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ELECTRODELESS PLASMA TORCH APPARATUS AND METHODS
FOR THE DISSOCIATION OF HAZARDOUS WASTE

Background of the Invention
This 1nvent1.on relates to the destruction of

hazardous waste and, more particularly, to the
destruction of hazardous waste using an electrodeless
radio frequency (RF) 1nduct1vely coupled plasma torch.

A major problem fac:mg modern society 1s the

.dlsposal of tox1c waste materlals in a manner which

mlnlmlzes harmful effects on the emrn.ronment An

]1dea1 waste dleposal system 1s one which is capable of

reducz.ng hazardous ‘waste to compounds sultable for

 env1ronmenta1 dlsposal o Such sultablllty is, of

o course, def:x,ned :m terms of acceptable levels of

- 25

' -.pollutlon ae determlned by a variety of regulatory

“agen01es.-

Tradltlonally, hazardouS'waste dlsposal has taken

the form of dlrect bur1a1 in land fills, or thermal

30

.proceselng of the waste, followed by burial of the
) solld res:z.due, and release to the atmosphere of ‘the

_ '--.'.volatlle re31due. . None of these approaches have proven

acceptable, due to the fact that the materlals released

. _‘~to the env::.ronment remaln as unacceptable sources of

35

pellutlon.f_

A number of attempts have been made in the prior

art to destroy waste material using direct current (DC)

" arc dlscharge type plasma torches. One such attempt is
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disclosed 1in Boday, et al. U.S. Patent No. 4,438,706.
Thlis reference teaches the use of a DC arc discharge
plasma torch in combination with an oxidizing agent for
the thermochemical decomposition of certain types of
waste material. The torch gas 1is air, and the waste
material in vapor form is introduced along with oxygen
downstream of the plasma arc generator, where 1t 1s
heated by the torch gas.

In Faldt, et al. U.S. Patent No. 4,479,443, there
is disclosed the use of an arc discharge plasma torch
to thermally decompose waste material. Waste material
in the form of solid particles must be introduced
downstream of the arc to avoid fouling of the torch as
a result of particle adherence. O0xidizing agents such
as oxygen and air are nmixed with the waste either
before, during. or after the waste 1s heated by the
torch gas. Sufficient oxidizing agents are required for
the complete oxidation decomposition of the waste

material. , .
In Barton, et al. U.S. Patent No. 4,644,877, there

- is disclosed the use of a DC arc plasma burner for the

- 25

pyrolytlc decomp051t10n of waste. An organic fluid is
used to start and stabilize the plasma arc, and annular
electromagnetlc field coils are used to collimate the

plasma, and a hlgh pressure air supply is used to spin

the arc. PrOVlSlOI'lS_ are made for feeding waste

material dOWnstr,eam of the arc electrodes to prevent

~interference with the formation or generation of the

30

35

plasma arc. 'I'he reference teaches away from the use of
an inert gas to lnltlate or sustain the plasma, on the
basis that such a burner is only suitable for 1low
temperature applications. A reaction chamber following
t.he burner is used to combine gas and particulate

matter, which is quenched and neutralized with an

 alkaline spray. A mechanical scrubber 1s used to

separate gases, which are withdrawn using an exhaust

fan.
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Chang, et al. U.S. patent No. 4,886‘,001, discloses
what 1s described as an improvement over the above-
discussed system of Barton, et al. The improvement is
the use of water or methanol in place of a miscible
mixture of a solvent of MEK and methanol for combining
with waste materials comprising PCBs prior to
introduction into the DC arc type plasma torch, and the
use of pure oxygen instead of ailr as the torch gas.
The object of these changes 1is to increase the waste
processing rate. Also disclosed is the use of a solid
separator which employs' a partial vacuum to separate
carryover gases.

The prior art plasma waste decomposition systems
suffer from a var.iety of shortcomings which have
prevented  their widespread use in commercial
applicaticns.' One shortcoming results from the fact
that the waste material.generally cannot be introduced
directly into the plasma arc because such introduction
causes contamlnatlon of_' the arc electrodes and

_subsequent erratlc Operatlon of the arc. Thus, the

waste materlal 15 1ntroduced downstream of the arc an

.1s 1nd1rect1y heated by the torch gas. This technique

25

shortens the hlgh temperature residence time of the
waste materlal resultlng in 1ncomplete decomposition.
Further ' the performance of the arc 1is highly

. sens:t.tlve to the waste and carrier gas flow rate.

Thus, the flow rates must be confined within narrow

B limits, J.ead:mg to dlfflcultles in controlling and

30

maz.ntalnlng system performance. Arc electrode erosion
with wuse further ' complicates the maintenance,
operation, stablllty and safety of the system. Small

 scale operatlon of 'DC arc plasmas is also very

'.:mefflcn.ent due 1in part to the minimum gas flow rate
- and electrlc power requlrements needed to strike and

sustaln the arc. Scallng the prlor art systems for

'operatlon at d:i,fferent waste throughput levels and with

- a varlety of waste materials has proven to be
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difficult, requiring major system configuration changes
vhich are expensive to accomplish.

Additionally, the need for organic, oxidizing,
and/or reducing agents to be combined with the waste
material in the prior art systems often results 1n
highly undesirable
compounds in the waste residue.

In summary, none of the prior art systems have
provided a method of reducing hazardous waste to
compounds suitable for environmental disposal,

summary of the Invention
A system and method are provided for the

destruction of hazardous waste material using an
electrodeless inductively coupled RF plasma torch. The
waste material is combined with a controllable source
of free electrons, and the RF plasma torch is used to
excite the free electrons, raisihg their temperature to
3000°C or more. The electrons are maintained at this

. temperatu're for a sufficient time to enable the free

electrons to dlSSOClate the waste material as a result
of colllslons and ultrav:l.olet radlatlon generated 1in
s:l.tu by electron-molecule colllslons. ‘I'he source of
free electrons 1s preferably an inert gas such as
argon, wh;l.ch may be used as both the waste material
carrler gas and the torch gas. |

In one embodlment of the invention, the plasma
torch 1nc1udes a chamber formed by an insulating
cyllndrlcal wall and haV1ng an inlet adjacent one end
thereof for the introduction of the waste material and
the source of free electrons, and an outlet adjacent

the other ehd the'reof for the removal of the

.dlssom.ated waste material. An antenna 1s disposed

around the circumference of and extends a predetermlned

" length of the chamber, and 1is cormected to a radio

frequency .(R’F)' power source. The antenna is in the

form of a tube wound around the chamber circumference
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as a first helix and a second helix, beth coaxial with
the chamber axis, where the first helix is wound in a
first direction and extends from a first point adjacent
the one end of the chamber to a second point adjacent
the center of the length of the chamber, and the second
helix is wound in a second direction opposite the first
direction and extends from a third point adjacent the
center of the length of the chamber to a fourth point
adjacent the other end of the chamber. An output
terminal of the RF power source 1s connected to the
first and second helixes adjacent the second and third
points, and the first and second helixes are connected
to ground potential adjacent the first and fourth
points. The antenna may be positioned 1internal or
external of the chamber wall. In the configuration
where the coil is positioned inside the chamber wall,
the wall may be formed of a metal such as stainless
steel. .

In another’embodiment, the antenna is in the form
of a plurallty tubes, each formed as a curved
rectangle, where the long sides of each rectangle are
substantlally parallel W1th the chamber centerline.
The short sides of each rectangle curve around the

chamber wall for a predetermined number of

_'c:l.rcumferentlal degrees, ‘and the ends of each tube

extend subc;tantlally - parallel outward from the

- rectangle at a point substantlally in the middle of one

30

long side of the corresponding rectangle. This antenna

conflguratlon - may be positioned external to the
1nsulat1ng chamber wall or internal to a stainless
steel chamber wall, .

A centrifuge separator is provided which
communicates 'With ‘the - Chamber outlet for separating

- heavy elements from the dissociated waste material.

35

The centrifugeemploys electrostatic, magnetostatic and
electromagnetic forces to spin the dissociated waste

" material, causing heavy elements to separate therefrom.
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A scrubber is also provided which commuﬁicates with the
separator for neutralizing the dissoclated waste
material which has been separated from the heavy
elements.

A rotary kiln is provided which communicates with
the chamber inlet for volatizing the waste material
prior to its introduction into the chamber. A
precipitator 1s connected between the kiln and the
chamber inlet for separating from the volatized waste
material solids having particles which exceed a
predetermined size, and for diverting such particles
from the chamber inlet.
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Brief Description of the Drawings
FIG. 1 is a block diagram showing the overall

system employing the RF plasma torch for dissociation
of waste in accordance with the teachings of the
invention;

FIG. 2 is a schematic diagram showing the details
of construction of the plasma torch of FIG. 1;

FIG. 3 1is a graph showing the profile of the
ponderomotive potential generated by the plasma torch
of FIGC. 2, as a function of the distance from the
centerline of the chamber used to contain the plasma;

FIG. 4 is a schematic diagram showing an alternate
antenna configuration for use in the interior of the
chamber used in the plasma torch of FIG. 1; ‘

FIG. 5 is a cross-sectional diagram taken along
the line 5-5 of FIG. 4 and showing the interior chamber
placement of the antenna of FIG. 4;

FIG. 6 is a cross-sectional diagram taken along

the line 6-6 of FIG. 4 and showing the details of

construction of antenna feed-through ports for use with
the antenna.COnfiguratiOn.of FIG. 4; and

,FIG;.7'isaschematic diagram showing the detaills
of the centrifuge separator used in the system of
FIG. 1.
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Degscription of the Preferred Embodiments
Referring to FIG. 1, there is shown a block

diagram of a hazardous waste destruction system 10
constructed in accordance with the pfesent invention.
The system 10 1is configured to process both solid and
liguid waste materials. Typically, although not
necessarlily, the waste is non-homogeneous, i.e., 1t 1s
composed of different chemical compounds or substances,
rather than a single chemical compound or substance.
Solid and sludge waste is introduced into inlet 12 of
a conventional rotary kiln 14 employing a burner 16
fired by, for example, natural gas or the like.

One purpose of the kiln 14 1is to wolatize or
liguefy a major portion of the solid and sludge waste,
which 1s then introduced via lines 18 1nto a
precipitator 20. The kiln 14 may be combined with a
pulverizer (not shown) if necessary to reduce the waste
to a manageable plece size.

One purpose of the precipitator 20 1is to separate
out from the kiln-processed waste those solid particles
which exceed a predetermined size. A sieve 22 may be
employed to aid in the separation. The oversized
parti(:les are trapped by the sieve 22 and recirculated
from the pre01p1tator 20 to the kiln 14 for further

' process:.ng u51ng a conveyer 24 or other suitable means.

The remaln:mg klln processed waste is provided via
lines 26 to a'manlfold 28 which communicates with the
1nlet side of an electrodeless radio frequency (RF)
discharge plasma torch 30. Also provided to the
manifold 28 are liquid waste materials via line 32, and
a pressurized carrier gas via line 34. The manifold 28

‘serves to combine the waste from the lines 32 and 26

with the carrier gas prior to their introduction into
the torch 30.,‘_ '

- The torch 30 acts as described below to dissocilate
the waste material into simple compounds such as water,
carbon dioxide and HCl, along with heavy elements. The
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dissociated material is provided te a centrifuge
separator 36 which uses magnetic coils 37 and field
plates to generate a combination of magnetic and
electric fields used to separate out the heavy
elements, which are disposed of via 1line 38. The
remailning waste material is provided via line 40 to an
alkaline scrubber 42 which acts to neutralize most of
the acid components in the residue. The neutralized
components are discharged to the atmosphere via line
44, and the acid components are collected for disposal
via line 46.

FIG. 2 is a schematic diegram showing the details
of construction of a first embodiment of the plasma
torch 30. The manifold 28 includes a variety of valves
used to control waste and carrier gas flow to a header
block 48. Valves 50 and 52 control the flow of liquid
waste and waste from the precipitator 20, respectively.
Valves 54 and'56-COntrol the flow of carrier gas which

‘is combined with the respective waste materials, and

valve 58 controls the flow of the carrier gas directly
to the-headef‘48;V 

The header 48 communlcates with the input end of
a cyllndrlcal reactor chamber 60 formed by a ceramic
wall 62. . An opp051te and outlet end of the chamber 60
connects w1th an outlet header 64 which communicates

" wa.th,.fthe .- centr;fuge ,36. : _Surroundlng. the outer surface

- of the‘ceramic'wallﬂz are metal tubes 66 and 68, each

30 -

formed of copper tublng or the like.
"~ The tubes 66,68 form a first helix and a second

- helix, respectlvely,- both coaxial with the chamber

ax1s, - Where the first helix is wound 1in a first
dlrectlon {shown by arrow 70) and extends from a first

- point adjacent the input end of the chamber to a second

. pcnnt adjacent the center of the length of the chamber,

35

and the second hellx is wound in a second direction

j(shown'.by arrow '72) opposite the first direction and

- extends from a third point adjacent the center of the
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length of the chamber to a fourth poi;'nt adjacent the
outlet end of the chamber.

An output terminal 74'0f an RF power source 76 1s
connected through a variable load adjusting capacitor
78 to the first and second helixes 66,68, where they
are joined together at ends 80, adjacent the second and
third points. Current flows from the source 76 1in the
direction of the arrows from the ends 80 to the
opposite ends 82,84. The opposite ends 82,84 of the
helixes are connected to ground potential adjacent the
first and fourth points. Cooling water 1s pumped
through the tubes 66,68 using a pump 86 adjacent the
end 82, and a water outlet 88 is provided adjacent the
opposite end 84. A variable tuning capacitor 1is
connected between the ends 80 and ground.

The operation of the plasma torch thus described
is as follows. With the waste valves 50 and 52 closed,
the carrier gas is introduced into the chamber 60 using
valve 58. The gas exits the chamber via header 64,
centrifuge 36, ahd the_line 40 to the scrubber 42. As
described be1Qw,'the carrier gas, which also serves as

the torch gas, 1is preferably-one which 1is inert and,

when subjected to an excitation source, 1.e., RF

energy, is an abundant source of free electrons, such

as argon gas;__with the argon gas flowing through the

. Chamber 60, and:c’ooling water flowing through the tubes

66,68, the po.w'eﬁ’r source 76 'is energized, and the
capacitorsf78 and:90 areused to adjust the load and
tunihg' factors for the system. The power source
frequency is generally in the range of 0.1 to 15 MHz.
The tubes 66;68 act as a balanced, center-fed antenna
to couple the RF_energyinto the chamber and to excite
the free electrons in the argon gas. The excitation
takes the-fOrm7of electron oscillations induced by the

RF field. The dscillations raise the temperature of

the free electrons above 3000°C, preferably as high as

10,000°C. It has been found that the free electron
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temperature can and does far exceed thétemperature of
the remainder of the gas. For example, the free
electron temperature may be as high as 10,000°C, while
the remainder of the gas 1s at a temperature as low as
3000°C. The excited electrons form a plasma 92 within
the chamber 60, at which time the waste material
(liguid, solid, gas or combinations of the above) is
introduced using the valves 50 and 52. Valves 54 and
56 can be used to combine the argon gas with the waste
material prior to introduction into the header 48,
where the argon acts as a carrier gas to assist 1in
moving the waste material.

The waste material, which may be hazardous or
other types of waste, is 1introduced 1into the chamber
60. In one embodiment of the invention, the waste
material 1s non-homogeneous. In the chamber 60, the
waste material 1is subjected to the excited free
electrons. By -controlling the operating conditions,
however, 1including the residence time of the waste

" material in the chamber 60, the temperature of the

waste material 'remain_s much lower than the free gas
electrOns, é.g.-,- in t’_h,eﬁ range between 300-1000° C. The
excited free electrons act to break the molecular bonds
of the waste and dissociate it into simpler compounds,
which.aresafer.to'dispose'ofin the environment. The
eXcitgd free  eleCtrOns also generate significant

amounts of ultraviolet energy, which further aids the

dissociation»process.”~The-disscciated.waste products
exit the chamber 60 through the header 64.

The degree'iof‘ dissociation of the waste is

.affected'by the free electron density and temperature,

‘and the residence time of the waste material in the

~plasma. The electron density can be controlled by the

35

carrier_gas flow controls, and the temperature can be
contrOlledﬂby.varYing.the RF power level. One way to
control the residenCe time 1s to vary the angle between

the chamber axis and the local vertical. Thus, while
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the chamber 60 is shown 1n a vertical p.osition in FIG.
2, the chamber orientation can be varied to angles
between vertical and horizontal to slow down the waste
flow rate through the chamber. Another way to vary the
residence time 1is to change the flow rate of the
ca.:r:riesv:;';~ gas. For example, if the flow rate of the
carrier gas 1is increased, the residence time of the
waste material'decreases. The chamber length can also
be extended by combining multiple sections, end-to-end.
This configuration also enables the choice of multiple
temperature profiles.

It should be noted that the RF energy does not
operate directly 'upon the waste material; rather the RF
energy operates upon the gas to create excited free
electrons, and these electrons react with the waste
material to decompose 1it.

Although RF is the presently preferred source of
energy to create the free electrons from the gas, other
forms of electromagnetic energy such as photoelectric,
X~ray, or ultraviolet emissions could also be used as
an alternative orja=5upplement to RF.

‘A feature of the ‘balanced center-fed antenna
configura'tion 'de'9cribed above is that the tube outer
ends 82, 84 are at ground potentlal which simplifies
the 1nsta11a.tlon of the water pump 86 and the water

.outlet 88. In an alternate embodlment of the torch 30,

the antenna tubes 66,68 may be placed inside the

- chamber ' 60. Further, in this conf iguration, the

30

chamber wall may be made of stainless steel or the
like. One advantage of a metal chamber is the ease in

- which mul‘tlple sectlons can be joined, using flanges

~and the llke.  Another advantage is the durability of

35

‘a metal enclosure as opposed to a ceramlc enclosure.
A detalled descrlptlon ~of an internal antenna
conflguratlon is- déScribed below.

It will be appreciated that the RF torch 30 1is
substantlally different from the DC arc type torches
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used 1in prior art systems as described above. First,
the torch 30 1s electrodeless, hence solving the
problems of electrode erosion and contamination and arc
sensitivity to system parameters. Further, the
dissociation process described above does not require
the use of organic, oxidizing or reducing agents 1in
comblination with the waste. All that is needed 1is a
source of free gas electrons; this source 1s separate
and apart from the waste material being processed,
which ordinarily does not contribute to the plasma
formation. Still further, this dissociation process 1in
non-thermal, in that it relies on the bond-breaking
behavior of excited electrons, not on pyrolytic or
combustion processes.

The non-thermal nature of the dissociation process
of the present inVention can be illustrated by the fact
that the waste material temperature can remain in the
range of 300- 1000°C - while being bombarded by free

lectrons at temperatures of 10 000°C. Another feature

0of the torch 30 of the present invention is the fact

that the RF fleld generated by the antenna 66, 68

| produces a ponderomotlve field potential having a

25

30

profile as a functlon of dlstance from the chamber axis

as shown 1n FIG. 3. Thi?s'field produces a force on the
plasma gases Wthh 1s proportlonal to the gradient of
the potentlal proflle.- The result is that this field

-proflle acts to colllmate and center the plasma in the

chamber w1thout the need for external magnetic coils,
which are requlred in prlor art systems. Centerlng of

the plasma .lS 1mportant to avoid damage to chamber

walls. The fact that the temperature of the mixture in

the chamber 1s much lower than that used in prior art

' thermal decomposa.tlon systems "results 1n lower

35

radiation losses, and hence greater system efflclency.
Further, the _ chamber walls will sustain less erosion

and damage as a result of the lower temperatures
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employed i1in the non-thermal process of the present
invention.

Since the operation of the torch 30 is non-thermal
in nature, the monitoring and control of the operation
of the torch 1s greatly simplified from that required
in prior art systems which rely on thermal
decomposition processes. This 1s 80 because the
combustion based systems are inherently unstable and
thelr performance is highly dependant upon the nature
of the waste materlial being processed. Thus, severe
safety problems must be addressed 1in these systens,
leading to complicated and unreliable control systems.

In contrast, the present invention lends itself to
the use of computer based monitoring and control
systems which provide near instantaneous control of the
operation of the torch 30. Thus, start-up and shutdown
sequences Can take place safely and quickly. FIGS. 1
and 2 shovw a computer monitoring and control system 91

_which,is conneCted'tQ control the power source 76, the

pump 86, the'VaIVes'So ~-58, and other control elements,
and is also connected to monitor a variety of sensors
used to monltor the flow conditions in the various
lines and the thermal and other conditions 1n the
Chamber 60. The system 91 can be configured to provide

o automatlc system,operatlon and safety functions with a

mlnlmum,of compllcatlon.

. A smallwscale ‘prototype of the torch 30 has been
constructed,and used for processing a variety of waste
materlals, The operatlon parameters of the prototype
are as follows: | '

'RF POWER LEVEL 5 KW

'RF FREQUENCY ~ 13.56 MHz
CHAMBER DIAMETER 5 cm
CARRIER GAS FLOW 2 cfm
CHAMBER PRESSURE 1 atm
TOTAL MASS FLOW 3 kg/hr

ELECTRON DENSITY 2.0 X 107 cm®
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ELECTRON TEMPERATURE 10* °K (average)

CARRIER GAS DENSITY 2.0 X 10® /cm? (approx.)

CARRIER GAS TEMPERATURE < 3.0 X 10° °K

Studies have indicated that the prototype system
may be easily scaled up in size to accommodate a
variety of waste processing rates, unlike systems which
use the DC arc discharge plasma torch. For example,
the following operating parameters are anticipated for
a large scale version of the system 10:

RF POWER LEVEL 1 MW

RF FREQUENCY 400 kHz
CHAMBER DIAMETER 35 cm

GAS FLOW 100 cfm
TOTAL MASS FLOW 500 kg/hr

While the described system shows the placement of
the helix antenna configuration external to the
insulating ceramic chamber, this antenna may also be
placed internal to a metal chamber, as discussed above.

FIG. 4"':is a s'chemat.ic diagram of an alternate
embodiment 307 of the RF plasma torch of the invention
showing the use of a dlfferent antenna conflguratlon

‘which, 1like the balanced center-fed de31gn, ‘may be

..pOSLtloned external to an 1nsulat1ng chamber or

25

| 30.';

internal to a metal plasma chamber, For purposes of
1llustratlon; an 1nternal conf1guratlon will be shown.

' Four tubes 100 102 104, 106, are provided, each
formed as a curved rectangle, where the long sides of

-each rectangle are substantlally parallel with the

chamber centerllne, the short sides of each rectangle

- curve around the chamber wall for a predetermlned

' number of 01rcumferent1a1 degrees, and the ends of each

- tube extend substant:l.ally parallel outward from the

o rectangle at a point substantially in the middle of one

' 1ong 51de of the correspondlng rectangle.

- 35

In FIG. 4,’- the short sides of each rectangle

- extend in overlapplng quadrants around the chamber

" slightly more than 90 circumferential degrees. The
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tubes corresponding to rectangles in opposing guadrants:
are connected to the RF power source 76 in a series
arrangement. The figure shows the connections for
opposing rectangles 100 and 102. Similar connections
are provided for opposing rectangles 104 and 106. The
antenna could also be made up of only two rectangles,
the cshort sides of each overlapping in semicircular
fashion around the chamber slightly more than 180
circumferential degrees or more. The  tubes
corresponding to each rectangle would then be connected
to the RF power source in a series arrangement.

The antenna in FIG. 4 is mounted inside a chamber
60/ formed,df a stainless steel wall 62/. As shown in
FIG. 5, a ceramic shield 108 is disposed around the
antenna tube to'protect it from the plasma. As shown
in FIG. 6, ceramic to metal seals are used to provide
feed-through capabJ.l:Lty in the wall 62’ for the ends of
the antenna tubes.- The.conflguratlons shown in FIGS.
5 and 6 can also be used with the balanced center-fed

antenna conflguratlon..

FIG. 7 is a schematlc dlagram of the centrifuge

'-separator 36 used in’ the system 10. The separator 36

‘1ncludes a cyllndrlcal chamber 110 formed of a metal

- side wall 112 and enclosed by 1inlet header 114 and

25

outlet header 116.. The headers 114 116 are made of an

- electrlcally 1nsulat1ng material such as ceramic or

'y’glass. The outlet llne 40 to the scrubber 42 is metal

30

and 1s supported 1n the header 114 and is coaxial with

the chamber 110. - The outlet line 38 for removal of
heavy elements 1s supported in the header 116. An
opening 118,_ i prOV1ded 'in the wall 112 which

commum.cates WJ.th the outlet of the plasma torch 30

. through the header 64. Supported within the chamber 1s

- 35

a cyllndrlcal metal cold plate 120.
Magnetic .co:Lls 37 surround the chamber 110 and are
connected to 'a.-.'suitable source of DC power (not shown).

Electrodes 122 and 124 are connected, respectively, to
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the line 40 and the wall 112, and are connected to a
source of DC power with the polarity as shown. The |
outer chamber is normally grounded.

The centrifuge 36 1is used for separating and
quenching the products of dissociation emerging from
the plasma torch 30. The centrifuge 36 1is.configured
to provide a high separation rate (e.q. 10
grans/second/meter of length) which enables it to
process material from the torch 30, which has similar
rates of dissociation.

The operating principle of the centrifuge 36 1s
based on the fact that the carrier gas combined with
the material entering it from the torch 30 is still
partially ionized. A radial electric field established
by the electrodes 122 and 124 interacts with the
axially imposed magnet field to further drive the
rotation of the material. Thus, a magnetic field
established by the coils 37 can be used to 1limpart
electromagnetangular momeutum'to the material as shown
by the arrows 123, ~causing it to rotate at high angular
velocity, _Wthh can reach values up to 10 km/second.
The plasma is strongly coupled to the dissociated waste
material by v::.scous colllelons Wthh cause 1t to be
dragged along L o

The final rotatlon ve1001ty proflle and magnitude

.depends on the VJ.scous dlSSlpatlon of the angular

momentum and the rate of angular momentum input through

“the radial current and the axial magnet field. It is

antlclpated that values of radial current can reach 10
kAmperes, while the axial magnetic fleld strength can
be up to 1.Tesla.. Separatlon factors, or egquivalently

inner to outer density ratios, of several hundred can

35

be reached in a 10 inch diameter chamber. An advantage

Of'using this tYpe of centrifuge with the torch 30 is

the reduction and in some cases the elimination of

reverse reactions or recombination of dissocilation

'.-products from the torch 30 , as a result of the spatial
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separation of the constituents. By separating the
plasma generation process from the generation of
rotation, the efficiency of centrifugal separation is
improved whereby the power input to the centrifuge 36
1s not wasted on ionization but can be used for the
generation of the centrifugal force field.

One specific application of the system 10 is the
separation of heavy radioactive metallic contaminants
from mixed toxic/radiocactive waste. ‘The heavy
contaminants generally constitute a small fraction of
the total mass flow, and therefore it is advantageous
to provideffor'different tail and product flow rates by
adjustable feed point,_extraction point, and throttle
positions. One such arrangement to aceomplish this 1s
where the plasma/gaS‘mixture is introduced at the outer
radius, the metall:Lc vapor 1s condensed on the cold
plate 120 at the outer wall and the tail gas depleted
from the radloactlve contamlnants 1s extracted at the
axis. If further stages of separation is needed, the
metallic vapor/gas mlxture near the wall can be
extracted at a small flow rate by throttling and can be

led to further smaller centrlfuge stages.

Whlle the: 1nvent10n "has been described, ‘and
preferred embodlments dlsclosed it 1s anticipated that
other modlf 1catlons and adaptatlcms w1ll occur to those

'skllled 1n the art It is intended, therefore, that

the 1nvent10n be llmlted only by the claims appended

30

35

hereto.
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WHAT IS CLAIMED IS:

1.

An apparatus for the dissociation of waste material, comprising:

~ asource of a gas to be excited, which in turn is a source of '
a substantial number of free electrons, for establishing a plasma in
a reaction chamber; '

 a reaction chamber apparatus, including means for directing
the gas into the reaction chamber;

means for exciting the free electrons in the gas in the
reaction chamber to a temperature which is high enough to pro-
duce dissociation of the waste material while exciting the remain-
der of the gas only to a temperature which is substantially lower
than the temperature of the excited free electrons, wherein the
gas, including the high temperature free electrons, generates a
plasma in the reaction chamber; ‘ '
" means for moving the waste material into the reaction
chamber; and |
means for controlling the density and temperature of the

free electrons in the plasma and the residence time of the waste
material in the plasma such that the waste material is dissociated
while the temperature of the waste material remains substantially
lower than the temperatute of the free electrons in the plasma.

An apparatus of claim 1, wherein the reaction chamber is at
approximately at least atlnospheric pressure. \

An apparatus of claim 1, wherein the excitation means excites the
free electrons in the plasma in the reaction chamber sufficiently
that the free electrons emit a substantial amount of ultraviolet
energy, which aids significantly in the dissoeiation of the waste
material. . . ' ' '
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An apparatus of claim 1, wherein the temperature of the waste
material is at least an order of magnitude lower than the tempera-
ture of the free electrons.

An apparatus of claim 4, wherein the temperature of the free
electrons is significantly greater than 3000°C.

An apparatus of claim 4, wherein the temperature of the free
electrons is approximately at least 10,000°C.

An apparatus of claim 1, wherein the gas is an inert gas.

An apparatus of claim 1, Wherem said movmg means includes
means using said gas to carry the waste material into the plasma.

An apparatus of claim 1, wherein the exciting means includes an
electrodeless, radio frequency antenna, which in operation cou-
ples RF energy into the reaction chamber.

An apparatus of claim 9, wherein the antenna is a balanced,

center-fed antenna, grounded at both ends thereof, the antenna
surroundmg the reaction chamber.

An apparatus of claim 9, wherein the RF energy has a frequency
in the range of 0.1-15 MHz.

An apparatus of claim 1, further including separating means in
communication with an output end of the reaction chamber for
separating the dissociated waste material while the dissociated :
waste material is still in a plasma condition.
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An apparatus of claim 12, wherein the separating means includes
means for applying magnetic and electric fields to the dissociated
waste material, said fields being so oriented as to spin the dissoci-
ated waste material so as to separate heavy elements from the

remainder of the dissociated waste material.

An apparatus of claim 13, wherein the electric field is applied
radially to the dissociated waste material while the magnetic field

is applied axially.

An apparatus of claim 13, including scrubber means communicat-

1ng with the separating means for further treatment of said re-

mainder of the dissociated waste material.

An apparatus of claim 1, wherein the excitation means includes an
antenna assembly which surrounds the reaction chamber and
means for driving the antenna so that a radio frequency electric
field is coupled into the reaction chamber to produce the plasma,
wherein the RF field is such as to produce a ponderomotive field
potential within the chamber, which produces a force on the
plasma proportlonal to the gradient of the electric potential across

the chamber, the ponderomotlve field potential producing a

boundary for the plasma within the chamber.

An apparatus of claim 16, wherein the plasma is maintained
approximately central of the reaction chamber, the boundary for
the plasma being sllghtly inboard of the reaction chamber from

the walls thereof, the boundary producmg a stable plasma within
the reactlon chamber, '



18.

> 19.

10 20.
21.

15

20

25

30

CA .02115773 2002-05-08

4

An apparatus of claim 1, including computer means for automati-
cally monitoring operating conditions in the reaction chamber and
the flow of gas and waste material into the reaction chamber.

An apparatus of claim 1, wherein the controlling means includes
means for controlling the flow of gas into the reaction chamber
and the amount of excitation applied to the gas in the reaction

chamber.

An apparatus of claim 1, wherein the controlling means includes

‘means for establishing regions of different free electron tempera-
tures along the length of the reaction chamber. '

An apparatus of claim 1, wherein the excitation means includes

antenna means arranged around the circumference of and extend-
ing a predetermined length of the chamber and means connecting
the antenna to a radio frequency (RF) power source, wherein the

‘antenna is in the form of a tube wound around the chamber cir-

cumference, formed as a first helix and a second helix, both

coaxial with the chamber axis, wherein the first helix is wound in
a first direction and extends from a first point adjacent one end of
the chamber to a second point adjacent the center of the length of

~ the chamber, and the second helix is wound in a second direction
- opposite the first direction, extendlng from a third pomt adjacent

the center of the length of the chamber to a fourth point adjacent
the other end of the chamber, and further includes connecting
means for connecting an output terminal of the RF power source
to the first and second helixes adjacent the second and third
points, and for connecting the first and second helixes to ground
potential adjacent the first and fourth points.
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An apparatus of claim 21, wherein the antenna is positioned

external to the chamber wall.

An apparatus of claim 21, wherein the antenna is positioned

internal to the chamber wall.

An apparatus of claim 1, Wherein the excitation means includes

antenna means arranged around the circumference of and extend-
ing a predetermined length of the chamber and means connecting
the antenna to a radio frequency (RF) power source, wherein the

~ antenna is in the form of a plurality of tubes, each formed as a

curved reCtangle, wherein the long sides of each rectangle are
substantially parallel with the chamber center line, and wherein
the short sides of each rectangle curve around the chamber wall
for a predetermined number of circumferential degrees, the ends
of each tube extending substantially parallel outwardly from the
rectangle at a point substantially in the middle of one long side of
the corresponding rectangle.

An apparatus of claim 24, wherein the antenna includes two
rectangles, the short sides of each rectangle extending in semicir-
cular fashion around the chamber 180 circumferential degrees or
more, and further including means for connecting the tubes
corresponding to each rectangle to the RF power source in a
series arrangement.

An apparatus of claim 24,' wherein the antenna includes four

rectangles, the short sides, of each rectangle extending in qUad-'
rants around the chamber 90 circumferential degrees or more, and
further including means for connecting the tubes corresponding to
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rectangles in opposing quadrants to the RF power source in a

series arrangement.

An apparatus of claim 1, wherein the controlling means includes
means for varying the angle of the reaction chamber so as to vary
the residence time of the waste material in the plasma.

A method for the dissociation of waste material, comprising:

providing a gas to be excited, which is a source of a sub-
stantial number of free_ electrons, for establishing a plasma within
a reaction chamber; "

- directing the gas into the reaction chamber;

exciting the free electrons in the gas in the reaction cham-
ber to a temperature which is high enough to produce dissociation
of the waste material while exciting the remainder of the gas only .
to a temperature which is substantially lower than the temperature
of the free electrons, wherein the gas, including the high tempera-
ture free electrons, generates a plasma in the reaction chamber,

moving the waste material into the reaction chamber; and

controlling the density and temperature of the free electrons
in the plasma and the residence time of the waste material in the
plasma such that the waste material is dissociated while the tem-
perature of the waste material remains substantially lower than the
temperature of the free electrons in the plasma. '

A method of claim 28, wherein the gas is an inert gas.

A method of claim 28, wherein the method is carried out at
approximately at least atmospheric pressure.
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A method of claim 28, including the step of exciting the free
electrons in the plasma in the reaction chamber sufficiently that
the free electrons emit a substantial amount of ultraviolet energy
which aids significantly in the dissociation of the waste material.

A met_hod of claim 28, wherein the temperature of the waste
material is at least an order of magnitude lower than the tempera-

- ture of the free electrons.

A method of claim 32, wherein the temperature of the free elec-
trons is substantially greater than 3000°C.

A method of claim 32, wherein the temperature of the free elec-
trons 1s approximately at least 10,000°C. '

A method of claim 28, including the step of separating the disSo-
ciated waste material in a predetermined manner while the disso-
ciated waste material is still in a plasma condition.

A method of claim 35, wherein the step of separating includes the
step of applying both magnetic and electric fields to the dissoci-
ated waste material so as to spin the dissociated waste material,
thereby separating the heavy elements from the remainder of the
dissociated waste material. ' '

A method of claim 36, wherein the electric field is applied radi-
ally to the dissocia‘ted Waste material, while the magnetic field is
applied axially. '

A method of claim 36, including the step of further treating the
remainder of the dissocia_ted waste material by scrubbing. ‘
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A method of claim 28, 'including the step of moving the waste

material into the plasma with said gas.

A method of claim 28, wherein the step of exciting includes the
step of coupling radio frequency (RF) energy into the reaction
chamber from an antenna to which is connected a source of RF

energy, such that an RF field is established in the reaction cham-

ber.

A method of claim 40, wherein the RF field in the reaction cham-

ber is such as to produce a ponderomotive field potential within
the chamber, which produces a force on the plaSma proportional

to the gradient of the electric potential across the chamber, the
ponderomotive force producing a boundary for the plasma within
the chamber.

A method of claim 41, wherein the RF field is such as to center
the plasma within the chamber, the boundary for the plasma being
slightly inboard of the reaction chamber from the walls thereof,
thereby maintaining the plasma away from chamber walls , and
producing a stable plasma within the reaction chamber-.

A method of claim 40, wherein the RF energy has a frequency in
the range of 0.1 MHz-15 MHz.

A method of claim 28, including the step of volatilizing the waste
material prior to its movement into the plasma.

A method of claim 44, including the further step of separating
particles which exceed a predetermined size from the remainder
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of the volatilized waste material, and diverting such particles from

the plasma.

A method of claim 28, including the step of automatically moni-
toring operating conditions in the reaction chamber and the flow

of gas and waste material into the reaction chamber.

A method of claim 28, including the step of controlling the flow
of gas into the reaction chamber and the amount of excitation
applied to the gas in the reaction chamber.

A system for the dissociation of waste material, comprising:
means for initially processing waste material to reduce the
particulate size of the waste material; '
means for separating out particles from the prellmmarlly
processed waste material which exceed a predetermmed size;
a source of a gas to be excned which in turn is a source of
a substantial number of free electrons, for establishing a plasma in
a reaction chamber:; '
a reaction chamber;
means directing the gas into the reaction chamber;
~ means for exciting the free electrons in the gas in the
reaction chamber to a temperature which is high enough to disso-
ciate the waste material while exciting the remainder of the gas
only to a temperature which is substantially less than the tempera-
ture of the free electrons, wherein the gas, including the high
temperature free electrons, generates a plasma in the reaction "
chamber; '
~ means for movmg the waste material into the reaction
chamber
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means for controlling the density and temperature of the
free electrons in the plasma and the residence time of the waste
mater1a1 in the plasma such that the waste material is dlssocmted
to produce dis sociated products , While the temperature of the
waste material remains substantially lower than the temperature of
the free electrons in the plasma; and

a separator means for separating the products of dissocia-
tion in a predetermlned manner while the products of dlSSOCIathIl

are still in a plasma condltlon

A system of claim 48, wherein the exciting means includes an
antenna and a source of radio frequency (RF) energy connected
thereto, such that in operation, RF energy 1s coupled into the

reactron chamber.

A system of claim 48, wherein the system operates approximately
at least at atmospheric pressure.

A system of claim 48, wherein the free electrons are sufﬁcrently

- excited to emit a substantlal amount of ultraviolet energy, which

aids significantly in the dissociation of the waste material.

A system of claim 48, wherein the temperature of the waste
material in the plasma is at least an order of magnitude lower than
the temperature of the free electrons.

A system of claim 48, wherein the preliminary processing means
includes a burner for processing the waste material by heat.
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A system of claim 48, wherein the separating means includes a

precipitator means for separating particles of said predetermined

size.

A system of claim 48, wherein the separator means includes
means for applying both a magnetic field and an electric field to
the products of dissociation so that the products of dissociation are
rotated at a sufficiently high velocity to separate heavy elements
from the other dissociation products.

A system of claim 55, including scrubber means communicating
with the separator means for further treatment of said other
dissociation products. '

A system of claim 48, wherein the controlling means includes
means for controlling the flow rate of the gas into the reaction

chamber and for controlling the amount of excitation applied te

the gas in the reaction chamber.

A system of claim 48, wherein the controlling means includes
means for varying the angle of the reaction chamber so as to vary
the residence time of the waste material in the plasma.

A system of claim 48, wherein the excitation means is arranged
so that there are a plurality of temperature profiles of the plasma
along the length of the reaction chamber.

An apparatus of claim 1, wherein the temperature to which the
excitation means excites the free electrons is high enough to

produce dissociation of the waste material by electron bombard-
ment.
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61. An apparatus of claim 60, wherein the temperature of the free
electrons in the plasma rises to greater than approximately 3000°C
and the apparatus further comprises means for controlling the

5 pressure in the reaction chamber to a pressure that is at least

approximately atmospheric pressure.

62. An apparatusof claim 61, wherein the excited gas and its free
electrons are substantially sufficient to dissociate the waste mate-
10 rial without a need for independent excitation and dissociation of

the waste material.

63. An apparatus of claim 61, wherein the means for moving waste
. material into the reaction chamber begins moving waste materlal
15 into the reactlon chamber after the plasma has been established in
the reaction chamber.

64. An apparatus of claim 61, wherein the excitation means includes
an antenna assembly Wthh surrounds the reaction chamber and
20 " means for driving the antenna so that a radio frequency electric
' ﬁeld is coupled into the reaction chamber to produce the plasma
and to sub stantlally produce a pondermotive force boundary for
the plasma within the reaction chamber.

25 65. A method of CIaim-28' wherein the temperature of the excited
free electrons is high enough to produce dissociation of the waste
material by electron bombardment.

66. A method of claim 65, wherein the temperature of the free elec-
30 trons rises to greater than approximately 3000°C and the method
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further comprises controlling the pressure in the reaction chamber
to a pressure that is at least approximately atmospheric pressure.

'67. A method of claim 66, wherein the excited gas and its free elec-
>  trons are substantially sufficient to dissociate the waste material
~ without a need for independent excitation and dissociation of the

waste material.

68. A method of claim 66, wherein the moving of waste material'. into
10 the reaction chamber begins after the plasma has been established

in the reaction chamber.

69. A method of claim 66, wherein the exciting of the free electrons
includes coupling radio frequency (RF) energy into th reaction
15 chamber from an antenna to which is connected a source of RF
energy, such that an RF field is established in the reaction cham-
ber, the RF field substantially producing a pondermotive force
boundary for the .plasma withjn the reaction chamber.

20 70. A system of claim 48, whereln the temperature to which the
excitation means excites the free electrons is high enough to

- produce dissociation of the waste material by electron bombard-

ment. ' '

25 71. A system of claim 7O wherein the temperature of the free elec-
trons in the plasma rises to greater than apprommately 3000°C
- and the apparatus further comprises means for controlling the
pressure in the reaction chamber to a pressure that is at least
- approximately atmospheric pressure.

30
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A system of claim 71, wherein the excited gas and its free elec-
trons are substantially sufficient to dissociate the waste material

“without a need for independent excitation and dissociation of the

waste material.

A system of claim 71, wherein the means for moving waste
material into the reaction chamber begins moving waste material
into the reaction chamber after the plasma has been established in

'the. reaction chamber.
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