible for the superior

performance. The effective electric field is larger than the

average electric field since the ionization zone serves as a vir-

tual cathode. There is a space charge enhancement of the electric

field as the anode is approached. Because of the expected increase

of the electric fields, there is an increase in number of free

electrons which are more effective in charging the particles.

The charge on 3 um diameter PSL particles was measured in

the bi-electrode precharger and the results are shown in Fig. 7.

Again, superior charging was observed which is presumably due to

a combination of space charge and free electron effects.

The next step will be the installation of a Mark II precharger

(see Fig. 8) in the electrostatic precipitator test system (Fig. 9)
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with the electro Seam provided by the new low energy electron

accelerator. The results of these promising expe^-roents have

been incorporated in the design of the Mark II precharger.

3. Pulse Energized Electron Reactor for the Removal of SO

Scrubbers are the most commonly used devices for the removal

of sulfur dioxide from flue gas emitted by coal-burning power

plants. While scrubbers are effective, tha capital cost and oper-

ating expense have motivated a search for alternate means of SO

control. Based on the promising results of early Japanese

experiments (Tokonaga, 1978; Kawamura, 1981), two methods cf

electron beam treatment using beams in the energy range 400-800

keV have emerged (Helfritch, 1984; Frank, 1984). While very

energetic beams provide a convenient means of delivery, it is

recognized that the energy requirement for electrons to enhance

radiochemical reactions by the production of radicals and molecu-

lar excitation is in the range of 5-20 eV. Delta rays are rapidly

produced by the very energetic electrons and these in turn copiously

produce electrons energized in the desired working range.

One alternative to the production of the desired working flux

of electrons by delta ray energization is the production and

energization of electrons in discharges. The use of DC and AC

corona for the removal of NO from flue gas has been previously

reported by Tamaki (Tamaki, 1979). Kanter (Kanter, 1984) has

reported the successful use of a discharge device in laboratory

tests of a new S0_ and NO removal system. There is in addition,

the possibility of energizing the electrons to the desired work-

ing range by means of microwave power. In all of the proposed

and ongoing means for energizing electrons for the purpose of

noxious gas fraction clean-up, the major feasibility considera-

tion is the capital cost and operating expense. A significant

part of the operating expense is the power requirement.

The need for power efficient enhancement of radiation dose

in practical applications of electron beam treatment has been

discussed by Davis (Davis, 1982). The tests of the pulse ener-

gized electron reactor (PEER) device began with dose enhancement

as an objective but as the results will show, the PEER system is

self-contained and is most advantageously used as a stand alone
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device. A more ' '-.ailed discussion of the PEER process has been

given by Mizuno (Mizuno, October, 1984).

The flow diagram of the laboratory PEER system is shown in

Fig. 10. The model gas, a mixture of air, SO (1666 ppm), and

water vapor (2.5% by volume) was introduced into.the reactor at

room temperature (22°C). The flow rate was 1.2 4/min. A pulsed

flourescent SO_ analyzer was used to measure the SO concentration.

The PEER chamber shown in Fig. 11 was designed to operate

as a self-contained PEER device, as a DC discharge treatment .

device, as an energetic electron beam reactor or with two or more

of these operating modes in combination. The chamber is a rec-

tangular plexiglass box with one end covered by a thin plastic

film which serves as a window for energetic electron beam treat-

ment of the entire chamber volume.

The pointed electrode, a needle or a rod, is mounted on

one wall with a high voltage leadthrough. Opposite is the plate

electrode which consists of a 2.5 cm diameter collecting area,

and a concentric 10 cm diameter guard electrode. A sharp needle

and a 5 mm diameter rod with a smooth tip (2.5 mm radius of curva-

ture) were used with the spacing between the electrodes set at

4 and 5 cm. The total volume of the chamber was 9.2 I. The

treatment volume of the pulsed streamer corona discharge is

assumed to be the volume of a hemisphere between the plate and

the rod electrode with a radius equal to the electrode separation.

From this the estimate of the treatment time is 6.7 seconds for

a flow of 1.2 £/min. Thorough mixing is assured by a small fan

inside the chamber.

Pulsed energization is provided by the power supply shown in

Fig. 12. The output of this supply is a voltage pulse with a

peak voltage (V ) range of 30-50 kv, a width of approximately

200 ns, and a frequency of 60 Hz. A DC bias voltage (V ) of
dc

0-50 kV can be applied.

For energetic electron beam treatment, the beam from a 3 HeV

Van de Graaff accelerator was brought out into air from vacuum

through an aluminum foil window. An electron beam energy of 1.2

MeV was used with beam current value in the range of 0.5 to 10 pA.

The results of a set of experiments are shown in Table I and

in Fig. 13. Experiment No. 9 of Table I shows the advantage of
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the PEER process ovti. other alternatives or coiribinat i of pro-

cesses. In this case the pulse peak voltage was +45 kV and the

DC bias was +20 kV. A comparison of the power requirements is

given in the last two columns. The PEER system is at least three

times more power efficient than the very energetic electron beam

treatment in experiment No. 9. The details of the power analysis

have been reported by Mizuno (Mizuno, 1984). In Table I, experi-

ments No. 1-7 were performed with rod and plate electrodes while

experiments No. 8-11 were for a needle and plate geometry.

Because the pulses are of short duration, a peak voltage can

be delivered which is significantly larger than the voltage for

DC breakdown. The short pulse duration yields a large power

efficiency since the ions do not move significantly during the

pulse and negligible energy is wasted on their migration. The

pulses are sufficiently long to energize the electrons which

produce the radicals.

A comparison of the results is graphically shown in Fig. 4

which refers to the experiment numbers in Table I. The advantage

of the PEER device is show: by the low value of the penetration

in experiment No. 9 for which no energetic electron beam was used,

i.e., no accelerator was used.

4. Discussion

Since the electrons produced in the positive pulsed streamer

corona are of sufficient energy to both ionize the gas and en-

hance radiochemical reactions, the possibility of a combined treat-

ment for the removal of SO , NO and particulate matter in an

integrated system is being investigated. In a separate experiment,

dust particles were introduced into the gas stream to better model

a flue gas. When the collecting electrode was covered with a high

resistivity layer, the particle collection efficiency for pulse

streamer corona operation was better than that using a DC voltage

only (simulating a conventional electrostatic precipitator). The

details of the experiment on the combined removal of SO_ and par-

ticulate matter will be reported separately by Mizuno (Mizuno,

November 1984).



5. Conclusions

1. Superior particle charging has been achieved in a labora-

tory electron beam precharger in which the beam energy is

matched to the design ionization zone.

2. A pulsed energized electron reactor (PEER) has readily

removed more than 90% of the SO from a test gas stream.

3. The ionization of gas and the enhancement of radiochemical

reactions by energetic electrons may be arranged in an

integrated system for the combined removal of SO-, NO

and particulate matter.
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TABLE I

SO REMOVAL RESULTS

No. Treat-
ment
Combi-
nation

EB
Current
(PA)

P

(kV)

V
dc

(kV)

total

(PA)

SO Pene-
tration

Deliv-
ered
Power
(W)

Equiv-
alent
EB Power

(W)

1

2

3

EB

EB

EB

1.0

5.0

10.0

92

46

22

0.07

0.34

0.68

4

5

+V

+V +dc
P

+45

+45 +20

+5

+8

30

15

0.23

0.28

0.58

0.91

6

7

EB+V
P

EB+dc

5.0

5.0

+45

+33

+5

+115

25

36

0.57

4.14

0.65

0.49

8

9

10

11

+dc

+V +dc
P

-dc

-Vp-dc

+45

-45

+30

+20

-50

-20

+26

+10

-125

-4

78

6

54

45

0.78

0.31

6.25

0.07

0.13

1.34

0.30

0.38

No. 1-7 Rod to plate electrode
No. 8-11 Needle to plate electrode
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