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1
PLASMA JET IGNITION APPARATUS

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation of application Ser.
No. 799,255 filed Nov. 18, 1985, now abandoned, which
is a continuation-in-part application of my co-pending
patent application Ser. No. 766,517 filed Aug. 19, 1985,
abandoned, which is a continuation of my co-pending
patent application Ser. No. 636,169 filed July 31, 1984,
abandoned, which is a continuation of my prior patent
application Ser. No. 515,557, filed July 31, 1984, now
U.S. Pat. No. 4,471,732.

BACKGROUND OF THE INVENTION

The present invention relates to an ignition (ignitor)
apparatus and, more particularly, to a plasma jet igni-
tion apparatus for generating and discharging a jet of
plasma for igniting fuel in combustion chambers of
power sources such as internal combustion engines and
the like.

Power sources such as internal combustion engines
and the like rely on the combustion of fuel as their
primary source of energy. This combustion usually
occurs in one or more combustion chambers where the
fuel is ignited by various ignition (ignitor) means (igni-
tion by compression is normally used in diesel engines).
The fuel that is most often used for these power sources
are hydrocarbon based fuels such as gasoline and diesel
fuel. In the past, the efficiency of the power sources
which used these fuels was not as important as it is
today. World events have made the crude oil from
which many of those fuels are derived both expensive
and in scarce supply. The need for refinement of that
crude oil into various octane and cetane levels required
for conventional ignition systems also adds to this ex-
pense. Additionally, environmental concerns have re-
quired that such power sources provide for improved
efficiency and reduced emission of environmentally
harmful exhaust by-products. This present situation
calls for higher efficiency engines and less costly fuels.

Efficiency can be improved and emissions reduced by
the use of special materials and structural changes to
recuperate kinetic and thermal energies from the ex-
haust gases. Many attempts and designs have been di-
rected to this aspect of the problem. The other means
for improving efficiency and reducing emissions is by
the improvement of the combustion process which can
be accomplished through the use of efficient ignition
apparatus for the combustion of lean air/fuel mixtures.
Present ignition systems (in premixed engines) use con-
ventional spark plugs which discharge a high voltage-
low energy spark of approximately 0.01 Joules into the
combustible mixture. This spark ignites a small volume
of the mixture which in turn spreads through the vol-
ume of the mixture at the speed of the flame front to
ignite the rest of the mixture. This mixture usually con-
tains a high-octane gasoline fuel in a rich air/fuel mix-
ture. Lean air/fuel mixltures do not burn as well be-
cause the flame speed of the front is reduced. Because
the actual burning rate and ignition delay of this system
depends upon the physical chemistry of the fuel ex-
tremely sophisticated combustion chambers have been
necessary to produce slight improvements in ignition
delay and burning rate. Additionally, high octane or
high cetane fuels are needed which are more expensive
and scarce. Moreover, because conventional spark plug
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ignition systems require relatively rich air/fuel mixtures
for proper combustion it is important to precisely main-
tain this air/fuel mixture for efficient operation. Thus
the conventional ignition systems limit the useful oper-
ating range of both low and high compression ratio
internal combustion engines and the like.

An ignition system that could reduce the fuel ignition
delay and promote faster burning rates would improve
fuel economy, reduce emissions, and extend the useful
operating range of the engine in terms of the air/fuel
mixture and also in terms of the types of fuels that could
be used. Running an engine with lean air/fuel mixtures
presents numerous of the above advantages. The excess
air provides for nearly complete combustion of hydro-
carbons and carbon monoxide which are usually re-
leased as exhaust gases. The greater dilution of the
charge with a lean mixture results in a lower peak tem-
perature attained within the combustion chamber. This
determines lower heat loss and reduces the formation of
nitric oxide pollutants. The ratio of specific heats of
fuel-air mixtures increases as leaner mixtures are em-
ployed. This means higher thermal efficiency at a given
compression ratio. Qutput power may be controlled by
just the variation of the air/fuel ratio in a lean mixture.
This avoids the use of a throttle valve, which generally
introduces pressure drops and a resulting decrease effi-
ciency. Thus the use of lean mixtures results in a de-
crease in pollutant production and increases in effi-
ciency.

As pointed out, conventional spark plugs do not effi-
ciently cause combustion of lean mixtures and either
misfiring occurs or there is no combustion. The typical
spark of a conventional spark plug is highly localized
and ignites a very small volume of fuel in the general
vicinity of the surface of the spark. The small initial
flame front produced from the spark propagates at a
speed that is a function of the air/fuel ratio and of the
chemical property of the fuel. With lean air/fuel ratios
the combustion chemical kinetics is much slower. For
efficient burning of such mixtures the flame speed must
be increased.

The stratified charge engine is one structure which
has been employed to attempt to gain the benefits of
burning leaner air/fuel mixtures. The basis of this design
is to provide for an initial combustion chamber in which
a very rich air/fuel mixture is first ignited into a flame.
Because of the pressure resulting from the chemical
combustion this flame then enters the main combustion
chamber to ignite a leaner mixture contained within the
main chamber. The process requires chemical combus-
tion in the initial chamber and the restructuring of the
basic design of various internal combustion engines so
that this initial chamber is provided for. These engines
also require additional components, valves, and other
design changes to present engines to allow for the use of
the initial combustion of a rich mixture.

Another system for burning lean mixtures is based on
the use of plasma jets. Basically these various systems
create a jet of plasma which is introduced into the main
combustion chamber. This jet causes the combustion of
the fuel in the combustion chamber. The basic structure
provides for an initial cavity in which a small amount of
gas or the like is introduced. This gas is subjected to an
electric discharge of high energy. This causes the gas to
become a hot partially ionized gas otherwise known as
plasma. Because of a great and quick buildup in pressure
this plasma rushes out of an orifice in the cavity into the
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main combustion chamber as a jet or plume of plasma.
Unlike the stratified engine flame this jet contains a
much higher concentration of active chemical species
(OH, H, N . .. radicals), and enters the combustion
chamber at supersonic speeds. It appears that the pres-
ence of the radicals and the induced small scale turbu-
lence enhances the initiation and the propagation of the
flame front in lean air/fuel mixtures.

It has been recognized in the art that a plasma jet
ignition system would have many advantages for use in
internal combustion engines. Plasma jet ignitors can be
adapted to be placed into internal combustion engines
with relative ease. They offer an excellent means by
which lean mixtures may be burned to extend the oper-
ating ranges of conventional engines. This of course
provides all of the advantages of burning of lean mix-
tures in terms of fuel savings and pollutant reduction.

As has been pointed out the plasma medium, the
magnitude and duration of the energy that generates the
plasma, the size and shape of the plasma cavity and the
size and shape of the orifice all affect plasma jet ignition
effectiveness. The initial velocity of the plasma jet as it
enters the main combustion chamber governs the pene-
tration of the jet and its ability to cause small scale
turbulence and enhance combustion. This velocity has
been controlled by the dimensions of the plasma form-
ing cavity and the ejection orifice. The duration and the
amount of energy imparted to the plasma also governs
the initial velocity. Higher energies must be discharged
through the spark plug electrodes than for conventional
spark plugs to generate plasma jets of sufficient pressure
to be able to achieve the advantages of penetration and
turbulence mentioned for enhanced combustion. These
high energies tend to erode electrodes at a faster rate
and to erode the orifice and cavity shape of the plugs.

The present invention provides for a plasma jet igni-
tor that can be easily adapted for use with internal com-
bustion engines. It improves combustion and reduces
pollutants by providing a jet of plasma that will ignite
lean levels of fuel/air mixtures. The invention also pro-
vides for an external magnetic field means to accelerate
the plasma jet so that the jet achieves good initial veloc-
ity so that it achieves the appropriate penetration into
the combustion chamber to provide for the most effi-
cient combustion of the fuel mixture. Because of the use
of external means to accelerate the jet, the initial energy
needed for the electrode discharge does not need to be
as great. This means that the ignitor durability will be
increased and that the entire system will be part of an
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ranged to generate a magnetic field in order to acceler-
ate plasma in the cavity out the outlet orifice so that a
jet of plasma exits from the outlet orifice.

Accordingly, an object of the present invention is to
provide an improved plasma jet ignition apparatus that
is suitable for practical applications.

Related objects and advantages of the present inven-
tion will become apparent from the following figures
and detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a partial side elevational view in cross sec-
tion of a typical embodiment of a plasma jet ignitor
according to the present invention.

FIG. 2 is a block diagram of a plasma jet ignition
system according to a typical embodiment of the pres-
ent invention.

FIG. 3 is a side elevation view in full section of a
typical embodiment of a plasma jet ignitor according to
the present invention.

FIG. 4 is a top plan view of the FIG. 3 plasma jet
ignitor.

FIG. 5 is a partial, side elevation view of the FIG. 3
plasma jet ignitor (viewed at 90 degrees relative to FIG.
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actual power plant. Further advantages and features of 50

present invention are discernable from the disclosure
that follows.

SUMMARY OF THE INVENTION

A plasma jet ignitor apparatus for generating plasma
from a plasma medium and for discharging the plasma
as a jet. The apparatus comprises electrode discharge
means for discharging energy to generate plasma from
the plasma medium at a plasma generation location,
magnetic field generation means and a plasma cavity.
When the plasma medium is a liquid or gaseous, then
the plasma cavity includes an inlet opening adjacent the
plasma generation location and an outlet orifice. The
inlet opening provides flow communication between
the plasma medium location and the cavity. When the
plasma medium is a solid material then the cavity is
provided with an appropriate sleeve of that particular
material. The magnetic field generation means is ar-
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FIG. 5A is a partial, side elevation view of an alterna-
tive embodiment of the FIG. 1 plasma jet ignitor.

FIG. 6 is a perspective view of a cavity housing and
defined plasma cavity comprising a portion of the FIG.
3 plasma jet ingitor with its top to bottom orientation
inverted in order to illustrate the cavity contour.

FIG. 7 is a side elevation view in full section of an
alternative plasma jet ignitor having an inverted orien-
tation.

FIG. 8 is a schematic diagram of a suitable circuit for
the various plasma jet ignitors of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

For the purposes of promoting an understanding of
the principles of the invention, reference will now be
made to the embodiment illustrated in the drawings and
specific language will be used to describe the same. It
will nevertheless be understood that no limitation of the
scope of the invention is thereby intended, such alter-
ations and further modifications in the illustrated de-
vice, and such further applications of the principles of
the invention as illustrated therein being contemplated
as would normally occur to one skilled in the art to
which the invention relates.

Referring to FIG. 1 there is shown the preferred
embodiment of a plasma jet ignitor apparatus 10 for
generating plasma from a plasma medium and for dis-
charging the plasma as a jet. The apparatus 10 is useable
with an internal combustion engine for generating a jet
of plasma into a combustion chamber of the internal
combustion engine to ignite a fuel in the combustion
chamber. The present structure as hereinafter described
can be used to replace conventional spark plugs with
the plasma jet ignition plug 11 shown in FIG. 1. Only
the bottom portion of the plug 11 need be shown for an
understanding of the invention because the upper por-
tion has the structure of any conventional spark plug.
Because the general external geometry of the plug 11 is
like a conventional spark plug it can be placed in the
conventional spark plug receptacle of a conventional
internal combustion engine.
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The plug 11 has a housing 12 which is made of metal
and has means for attaching the plug 11 at a location
adjacent the combustion chamber of an internal com-
bustion engine. These means are the external screw
threads 13 which mate with the threads of a conven-
tional spark plug receptacle. Of course any other de-
sired size of threads may be used. The housing has a
central bore 14 in which electrode discharge means 15
are disposed within the housing 12 for discharging en-
ergy. The electrode discharge means 15 have a ceramic
body 16 which is a cylinder of ceramic material which
is received in the bore 14 of the housing 12. This ce-
ramic body 16 has a central bore 17 in which an elec-
trode 18 is disposed.

The electrode 18 has a discharge end 19 from which
electrical energy is discharged and a spark occurs in the
spark gap 20 between the electrode end 19 and the
ground electrode 21. This spark gap 20 is also adjacent
the plasma generation location 22 at which the energy
from the discharge of the electrode generates plasma
from a plasma medium. The electrode discharge means
further includes electrical means 23, as shown in FIG. 2
which is electrically engaged as shown diagrammati-
cally at 24 with the electrode 18 for providing electrical
energy to the electrode to cause a discharge of energy at
the plasma generation location. As shown in FIG. 2 the
source of the electrical energy is a conventional 12 volt
power source 50. This source 50 is in electrical engage-
ment by line 53 with a trigger voltage source 54. Line 55
electrically connects the trigger 54 with a high energy
ignition coil 56 which is connected to distributor 45 and
then to the electrode. The functioning of this electrical
means in the preferred embodiment shall be more fully
explained hereinafter.

The electrode discharge means includes plasma me-
dium introduction means 25 as shown in FIGS. 1 and 2.
The plasma medium means 25 have a plasma medium
passageway 26 disposed in the housing 12. This passage-
way 26 has a plasma medium outlet opening 27 disposed
adjacent the plasma generation location 22. The oppo-
site second end 28 of the passageway 26 is disposed in
flow communication with a plasma medium source 29
which contains a supply of plasma medium. Thereby a
flow communication is established between the plasma
medium source 29 and the plasma generation location
22 for introducing plasma medium to the plasma genera-
tion location. As shown in FIG. 2 the plasma medium
passageway 26 has a first solenoid valve 47, then an
injection calibrated cavity 52 which holds a, in the
preferred embodiment a calibrated amount of plasma
medium for calibrated injection into the cavity 30.
There is also a second solenoid valve 48 down the line
before the passageway 26 enters the plug 12. The func-
tioning of this plasma medium introducing means in the
preferred embodiment shall be more fully explained
hereinafter.

In the preferred embodiment the plasma medium that
is used is Hydrogen gas. Other types of plasma mediums
are of course possible. Hydrogen gas has been found to
reduce fuel ignition delay and to enhance the combus-
tion caused by the plasma generated from the hydrogen.
Nitrogen may be used as the plasma medium if it is
desired to reduce nitrous oxides emissions. Fuel and
water mixtures reduce hydrocarbon particulate emis-
sions.

As shown in FIG. 1 the plug 12 has a plasma genera-
tion cavity 30 at its lower end. The cavity inner wall 31
is defined by a magnetic field generation means 33. The
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actual inner wall that is included as part of the magnetic
field generation means, in the preferred embodiment, is
an integral inner wall of the housing 12. An alternative
design is to provide the inner wall as part of a shroud 32
that is securely attached to the housing 12 at its lower
portion 34. The plasma cavity shroud 32 has an open
portion 35 adjacent the plasma generation location 22.
The open portion 35 is adapted to be secured to the
electrode discharge means housing 12. The integral
wall or the shroud provide two approaches by which
the present invention can be achieved. One approach is
the constructing of the magnetic field generation means
integraily with the remainder of the plug 12. The other
approach is the use of a shroud 32 which is attached to
conventional plasma jet plug design so that the en-
hancement provided by the present invention’s mag-
netic field generation means, as hereinafter explained,
may be realized for those plugs also.

The cavity 30, whether defined by the housing or the
shroud wall, has an inlet opening or open portion 35
adjacent the plasma generation location 22. The cavity
also has an outlet orifice discharge means as shown by
the orifice 36. The inlet opening or open portion 35
provides flow communication between the plasma gen-
eration location 22, the cavity 30 and the cavity dis-
charge orifice means 36. The cavity 30 shown in FIG. 1
has a conical shape 37 towards the orifice 36 and the
orifice 36 has a conical shape 38 towards the cavity 30.
When the plug 12 is in an internal combustion engine
the outlet orifice 36 is in flow communication with the
combustion chamber so that the plasma jet goes from
the cavity and into the combustion chamber to ignite
the fuel in the chamber. In the preferred embodiment,
the cavity 30 has a volume of approximately 50 cubic
millimeters and the orifice 36 has an open diameter 39 of
1 millimeter. Variations in the cavity size and orifice
diameter are possible and such variations will affect the
velocity and penetration of the plasma jet and such
variations are intended to be within the scope of the
present invention.

The present invention provides magnetic field gener-
ation means 33 for creating a magnetic field to acceler-
ate the jetting of the plasma from the plasma generation
location 22 through the cavity 30 and out the orifice 36
as a jet. The magnetic field generation means 33 in-
cludes a magnetic field coil 40 disposed about and defin-
ing the plasma generation cavity 30. This field coil 40 is
embedded in the preferred embodiment in a ceramic
cap 41. This cap 41 of course can be integral with the
plug housing 12 or it can be part of the shroud 32. The
magnetic generation means 33 further includes mag-
netic field electrical energy means 42 electrically en-
gaged 43 with the magnetic field coil 40 for introducing
electrical energy into the field coil 40 to produce the
desired magnetic field for the acceleration of the plasma
out of the cavity 30 through the orifice 36. The electri-
cal energy means 42 include the electrically engage-
ment of the magnetic field coil 40 with the triggering
device 54 by line 59. The functioning of these electrical
energy means 42 in the preferred embodiment shall be
described below.

The preferred embodiment of the present invention
also has timing means 44 and 45 for timing the introduc-
tion of plasma medium by the plasma medium introduc-
tion means with the discharge of energy by the elec-
trode discharge means with the acceleration of the
plasma by the magnetic field generation means. The
timing means include distributor 44 and distributor 45.
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Distributor 44 is engaged with the plasma medium in-
troduction means 25. One engagement is with a first
solenoid valve 47 by line 46 and the second engagement
is with solenoid valve 48 by line 49. Distributor 44 is
powered by a conventional 12 volt power supply 50
through power line 51. Distributor 45 is electrically
engaged by line 57 with the high energy ignition coil 56
and electrically engaged with the electrodes 18 by line
58. The timing means functioning for the preferred
embodiment shall be more fully explained below.

The operation of the preferred embodiment will now
be explained. The present invention provides for an
apparatus and system for ejecting a jet of plasma into for
example, a combustion chamber. This jet is accelerated
by a combined action of a static pressure and an acceler-
ating magnetic field. At the beginning of a cycle or
initially the timing distributor 44 triggers solenoid valve
47 and the plasma medium which is hydrogen flows
from the plasma medium source 29 to the calibrated
injection cavity 52. At this time valve 48 is already shut
off. In the preferred embodiment the injection cavity
holds approximately 0.05 milligrams of hydrogen. Dis-
tributor 45 then shuts off valve 47 and triggers solenoid
valve 48 and the calibrated amount of hydrogen flows
through passageway 261 and is introduced into the 50
cubic millimeter plasma generation cavity 30 from out-
let opening 27. Distributor 45 is timed relative to distrib-
utor 44 so that distributor 45 triggers the electrical
means 23 for the electrode discharge means. This timing
depends on the engine load but is usuaily only a few
moments after the hydrogen enters the plasma genera-
tion cavity 30. In the preferred embodiment, this causes
a high energy spark of approximately 0.7 joules to be
discharged by the electrode 18 at the plasma generation
location 22. This high energy spark causes the hydrogen
to become a hot ionized gas otherwise known as plasma.
In the preferred embodiment, due to the extremely
short deposition time of approximately 50 microseconds
at which the electrical energy is discharged, an abrupt
increase in temperature and pressure is caused within
the plasma cavity 30. Since this pressure is much greater
than the pressure outside of the cavity, the plasma gen-
erated is ejected from the cavity 30 through the orifice
36.

To improve and control the penetration of the jet so
that the most effective penetration will occur the mag-
netic field means 33 is energized during the plasma
formation. The magnetic field electrical means 42 are
connected to the power supply 50 through the trigger
voltage source 54. The magnetic field electrical means
42 at the time of the electrode discharge cause a large
amount of energy, of approximately 10 joules, stored in
a capacitor to be discharged into the magnetic field coil
40 which is wound around the cavity 30. This creates an
appreciable magnetic field which accelerates the plasma
jet so that good penetration is achieved. With the di-
mensions recited herein as the preferred embodiment
the plasma jet has been ejected by this invention to an
approximate depth of 5 centimeters within a combus-
tion chamber. Thereby good combustion results due to
increased flame speed, turbulence, and larger flame
front resulting in multi-point ignition.

An alternative and slightly more detailed embodi-
ment of the present invention is illustrated in FIGS. 3-6
wherein jet ignitor apparatus 70 includes ceramic body
71, electrodes 72 and 73, magnetic poles 74 and 75,
defined cavity 76, support 77 and holder 78. Magnetic
poles 74 and 75 are created by the combination of exter-
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nal windings 81 and iron core 82, and are disposed on
opposite sides of cavity 76 directly above the pair of
substantially parallel electrodes 72 and 73 that form an
arc gap at the bottom of the cavity on the opposite side
from the outlet orifice 85. The upper ends of the elec-
trodes are flush with the corresponding surface of the
ceramic body such that the arc formed between the
electrodes passes out of the respective ends and not out
from the sides of each elecirode body. This particular
relationship controls and reduces heat loss thereby add-
ing to the overall efficiency of the present invention.

Furthermore, the structure of the emerging jet pro-
duced by the arc occurring at the bottom of the cavity
76 and on the opposite side from the outlet orifice 85, is
a ring vortex. There are two main advantages with the
ring vortex structure. One advantage is that the penetra-
tion of a ring vortex has a weak dependency on the
environment density, therefore it is particularly suitable
for high-compression ratio and highly boosted modern
engines. The other advantage is that, during its travel
across the combustion chamber, the ring vortex pro-
gressively entrains air/fuel mixture and offers a better
control on the ignition location.

The ceramic body 71 is formed with two passage-
ways for receipt of electrodes 72 and 73. Also provided
as part of ceramic body 71 is an outwardly extending,
annular shoulder 83. Shoulder 83 abuts up against the
top surface of support 77 and is clamped in place by the
threaded engagement between holder 78 and support
77. An O-ring 84 is disposed between the top surface of
holder 78 and the upper surface of shoulder 83 and
provides in part the necessary sealing between compo-
nents.

The upper portion of ceramic body 71 is relieved
around and contoured so as to define cavity 76 which
extends above the surrounding surface of body 71. Cav-
ity housing 76a which defines the size and shape of
cavity 76 is a generally rectangular solid and securely
attached to the remainder of body 71. Cavity housing
764 includes a centrally disposed orifice 85 which opens
outwardly from the top of cavity 76. Cavity housing
764 includes a surrounding wall 88 (see FIGS. 5 and 6)
and the interior includes inwardly tapering, planar,
rectangular surfaces 89 and 90 which terminate at the
interior edges of orifice 85.

As was illustrated in FIG. 1, some means of introduc-
ing the plasma medium into proximity with the elec-
trodes 72 and 73 is required if the plasma medium is a
liquid or gaseous substance. Although such means are
not actually illustrated in FIG. 3 or 7, it is to be under-
stood that the omission is only for drawing clarity and
in order to focus FIGS. 3 through 7 on the design of the
cavity and not every element of feature of the surround-
ing system or environment.

In one embodiment of the present invention the
plasma medium is initially a solid material and actually
positioned in cavity 76. Referring to FIG. 5A, this alter-
native embodiment is illustrated. By fabricating the
planar, rectangular surfaces 89a and 90a out of a special,
solid plasma material such as polyetheretherketone, the
plasma introduction means previously described is no
longer necessary. These rectangular surfaces may be
configured as a sleeve or insert which fits into the other-
wise generally rectangular solid shape of cavity 76. The
solid plasma material undergoes a transformation when
it is exposed to the high temperature of the electrode
arc. A very small portion of the solid material vapor-
izes, chemical bonds are broken and the material goes
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into plasma as radicals. The rate at which the solid
material is reduced by this process is of the same order
of magnitude as the wear rate or rate of erosion of the
electrodes. A material believed to be suitable for the
solid plasma material for the present invention is offered
by a United Kingdom company called, Imperial Chemi-
cal Industries (ICI), and has a commercial name of
“VICTREX”. The VICTREX polyetheretherketones
(PEEK) is a high-temperature thermoplastic resin
which is suitable for processing by extrusion or injec-
tion molding.

Electrodes 72 and 73 are disposed and arranged such
that their exposed ends are substantially flush with the
lowermost edge of the cavity housing. These two elec-
trodes are inset from the housing edges so as to be in line
with rectangular surfaces 89 and 90 and positioned gen-
erally symmetrically on opposite sides of orifice 85. The
diameter size of orifice 85 is critical, and in the exem-
plary embodiment the diameter of orifice 85 is approxi-
mately one-third the length of the cavity. Correspond-
ingly, the projected lengths of rectangular surfaces 89
and 90 are each approximately one-third of the cavity
length. The cavity volume is in the range of 10-20 cubic
millimeters.

As previously described, magnetic poles 74 and 75
are disposed on opposite sides of the cavity and as
should be noted, are aligned with each other in order to
provide the magnetic field necessary for accelerating
the plasma jet, as previously described. The direction of
the arc between the two electrodes and the fact that the
magnetic field is arranged at 90° (normal) to the arc
controls the direction of the plasma jet. Following the
left-hand rule and the vector relationship between mag-
netic and electrical fields, the force vector which causes
plasma jet acceleration is represented by the following
equation:

F=JXB (Equation 1)
wherein J is the arc vector, B is the magnetic field vec-
tor and F is the acceleration force vector. The direction
of plasma jet acceleration is always 90° relative to the
plane of the two vectors J and B. The acceleration
vector is maximized when J and B are at 90° to one
another (exemplary embodiment) but an acceleration
vector is still present, only smaller, at relationships
other than 90° between the J and B vectors.

Referring to FIG. 7, an alternative embodiment to
that of FIGS. 3-6 is illustrated. Jet ignitor apparatus 95
is virtually identical to apparatus 70 with the exception
of the style of the iron core, windings, and magnetic
poles. In FIG. 7 the windings are internal to the holder
and the ceramic body is styled differently in order to
accommodate this change. Magnetic coils 96 and 97 are
still disposed on opposite sides of the cavity and 90°
apart from the two, substantially parallel electrodes 98
and 99.

Referring to FIG. 8, associated circuitry which is
cooperatively arranged with apparatus 70 (or alterna-
tively apparata 10 or 95) is illustrated. Circuit 102 is
arranged into two portions 103 and 104 which are inter-
connected by electrical conductive lines 105 and 106.
Circuit portion 103 includes an AC voltage input (po-
tential) across terminals 107 and 108, storage capacitor
109, voltage transformer 110 and capacitor 111. Circuit
portion 104 includes magnetic field coil 114 and current
transformer 115. The function of circuitry portion 104 is
to feed high current into the current transformer 115 so
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10
that more energy can be supplied to the magnetic field
coil 114.

While working with the technology of the present
invention in evaluating various alternatives and design
parameters, a number of factors such as positional rela-
tionship, dimensions, shapes and sizes were evaluated.
In each instance such criteria as efficiency and reliabil-
ity were assessed. These various factors are reviewed
hereinafter, and while the foregoing structural and per-
formance descriptions of the exemplary and alternative
embodiments are certainly consistent with the evalua-
tion of these factors, the following discussion of such
relationships, dimensions, shapes and sizes provides
additional insight into some of the details of the present
invention, its application, critical aspects, and its adher-
ence to and utilization of the laws of physics.

The arc current and cavity volume are critical param-
eters and deterimine the ignitor sensitivity to the exter-
nal magnetic field. Only for low energy density ignitors,
the external magnetic field can be beneficial. If the
magnetic coil is in series with the arc gap, then a consid-
erable plasma velocity increase can be obtained.

A limit value for the energy density (Ep) above
which the plasma jet is insensitive to the magnetic field
exists and is related to the environment pressure (P) by
the following formula:

Eplimir=6X PP43(j/mg) (Equation 2)

In a low current plasma jet, the ratio between magnetic
forces and thermal forces can be as high as 100. The
increase in plasma velocity due to the presence of a
magnetic field is proportional to the square root of the
number of turns in the magnetic coil. A narrow mag-
netic field will produce a more aerodynamic jet.

An electric arc is defined as a low voltage/high cur-
rent discharge. On the other hand, a high voltage/low
current discharge is called a spark. An arc generates a
much higher gas temperature than a spark and it can be
very effective in producing high density plasma. As
with any electrical conductor, an arc obeys the laws of
electromagnetism. If (J) is the current density vector in
the arc and (B) is a magnetic induction vector orthogo-
nal to (J), a force (J X B) will act on the arc in a direction
perpendicular to both (J) and (B). The amplitude and
velocity of the arc deflection are also depending on (J)
and on the aerodynamic resistance (R) encountered
during the arc motion. The aerodynamic resistance is
proportional to the arc surface area (A), to the environ-
ment density (poo), the square of the arc velocity (V)
and to drag coefficient (Cp) as expressed below:

RxApxaVZCp

Arc deflection velocities up to 30 m/s have been mea-
sured at ambient conditions, for a magnetic induction
intensity of B=1.6K gaus and for an arc current of i=8
amps. The maximum value for the magnetic induction
(B) is obtained when the electrodes are parallel and it is
given by the following formula:

Lol (Equation 3)

T wd

where (o) is the magnetic permeability, (i) is the cur-
rent in the electrodes and (d) is the distance between the
two electrodes. In order to contain the erosion of the
electrodes and of the cavity, the current value (i) should
be kept as low as possible, and the consequential reduc-
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tion in (B) should be compensated by the addition of an
external magnetic field. This can be accomplished by
means of a solenoid properly wound around the arc
discharge location. The magnetic induction along the
axis of a solenoid is given by:

WolVi (Equation 4)
L

B3

where (N) is the number of turns, (i) is the current in the
solenoid widing and (L) is the length of the solenoid.
Comparing Equations 3 and 4:

(Equation 5)

Nrd
By/B = —F

When L.=3d, B3/B is proportional to N. In practical
application, the number of turns (N) can be easily made
equal to 100. This means tht the presence of an external
solenoid will increase the magnetic induction (B) by a
factor of 100.

During an arc discharge, a large quantity of heat is
dissipated in the immediate vicinity of the arc. This heat
ionizes the gas around the arc and creates plasma. If the
arc moves, then plasma is produced along the arc pat-
tern. If plasma is needed far away from the electrode’s
gap, then the arc can be displaced. This generates the
typical luminous plume. From an aerodynamic stand-
point, the arc motion in a gas is similar to the motion of
a solid body in a low density medium. The high temper-
ature developed within the arc channel acts as a thermal
barrier and offers an aerodynamic resistance to the arc
motion. If we assume that the arc channel of hot gases
is cylindrical, then the drag force will be proportional
to:

Cpasu?P=

where (Cp) is the drag coefficient, (a) is the channel
radius, (s) is the arc length, (u) is the arc displacement
velocity and (p «) is the environment density. The mo-
mentum equation for the arc moving away from the gap
can be written as:

g—;- (P‘”'azs);l. = J X B(ma%) — Poﬂsuzpoo (Equation 6)

Since the mass of the hot gas in the arc channel can be
considered constant Equation 6 becomes:

Cppeo “2 (Equation 7)

prma

du
dt

= —iB

= pmay

in which (p) is the density of the hot gas in the arc
channel. For a square pulse, in which (i) and (B) are
constant with time, the approximate integration of
Equation 7 leads to the expression of the asintotic arc
velocity:

iB

(Equation 8)
aCpp oo

p=

Equation 7 and its approximate solution, Equation 8,
can be used to describe the dynamics of an arc displaced
by a magnetic field.

The plasma produced by an arc discharge is a par-
tially jonized hot gas and, as already explained, is pro-
duced around the arc. If the arc is accelerated the
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plasma around it will also be accelerated and it will
form a luminous plume. For steady arcs the plasma
produced is far from steady and has a pronounced ten-
dency in moving away from the arc channel. This phe-
nomenon is due to the sudden increase in the gas tem-
perature around the arc. If the arc is confined in a small
cavity, then the increase in pressure can be considerable
and if one provides the small cavity with an aperture,
then a jet of plasma will be generated. This is the com-
mon mechanism used up to now for squirting plasma far
away from the electrode gap. For very high discharge
energy densities this mechanism produces highly turbu-
lent and penetrating jets. When low discharge energy
densities must be used, then the jet effectiveness decays
dramatically. The pressure in the cavity after the dissi-
pation of the specific energy Q is given by:

p= 1;%[]2 + Po (Equation 9)

and since Ro/VCp is usually a large number, a reduc-
tion in Q will always cause a drastic reduction in P. The
expression for magnetically accelerated plasma is:

iB

(Equation 10)
aCpp oo

n=

in which for low specific energies an increase in (B), by
means of an external magnetic field and the decrease in
(a) and (Cp), due to the higher pressure, can very well
compensate the decrease in current (i) and the increase
in density (p ). In principle an optimized design would
maximize both the thermal and the magnetic forces.
Equation 9 says that in order to maximize the thermal
forces and for a given energy pulse, the cavity volume
should be as small as possible. This maximization crite-
rion becomes more complicated in the case of magnetic
forces. As quantified in Equation 10, the numerical
value of the drag coefficient Cp should be as small as
possible. This condition can be achieved only if the
discharge occurs in an aerodynamic cavity. For a low
current arc it can be shown that the thermal forces are
very small compared to the magnetic forces. The ideal
jet velocity produced by magnetic forces can be about
100 times larger than the ideal jet velocity produced by
thermal forces only. For this reason, a low current
plasma jet should be designed mainly to maximize mag-
netic forces. Experimental results have demonstrated
that for a parallel electrode configuration there exists a
limit value of the arc current (i) above which the addi-
tion of an external magnetic field does not improve the
plasma acceleration. An approximate figure for the
threshold value at ambient conditions is: i =15 amps.

An explanation of the existence of such a threshold
value can be seen in the fact that for a higher current the
self-induced magnetic force is so strong that it can pro-
duce the complete stretching of the arc, therefore the
addition of external forces does not produce any visible
effect. At higher pressure the current limit value (i) is
expected to increase as the aerodynamic forces acting
on the arc retard its complete stretching. Another limi-
tation in the use of magnetic forces as a propulsive
media was found in the size and geometry of the cavity.
If the cavity was too small or if the geometry was not
sutable to minimize the arc contact with the surfaces,
then the arc growth was arrested and the magnetic
forces could not be fully exploited. More specifically, it
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was found that for discharge energy density of the
order of 6 J/mg or less the plasma jet velocity and
penetration was significantly improved by the addition
of an exxternal magnetic field. For energy densities
higher than 6 J/mg the plasma jet was practically insen-
sitive to the addition of an external magnetic field. This
energy density limit is also expected to increase with
pressure. An empirical relation would be:

Epiimir=Epox P* (J/mg)

where:

Epis the energy density limit above which the exter-
nal magnetic field does not produce any significant
effect;

Ep, which equals 6 J/mg is the experimental value at
ambient conditions;

P is the environment pressure; and

k which equals 0.45, was experimentally determined.

The depth (d) of the cavity should be equal to the
radius of the maximum useful arc stretch beyond which
the arc starts expanding prevalently in the transverse
direction. To reduce the direct contact between the
fully stretched arc and the cavity lateral walls, the
length (1) should be larger than the fully stretched arc
diameter obtained in absence of the plasma at the elec-
trode’s root.

The parallel electrode configuration with the arc gap
at the bottom of the cavity on the opposite side from the
outlet orifice and with the transverse magnetic field
acting on the arc gap presents a simpler principle of
operation than the surface electrode configuration with
an axial magnetic field. The starting point for such a
design is in the selection of an appropriate electrode
diameter. As a general criterion a smaller electrode
diameter maximizes the magnetic induction. Further-
-more, it allows for a smaller magnetic gap which in-
creases the external magnetic field intensity and reduces
the width of the ignitor to fit a standard spark-plug
thread. The electrode protrusion in the cavity should be
as short as possible. For a longer protrusion a significant
reduction in the luminous plume length was observed.
Perhaps the longer electrodes acted as a quenching
agent during the arc growth. For a given set of ignitor
operational conditions, i.e., arc current, energy, elec-
trode diameter and gap, and environment pressure, the
volume and the geometry of the cavity can be deter-
mined. The orifice diameter must be large enough to let
the arc go through without disrupting it. On the other
hand, too large of an orifice would determine a large
front area jet and would increase the aerodynamic resis-
tance.

Experimental results demonstrated that the jet’s
structure, produced by the arc occurring at the bottom
of the cavity and interacting with a transverse magnetic
field, consists in a ring vortex. The organized motion of
a ring vortex is produced with a small amount of energy
whereas the random motion of a turbulent jet requires
higher energy. A second advantage is in the more pro-
gressive entrainment by the surrounding medium into
the ring vortex. This factor allows for a longer jet pene-
tration and a more effective preservation of the radicals
from premature recombination.

While the invention has been illustrated and de-
scribed in detail in the drawings and foregoing descrip-
tion, the same is to be considered as illustrative and not
restrictive in character, it being understood that only
the preferred embodiment has been shown and de-

scribed and that all changes and modifications that”
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come within the spirit of the invention are desired to be
protected.
I claim:

1. A plasma ignition apparatus for generating plasma
and for propelling said plasma from said ignition appa-
ratus for ignition external to said ignition apparatus, said
ignition apparatus comprising:

means defining a cavity;

a solid plasma medium insert disposed within said

cavity;

electrical energy discharge means cooperatively ar-

ranged with said cavity and arranged for generat-
ing an electrical energy discharge in the vicinity of
said solid plasma medium insert and for transform-
ing a portion of said solid plasma medium insert
into generated plasma radicals within said cavity,
said electrical energy discharge being at a level
sufficient to generate said plasma radicals and
below a level at which the generated plasma radi-
cals are propelled from the cavity and capable of
ignition external to the cavity, whereby electrode
erosion is minimized; and

magnetic field generation means establishing a mag-

netic field within said cavity, said magnetic field
providing a supplemental propelling force on said
generated plasma radicals, the strength of said
magnetic field being predetermined based upon the
energy level of said discharge and the geometry of
said cavity so as to propel the generated plasma
radicals from the cavity for ignition external to the
cavity, whereby ignition and flame propagation are
enhanced.

2. The plasma ignition apparatus of claim 1 wherein
said magnetic field generation means includes a pair of
magnetic poles aligned with one another on opposite
sides of said cavity.

3. The plasma ignition apparatus of claim 1 wherein
said electrical energy discharge means includes a pair of
substantially parallel electrodes, each electrode having
an electrode discharge end, said electrode discharge
ends being disposed adjacent said cavity.

4. The plasma ignition apparatus of claim 1 wherein
said electrical energy discharge means is designed and
arranged such that the electrical discharge is substan-
tially perpendicular in its direction to said magnetic
field.

5. The plasma ignition apparatus of claim 1 wherein
said magnetic field generation means includes a pair of
magnetic poles aligned with one another on opposite
sides of said plasma cavity, and wherein said electrical
energy discharge means includes a pair of substantially
parallel electrodes, said electrical discharge being estab-
lished between said pair of electrodes and having a
direction which is substantially perpendicular to said
magnetic field.

6. A plasma ignition apparatus for generating plasma
and for propelling said plasma from said ignition appa-
ratus for ignition external to said ignition apparatus, said
ignition apparatus comprising:

means defining a cavity;

a solid plasma medium insert disposed within said

cavity;

electrode means cooperatively arranged relative to

said cavity for discharging electrical energy in said
cavity at a level sufficient to transform a portion of
said solid plasma medium insert into generated
plasma radicals within said cavity and below a
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level at which the generated plasma radicals are
propelled from the cavity and capable of ignition
external to the cavity, whereby electrode erosion is
minimized; .
first circuitry means cooperatively arranged with said
electrode means for controlling the level of current

and voltage of electrical energy discharged by said

electrode means;

magnetic field generation means for establishing a
magnetic field within said cavity, said magnetic
field providing a supplemental propelling force on
said generated plasma radicals, the strength of said
magnetic field being predetermined based upon the
energy level of said discharge and the geometry of
said cavity so as to propel the generated plasma
radicals from the cavity for ignition external to the
cavity, whereby ignition and flame propagation are
enhanced; and

second circuitry means cooperatively arranged with

said magnetic field generation means for control-
ling the generation of said magnetic field.

7. The plasma ignition apparatus of claim 6 wherein
said electrode means includes a pair of substantially
parallel electrodes and said electrical discharge is estab-
lished between said pair of electrodes.

8. The plasma ignition apparatus of claim 6 wherein
said magnetic field generation means includes a pair of
magnetic poles aligned with one another on opposite
sides of said cavity.

9. The plasma ignition apparatus of claim 6 wherein
said electrical discharge is established in a direction

16

which is substantially perpendicular to said magnetic
field.

10. A plasma ignition apparatus designed for generat-

ing plasma and for propelling said plasma from said

5 ignition apparatus, said ignition apparatus comprising:
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means defining a cavity;

electrical energy discharge means including a pair of
substantially parallel electrodes which are coopera-
tively arranged relative to said cavity and designed
and arranged for producing an electrical discharge
between said electrodes and within said cavity at a
level sufficient to generate plasma at a predeter-
mined location within said cavity and below a level
at which the generated plasma is propelled from
the cavity and capable of ignition external to the
cavity; and

magnetic field generation means including a pair of
magnetic poles aligned with one another on oppo-
site sides of said cavity and said magnetic field
generation means being designed and arranged to
establish a magnetic field within said cavity, said
magnetic field providing a supplemental propelling
force on said generated plasma, said electrical en-
ergy being oriented in a direction which is substan-
tially perpendicular to said magnetic field and the
strength of said magnetic field being predetermined
based upon the energy level of said discharge and
the geometry of said cavity so as to propel said

generated plasma out of said cavity.
* * * * *



