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INDUCTION PLASMA GENERATOR HAVING
IMPROVED CHAMBER STRUCTURE AND
CONTROL
Merle L. Thorpe and Kent W. Harrington, Suncook,
N.H., assignors to Humphreys Corporation, Concord,
N.H., a corporation of New Hampshire
Filed Sept. 14, 1967, Ser. No. 667,786
Int. Cl. HO1j 7/24; HOSb 31/26
U.S. Cl. 315—111 16 Claims

ABSTRACT OF THE DISCLOSURE

An induction plasma generator has a plasma forming
chamber defined by sixty-seven axially extending metal
tubes surrounded by a 3% inch diameter ceramic tube
that is 7¥4 inches long. A six turn induction coil of ¥4
inch copper tubing surrounds the ceramic tube. Extend-
ing into one end of this chamber is an assembly that
defines a main gas injector and an auxiliary gas injector
with a tube (2% inches I.D. and 612 inches long) be-
tween the two injectors. The main injector has twelve
axial discharge ports, twelve radial discharge ports and
twelve swirl ports, while the auxiliary injector has forty-
two axial ports, and six swirl ports.

e— N T R ety

This invention relates to induction plasma generators
and more particularly to apparatus for inductively heat-
ing a gas with high frequency electrical energy. Such
generators create high temperature thermal plasma gas
by inductive coupling high frequency electrical energy
to ionized gas and are useful for a variety of purposes,
including producing chemical reactions, material testing
and treatment, and general industrial heating.

An object of this invention is to provide novel and
improved induction plasma generators.

Another object of the invention is to provide a novel
and improved induction plasma generator configuration
which provides stable operation with a variety of gases
and of a variety of plasma chamber configurations.

Another object of the invention is to provide novel
and improved configurations of induction plasma gen-
erators particularly useful in industrial processes 'which
involve either the heating of fluids or the injection of
particles into a heated gaseous stream.

Still another object of the invention is to provide a
novel and improved plasma chamber configuration for
use in induction plasma generators.

Other objects of the invention include the provision
of novel and improved control and ignition techniques
for use with induction plasma generators.

Plasma generators of the type to which the invention
relates include a plasma chamber, an iduction coil sur-
rounding the chamber, and an injector for introducing
gas into the chamber for conversion to thermal plasma
condition under the influence of the electromagnetic
field created by the induction coil. In accordance with
one feature of the invention, a multiplicity of closely
spaced, axially extending tubular elements are used to
form the plasma chamber, together with means for
passing a coolant material through the tubular elements.
Such a plasma chamber defining structure has been
found to have greater resistance to damage at high heat
flux than ceramic materials such as quartz and thus
permits greater energy transfer to the output gas without
significant reduction in the efficiency of the generator.
It has been found necessary from the standpoints of
electrical and gas flow stability that each tubular element

be a small fraction of the angular extent of plasma
chamber and it is preferred that that angular extent
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be less than twenty degrees. In a particular embodiment
the tubular elements are metal cylinders.

Another feature of the plasma generators is the use of
a porous disc element as the axial flow distributor com-
ponent in the injector structure. Such disc elements pro-
vide axial gas flow over their entire surface areas and
improve the distribution and volume of gas flow in stable
plasma generator operations. In order to provide uniform
gas distribution it is desired that the porous element
have a pressure drop of at least five inches of water and
a pore size of less than twenty-five microns is preferred.

Other features of the invention include discharge
nozzle arrangements which enable improved injection
of particles for treatment by the stream of hot gas
emerging from the generator; and which provide in-
creased protection for elastomeric sealing members em-
ployed in the plasma generator.

Still another feature relates to an improved mode of
operation of plasma generators. The electrical system
is provided with a continuously variable control (either
an inductor or a capacitor) in the oscillator grid circuit
which is adjusted to vary oscillator parameters and maxi-
mize the electric potential applied to the plasma chamber
coil at no load (no plasma arc in the plasma chamber):
gas in the plasma chamber is then ionized and the elec-
tric field couples to the ionized gas to establish the
plasma condition; and then the variable control is further
adjusted to increase current flow in the oscillator control
circuit within the region of maximized electric potential
on the plasma coil. Such operation has been found to
increase the percentage of power transferred to the plasma
gas and hence increased the useful output of the gener-
ator. As the region of optimum operation i1s relatively
narrow, the provision of a continuously variable control
to obtain this mode of operation is particularly useful.

Other objects, features, and advantages of the inven-
tion will be seen as the following description of particu-
lar embodiments progresses, in conjunction with the
drawings, in which:

FIG. 1 is a sectional view of a first embodiment of an
induction plasma generator constructed in accordance
with the hvention;

FIG. 2 1s a sectional view, taken along the line 2—2
of FIG. 1 of the plasma chamber of the generator;

FIG. 3 is a sectional view of a modified form of
injector useful in the apparatus shown in FIG. 1;

FIG. 4 is a sectional view of a second embodiment of
a plasma generator constructed in accordance with the
invention;

F1G. 5 is a sectional view along the line 5—5 of
FIG. 4, details of the structure defining the wall of the
plasma chamber;

F1G. 6 is a schematic diagram of induction coil en-
ergizing circuitry for use with the induction plasma gen-
erator arrangements shown in FIGS. 1-5;

FIG. 7 is an end view of the inductor tuning arrange-
ment used 1n the circuit of FIG. 6;

FIG. 8 is an enlarged side view of a portion of the
inductor tuning arrangement shown in FIG. 7;

FIG. 9a, b and c are a series of three curves indicating
variation in oscillator parameters of the circuit shown
in FIG. 6 as a function of the position of the variable
control inductor; and

FIG. 10 is a modified form of nozzle useful for process-
ing particulate matter with the generators shown in FIGS.
1 and 4.

The plasma generator as shown in FIG. 1 includes a
base 10 having a cenfral bore 12 in which a main gas
injector assembly 14 is mounted. A groove 16 in the bore
houses an O-ring 18 which is employed as a seal against
the injector assembly and set screws 20 secure the in-
jector assembly 14 in axial position relative to base 10.
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The injector assembly includes a cylindrical body 22
(two inches in diameter) having a central material intro-
ducing passage 24 and three axially extending gas flow
passages 26, 28, and 30. A counterbore 32 at the upper
end of cylinder 22 provides a seat for a mixer head 40
which is secured in place by stud 42 (that has a hollow
passageway 43 which is aligned with and forms an exien-
sion of passageway 24). Mixer head 40 includes a cylin-
drical block 44 (1.875 inches in diameter) having at its
upper end an annular distributor channel 45 (0.062 inch
deep and 0.312 inch wide) over which is secured a
ring 46 having a series of twelve 0.026-inch axial dis-
charge ports 47 disposed in it on 1.200-inch diameter
center. Immediately below channel 45 are two peripheral
distributor channels 48 (in communication with passage
26) and 50 (in communication with passage 30). On the
wall of the seated mixer body is an annular ring 52 having
a set of twelve radially extending ports 54 (each 0.026
inch in diameter) disposed immediately in front of dis-
tributor channel 48 and a set of twelve swirl ports 56
(each 0.026 inch in diameter) disposed in front of dis-
tributor channel 50.

Mounted on base 10 is a spacer 60 which houses a
transition channel—auxiliary gas injector structure. Hous-
ing 62, in which induction coil 64 and plasma chamber
defining quartz tube 66 are disposed, is in turn mounted
on spacer 60. Through bolts 68 pass through base 10 and
spacer cylinder 60 into housing 62 and secure that assem-
bly together. End cap 70 on the upper end of housing 62
secured in position by bolts 72.

Spacer cylinder 60 has an inner diameter of 3%4 inches
and receives in sealing relation a stabilizing structure in
the form of transition channel 80 and auxiliary injector
structure 89. Transition channel structure 80, of two
inches inner diameter and 47 inches long, includes a
water cooled section made up of walls 82 and 84, upper
beader 85, lower header 86 and cylindrical quartz sepa-
rator 88 one-half inch in length, the end of which i1s
located substantially in alignment with the lower power
lead of coil 64. Surrounding transition channel 8§ is an
auxiliary gas injector structure 89 that includes an annu-
lar axially extending buffer passage 90, 346 inch in width,
and a surrounding annular axially extending main passage
92 346 inch in width. Auxiliary gas is supplied to builer
channel 90 through port 94 and passage 96; while the
main flow of auxiliary gas is supplied through port 98
to distributor channel 100 and through radial ports 102
(42 in number, each 0.026 inch in diameter), and through
a second main inlet including port 104 to distributor chan-
nel 106 and through swirl ports 108 (12 in number, each
0.026 inch in diameter).

It will be noted that the auxiliary gas distributor and
transition channel structure, formed as an integral unit,
are mechanically positioned with respect to injector struc-
ture 14 so that a precise coaxial configuration results.
Quartz tube 88 forms an extension of the inner wall of
transition structure 80 so that a smooth flow of plasma
gas (separate from the auxiliary gas supplied by injector
structure 89) is provided along the walls of the quartz
extension 88.

A coolant passage inlet 110 extends from the mating
surface between cylinder 60 and housing 62, to the chan-
nel between walls 82 and 84 and an outlet passage 112
extends radially outwardly from the channel between
walls 82 and 84 at the side opposite inlet 119.

Housing 62, of a suitable material of uniform high di-
electric integrity, which is unaffected by the coolant em-
ployed, a suitable material being polytetrafluoroethylene
(Teflon), has attached tubular electrical terminals 120,
122, each of which has a water cooled passageway 124.
The upper terminal 120 is connected to terminal block
126, which in turn is connected to one end of coil 64
(34s0-inch round copper wire wound to provide five turns
over a length of about 4 inches, about 3% inch I.D.).

The other end of coil 64 is connected to block 128 to
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which terminal 122 is threadedly connected. The coolant
passage 124 of terminal 122 is connected to passage 130
in housing 62 which passage is in turn aligned with pas-
sage 110 in section 60. A second passage 132, connected

to annular chamber 134 in which coil 64 is disposed,
permits coolant flow upwardly past coil 64 and around

the upper end of quartz tube 66 for return through exit
passage 136 to the passage 124 in upper terminal 120.

The nozzle 140 secured to end cap 70 provides a re-
stricted orifice through which both the plasma gas and
the auxiliary gas flows. In addition, the nozzle structure
extends down into the plasma chamber defined by quartz
tube 66 sufficiently to interpose a shield opaque to radi-
ation from the arc region between that arc region (indi-
cated at 142) and the upper quartz tube support O-ring
144. The transition channel structure 80 provides a simi-
lar radiation opaque protective shield for lower O-ring
146. A number of other O-ring seals 148 are provided
between the mating components of the generator, end
cap 70 and housing 66; housing 66 and cylinder 60; and
auxiliary injector 89 and cylinder 60 and base 10.

In a typical operation of this plasma generator a plasma
is initiated by introducing argon gas at 30 s.c.f.h. through
axial inlet ports 46 (passage 28) and 80 s.c.f.h. through
inlet ports 56 (passage 30). The plasma may be initiated
by suitable means such as temporary insertion of a graph-
ite rod into the plasma chamber where it is heated by
the electromagnetic field established by coil 64. After the.

plasma is created, the plasma sustaining argon flow is

adjusted to the following values:

Passage: S.c.f.h.
2 e e ——————— e e 40
28 e e o im i n e e e e e 0
30 e e ————— 80

The resulting arc 142 is of configuration generally as
indicated in FIG. 1. A gas -for chemical reaction or for
analysis purposes may be supplied through ports 94, 98,
and 104. Port 94 is primarily for buffering purposes while
the main gas flow is through port 28 (with added gas
through port 104 is desirable). With this apparatus hy-
drogen as the auxiliary gas has been heated fo a tempera-
ture of 2800° F. at a flow rate of 3600 s.c.f.h. distributed

among the auxiliary ports in the following guantities:

Port S.c.i.h.
04 200-~1000
1 S 2600-3600
104 0

in a continuous operation over one hour without creating
unstability in the arc 142. At lower flow rates hydrogen
introduced through the auxiliary injector 82 has been
heated up to 5000° F.

A modification of the main gas injector, useful partic-
ularly with argon as the arc forming gas as it produced
longer and hotter gas stream issuing from the torch with
the same power and allows a substantial increase in power
capability of the generator without failure of quartz tube
66, 1s shown in FIG. 3. A porous bronze metal disc 200,
18 inch in thickness and 138 inch diameter when it is
positioned coaxially with respect to the 178 inch diameter
mixer structure as substitution for the axial orifices 47
(in plate 46). The center section defined by stud 42 was
15 inch in diameter. Porosities of 1.5 to 25 microns which
produced pressure drops of 30-70 to 7-14 inches of water
respectively were operated satisfactorily. Satisfactory op-
eration was also obtained with a main injector that em-
ployed a porous bronze disc without stud 42 so that the
main gas flow extended over the entire width of the disc.
Also, a porous ring of this type may be utilized at the
annular outlet of the auxiliary injector 89.
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A second embodiment is shown in FIGS. 4 and 5. That
plasma generator has a base 10’ in which is supported a
plasma gas (main) injector structure with a mixer head
diagrammatically indicated at 40’ and an auxiliary gas
injector transition channel structure 60°’. Disposed in
structure 60’ is a transition channel insert 150, 2¥8 inches
in inner diameter, and 6% inches In length. This transi-
tion channel 150 includes a base 152 which is threadedly
secured to the section 60’; an inner metal wall 154 to
which is secured a header 156 on which is received quartz
tubular extension 158; and a surrounding tubular wall
member 160 which depends from header 156 and forms
with wall 154 an annular coolant channel 162.

A third tubular member 164, also secured to header
156, has a series of 42 axial ports 166 (0.026 inch in
diameter) and a series of 6 swirl ports 167 (0.026 inch 1n
diameter) in communication with annular chamber 168
formed between members 160 and 164, This insert struc-
ture 150 is secured in structure 60” which includes coolant
inlet 170, coolant outlet 172, and auxiliary gas inlet 174.
O rings 176 provide seals to isolate the coolant from the
auxiliary gas.

Mounted on spacer 60’ is a plasma chamber defining
structure which includes a base 180 (functioning as a
header) to which are secured in a ring a series of ¥3 inch
O.D., 0.085 1.D. copper tubes 182 spaced 0.022 inch
aparf. The lower ends of the tubes are soldered to base
180 for communication with distributor channel 184
which in turn is connected to inlet port 186 and outlet
port 188. The upper ends of tubes 182 are similarly con-
nected to header 190. The distance headers 180 and 190
is 534 inches and the inner diameter of each header 1is
three inches.

Surrounding the set of tubes 182 is a ceramic (Rotasil)
tube 192, 3V4 inches I.D. and 7% inches long. A six furn
induction coil 64° of ¥ inch O.D. copper tubing sur-
rounds the tube 192 and is connected to the power supply.

The use of this metal wall structure to define the
plasma chamber has been found to have particular ad-
vantage in operating the generator without auxiliary gas
flow. For example, generators in which the plasma cham-
ber is defined by the ring of metal tubes have been oper-
ated with percentages of hydrogen in the main gas flow
in excess of those percentages which would cause crack-
ing of the quartz tube in a generator of the type shown 1n
FIGS. 1 and 2. Further, higher power densities were ob-
tainable with the ring of tubular elements. In a generator
having a one-inch diameter plasma chamber formed of
tubes as above described, a power density of 60 kilowatts
was obtainable while a power density of 25 kilowatts
was the maximum obtainable using a one-inch diameter
quartz tube.

Ignition of this plasma oenerator configuration may be
obtained by contacting a graphite plate on stud 42 of
mixer 40 with an energized electrode introduced axially
through the discharge end of the plasma chamber, A DC
arc is drawn, ionizing gas in the chamber to which the
electric field produced by coil 64 couples.

Operation of the plasma generator shown m FIGS. 4
and 5 with the following values has been obtained:

Argon center core—115 s.c.f.h.

Hydrogen sheath—2730 s.c.f.h.

Coil turns—=6.

Coil I.D.—4 1inches.

Oscillator tank capacitor—900 microfarads.
Blocking capacitor—125 microfarads.
Frequency—2.5 muc.

In a modification of the plasma generator structure
shown in FIG. 4, the plasma chamber structure shown in
FIG. 1 may be substituted while locating the coil 64 at
the end of the quartz extension 158 in the same relation
as shown in FIG. 4, Operation with the following values
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(which may be compared with those indicated above)
was obtained:

Argon center core—120 s.c.f.h.

Hydrogen sheath—3610 s.c.f.h.

Coil turns—S3.

Coil 1.D.~3.3 inches.

Oscillator tank capacitor—900 microfarads.
Blocking capacitor-—200 microfarads.
Frequency-—3.1 mc.

The heat energy in the gas leaving the torch was meas-
ured to be in excess of 40% of the DC input energy to
the generator,

A schematic diagram of an electrlcal system used with
these plasma generators is shown in FIG. 6. That system
includes an oscillator tube 210 to which D.C. power is
applied over lines 212, 214. The plate (output electrode)
216 of tube 210 1s coupled by blocking capacitor 218 to
the main tank circuit that includes capacitors 220, 222,
an adjustable inductor coil 224 and generator coil 64.
Connected to the grid (control electrode) 226 of tube
210 1s capacitor 228 and continuously variable inductor
230. Diagrammatic end and side views of continuously
variable grid inductor 230 are shown in FIGS. 7 and 8.
The inductor coil 230 has thirty-six turns, one of which
is contacted by a tap in the form of two juxtaposed discs
232, 234 which are mounted on an arm 236 which arm,
in turn, 1s mounted for rotation on shaft 238 at the center
of coil 230. This tap structure, as shaft is rotated, trans-
verses the helical coil 230 and thus permits variation of
the tap position over a large and continuous range.

Variation of system plate voltage, plate amperage,
and grid amperage as a function of the position of the
tap on coil 230 under no load operation is indicated in
FIGS. 9A-C. In operation, region 240 is first located
(the region of maximum plate voltage [FIG. 9B] and
minimum plate amperage [FIG. 9A1). The plasma arc
142 is then ignited to establish a load. The setting of
the grid inductor is then varied to maximize the grid
amperage within region 240 and the power ratings of
the system.

A modified nozzle structure 140’ which has particular
utdity for introducing particulate material into the flow
of heated gas from the plasma chamber is indicated in
FIG. 10. The nozzle has a discharge passage section
250, 12 inches in diameter, and a tapered transition
section that includes a first segment 252 disposed at a
45° angle to the axis of the generator and a second
segment 254 disposed at a 60° angle to the axes of
the generator. Extending from the outer wall of the
nozzle to the discharge passage section 25¢ are two
opposed passages 256, 258, each of which is 0.082 inch
in diameter and which is drilled at an angle of 120° to
the direction of gas flow through the discharge passage
250. Flanges 260 and 262 provide clamping and sealing
surfaces for securing the nozzle 149’ to the plasma genera-
tor structure,.

In operation, particulate matter is introduced through
passages 256, 238 into the stream of hot gas issuing
from the plasma chamber. The particulate material is
introduced in a direction countercurrent to the gas flow
and at a point within the cylindrical discharge passage
section 250 so that it is acted on by the hot gas flow
for a substantial period of time while none of the
heated particulate matter impinges on any surface of
the nozzle structure disposed at an angle to the di-
rection of gas flow through the nozzle structure. In
this manner all the heated particulate matter is carried
out of the mnozzle structure by the gas flow in the
heat treatment process and does not accumulate on
nozzle surfaces.

While particular embodiments of the invention have
been shown and described, various modifications thereof
will be obvious to those skilled in the art. The spe-
cific dimensions and configurations of the described em-
bodiments are for purposes of illustration and not in-
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tended as limitations other than as recited in the claims.
It is therefore not intended that the ivention be limited
to the disclosed embodiments or to details thereof and
departures may be made therefrom within the spirit
and scope of the invention as defined in the claims,

What is claimed is:

1. An induction plasma generator comprising means
defining a plasma chamber including a multiplicity of
closely spaced, axially extending tubular elements, means
for passing coolant fluid through said tubular elements,

a high frequency electrical coil surrounding satd
chamber for creating an electric field within said
chamber,

a main gas injector spaced from one end of said cham-
ber for introducing a first gas for flow into said
plasma chamber and conversion to plasma arc con-
dition under the influence of said electric field, and

a stabilizing structure of smaller cross-sectional di-
mension than said plasma chamber for introducing
said first gas from said main injector to said plasma
chamber in the vicinity of said electrical coil in a
main stream coaxial with and spaced from the wall
of said plasma chamber.

2. The plasma generator as claimed in claim I wherein
each said tubular element is a metal cylinder and the
spacing between each pair of adjacent cylinders is less
than 0.1 1nch.

3. The induction plasma generator as claimed in claim
1 wherein said gas injector includes a gas distributor body
having a recess therein, and a porous disc element dis-
posed over said recess between said recess and said plasma
chamber for passing gas from said recess in the axial
direction for flow through said plasma chamber, said disc
element having porosity producing a gas flow pressure
drop across said disc element of at least five inches of
water.

4. The plasma generator as claimed in claim 3 where-
in said disc element iIs a metal element having a pore
size of less than twenty-five microns.

5. The induction plasma generator as claimed in claim
1 and further including a high frequency osciallator
for energizing said electrical coil, said oscillator including
a control device having an oufput circuit and a control
electrode, a tank circuit connected aross the output circuit
of said control device, said tank circuit including said
electrical coil, and a continuously variable inductor con-
nected to said control electrode.

6. An indution plasma generator comprising means
defining a plasma chamber, an electrical coil surround-
ing said chamber, a high frequency oscillator for energiz-
ing said electrical coil, said oscillator including a con-
trol device having an output circuit and a control elec-
trode, a tank circuit connected across the output circuit
of said control device, said tank circuit including said
electrical coil and a continuously variable inductor con-
nected to said control electrode, said contimiously vari-
able inductor including a helical coil, a rotatable shaft
coaxially disposed inside said helical coil, and a tap
structure mounted on said rotatable shaft, said tap struc-
ture having an end portion in wiping engagement with
a portion of one turn of said coil and adapted to be
moved along said coil in a helical path to traverse the
length of said coil in response to rotation of said shaft
and a main gas injector spaced from one end of said
chamber for introducing a first gas for flow into said
plasma chamber and conversion into plasma arc con-
dition under the influence of said electric field.

7. An induction plasma generator comprising means
defining a plasma chamber, a high frequency electrical
coil surrounding said chamber for creating an electric
field within said chamber, a main gas injector spaced
from one end of said chamber for introducing a first
gas for flow into said plasma chamber and conversion
to plasma arc condition under the influence of said elec-
tric field, and a nozzle structure at the output end of
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said plasma chamber remote from said main injector,
said nozzle structure defining an axially extending dis-
charge passage section of substantially smaller cross-
sectional area than the cross-sectional area of said

plasma chamber and a tapered transition section between
said plasma chamber and said discharge passage section,

said nozzle structure defining an axially extending dis-
tion passage having an outlet in said discharge passage
section for injecting material into the gas flow in said
tapered transition section at an angle greater than 90°
to the direction of gas flow through said discharge
passage section so that the injected material is carried
through said discharge passage section without impinge-
ment on a surface of said nozzle structure,.

8. An induction plasma generator comprising means
defining a plasma chamber,

a high frequency electrical coil surrounding
chamber for creating an electric field within
chamber,

a main gas injector spaced from omne end of
chamber for introducing a first gas for flow into
said plasma chamber, characterized 1n that said
plasma chamber defining means includes a multi-
plicity of closely spaced, axially extending tubular
elements, and further including means for passing
coolant fluid through said tubular elements.

9. The plasma generator as claimed in claim 8 where-
in each said tubular element is a metal cylinder and the
spacing between each pair of adjacent cylinders is less
than 0.1 inch.

10. An induction plasma generator co
defining a plasma chamber,

a high frequency electrical coil surrounding said
chamber for creating an electric field within said
chamber,

- a main gas injector spaced from one end of said
chamber for introducing a first gas for flow into
said plasma chamber, characterized in that said
main gas injector includes a gas distributor body
having a recess therein, and a porous disc element
disposed over said recess between said recess and
said recess and sald plasma chamber for passing
gas from said recess in the axial direction for flow
through said plasma chamber, said disc element
having porosity producing a gas flow pressure drop
across said disc element of at least five inches of
water.

11. The plasma generator as claimed in claim 10 where-
in said disc element is a metal element having a pore
size of less than twenty-five microns.

12. An induction plasma generator comprising means
defining a plasma chamber,

a high frequency electrical coil surrounding said
chamber for creating an electric field within said
chamber,

a main gas injector spaced from one end of said
chamber for introducing a first gas for flow into said
plasma chamber and conversion to plasma arc con-
dition under the influence of said electric field, and a
high frequency oscillator for energizing said electrical
coil, said oscillator including a control device having
an output circuit and a control electrode, a tank
circuit connected across the output circuit of said
control device, said tank circuit including said elec-
trical coil, and a circuit including a continuously
variable inductor element and a capacitor element
connected to said control electrode, said continu-
ously variable inductor element includes a helical
coil, a rotatable shaft coaxially disposed inside said
helical coil, and a tap structure mounted on said
rotatable shaft, said tap structure having an end por-
tion in wiping engagement with a portion of one
turn of said coil and adapted to be moved along
said coil in a helical path to traverse the length of
said coil in response to rotation of said shaft.

said
said

said

prising means
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13. The induction plasma generator as claimed in claim
12 wherein said main gas injector includes a gas dis-
tributor body having a recess therein, and a porous disc
element disposed over said recess between said recess
and said plasma chamber for passing gas from said recess
in the axial direction for flow through said plasma
chamber, said disc element having a pore size of less
than twenty-five microns and producing a gas flow pres-
sure drop across said disc element of at least five mches
of water.

14. The induction plasma generator as claimed in claim
13 wherein said means defining a plasma chamber in-
cludes a multiplicity of axially extending metal cylinders
spaced less than 0.1 inch apart, and further including
means for passing coolant fluid through said cylinders.

15. The plasma generator as claimed in claim 14 and
further including a nozzle structure at the output end
of said plasma chamber remote from said main injector,
sald nozzle structure defining an axially extending dis-
charge passage section of substantially smaller cross-
sectional area than the cross-sectional area of said plasma
chamber and a tapered transition section between said
plasma chamber and said discharge passage section, said
nozzle structure further including a material injection
passage having an outlet in said discharge passage sec-
tion for injecting material into the gas flow through said
nozzle at an angle greater than 90° to the direction of
gas flow through said discharge passage section.

16. The method of operating an induction plasma gen-
erator having a plasma chamber, a coil surrounding said
plasma chamber, and an oscillator for energizing said
coil to establish an electric field in said plasma chamber,
said oscillator including a tank circuit comprising an
inductance and a capacitance, a control device having
an output circult connected to said tank circuit and a
control electrode, and a circuit including an inductor
element and a capacitor element connected to said control
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electrode, at least one of said elements being continuously
variable,
comprising the steps of adjusting an element in said
control electrode circuit to maximize the voltage
in said output circuit,
ionizing gas in said plasma chamber to provide a
conductive medium to which the electric field estab-
lished by said coil will couple, and further adjust-
ing said continuously variable element to mazximize
10 the current flow: in said control electrode circuit
within the region of maximized voltage in said
output circuit,
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