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PLASMA- JET IGNITION APPARATUS

Cross Reference to Related Application

This applica;idn is a continuation-in-part application

of my co-pending patént application Serial No. 766,517
~filed August 19, 1985 which is a continuation of my

co- pendlng patent appllcatlon Serlal No. 636,169 filed

July 31,:1984, which is a contlnuatlon of my prior patent
~application Serial No. 515,557, filed July 31, 1984, now

U. S. Patent No. 4,471,732.

'BSCkgrgund of the Invention

Thé'present invention relates to an ignition (ignitor)
apparatus and, more particularly, to a plasma jet ignition

" apparatus for generating and discharging a jet of plasma
for 1gn1t1ng fuel 1n combustlon chambers of power sburces

such as 1nterna1 combustlon engines and the like.
' Power sources such as internal combustion engines and

therliké rely on the combustion of fuel as their primary

750urce of energy. This combustion usually occurs in one
. or more combustlon chambers where the fuel is ignited by

varlous 1gn1t10n (1gn1tor) means (1gn1t10n by compression

'1s,no:ma11y used in diesel engines). The fuel that is

most: often uscd for these power sources are hydrocarbon



~based fuels such as gasoline and diesel fuel. 1In the
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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 o0il from which many of those fuels are
derived both expensive and in scarce supply. The need for
refinement of that crude o0il into various octane and
cetane levels required for conventional ignition systems
also adds to this expense. Additionally, environmental
concerns have required 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 exhaust
gases. Many attempts and designs have been directed 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 conventional spark plugs which
discharge a high voltage-low energy spark of approximately
.01 Joules into the combustible mixture. This spark
ignites a small volume of the mixture which in turn
spreads through the volume of the mixture at the speed of
the flame front to ignite the rest of the mixture. This
mixture usually contains a high-octane gasoline fuel in a
rich air/fuel mixture. Lean air/fuel mixtures do not burn
as well because 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
extremely sophisticated combustion chambers have been
necessary to produce slight improvements in ignition delay
and burning rate. Additionally, high octane or high
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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 1mportant to precisely

"maintaln thlS air/fuel mixture for efficient operatlon.
_Thus'the conventional 1gn1tion systems-limit the useful
, operating range of both low and high compression ratio

internal combustion’engines and the 1like.
"Aniignition system that’Could ‘reduce the fuel ignition

'delay and promote faster burning rates would improve fuel
,economy, reduce em1581ons,rand extend the useful operating

range of the engine.in.termsrof 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 prov1des
for nearly complete combustion of hydrocarbons and carbon
monox1de whlch are usually released as exhaust gases. The
greater dilut1on of the charge with a lean mixture results

,1n a lower peak temperature attained within the combustion

chamber. ,This determines lower heat loss and reduces the

formation ofrnitric-oxide-pollutants. The ratio of

‘specific heats of fuel-air mixtures increases as leaner

mixtures'are emp10yed' This means higher thermal

'efficiency at a given compre351on ratio. Output 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, whichlgenerally introduces:pressure drops and'ar

rresulting-decrease efficiency. "Thus the use of lean

mixtures results'in'a decrease in pollutant production and

_1ncreases in eff1c1ency.

-"As pointed ‘out, conventional spark plugs do not
eff1c1ently cause combustion of lean mixtures and either

misfiring occurs or there is no combust1on The typical

7, spark of a-conventional spark plug is highly localized and

35 iignites a,very small'Volume of fuel in the general

vicinity of the'surface of the spark. The small initial
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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 rat;os
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
combustion 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 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
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'eupeteOnic speeds.' It appears that the presence of the

radicals and the induced small scale turbulence enhances
the initiatidn'and the propagation of'the flame front in
lean alr/fuel mixtures.

It has been recognlzed in the art that a plasma Jet

ignltlon system-would.have many advantages for use in

;inte;nal combustion engines. - Plasma jet ignitors can be
- -adapted to'be'placed into internal combustion engines with
frelative-ease.i They'offer-an excellent means by which

10 - lean mlxtures may be burned to extend the operating ranges

of conventlonal engines. This ‘of course provides all of
the advantages of burnlng of lean mlxtures in terms of
fuel sav1ngs and pollutant reduction.

As has been p01nted out the plasma medium, the
magnitude .and duratlon,of,the energy that generates the
plasma, the eizerand shape of the plasma cavity and the
size and'shepe of the'erifice all affect plasma jet

‘ignition éffectiveness. The initial velocity of the

plesma jet as it enters the main combustion chamber

'governs,the‘penetratienrof.the jet and its ability to

cause-Small,scale”turbulehce and enhance combustion. This
velocityrhas been cOnt:olled by the dimensions of the

'plasmevforming 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
'sufflclent pressure to be able to achleve the advantages

of penetratlon and turbulence mentloned for enhanced

combustion. These high energles tend to erode electrodes

‘at a faster rate and to erode the orifice and cavity shape
of the plugs." '

~ The present 1nvent10n prov1des for a plasma jet

"1gn1tor that can be e331ly adapted for use with internal

combustlon englnes It improves combustion and reduces

pollutants by providing a jet of plasma that will ignite
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lean levels of fuel/air mixtures. The invention also
provides for an external magnetic field means to
accelerate the plasma jet so that the jet achieves good
initial velocity so that it achieves the appropriate
penetration into the combustion chamber to provide for the
most efficient 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 actual power plant. Fﬁrther advantages
and features of present invention are discernable from the

disclosure that follows.
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Summary of the Invention

A plasma Jet 1gn1tor apparatus for generating plasma

' from a plasma medium and for discharging the plasma as a
Jet The apparatus comprises electrode discharge means

for dlscharglng energy to generate plasma from the plasma

rmedlum at a plasma generatlon locatlon magnetlc field

generatlon means and a plasma cavity. When the plasma

‘medlum 1s a 11qu1d or. gaseous, then the plasma cavity

1ncludes,an 1n1et openlng adjacent the plasma generatlon
lpcatiOn and an outlet orifice. The inlet opening
provides'flowlcommunication-between the plasma medium
location and'thé saVity. When the'plasma medium is a
solia material then the cavity is provided with an
app;op:iate'sleeVe of that particulaf material. The

‘magnetic field geueration means is arranged to generate a

magnetiC'field in order to aCCelerate plasma in the cavity

out the outlet orlflce 80 that a Jet of plasma exits from

i'the outlet orifice.

20

Accordlngly,'an objedt of the present invention is to

fprov1de an improved plasma jet ignition apparatus that is
sultable for practlcal appllcatlons..

Related obJects ‘and advantages of the present
invsntlon w1117beqome apparent from the following figures

and detailed description.
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Brief Description of the Drawings

FIG. 1 is a partial side elevational view in cross
section 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 present
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.
plasma jet ignitor (viewed at 90 degrees relative to FIG.
3).

FIG. 5A is a partial, side elevation view of an
alternative 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 ignitor 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 invertead
orientation.

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

invention.

3



Description of the Preferred Embodiment

Fo:'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 alterations and

"further modlflcat1ons in the illustrated device, and such
,further appllcatlons of the principles of the invention as
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111ustrated therein belng contemplated as would normally
occur to one sk111ed in the art to whlch the invention

relates. 7 _
Referrlng to FIG -1 -there is shown the preferred

'embodlment of a plasma Jet ignitor apparatus 10 for

generatlng plasma from a plasma medium and for dlscharglng
the plasma_as a Jet.' The apparatus 10 is useable w1th an
internal'combustidh5engine for generating a jet of plasma

into a combustlon chamber of the internal combustion

'englne to 1gn1te a fuel in the combustion chamber. The

Vpresent structu:e as,herelnafter described can be used to

20

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

25

1nvent10n because ‘the upper portion has the structure of

'any,conventlonal sparkrplug. Because the general external

geomet:y of the'plugrll is like a conventional spark plug
itrcan°be placed in'the conventional spark plug receptacle

' of a convent10na1 internal combustion engine.

The plug 11 has a housing 12 which is made of metal

'and has means for attaching the plug 11 at a location

: 30

adjacént:thércombustion chamber of. an internal combustion

, enginel* These means are the exterhal screw threads 13

which'maté with the thfeaas'of a conventional spark plug
receptacle. Of course any other desired size of threads
may be used. The housing has a central bore 14 in which
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electrode discharge means 15 are disposed within the
housing 12 for discharging enerqy. 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 ceramic body 16 has a central
bore 17 in which an electrode 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 diagrammatically 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 engagement 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 medium
introduction means 25 as shown in FIG. 1 and 2. The
plasma medium means 25 have a plasma medium passageway 26
disposed in the housing 12. This passageway 26 has a
plasma medium outlet opening 27 disposed adjacent the
plasma generation location 22. The opposite second end 28
of the passageway 26 is disposed in flow communhication
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
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plasma generat1on locatlon 22 for introducing plasma

‘medium to the plasma generatlon location. As shown 1n

FIG. 2 the plasma medlum passageway 26 has a first

-solenoid valve 47, then an injection calibrated cavity 52
‘which holds a, in the’preferred embodiment a calibrated

5amount of plasma medium for calibrated injection 1nto the
‘cavity 30. There is also a second solenoid valve 48 down
’therline—before the passageway 26 enters'the plug 12. The

functioning of this plasma medium introducing means in the
preferred embodiment'shall be more fully explained

_herelnafter.

In the preferred embodlment the plasma medium that is
used is Hydrogen gas. Other types of plasma medlums are
of course poSsible.: Hydrogen gas has been-found to reduce
fuel 1gn1t10n delay and to enhance the combustion caused

',by the plasma generated from the hydrogen. N1trogen may

20

25

30

©35

be used as the plasma medlum if it is desired to reduce

nitrous ox1des em1ss1ons. Fuel and water mixtures reduce
hydrocarbon partlculate emissions.

As shown in FIG. 1 the plug 12 has a plasma generatlon
cavity 30 at "its lower end. The cavity inner wall 31 is

~defined by a magnetlc field generation means 33. The
'actualrinher wall that is included as part of the magnetlc
" field generat1on means, 1n the preferred embodiment, 1s an
71ntegra1 inner wall of the housing 12. An alternative
'deslgn is to prov1de the 1nner wall as part of a shroud 32

that 1s securely attached to the housing 12 at its lower
portlon,34. The plasma cavity shroud 32 has an open:
portion 35sadjacent the plasma generation location zé.
The open portiOn 35 is adapted to be secured to the

,electrode dischargermeans housihg 12. The integral wall

or the shroud provide two approaches by whlch the present

1nvent10n can be achleved One approach is the

constructlng of the magnetic field generatlon means
integrally with the remainder of the plug 12. The other

approach is the userofra shroud 32 which is attached to
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conventional plasma jet plug design so that the
enhancement provided by the present invention's magnetic
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 generation location
22, the cavity 30 and the cavity discharge 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
generation means 33 for creating a magnetic field to
accelerate 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 includes a magnetic field coil 40 disposed about and
defining 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 magnetic
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fieldrelectrical'energyrmeens 42 electrically engaged 43
with the magnetic field coil 40 for,introdﬁcing electrical
energy into the field coil 40 to produce the desired

-,magnetlc field for the acceleratlon of the plasma out of

the cav1ty 30 through the orifice 36. The electrical.

- energy means_42 lnclude the electrlcally engagement of the

- magnetic field'coii 40 with the triggering device 54 by

10

15

.line'59. " The functiOning of these electrical energy means

42 1n the preferred embodlment ehall be descrlbed below.
The preferred embodlment of the present 1nvent10n also

'has tlmlng means 44 and 45 for t1m1ng the introduction of

plasma medium by the plasma medium 1ntroduct10n means with

,the dlscharge of energyrby the electrode discharge means

with the adcelerarion of the plasma by the magnetic field
generation means. The timing means include distributor 44
and distributor;45: dDistributor 44 is engaged with the

"plasma medium introduction means 25. One engagement is

20

25

with a first'solehoidVVaIVe 47 by line 46 and the second

engagement is with solen01d valve 48 by line 49.
Dlstrlbutor 44 is powered by -a conventlonal 12 volt power
supply_so through power line 51. Dlstrlbutor 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 embodlment shall be more fully explained
below. - ' ' '

The operatlon of the preferred embodiment will now be

. explained. ‘The present invention provides for an

30

apparatds 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 accelerating

35

magnetic field. At the beginning of a cycle or initially

_ the timingrdietributor 44'triggers'solenoid valve 47 and

the plasma medium,whigh,is hydrogen flows from the plasma
medium source 29 to the calibrated injection cavity 52.
At'thié'time valve 48 is alreedy shut off. 1In the
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. preferred embodiment the injection cavity holds

approximately .05 milligrams of hydrogen. Distributor 45
then shuts off valve 47 and triggers solenoid valve 48 and
the calibrated amount of hydrogen flows through passageway
26 and is introduced into the 50 cubic millimeter plasma
generation cavity 30 from outlet opening 27. Distributor
45 is timed relative to distributor 44 so that distributor
45 triggers the electrical means 23 for the electrode
discharge means. This timing depends on the engine load
but is usually only a few moments after the hydrogen
enters the plasma generation cavity 30. 1In the preferred
embodiment, this causes a high energy spark of
approximately .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 generated 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
magnetic 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 meahs 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

dimensions recited herein as the preferred embodiment the
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plaéma jet has been ejected by this invention to an

apptoximate depth of 5 centimeters within a combustion

chamber._ Thereby good'qombustion results due to increased
flame speed, turbulence, and larger flame front resulting

in multi—point_ignition.

" An alte:nétivé and sii@htly more detailed embodiment

‘of the present invention 137111UStrated,in FIGS. 3-6

wherein jet ignitor apparatus 70 includes ceramic body 71,

' electﬁodes 72 and 73, magnetic poleé 74 and 75, defined
10

cavity 76, étpport,77,anﬂ'holder 78. Magnetic poles 74
and 75 are created by the combination of external windings

81 and iron core 82, and are disposed on opposite sides of

cavity 76 directly'abpve'thé_pair of substantially
parallel eléctrddeél72>and 73 that form an are gap at the
bottom of the cavity on the opposite side from the outlet
orificérés} The upper ends of the electrodes are flush

- with the cbrresponding"surface of the ceramic body such

that the arc:formedrbetween'the electrodes passes out of

the respeétive ehdsrand,not out from the sides of each
electrode body;':This particular relationship controls and
reduces heat loss thereby'adding to the overall efficiency

" of the present invention.

Furthermore, the structure of the emerging jet

”p:odﬁced 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 struéture. One advantage is that the
penetration of a ring'Vortex has a weak dependency on the

",environment'density, therefore it is particularly suitable

30

35

for high-compression ratio and highly boosted modern
engines. The other'advantage is that, during its travel
across the Qombustion chamber, the ring vortex

"prbgressivéiy entrains air/fuel mixture and offers a.
better control on the ignition location.

The ceramic body 71 is formed with two passageways for
receipt'ofrelectrqqes'72 and 73. Also provided as part of
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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 B84
is disposed between the top surface of holder 78 and the
upper surface of shoulder 83 and provides in part the
necessary sealing between components.

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. Cavity
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 76a includes a
centrally disposed orifice 85 which opens outwardly from
the top of cavity 76. Cavity housing 76a 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
introducing the plasma medium into proximity with'the
electrodes 72 and 73 is required if the plasma medium is a
liquid or gaseous substance. Although such means are not
actually illustrated in Figs. 3 or 7, it is to be
understood 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
surrounding system or environment.

In one embodiement of the present invention the plasma
medium is initially a solid material and actually
positioned in cavity 76. Referring to Fig 5A, this
alternative embodiment is illustrated. By fabricating the
planar, rectangular surfaces B89a and 90a out of a special,
so0lid plasma material such as polyetheretherketone, the
plasma introduction means previously described is no

longer necessary. These rectangular surfaces may be
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jconflgured as a sleeve or 1nsert which fites into the

otherw1se generally rectangular solid shape of cavity 76.

,The sol1d plasma material undergoes a transformation when

it- ls exposed to the high temperature of the electrode
arc. A very small portlon of the solld material
vaporlzes. chem1ca1 bonds are broken and the material goes

'1nto plasma as radlcals. The rate at whlch 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
Solld ‘plasma materlal for the present invention is offered
by a United Klngdom,company called, Imperial Chem1ca1
Industries'(lCIj, and-has a cOmmerclal name of "VICTREX" .

"The VICTREX - polyetheretherketones (PEEK) 1is a
,hlgh temperature thermoplastlc resin which is sultable for

' 'process1ng by extrusion or 1n3ect1on molding.
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Electrodes 72 and 73 are dlsposed and arranged such

that thelr;exposed,ends are substantially ‘flush with the

lowermost edge of the cavity housing. These two

'electrodes are 1nset from the housing edges so as to be in
;11ne w1th rectangular surfaces ‘89 and 90 and positioned

generally symmetrlcally on opposite sides of orifice 85.
The diameter size of orifice 85 is critical, and in the

rexemplary embodlment ‘the dlameter of orifice 85 is

approx1matelyronerth1rd the length of the cavity.
CorrespOndingly, themprojected 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 mllllmeters ,
As prev1ously descrlbed magnetic poles 74 and 75 are

"~ disposed on oppos1te 51des of the cavity and as should be
-noted, -are aligned w1th each other in order to prov1de the

magnetlc fleld necessary for accelerating the plasma jet,

as prev1ously descrlbed The direction of the arc between
‘the two electrodes and the fact that the magnetic field is
—arrangedlat 90° (normal) to the arc controls the direction
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of the plasma jet. Following the left-hand rule and the
vector relationship between magnetic 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 fielad
vector 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 alternatively
apparata 10 or 95) is illustrated. Circuit 102 is
arranged into two portions 103 and 104 which are
interconnected by electrical conductive lines 105 and
106. Circuit portion 103 includes an AC voltage input
(potential) 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 that more enerqgy can be supplied to the

magnetic field coil 114.
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ﬂwhile working with the teéhnolon of the present
invention in evaluating various alternatives and de51gn
parameters.'a number of factors such as positional '
relatlonshlp, dimensions, shapes and sizes were

,evaluated In each 1nstance such criteria as efficiency

and reliability were assessed. These various factors are
reviewed hereinafter, and while the foregoing structural

_and performance descriptions of the exemplary and.

alternativerembodiments are certainly consistent with the
eValuation of these factors,'the foilowing discussion of

such relationships,rdimensions, shapes and sizes provides
additional insight into,some of the details of the present

'invention, its application, critical aspects, and its

adherencerto andrutilization of the laws of physics.

7 The arc current and cavity volume are critical “
parameters and deterimine the ignitor sensitivity to the
externai,magnetic field. only for low energy density
ignitors,'the external magentic field can be beneficial.

If the magnetic coil is in seriesrwithrthe arc gap, then a

,coneiderable plasma velocity increase can be obtained.

A limit value for the energy denisty (E,) above

'which the plasma jet is insensitive to the magnetic field

ex1sts and is related to the env1ronment pressure (P) by
the follow1ng formula:

"[Emimit = 6xP0-45  (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

'71ncreasee1n plaema velocity due to the presence of a

- 35

40

' magnetic'field is proportional to the square root of the
“number of turns in the magnetlc coil. A narrow magnetic

f1e1d will produce ‘a more aerodynamlc jet.

,An_electrlc arc is defined as a low voltage/high

currentédischarge; On the other hand, a high voltage/low
~eurrent discharge is called a spark. An arc generates a

much higher gas temperature than a spark and it can be

' very“effecrive in producing high density plasma. As with
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. any electrical conductor, an arc obeys the laws of

electromagnetism. If (J) is the current density vector in
the arec and (B) is a magnetic induction vector orthogonal
to (J), a force (JxB) will act on the arc in a direction
perpendicualr 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
environment density (pwm), the square of the arc velocity
(V) and to drag coefficient (CD) as expressed below:

R « Apw VZ-Cp

Arc deflection velocities up to 30 m/s have been measured
at ambient conditions, for a magnetic induction intensity
of B=1.6Kgaus 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:

B = po i (Equation 3)

where (uo) is the magnetic permeability, (i) is the
current in the electrodes and (d) is the distance between
the two electrodes. 1In order to contain the erosion of
the electrodes and of the cavity, the current value (1)
should be kept as low as possible, and the consequential
reduction 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
dischrage location. The magnetic induction along the axis
of a solenoid is given by:

L (Equation 4)

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:
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B3/B = N 7 a '
L (Equation 5)
When L=34, B, /B is proportlonal to N. In practical

appllcatlon, the number of turns (N) can be easily made

requal to 100. This means tht the presence of an external

solen01d will 1ncrease the magnetlc induction (B) by a
factor of 100. ' ,

‘Dﬁring an arc discharge, a iarge quantity of heaf is
dissinated in the immediate vieinity of the arec. This
heatrioni?eé thé gaS'aroundrthe_arc and creates plasma;
If the arc moves, ﬁhen blasma is produced along the arc
pattern.°'1f'p1asméiis needed far away from the '

‘electrode's gap, then the arc can be displaced. This

gené:ateé the typical luminous plume. From an aerodynamic

‘standpoint, the arC'motionlin a gas is similar to the

motion of a solid body in a low density medium. The high
temperature 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 cyllndrlcal then the drag force will be
proportlonal to: o '
Cp a s u? P

- where (CD) is the drag noefficient, (a) is the channel

radius, (s)ris the arc length, (u) is the arc displacement
velocity and (p») is the environment density. The
momentum équatidn'for the arc moving away from the gap can

be written as:.

(pwazs)u = JxB(mwa?s) - poasu?pw

_dt o C , ' (Equation 6)

Slnce the mass of the hot gas in the arc channel can be

"cons1dered constant Equatlon 6 becomes:

du = iB - CDPWP (Equation 7)
dat  pmwaz pma
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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:

u = _iB

aCppe (Equation 8)
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 partially
ionized hot gas and, as already explained, is produced
around the arc. If the arc is accelerated the 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 tendency in moving
away from the arc channel. This phenomenon is due to the
sudden increase in the gas temperature 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 common mechanism used up to now
for squirting plasma far away from the electrode gap. For
very high discharge enerqgy densities this mechanism
produces highly turbulent and penetrating jets. When low
discharge energy densities must be used, then the jet
effectiveness decays dramatically. The pressure in the
cavity after the dissipation of the specific energy Q is
given by:

P =Ro ©O + Po
vV Cp (Equation 9)

and since Ro/VCp is usually a large number, a reduction in
Q will always cause a drastic reduction in P. The
expression for magnetically accelerated plasma is:
u= _1B8
aCppw (Equation 10)

in which for low specific energies an increase in (B), by
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means of an external magnetic field and the decrease in

(a) and (C due to the higher pressure, can very well

D)

'compensate the decrease in current (i) and the increase in

”,den31ty (pw) In prlnclple an. optimized design would

10

maximize both the thermal and the magnetlc forces.
"Equatlon 9 says that in order to maximize the thermal
1rforcesrand for a given energy pulse, the cavity volume

shouldfue:as emall as possible. This maximization
criterion'becomes more complicated in the case of magnetic
forces. - As'quantified in EQUation'lo, the numerical value
of the drag coefflclent C should be as small as ”

_p0581b1e This cond1t1on can be achleved only if the

'dlscharge occurs in an aerodynamlc cavity. For a low
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current ‘arc it can be shown that the thermal forces are

very. ‘small compared to the magnetlc forces. The ideal jet

. velocity produced by magnetlc forces can be about 100

times larger than the ideal jet ve1001ty produced by

'thermal,forces only. For thls reason, a low current

plasma jetrshouldfbe de31gned,ma1n1y to maximize magnetic

forces. Experimentalrresults have demonstrated that for a
'parallel electrode configuration there exists a limit
- value of therarc‘current (i) above which the addition of

an external magnetic f1e1d does not 1mprove the plasma

viaccelerat;on. An approx1mate flgure for the threshold

value at: ambient condltlons is: = 15 amps.

11m1t
"~ An- explanatlon of ‘the existence of such a threshold

value can be seen in the fact that for a higher current

the self-;nduced magnetlc force is so strong that it can

prOduce the completedstretching of the arc, therefore the

addition ofrexternalrforces does not produce any visible

'7 effect. At higher’pressure the current limit value (il)

’1s expected to increase as the aerodynamic forces acting

- on the arc retard its complete ‘stretching. Anotherrv

35

11m1tatlon 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
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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 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 insensitive to the addition
of an external magnetic field. This energy density limit
is also expected to increase with pressure. An empirical
relation would be:
Eplimit=Fpo* P* (J/mg)

where:

ED is the energy density limit above which the

external magnetic field does not produce any

signficant effect;

Epo 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 electrode'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
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" diameter maximizes the magnetic induction. Furthermore,

it allows for a smaller magnetic gap which increases the

,externalrmagnetic field intensity and reduces the width of
the ignitdr'to fit a standard spark-plug thread. The

eledt:qde'prdtrusion in the cavity should be as short as
possible. _FOr,arlonger protrusion a significant reduction

" in the luminous plume length was observed. Perhaps the
" longer electrodes acted as a quenching agent during the

arc growth. Fo:'a,giVen:sét of ignitor operational
conditions, i.e., arc current, energy, electrode diameter
and'gap.'and environment pressure, the volume and the
geomet;Y of the cavity can be determined. ~The orifice
diameter must be large enough to let the arc go through
without aiSEUQting jt. On the other hand, too large of an
orifice would &etermine a large front area jet and would
incréasé tﬁe'aerothamiC.résistance. 7

Expérimental results demonstrated that the jet's
strﬁcture; prdduced by the arc occurring at the bottom of
the cavity and interacting with a transverse maghetic
field.,consists_in a'rihq vortex. The organized motion of
a ring Vbrtex is produced with a small amount of energy

,whereas'the random motion of a turbulent jet requires
'higher*enequ. A second advantage is in the more

progressive entrainment by the surrounding medium into the

ring vortex. This factor allows for a longer jet

- penetration and a more effective preservation of the

radicals'from premature recombination. ,

7 While the invention has been illustrated and described
in detail in the drawingsrand foregoing description, the
same is to beiconéidered.as illustrative and not
test:iative in character, it being understood that only

~ the preferred'embodiment has been shown and described and

~that all changes andrmodifications that come within the

spirit of,the_inventionrarerdesired to be protected.
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CLAIMS:

1. A plasma ignition apparatus designed for generating
plasma and for propelling said plasma from said ignition
apparatus, said ignition apparatus comprising:

means defining a cavity; the cavity being capable of
accommodating a plasma medium;

electrical energy discharge means for generating an
electrical discharge in the vicinity of the cavity for
transforming the plasma medium into generated plasma
radicals within said cavity; and

magnetic field generation means designated and arranged
for establishing a magnetic field within said cavity, said
magnetic field coacting with said generated plasma
radicals for creating a propelling force on said generated
plasma radicals to move said generated plasma radicals out
of said cavity, the generation of said magnetic field
being established independently of the current and voltage

level of said electrical energy discharge.

2. The plasma ignition apparatus according to Claim 1
wherein said magnetic field generation means include a pair
of magnetic poles aligned with one another on opposite

sides of said cavity.

3. The plasma ignition apparatus according to Claim 1 or
Claim 2 wherein said electrical energy discharge means
include 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 according to any of
the preceding claims wherein electrical energy discharge
means is designated and arranged such that the electrical
discharge is substantially perpendicular in its direction

to said magnetic field.
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'S.VVThé;plasma ignition apparaﬁus according to any one

B of tHerpreceding claims, including electrode means

10

15

coopefatively arranged with said cavity and designed in

fsald cav1ty in the form of an electrical discharge

and for transformlng a portlon of said plasma medium into

generated plasma radicals within said cavity;

first circuitry means cooperatively arranged with said

,eleétrode'meansrfof controlling the level of electrical

féurrentiand Voltagérdischarged by said electrode means;

second CirCUitry heans cooperatively arranged with said
magnetlc field generation means for controlllng the

generatlon of said magnetic- fleld

'6.,7Tbé plaéma ignition apparatus according to any of
ftHe préceding claims in which the plasma medium is a '

. sclid'plaSma insert located within the cavity.

e The plasma 1gn1t10n apparatus substantially as

herelnbefore descrlbed w1th reference to the accompanying

'idraw1ngs.
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