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SUMMARY

Western Research Institute (WRI) is developing concepts to use radio

frequency (RF) energy to remove NO and SO 2 from combustion flue gas.

Char produced from the mild gasification of coal can be heated with RF

energy to react with sulfur oxides and nitric oxide at low temperatures

and pressures using RF energy to form carbon dioxide, carbon monoxide,

elemental sulfur, and nitrogen.

Application of currently available flue gas cleaning technologies

has been restricted mainly to power plants constructed since the

enactment of the 1970 Clean Air Act. NO X emissions have mainly been

controlled through combustion modifications aimed at reducing peak flame

temperatures, whereas most SO 2 control has been through lime- or
limestone-based scrubbers. As amended clean air legislation extends

emissions restrictions to older industrial boilers, technologies that

reduce NO X and SO 2 will be desirable for boilers with high-temperature

burners (cyclone furnaces) where NO X exceeds the allowable level.

Pollution ccntrol technologies devised to retrofit older industrial

emitters must meet restrictions imposed by limited availability of space

for equipment installation and waste disposal while reducing emissions

to prescribed levels as economically as possible. The concept of using

RF energy for simultaneous removal of NO and SO 2 from a coal-fired flue

gas has several potential advantages specifically suited to the small
industrial emitter. A low-cost reactant (coal char) is used in a simple

reactor similar to a packed-column absorber. Spent reactant exits the

system as a gas with the only solid residue being elemental sulfur, and

two major pollutants are controlled with the same equipment.

Tests were conducted in laboratory-scale apparatus to determine if

coal char could be substituted for the carbon black used in previous

work and to determine scaleability, gas residence time, and power

consumption. Ali the tests in this series used coal char instead of

carbon black as the reducing agent. For most of these tests, the small

reactor used in previous work was replaced by a reactor with six times

greater volume. Tests were conducted to determine the effect of char

bed depth and microwave pretreatment of the char, and also to determine

reactant consumption when a gas mixture containing oxygen (as would a

typical flue gas) was passed through the reactor.

Results from initial testing show that NO and SO 2 can be removed

from a gas mixture using RF energy with coal char in place of the carbon

black used in previous work. NO reduction was unchanged; however, SO 2

reduction was notably different using the coal char. A larger reactor

and higher gas flow were used successfully with no increase in generator

output. Results of gas residence time calculations show that reactor
size is within the scale of other boiler system components. Power

consumption seems reasonable considering the size of the reactor used

for the laboratory-scale tests. Reactant (coal char) is consumed

through reaction with oxygen in the gas stream. Preliminary results

show that NO can be reduced without complete consl_mption of the oxygen

in the gas stream. Generation of carbon monoxide reaction products may

present problems for the proposed technology; however, further testing

may show that carbon monoxide can be lim:Lted in an optimized system.
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INTRODUCTION

Hot amorphous carbon such as charcoal and coke is an excellent and

inexpensive reducing agent capable of replacing both sulfur and nitrogen

from their oxides. These carbon forms are essentially inert when cold

but become powerful reducing agents when heated. The char formed in the

mild gasification of low-rank coals exhibits properties similar to those

of charcoal and coke, and it too is an excellent low-cost reducing agent

when heated. When oxygen-containing gases such as NO and SO 2 contact

hot char, the carbon in the char rapidly captures the oxygen from the

gas forming carbon monoxide or carbon dioxide. The generalized
reactions are listed below.

C + 2NO .... > CO 2 + N 2 AH a = -115.65 kcal/g.mole (1)

C + NO .... > CO + 1/2N 2 AH R = -53.02 kcal/g-mole (2)

C + SO 2 .... > co 2 + S AH a = -23.09 kcal/g.mole (3)

2C + SO 2 .... > 2C0 + S AH R = 18.12 kcal/g.mole (4)

A major problem with the use of hot carbon as a reducing agent for

cleaning flue gas is the difficulty associated with keeping the carbon

hot. Flue gas cleaning equipment is generally installed after the final

heat exchanger where the gas temperature is relatively low. The large

quantity of flue gas from a typical coal-fired boiler will rapidly

remove heat from the carbon bed, thus, quenching the reduction

reactions. Heating the flue gas to the temperature necessary for the

reaction is impractical. A method of heating the carbon bed without

heating the gas stream is needed to clean flue gas using carbon as a

reducing agent.

High-frequency electromagnetic waves (RF energy in the industrial

microwave band) can be used to heat the carbon bed without heating the

gas stream, much like a kitchen microwave can heat food without heating
the air in the oven. Carbon is an excellent absorber of microwave

energy. When RF energy is applied to coal char, the char absorbs the

energy, and the surface temperature increases very rapidly. The unique

ability of RF energy to selectively heat substances such as carbon

combined with the ability of coal char to act as a reducing agent when

heated may provide a simple, clean, and economic technology for removing

NO X and SO 2 from the flue gas of coal-fired boilers.

RESEARCH STRATEGY

Pollution control technologies must be evaluated in terms of

practicability and energy conservation (Hesketh 1979) as well as the

ability to reduce emissions to the prescribed level. A great many

processes have been proposed for removing sulfur dioxide from flue

gases, but relatively few have been commercialized. To be commercially

successful, flue gas cleaning technologies must be capable of reducing

emissions to prescribed levels with minimal capital and operat_ "7 costs.
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Factors such as space requirements, reliability of operation,

consumption and cost of reactants, and disposal of cleanup residues must
also be considered.

NO X control in the United States has generally been accomplished

through combustion modification. Basically, NO X reduction has been

achieved by lowering peak flame temperatures, decreasing combustion gas

residence time at peak flame temperature, and limiting availability of

reactants by using minimum excess combustion air (Wark and Warner 1981).

In some combustion processes, it may not be feasible for various

reasons to use direct combustion controls to meet desired NO X emissions

levels. For example, cyclone furnaces require high operating

temperatures to maintain the molten slag layer upon which much of the
combustion occurs. Since the enactment of the Clean Air Act in 1970,

emissions of NO X from new sources have been restricted. Combustors

constructed since that time have generally incorporated low-NO X burner

configurations capable of meeting NO X emissions limitations without flue

gas treatment.

As emissions restrictions are extended to cover older boilers,

control of NO X emissions by flue gas treatment will become necessary.

Emissions control technologies that can simultaneously reduce SO 2 and

NO X will be of great value for boilers with high-temperature burners

where NO x and SO 2 production both exceed applicable emission standards.

There is considerable and current need for flue gas cleaning

technologies that can meet the stringent space and waste disposal

limitations common to many of the older coal-fired industrial boiler

installations in the United States. The concept of simultaneous removal

of NO X and SO 2 from flue gas using coal char and microwave energy seems

to have considerable potential for retrofit of older systems. As

conceived, the reaction zone will be a bed of coal char inserted between

the boiler flue gas outlet and the flue. The microwave generator can be

placed in any convenient location and energy can be transferred to the

reactor through a waveguide. The reducing agent, coal char, is

inexpensive and nontoxic. The only solid residue from the process is

elemental sulfur, which is a potentially saleable product.

With the limited funding available, a comprehensive evaluation of

the proposed flue gas cleaning technology was not possible. To best use

the available funds, the investigation was restricted to the areas that

seemed most likely tc discredit the process. Of first concern was the

use of carbon black in previous work. A low cost reactant was needed

that could replace carbon black as the reducing agent. Reactor size was

also considered as a primary factor for viability in retrofit .

applications. Consumption of reactants and energy was also

investigated.

Objective

The objective of this research was to determine technical

feasibility for future development of a process that can simultaneously

remove NO and SO 2 from coal derived flue gases using coal char and

microwave energy. Previous data obtained by WRI using a small Vycor_
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(96% silica glass with properties similar to quartz) reactor tube of
about 0.685 cm inside diameter and 0.9 cm outside diameter show that NO

and SO 2 can be effectively reduced using RF energy and carbon black.

Results from previous tests using carbon black are presented graphically

in Figures 1 and 2.

The use of hot carbon to reduce NO was investigated by Bedjai et al.

(1958), who heated granular activated carbon in an electric furnace and

passed a gas stream consisting of NO and He through the bed. Results of

these tests show that near 100% reduction of NO is possible at carbon

surface temperatures of about 600°C (1112°F). Previous work at WRI has

shown that this reaction can be carried out using microwave energy and

carbon black in place of the electric furnace and activated carbon.

This preliminary investigation was designed to evaluate the concept

of using coal char and microwave energy for removing SO 2 and NO from

flue gas. The concept was evaluated in terms of reactor size, power

requirements, and reactant consumption. These criteria are among the

most important when determining the potential viability of flue gas

cleaning technologies. To evaluate the proposed technology in these

terms, tests were conducted to determine:

• ability to use coal char in place of carbon black

• scaleability of the small system

• gas residence time

• approximate power requirements

• selectivity of reduction reaction

Equipment

Tests were conducted in a reactor consisting of a Vycor_ tube, with

an inside diameter of 1.64 cm and an outside diameter of 1.9 cm, or in a

smaller Vycor_ tube, with an inside diameter of about 0.68 cm and an

outside diameter of 0.9 cm. Tubes were about 61 cm long and were fitted

with connections for the gas stream at either end. The reactor tube

passed vertically through an axial travelling wave applicator (Metaxas

and Meredith 1983) consisting of two WR284 mitre bends fitted with

cutoff waveguide chokes on the outside radius of the bends. Figure 3

shows the applicator details.

Microwave power was supplied by a Cober model S6F industrial

microwave generator capable of supplying 6 kW of RF energy at a

frequency of 2.45 GHz. The generator output was connected via a WR284

waveguide to a 60-dB directional coupler, an impedance matching tuner,

the above described applicator, and another 60-dB directional coupler

then finally to a water-cooled load, where the remaining energy was

dissipated. The directional couplers direct a small portion (1 x 10 -6)

of the energy in _he waveguide to Hewlett-Packard model 478A thermistor

mounts and Hewlett-Packard 432A power meters, thus, allowing for

measurement of the power transferred through the waveguide. The first

coupler measured the power that was reflected back to the generator.

The second measured the power dissipated in the water-cooled load.
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Gas was supplied to the top of the reactor tube, which passed

vertically through the microwave applicator. Bottled gas composed of

2010 ppm NO (balance N2) and 1.55% SO 2 (balance N2) was from Scott

Specialty Gases and Matheson, respectively. Gases were mixed through

mass flow controllers with additional N 2 added as needed to bring
concentrations of reactants to desired levels. Gas from the outlet of

the reactor was analyzed using a Meloy model NA510-2 chemiluminescence

NO X analyzer, MSA 4000 oxygen analyzer, and a Hewlett-Packard 5840A gas

chromatograph with a flame photometric detector. The Meloy analyzer was

used for NO X analysis, and the 5840A gas chromatograph was used to

measure SO 2. Figure 4 shows a typical reactor system configuration.

Experimental Conditions

Char produced b_ the mild gasification of subbituminous coal from

the Eagle Butte mine near Gillettu, Wyoming, was used as the reducing

agent in all tests. The char used was produced in run 115 (MG 115) in

WRI's 100-1b/hr mild-gasification reactor. Table 1 lists the proximate

and ultimate analyses of this char. Char for all but one of the tests

was pretreated in the microwave reactor system by heating for about four

minutes in the radio frequency (RF) field until gas evolution became

negligible. One test was conducted with char that was not pretreated to

determine the effect of pretreatment on the reaction.

Table I. Proximate and Ultimate Analyses of MG 115 Char

wt %

Proximate

Volatiles 20.5

!! Fixed Carbon 71.9
tl

Ash 7.5

Ultimate

Carbon 76.7

Hydrogen 2.5

i Nitrogen 1.2

Sulfur 0.4

! Oxygen (direct) 11.7

Gross Heating Value,

Btu/lb 12,320

For pretreatment of the char, the Vycor_ reactor tube was fitted

with a small screw conveyor at the bottom and a hopper and valve at the

top. Char was heated in the reactor with a generator power output of

about 500 W. Char pretreatment was intended to be a continuous process;

however, the strong gas evolution upon heating in the RF field carried

the char out of the reaction zone. Pretreatment was accomplished in a

semibatch process. The char in the reactor was exposed to the RF field

i for four minutes. The generator was then shut off while the char was
removed by the screw conveyor and the reactor refilled with fresh char

from the hopper. This process was repeated until all the char in the

hopper had been pretreated.
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The first test was conducted to determine the effects of scaling up

the size of the reactor and substituting coal char for carbon black.

Previous data were obtained using carbon black in a Vycoro reactor tube
with an inside diameter of 0.69 cm and cross-sectional area of 0.37 cm 2.

Pretreated coal char was substituted for the carbon black used in

previous work and the 0.69 cm reactor tube was replaced by one with an

internal diameter of 1.64 cm giving a cross-sectional area of 2.13 cm 2,

or 5.76 times that of the smaller tube. The length of the reaction zone

was unchanged, so reactor volume was also increased by a factor of 5.76.

Th_ larger reactor tube was the biggest tube compatible with the

applicator system being used.

The 1.64-cm reactor tube was filled with char from MG 115 that had

been pretreated with microwave energy. The char was placed on a plug of

glass wool situated in the reactor tube so that it was just below the
bottom choke with the tube inserted in the RF applicator. This

configuration gave a char bed about 48.25 cm deep.

Generator power output was set at 400 W, as it was in the previous

tests using carbon black. The tube was swept with 2010 ppm NO (balance

N2) at 236 cm3/min. This sweep rate was about 9.5 times greater than
the rate (24.9 cm3/min) used in the previous tests with carbon black.
NO concentration was measured in the outlet gas stream. Only NO

reduction was tested because of the greater ease of using the online

chemiluminescence analyzer.

The various stable gaseous oxides of nitrogen are commonly grouped

together under the generic formula NO X. The oxides of nitrogen in the

flue gas from a steam power plant typically will be 90% NO with the

balance as NO 2 (Wark and Warner 1981). Controlling NO emissions can

reduce NO X by 90%, thus, the use of NO for these tests.

Another test was conducted to determine if the microwave

pretreatment step was necessary. The conditions and apparatus were
identical to those used for the first test, except that the reactor tube

was filled with untreated MG 115 char. The RF pretreatment

(devolatilization) of the char requires a higher power (about 800 W

generator o_tput) to initiate the reaction. Once the reaction begins,

the generator output can be reduced, and the devolatilization then

continues at about 500 W generator output. By not supplying the initial

higher power level, devolatilization can be avoided. This allows us to

compare NO reduction on treated and untreated char.

A test was conducted to determine the effect of bed depth on NO

reduction in the microwave field. The conditions and apparatus used

were identical to those used in the first test, except that bed depth

was reduced. The glass-wool plug that supports the char bed was moved

up the tube to about 28 cm above the bottom choke. Char pretreated with

RF was placed on the glass wool to create a bed depth of about 5.0 cm.

Gas flow rate and generator power output were the same as in the test

with the deeper bed.

A test was conducted to determine the approximate amount of RF

energy required to heat the char to where it would react with NO. A

1.64-cm-i.d. Vycor8 reactor tube was modified by heating the tube and

9

, , ,, i_ , , ,



forming four radial dimples by pressing a stylus against the softened

tube. The four dimples created a perforated shelf to support the char

bed. A bed of pretreated char about 5.0 cm deep was placed on the

shelf. The tube was raised to where the entire bed was above the top
choke and, thus, not exposed to the microwave energy.

The generator output was set at 400 W; the tuner was set to minimize

reflected power; and the power going to the water-cooled load and

reflected back to the generator was measured with the empty tube in the

applicator. The reactor tube was then lowered to place the bed support
about 28 cm above the bottom choke. This moved the char bed into the RF

field. Powe_ to the load and reflected power were then measured again

after resetting the tuner to minimize reflected power. The sum of the

power to the water-cooled load and the power reflected to the generator

with the char in the RF field was then subtracted from the same sum with

the empty tube in the field. The difference is approximately equal to
the power absorbed by the char.

The flue gas from a typical power plant will contain oxygen.
Combustion air in excess of that required for stoichiometric conversion

il of the fuel is generally required to limit the formation of excess

carbon monoxide. Because the concentration of oxygen in the flue gas is

much greater than the concentration of NO X and SO2, reducing agents that
!

i can selectively react with NO X and SO 2 without reacting with oxygen are

1 preferred. Selective reduction processes will minimize the amount of

! reactant required. In nonselective reduction reactions, the excess

oxygen must be consumed first. This consumes a substantial portion of

the reducing agent for no useful purpose (Wark and Warner 1981).

Several tests were conducted to determine the effect of flue gas

oxygen on the proposed process for simultaneous NO/SO2 removal. The

tests with oxygen were conducted in the 0.69-cm-i.d. reactor tube. The

generator, tuner, directional couplers, power meters, applicator, and

water-cooled load were all configured the same as for tests using the
larger (1.64-cm-i.d.) reactor tube.

Bottled gas containing SO 2 and NO was mixed with bottled air through

ass flow controllers. This produced a composite gas of approximately
.129% SO2, 0.041% NO, and 3.4% 02 with the majority of the balance

being N 2. The concentration of minor constituents in the air was

ignored in determining the approximate concentrations of reactants in

the mixture. This gas mixture was exposed to various levels of RF power

in the reactor tube filled with char. The product gas was analyzed
using the Meloy chemiluminescence analyzer for NO X and a Hewlett-Packard

5840A gas chromatograph with a flame photometric detector for SO 2.

A test was conducted in the small reactor tube using a gas composed

of NO, N2, and air. The resulting mixture contained about 5% 02 and 440

ppm NO with the balance being mainly N2. The product from the reactor

outlet was analyzed using the Meloy NO X analyzer and a MSA 4000 oxygen

analyzer. The gas mixture was exposed to increasing levels of RF energy
in the reactor, and concentrations of NO x and 02 were measured at the

various generator power output levels. NO concentrations were measured
as NO X to make certain that NO was reduced and not oxidized.



RESULTS

The tests conducted to determine scaleability of the proposed system

show that the initial scaleup of the process presents no problems and

that NO reduction can be accomplished using coal char as the reducing

agent. Increasing the cross-sectional area and volume of the reactor by

5.76 times did not affect system performance. The generator power

output was not increased above the level used in the smaller reactor,

and NO was completely removed. Inlet NO concentrations were increased

by a factor of about 3.6 (from 550 to 2010 ppm) and converted

successfully with no increase in generator output. Gas flow rates of
about 10 times the rates used in the small-scale tests were successfully

treated with no increase in generator output. No significant operating

problems were _ncountered with the larger reactor. Table 2 lists the

results of the initial system scaleup.

Table 2. Results of Initial Scale-up of Proposed System

Reactor Flow, Generator Inlet outlet Bed Depth, Char

i.d., cm cm3/min Power, W NO Conc, NO X Conc, cm Pretreat

ppm ppm

1.64 236 400 2010 0 48.25 yes

0.69 24.9 400 550 0 48.25 yes

RF pretreatment of the char plays a role in the reduction reaction

upon which the proposed flue gas cleaning method is based. Only a 17%

reduction in outlet gas NO x concentration was noted when the reactor
with untreated char was run at conditions that resulted in complete

conversion of NO in an identical system using pretreated char. Table 3

lists the effect of pretreating the char with microwave energy.

Table 3. Effect of Pretreating Char in Microwave

Reactor Flow, Generator Inlet Outlet Bed Depth, Char

i.d., cm cm3/min Power, W NO X Conc, NOX Conc, cm Pretreat

ppm ppm

1.64 236 400 2010 0 5 yes

1.64 236 400 2010 1664 5 no

11
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Bedjai et al. (1958) report that carbon with a high surface area was

able to reduce NO at lower temperatures than lower surface-area carbons.
The relative surface areas of the treated and untreated char were

compared by measuring the amount of SO 2 that each could adsorb (Brown et

al. 1972). Adsorption tests conducted at WRI show untreated char

adsorbed 6.9% of its weight of S02, whereas the treated char adsorbed

9.6 % of its weight (both at room temperature). The increased rate of

sulfur sorption is indicative of increased surface area for the treated

char and may, at least partially, explain the need for pretreatment of
the char.

A shallow char bed about 5 cm deep was as effective as a 48.25-cm

deep bed for NO reduction. Residence time in the 5-cm bed was

calculated by dividing the reactor volume by the gas flow rate. The
void fraction of the char used was about 40%. Gas residence time in the

char bed was calculated at 1.1 seconds. Table 4 gives the results of

tests conducted with two different bed depths. No other bed depths or
flow rates were tested.

Table 4. Effect of Char Bed Depth

Reactor Flow, Generator Inlet Outlet Bed Depth, Char

i.d., cm cmZ/min Power, W NO X Conc, NO X Conc, cm Pretreat

ppm ppm

1.64 236 400 2010 0 48.25 yes

1.64 236 400 2010 0 5 yes

Using the gas residence time determined for the 5-cm deep char bed,

the reactor size needed to clean the flue gas from a pulverized coal-

fired boiler generating 360,000 pounds of steam per hour was calculated.

Assuming 1.25 pounds of flue gas per pound of steam per hour (B&W Steam

1955), a pulverized coal-fired boiler generating 360,000 lb/hr of steam

will produce 450,000 1b/ht of flue gas. With a stack temperature of

425°F (218°C), the flue-gas volume will be 10,000,000 ftZ/hr or 2777.8

ft3/s. Using a coal char with a void fraction of 40%, a 7638-ft 3

reactor will be needed for this steam generator. To fit inside the

14.5-ft-diameter flue of this steam generator, the bed depth necessary

to obtain 1.1 seconds of gas residence time is 46.25 ft.

Configurations of this reactor, not restricted to fitting inside the

existing flue, are within the scale of other components of this steam

generator. For example, a 30-ft-diameter reactor with a 10-ft bed depth

will give sufficient gas residence time. Considering that the minimum

residence time may be lower than the residence time determined by this

particular test, preliminary indications are that reactor size should be

acceptable for a flue-gas cleaning system based upon this concept.

However, it remains to be determined if such a large char bed can be

effectively heated with RF energy.

12
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The axial travelling-wave applicator was not very efficient for this

application; thus, only a small fraction of the generator output was

actually used to heat the char. With this material and applicator

system, most of the energy was dissipated in the water-cooled load.

Table 5 lists the results of a test that compares the power dissipated

in the water-cooled load and reflected back to the generator when an

empty reactor tube and a tube containing a 5-cm-deep bed of coal char

were inserted in the RF applicator. Considering the very small size

and, thus, large surface area-to-volume ratio of the uninsulated

reactor, energy consumption does not seem unreasonably high. In an

actual application of this technology, heat losses will be much lower,

and heating of the char by contact with the hot flue gas should reduce

RF energy requirements.

Table 5. Power Absorbed by Char in RF Reactor

Power at Load, W Reflected Power, W Total, W

Blank Tube 410 39 449

Tube with Char 390 41 431

Difference 20 -2 18

Power Absorbed 18

The reduction of NO/SO 2 by char in an electromagnetic (RF) field is
a non,selective reduction reaction. Table 6 lists the results of tests

with about 3.5% oxygen added to the gas mixture. With the gas mixture

containing NO and SO2, an NO reduction of about 78% was attained. The

lack of SO 2 in the product gas is probably a result of adsorption by the

char. As noted earlier, this char can adsorb 9.6% of its weight in SO 2.

The 10 g of char in the tube will adsorb 0.96 g of SO 2. With the flow

and SO 2 concentration used in this test, it takes many days to fully

saturate the char with SO2; therefore, the results for SO 2 reduction are
inconclusive.

Table 6. NO/SO 2 Reduction in Gas Containing 3.49% Oxygen

Generator Inlet Inlet Outlet Outlet

Power, W SO x Conc, NO x Conc, SO 2 Conc a NO x Conc,
ppm ppm ppm

200 1282 412 0 200

300 1282 412 0 90

400 1282 412 0 150

0 1282 412 0 412

a SO 2 reduction probably due to adsorption
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In previous work, higher generator power and a carbon black made by

methane decomposition were used to obtain the results (shown in Figure

2) that initiated the concept of using coal char and RF energy for flue-

gas cleaning. The carbon black used in previous tests apparently was

not well-suited for SO 2 adsorption; although, it was still an active

reducing agent when heated in the RF field.

Because of the uncertainty introduced by the apparent adsorption of

SO 2 on the char, a test was conducted with a 5-cm bed of coal char using
NO and air. The results of this test are listed in Table 7. The

analyzer readings of outlet gas composition were unsteady at 200 W of

generator output; thus, the results at this power level are presented as

a range of analyzer readings. At 200 W generator output, varying

amounts of reaction between the char and the 02 were detected by the

oxygen analyzer. NO reduction also varied considerably.

Table 7. NO Reduction in Gas Containing 5.7% Oxygen

Generator Inlet Inlet Outlet outlet

Power 02, % NO, ppm 02, % NOx, ppm

200 5.5 413 0.2-3.5 20-120

300 5.5 413 0 0

At 300 W of generator output, both 02 and NO were absent in the

product gas indicating that the char reacted with both the oxygen and

the NO in the gas stream. Heat from the reaction between 02 and the

char may, at least partially, explain the lower generator output needed

for complete NO reduction when oxygen is present in the gas being
treated.

Having determined that the char will react with flue gas oxygen,

char consumption was calculated for a typical bituminous coal with the

following as-fired proximate analysis :

moisture 12%

volatile matter 25.8%

fixed carbon 46.2%

ash 16%

Btu/ib 10,900

For this coal, the theoretical combustion air is approximately 8.25 Ib

air per Ib coal. Twenty percent excess air will give 0.38 ib of flue

gas 02 per ib of coal burned; and 0.38 ib of 02 will react with 0.14 ib

of carbon to create 0.52 ib of CO 2. Thus, under conditions resulting in

complete reaction of the flue gas oxygen producing only CO 2, 0.14 ib of

carbon will be consumed for each pound of this 10,900-Btu/lb coal.

After removing the remaining volatiles in the RF pretreatment step, the

char used for these tests was 90.5% carbon. Therefore, 0.15 ib of char

will be consumed per ib coal burned, assuming that all the flue gas

oxygen reacts with carbon to form CO 2.
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If the coal contains 2.5% sulfur, an additional 0.009 Ib of carbon

(0.01 ib of char) will be consumed to remove the SO 2 from the flue gas.
An even smaller amount of char will be consumed in the NO reduction.

Provided that the reaction only produces CO2, S, and N2, char

consumption with complete reaction with flue gas oxygen will be 0.16 ib

of char per ib of coal burned. Reduction of excess combustion air will

result in nearly proportional reductions in char consumption.

Most likely, the product will be a mixture of CO, CO2, S, and N 2. A

greater proportion of CO in the product mixture suggests increased char

consumption. Char consumption can be as high as 0.32 ib char/lh coal

fired when only CO, S, and N 2 are produced.

An inexpensive coal char or some form of heat recovery from the

reaction of C + 02 will be necessary if the char consumption from this
reaction cannot be minimized in an optimized reactor configuration. It
should be noted that one test showed a 71% NO reduction with 36% of the

02 reacting with the char. The reaction of char with 02 accounts for

the majority of the char consumption, and minimizing it will

significantly improve the economics of the proposed flue gas cleaning

concept. The formation of CO can also present a problem unless it can

be minimized or reburned in an optimized reactor system.

CONCLUS IONS

This investigation examined the feasibility of an electromagnetic

concept for simultaneous NO/SO 2 reduction in terms of reactant cost,

reactor size, and approximate power consumption. Results from previous

work suggested that some simple inexpensive tests in these areas might

well discredit the concept and eliminate the need for more rigorous and

expensive research. For example, reactant cost in a system based on

carbon black is excessive; therefore, if carbon black can not be

replaced with a less expensive reagent, other factors are only of

academic interest. We did not attempt to study reaction kinetics or

investigate areas that require optimization of the process to obtain

meaningful results.

We found that coal char can be used as an inexpensive replacement

for the carbon black used in previous work. The small system used in

previous work was scaled up by a factor of about six with no increase in

generator power output. Power consumption was reasonable for a reactor

of this size. The coal char was found to react with oxygen, but NO

reduction was accomplished without complete removal of oxygen from the

effluent gas stream, indicating that the reduction reaction may be at

least partially selective.

The size of a reactor needed for a typical industrial boiler was

found to be within the scale of other boiler system components.

However, heating a static carbon bed of the size calculated is not

possible with RF energy of the frequency used in the laboratory tests.

A fluidized bed or lower frequency RF energy may solve this problem, but
that remains to be determined.
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The concept merits further investigation, particularly in terms of

energy and reactant consumption. Results of testing on SO 2 reduction
were inconclusivQ, and further work will be needed in this area as well

as in the area of minimizing CO production. Testing to determine if

there is an advantage in heating the char with RF energy instead of some

more conventional heating method will be valuable.
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