wo 2014/145184 A1 ]IV 0O 000 A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/145184 A1l

18 September 2014 (18.09.2014) WIPO I PCT

(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HOIT 13/50 (2006.01) HOIT 13/46 (2006.01) kind of national protection available): AE, AG, AL, AM,
21) Tnt tional Application Number: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: PCT/US2014/029900 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
15 March 2014 (15.03.2014) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
- . MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: Enghsh SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

(30) Priority Data: ZW.

61/799,117 15 March 2013 (15.03.2013) Us
(84) Designated States (uniess otherwise indicated, for every
(71) Applicant: FEDERAL-MOGUL IGNITION COM- kind of regional protection available): ARIPO (BW, GH,
PANY [US/US]; 26555 Northwestern Highway, South- GM, KFE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
field, MI 48033 (US). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(72) Taventors: BURROWS, John, A.; 2 Ashlands Road, Tim- TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
. . EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
perley, Altrincham, Cheshire WA15 6AL (GB). MIXELL,
Kristapher; 48089 Edinburgh Drive, Plymouth, MI 48170 MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
(US) ’ ’ ’ TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
) KM, ML, MR, NE, SN, TD, TG).
(74) Agents: STEARNS, Robert, L. et al.; Dickinson Wright Published:

PLLC, 2600 W. Big Beaver Road, Suite 300, Troy, MI
48084-3312 (US).

with international search report (Art. 21(3))

(54) Title: WEAR PROTECTION FEATURE FOR CORONA IGNITER

NN N

L7777 ]

F7R
AN

(57) Abstract: A corona igniter (20) comprises an electrode
with a central extended member (22) extending along a cent-
ral axis (A) and a crown (34) extending radially outwardly
from the central extended member. The central extended
member has an extended length (le) and the crown has a
crown length (Ic). The extended length is greater than the
crown length such that the extended member approaches a
piston more closely than the crown. In addition, the firing
tips of the crown each present a first spherical radius which
is less than a second spherical radius of the central extended
member. Thus, if arcing occurs, it forms from the central ex-
tended member, rather than from the crown. Accordingly, the
firing tips of the crown experience less wear and remain
sharp. In addition, due to the sizes of the spherical radii,
corona discharge is more likely to form from the firing tips
than from the central extended member.
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WEAR PROTECTION FEATURE FOR CORONA IGNITER

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent
Application number 61/799,117, filed March 15, 2013, the entire contents of which is
incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0002] This invention relates generally to a corona igniter for emitting a radio
frequency electric field to ionize a fuel-air mixture and provide a corona discharge, a corona
discharge ignition system, and methods of manufacturing the same.

2. Related Art

[0003] A corona igniter of a corona discharge ignition system receives a
voltage from a power source and emits an electrical field that forms a corona to ionize a
mixture of fuel and air of an internal combustion engine. The igniter includes an electrode
extending longitudinally form an electrode terminal end to an electrode firing end. An
insulator is disposed along the center electrode, and a shell is disposed along the insulator.

[0004] The electrode terminal end receives the voltage from the power source
and the electrode firing end emits the electrical field that forms the corona. The electrode of
the corona igniter may also include a crown at the firing end for emitting the electrical field.
The electrical field includes at least one streamer, and typically a plurality of streamers
forming the corona. The mixture of air and fuel is ignited along the entire length of the high
electrical field generated from the electrode firing end. An example of a corona igniter is
disclosed in U.S. Patent Application Publication No. US 2010/0083942 to Lykowski et al.

[0005] In an ideal corona ignition system, the corrosion and/or erosion of the

metallic parts of the corona igniter in the combustion chamber is low since a corona
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discharge does not have the high current and high temperatures associated with the discharge
of a conventional spark. Although the corona igniter does not include any grounded
electrode element in close proximity to the firing tips of the crown, in some applications,
there are grounded engine components that come close to the firing tips. Accordingly, it is
not always possible to avoid an arc formation, also referred to as arcing, between the corona
igniter and grounded component. If an arc forms, the high current and temperatures
associated with the arc formation could cause some erosion and/or corrosion damage to the
firing tips of the crown. Overtime, the erosion and/or corrosion damage could decrease the
quality of corona formation and combustion.
SUMMARY OF THE INVENTION
[0001] One aspect of the invention provides a corona igniter comprising an
electrode extending along a central axis for emitting an electrical field that forms a corona,
an insulator formed of an electrically insulating material disposed around the electrode and
extending along the central axis to an insulator firing end, and a shell formed of a metal
material disposed around the insulator. The electrode includes a central extended member
extending longitudinally along the central axis to a central firing end. The electrode also
includes a crown disposed outwardly of the insulator firing end. The crown includes at least
one branch extending radially outwardly of the central extended member. The crown also
extends along the central axis from a top surface to at least one firing tip. The crown
presents a crown length between the top surface and the at least one firing tip, and the
central extended member presents an extended length extending from the top surface of the
crown to the central firing end. The crown length and the extended length are parallel to the
central axis. The extended length presented by the central extended member is greater than

the crown length presented by the crown.
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[0002] Another aspect of the invention provides a corona discharge ignition
system including the corona igniter with the extended length greater than the crown length.
The system includes a cylinder head presenting an opening for receiving the corona igniter,
a piston disposed opposite the cylinder head and presenting a space therebetween, and a
cylinder block connected to the cylinder head and surrounding the piston. The cylinder
head, cylinder block, and piston present a combustion chamber therebetween. The corona
igniter is position in the opening of the cylinder head such that the central firing end of the
central extended member and the crown are disposed in the combustion chamber.

[0003] Yet another aspect of the invention provides a method of
manufacturing the corona igniter for use in the corona discharge system including the step
of providing the central extended member so that extended length is greater than the crown
length.

[0004] The corona igniter including the central extended member with the
extended length greater than the crown length provides several advantages over
comparative corona igniters without the central extended member. When a grounded
component, such as the piston, comes close to the central firing end of the central extended
member and the firing tips of the crown, if any arc forms, it will preferentially form
between the piston and central firing end of the central extended member due to the
extended length of the central extended member, its proximity to the grounded component,
and hence its higher field strength, compared to the firing tips of the crown. Therefore, if
arcing does occur, corrosion and erosion damage to the firing tips of the crown is reduced.

[0005] Furthermore, in situations where the grounded components are far
from the corona igniter, the central extended member tends to repel the corona streamers as
they form, thereby providing a wider volume of corona discharge and reducing the tendency

of the corona discharge to approach the piston and form an arc.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0006] Other advantages of the present invention will be readily appreciated,
as the same becomes better understood by reference to the following detailed description
when considered in connection with the accompanying drawings wherein:
[0007] Figure 1 is a cross-sectional view of a portion of a corona igniter
according to one exemplary embodiment of the invention;

[0008] Figure 1A is a bottom view of a crown of the corona igniter of Figure

[0009] Figure 1B is an enlarged view of a central extended member and the
crown of the corona igniter of Figure 1;

[0010] Figure 1C is an enlarged view of a firing tip of the crown of the corona
igniter of Figure 1 showing a first spherical radius;

[0011] Figure 1D is an enlarged view of a central firing end of the central
extended member of the corona igniter of Figure 1 showing a second spherical radius;

[0012] Figures 2-11 are cross-sectional views of portions of corona igniters
according to other exemplary embodiments of the invention;

[0013] Figure 12A is a cross-sectional view of a corona discharge ignition
system including the corona igniter of Figure 1 when the corona igniter is spaced from a
piston;

[0014] Figure 12B is a cross-sectional view of the corona ignition system
including a comparative corona igniter, without the central extended member of the present
invention, when the comparative corona igniter is spaced from the piston by the same
distance as the corona igniter of Figure 12A;

[0015] Figure 13A is a cross-sectional view of the corona ignition system

including the corona igniter of Figure 1 when the corona igniter is close to the piston;
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[0016] Figure 13B is a cross-sectional view of the corona ignition system
including the comparative corona igniter of Figure 12B when the comparative corona igniter
is in the same position as the corona igniter of Figure 13A;

[0017] Figure 14A is a Finite Element Analysis (FEA) of a corona igniter
according to another exemplary embodiment of the invention providing a corona discharge
when the corona igniter is disposed a distance from a piston;

[0018] Figure 14B is FEA of a comparative corona igniter providing a corona
discharge when the comparative corona igniter is disposed the same distance from the piston
as the corona igniter of Figure 14A,;

10019] Figure 15A is a FEA of the corona igniter of Figure 14A providing a
corona discharge when the corona igniter is disposed at a typical location of ignition;

[0020] Figure 15B is a FEA of the comparative corona igniter of Figure 14B
providing a corona discharge when the comparative corona igniter is disposed at the typical
location of ignition;

[0021] Figure 16A is a FEA of the corona igniter of Figure 14A when the
corona igniter is disposed closest to the piston, and wherein arcing occurs from the central
extended member of the corona igniter;

[0022] Figure 16B is a FEA of the comparative corona igniter of Figure 14B
when the comparative corona igniter is disposed at the same distance from the piston as the
corona igniter of Figure 16A, and wherein arcing occurs from the crown of the comparative
corona igniter;

[0023] Figure 17 is a FEA of the corona igniter of Figure 14A when an

insulating coating is applied to the central extended member;
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[0024) Figure 18 is a chart including exemplary data which can be used to
obtain the peak electric field for a range of spherical radii at various distances from the piston
and cylinder block; and

[0025] Figure 19 is a graph providing the peak electric field for a range of
spherical radii at various distances from the piston and cylinder block.

DESCRIPTION OF THE ENABLING EMBODIMENT

[0026] Referring to the Figures, wherein like numerals indicate corresponding
parts throughout the several views, a corona igniter 20 including a central extended member
22 which is capable of providing improved corona discharge 24 and improved combustion
performance is generally shown.

[0027]) As shown in Figure 1, the corona igniter 20 includes an electrode
extending along a central axis A for emitting an electrical field that forms the corona
discharge 24. As in conventional corona igniters, an insulafor 28 formed of an electrically
insulating material, such as alumina, is disposed around the central extended member 22 and
extends along the central axis A to an insulator firing end 30. A shell 32 formed of a metal
material is disposed around the insulator 28. The electrode includes the central extended
member 22 and a crown 34.

[0028] The crown 34 of the electrode is disposed outwardly of the insulator
firing end 30. The crown 34 surrounds the central axis A and the central extended member
22. The crown 34 of the electrode also includes at least one branch 36 extending radially
outwardly of the central extended member 22, but typically includes a plurality of branches
36 each extending radially outwardly from the central axis A and radially outwardly of the
central extended member 22. In an exemplary embodiment, the crown 34 includes four
branches 36 spaced an equal distance from one another around the central axis A, as shown in

Figure 1A. Each of the branches 36 presents a firing tip 38 for emitting the electrical field
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that forms the corona discharge 24. As best shown in Figure 1B, the crown 34 presents a
crown diameter D, disposed perpendicular to the central axis A. The crown diameter D is
the distance between two points of the crown 34 disposed directly opposite one another, such
as the radially outermost points of two opposing firing tips 38.

[0029] Also shown in Figure 1B, the crown 34 extends along the central axis
A from a top surface 40 to the at least one firing tip 38. A crown length 1, is thus presented
between the top surface 40 and the at least one firing tip 38. As shown in Figure 1B, the
crown length I is parallel to the central axis A and it is equal to the distance between a first
plane 42 and a second plane 44 each extending perpendicular to the central axis A. The first
plane 42 is disposed at the uppermost point of the top surface 40 of the crown 34 and the
second plane 44 is disposed at the lowermost point of the lowermost firing tip 38.

[0030] Each branch 36 of the crown 34 also presents at least one first
spherical radius r; located at or adjacent to the associated firing tip 38. Figure 1C shows a
portion of the crown 34 of Figure 1B including two of the first spherical radii ry at the firing
tip 38 of the crown 34. A spherical radius at a particular point along a surface is obtained
from a sphere having a radius at that particular point. The spherical radius is the radius of the
sphere in three-dimensions, specifically along an x-axis, a y-axis, and a z-axis.

[0031] The crown 34 can be formed of various different metal materials. In
one exemplary embodiment, the crown 34 is formed of nickel, nickel alloy, or a precious
metal, such as platinum or iridium. Due to the central extended member 22 of the electrode,
the material of the crown 34 can be formed of a less wear resistant material and experiences
less corrosion and erosion if arcing occurs during operation of the corona igniter 20.

10032] The central extended member 22 of the electrode extends
longitudinally along the central axis A to a central firing end 46. The central extended

member 22 presents an extended length I, extending from the top surface 40 of the crown 34
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to the central firing end 46, as best shown in Figure 1B. The extended length I is parallel to
the central axis A and it is equal to the distance between the first plane 42 and a third plane
48 extending perpendicular to the central axis A. The first plane 42 is disposed at the
uppermost point of the top surface 40 of the crown 34, and the third plane 48 1s disposed at
the lowermost point of the central firing end 46. The extended length . provided by the
central extended member 22 is greater than the crown length I.. Due to the extended length
le, during operation, the central extended member 22 approaches a grounded component, such
as the piston, more closely than the firing tips 38 of the crown 34. Thus, if any arcing occurs
during operation of the corona igniter 20, the arcing will preferentially form from the central
firing end 46 of the central extended member 22, rather than from the firing tips 38 of the
crown 34. The extended length I, of the central extended member 22 can also increase the
size of the corona discharge 24 formed by the electrode.

[0033] The central extended member 22 presents at least one second spherical
radius r; located at or adjacent to the central firing end 46. Figure 1D shows a second
spherical radius r; at the central firing end 46. Each of the second spherical radii r; at or
adjacent to the central firing end 46 of the central extended member 22 are less than each of
the first spherical radii r; along the firing tips 38 of the crown 34. In other words, the firing
tips 38 of the crown 34 are sharper than the central firing end 46.  Therefore, during
operation, the electric field is higher at the firing tips 38 of the crown 34, and corona
discharge 24 is more likely to form from the firing tips 38 than from the central extended
member 22, which is preferred for best combustion performance.

{0034} Also shown in Figure 1B, the central extended member 22 presents an
extended diameter D, disposed perpendicular to the central axis A. The extended diameter D,
may vary along the central axis A, but in the area located between the crown 34 and the

central firing end 46, the extended diameter De 1s less than the crown diameter D..
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[0035] Figures 2-11 illustrate other exemplary designs of the corona igniter 20
including the central extended member 22. The designs may be selected to meet the
requirements of the particular engine application and to provide the best possible thermal
performance. In each case, the extended length l. of the central extended member 22 is
greater than the crown length I.. Also in each embodiment, each of the second spherical radii
r; at or adjacent to the central firing end 46 of the central extended member 22 are greater
than each of the first spherical radii ry at the firing tips 38 of the crown 34. Figure 3A is an
enlarged view of a portion of the design of Figure 3, wherein the central extended member
322 includes a relatively small second spherical radius r», but this second spherical radius r;
is still greater than the first spherical radii r; of the crown 334. In each design, the extended
diameter D, of the central extended member 22 can decrease in a direction moving from the
crown 34 toward the central firing end 46, or increase in a direction moving from the crown
34 toward the central firing end 46. In addition, the central extended member 22 does not
need to be symmetrical.

[0036] Various different materials can be used to form the central extended
member 22, such as nickel, copper, precious metals, or alloys thereof. Portions of the central
extended member 22 can also be formed of an insulating material. The central extended
member 22 is typically formed of a first material and the crown 34 is typically formed of a
second material different from the first material. The first material used to form the central
extended member 22 is typically more resistant to erosion and corrosion than the second
material used to form the crown 34, since the central extended member 22 is more likely to
be in contact with high current and temperature of the arc, if arcing does occur.

[0037] The central extended member 22 is oftentimes formed of a plurality of
separate pieces joined together, such as a body portion 52 and a wear element 54, as shown in

Figures 5, 9, 10, and 11. However, any of the shapes shown in Figures 2-11 could comprise a
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single piece, or a plurality of pieces joined together. For example, in Figure 5 the central
extended member 522 includes a body portion 552 and a wear element 554 connected to one
another. In this embodiment, the wear element 554 is coaxial with the body portion 552, but
it does not need to be.

[0038] In each embodiment, the wear element 54 presents the central firing
end 46. Thus, the wear element 54 is typically formed of a material having good thermal
characteristics and being more resistant to wear than the material of the body portion 52. In
one embodiment, the wear element 54 is formed of a nickel-based alloy, a noble metal, or a
precious metal, such as platinum, tungsten, or iridium. In another embodiment, the wear
element 54 is formed of an electrically insulating material preferably having a relative
permittivity of greater than 2, and more preferably greater than 8, for example an alumina-
based material. The wear element 54 can also comprise a coating of metal material or a
coating of electrically insulating material.

[0039] The wear element 54 may be applied to the body portion 52 of the
central extended member 22 by any suitable means, for example PVD, co-extrusion, or co-
sintering.  Alternatively, the wear element 54 may be attached by brazing or a similar
process. When the wear element 54 is a coating, the coating can be applied by plating,
spraying, sintering, or another suitable method. The material of the body portion 52 and the
material of the wear element 54 should be selected and joined to provide good bonding, no
small gaps, good thermal contact, and to avoid problems with differential thermal expansion,
for example.

[0040] In the embodiment of Figure 10, in order to better withstand the effects
of arc discharge, the central extended member 1022 includes a core 56 formed of copper or a
copper alloy, and the core 56 is surrounded by a cladding 58 formed of a nickel alloy. In the

embodiment of Figure 10, the wear element 1054 is attached to the cladding 58 and forms the

10
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central firing end 1046. Alternatively, the cladding 58 of the nickel alloy could form the
central firing end 1046. As shown in Figure 10, the core 56 preferably has a core length kere
extending from the top surface 1040 of the crown 1034 to a core firing end 80. The core
length leere is parallel to the central axis A and it is equal to the distance between the first
plane 42 and a fourth plane 82 each extending perpendicular to the central axis A. The
fourth plane 82 is disposed at the lowermost point of the core 56.  Preferably, the core
length L. is greater than the crown length L. In this case, the cladding 58 of the central
extended member 1022 still protects the copper core 56. This design can significantly reduce
the maximum temperature of the firing tips 1038 and can prolong the life of the firing tips
1038 and the central firing end 1046.

[0041] Another aspect of the invention provides a corona discharge ignition
system 60 including the corona igniter 20 with the central extended member 22 to reduce
corrosion and erosion at the firing tips 38, as shown in Figures 12A and 13A. For
comparison, Figures 12B and 13B show s system with another type of corona igniter 20°,
which does not include the extended length of the present invention. The system 60 includes
components found in a conventional internal combustion engine, such as a cylinder head 62,
a cylinder block 64, and a piston 50. The piston 50 is disposed opposite the cylinder head 62
and presents a space therebetween, and the cylinder block 64 is connected to the cylinder
head 62 and surrounds the piston 50. Thus, the cylinder head 62, cylinder block 64, and
piston 50 present a combustion chamber 66 therebetween.

[0042] The cylinder head 62 presents an opening 68 for receiving the corona
igniter 20. The shell 32 of the corona igniter 20 is typically coupled to the cylinder head 62,
for example threaded into the opening 68 of the cylinder head 62, as shown in Figures 12 and
13. A gasket 70 is typically disposed between the shell 32 and the cylinder head 62. The

corona igniter 20 can include a terminal 72 for receiving the power from a power supply
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(now shown), and an insulation material 74 can be disposed between the terminal 72 and the
electrode. A portion of the insulator 28, as well as the central firing end 46 and the firing tips
38, are disposed in the combustion chamber 66. A fuel injector 76 is also received in the
cylinder head 62 for delivering fuel in the form of finely atomized spray 78 into the
combustion chamber 66.

[0043] During operation, power is supplied to the corona igniter 20, the fuel is
sprayed toward the corona igniter 20, and the piston 50 reciprocates with the cylinder block
64, moving towards and away from the cylinder head 62 and the corona igniter 20, as in a
conventional corona ignition system. In Figure 12A, the piston 50 is spaced from the corona
igniter 20 by a significant distance. Corona discharge 24 forms from the firing tips 38 of the
crown 34, and no arc formation occurs between the corona igniter 20 and the piston 50 or any
other grounded component. In the system 60 of Figure 12B with the comparative corona
igniter 20°, the corona discharge 24 is also formed without arc formation.

[0044] In Figures 13A and 13B, however, the piston 50 approaches the corona
igniter 20, 20” and arcing 25 does occur. When the system 60 includes the inventive corona
igniter 20, such as in Figure 13A, the arcing 25 does not occur from the firing tips 38 of the
crown 34, as it does when the comparative corona igniter 20° of Figure 13B is used. Rather,
the arcing 25 occurs from the central firing end 46 of the central extension member 22. The
extended length I, of the central extended member 22 restricts the arcing 25 to only the
central extended member 22. Since the firing tips 38 of the crown 34 are less exposed to the
high temperatures caused by the arcing 25, they experience less corrosion and erosion. Thus,
the firing tips 38 stay sharp and continue to provide a strong corona discharge 24 during
future ignition cycles.

[0045] As mentioned above, the electrode of the corona igniter 20 of the

present invention can also increase the size of the corona discharge 24 during operation.
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Figures 14-16 each include a Finite Element Analysis (FEA) of an inventive corona igniter 20
or a comparative corona igniter 20> when power is supplied to the corona igniter 20, 20°.
The lines of the FEA images show the most likely direction and length of the corona
discharge 24. Figure 14A shows the inventive corona igniter 20 and associated corona
discharge 24 when the piston 50 is spaced a significant distance from the central firing end 46
and firing tips 38; Figure 15A shows the inventive corona igniter 20 and the associated
corona discharge 24 when the piston 50 is at the location of typical ignition; and Figure 16A
shows arcing 25 which occurs from the central firing end 46 of the inventive corona igniter
20 when the piston 50 comes very close to the corona igniter 20. For comparison, Figures
14B-16B each include a FEA of the corona discharge 24 provided by the comparative corona
igniter 20 when the piston 50 is in the same positions as Figures 14A-16A.

[0046] Figures 14A and 15A show that the corona igniter 20 of the present
invention provides a stronger corona discharge 24 when the piston 50 is spaced from the
corona igniter 20, relative to the comparative corona igniter 20’ of Figures 14B and 15B.
The extended length I, of the central extended member 22 tends to repel the corona streamers
as they form, thus providing a more open shape, giving a larger volume, and being less likely
to encounter the piston 50. In addition, Figure 16A shows that if arcing 25 occurs, the arcing
will form from the central firing end 46 of the central extended member 22, rather than from
the firing tips 38 of the crown 34. This is an advantage over the comparative corona igniter
20’ of Figure 16B, wherein the arcing 25 forms from the firing tips 38 of the crown 34°.

[0047] Figure 17 1s a FEA analysis of the inventive corona igniter 20 when
the wear element 54 in the form of an insulating coating is applied over the central firing end
46 of the central extended member 22. This analysis shows that the insulating coating does
not detrimentally effect the operation of the corona igniter 20 or the benefits provided by the

central extended member 22.
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[0048] Another aspect of the invention provides a method of manufacturing
the corona igniter 20 for use in the corona discharge ignition system 60, which includes
providing the central extended member 22 so that extended length I, of the central extended
member 22 is greater than the crown length I..

[0049] Various techniques can be used to determine the appropriate extended
length I, of the central extended member 22 in order to provide the preferred performance. In
one embodiment, the method first includes (a) identifying the firing tip 38 of the crown 34
which will be closest to the cylinder block 64 when the corona igniter 20 is received in the
cylinder head 62. Next, then method includes (b) determining a point during movement of
the piston 50 where a distance from the firing tip 38 identified in step (a) to the cylinder block
64 is equal to a distance from the firing tip 38 identified in step (a) to the piston 50. When the
piston 50 is located at this point, or closer to the firing tips 38, there is a possibility of arcing
between the firing tips 38 and piston 50, but this possibility is mitigated by the central
extended member 22.

[0050] The method next includes (¢) selecting the extended length I, of the
central extended member 22 such that when power is provided to the electrode and when the
firing tip 38 identified in step (a) is at the point identified in step (b), the peak electric field at
the central firing end 46 of the central extended member 22 is equal to or greater than the
peak electric field at the firing tip 38 identified in step (a). The peak electric field at the
central firing end 46 of the central extended member 22 depends on the distance between the
central firing end 46 and the piston 50, and the distance between the central firing end 46 and
the cylinder block 64. The method can also include adjusting the extended length I of the
central extended member 22 to space the central firing end 46 of the central extended

member 22 farther from the cylinder block 64 and/or the piston 50 during operation.
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[0051] The method also typically includes step (d): selecting the first spherical
radii ry of the firing tips 38 and the second spherical radii r; of the central firing end 46 such
that during operation, corona discharge will preferentially form from the firing tips 38, and
arcing, if any occurs, will preferentially form between the piston 50 and the central firing end
46 of the central extended member 22. The step of selecting the spherical radii ry, r; can be
conducted before or after selecting the extended length l.. The step of selecting the spherical
radii ry, ry includes selecting the first spherical radii ry for each of the firing tips 38 of the
crown 34 and selecting the second spherical radii r; for the central firing end 46 of the central
extended member 22 such that each of the first spherical radii ry at the firing tips 38 of the
crown 34 are smaller than the second spherical radii r; of the central extended member 22.

[0052] The spherical radii ry, r; are preferably selected so that when power is
provided to the electrode, and the at least one firing tip 38 of the crown 34 and the central
firing end 46 of the central extended member 22 are spaced from the cylinder block 64 and
the piston 50, and a corona discharge 24 is provided from the firing tips 38, the peak electric
field at the firing tip 38 closest to ground is at least 25% higher than the peak electric field at
the central firing end 46 of the central extended member 22. This may be achieved, for
example, by using data of the form shown in Figure 18. The first column of Figure 18 is the
distance, in millimeters, from the central firing end 46 or the firing tip 38 to ground, also
referred to as the gap to ground. The second column is the spherical radius, in millimeters,
and it could be the spherical radius of either the central firing end 46 or the firing tip 38. The
third column is the peak electric field, in volts per meter, when 1 volt is applied. The values
in Figure 18 are only examples. A dimensionless relationship between the spherical radii r;
of the central firing end 46 of the central extended member 22, the spherical radii r; of the
firing tips 38, and the extended length L of the central extended member 22 could be obtained

based on the data in Figure 18.
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[0053] Figure 19 1s a graph providing the peak electric field for spherical radii
ranging from about 0.05 mm to about 1.15 mm at various distances from the piston 50 and
cylinder block 64. Figure 19 specifically provides the peak electric field when the distance
from the firing tip 38 to the piston 50 and to the cylinder block 64 is 0.254 mm, 0.508 mm,
1.27 mm, 2.54 mm, 5.08 mm, 12.7 mm, 24.5 mm, and 50.8 mm. The peak electric field at
the firing tip 38 should be 25% higher than the peak electric field at the central firing end 46
of the central extended member 22 only at the larger distances, but this is not required at the
shorter distances, for example only at 50.8 mm, but not at 0.254 mm.

[0054] Once the distance is identified in step (b), and the spherical radii ry, r;
are selected in step (d), the method typically includes (e) determining the peak electric field
of the firing tip 38 identified in step (a) at the distance identified in step (b). As an example
again, the data of Figure 18 can be used to determine this peak electric field. In one preferred
embodiment, the firing tips 38 each have a spherical radius r; of 2.54 mm and a peak electric
field of 330 V/m at a distance of 25.4 mm from the piston 50. The method can further
include adjusting the spherical radii ry, r; to meet all safety and operating conditions.

[0055] Obviously, many modifications and variations of the present invention
are possible in light of the above teachings and may be practiced otherwise than as

specifically described while within the scope of the appended claims.
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CLAIMS

What is claimed is:

1. A corona igniter, comprising:

an electrode extending along a central axis for emitting an electrical field that forms a
corona discharge;

said electrode including a central extended member extending longitudinally along
said central axis to a central firing end;

an insulator formed of an electrically insulating material disposed around said
electrode and extending along said central axis to an insulator firing end;

a shell formed of a metal material disposed around said insulator;

said electrode including a crown disposed outwardly of said insulator firing end;

said crown including at least one branch extending radially outwardly of said central
extended member;

said crown extending along said central axis from a top surface to at least one firing
tip;

said crown presenting a crown length between said top surface and said at least one
firing tip, said crown length being parallel to said central axis;

said central extended member presenting an extended length extending from said top
surface of said crown to said central firing end, said extended length being parallel to said
central axis; and

said extended length being greater than said crown length.

2. The corona igniter of claim 1 wherein said crown presents at least one first

spherical radius at each of said firing tips, said central extended member presents at least one
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second spherical radius at said central firing end, and each of said first spherical radii are

smaller than each of said second spherical radii.

3. The corona igniter of claim 2 wherein said crown includes a plurality of
branches each extending to one of said firing tips, each of said firing tips having at least one

of said first spherical radii each being smaller than each of said second spherical radii.

4. The corona igniter of claim 1 wherein said central extended member is formed
of a first material and said crown is formed of a second material different from said first
material, and said first material is more resistant to erosion and/or corrosion than said second

material.

5. The corona igniter of claim 1 wherein said central extended member includes
a core formed of copper or a copper alloy and a cladding formed of a nickel alloy
surrounding said core, and said cladding of said central extended member presents said

central firing end.

6. The corona igniter of claim 5 wherein said core has a core length extending
from said top surface of said crown to a core firing end, and said core length is greater than

said crown length.

7. The corona igniter of claim 1 wherein said central extended member includes

a plurality of separate pieces joined together.

8. The corona igniter of claim 1 wherein said central extended member includes
a body portion and a wear element connected to one another, and said wear element presents

said central firing end.
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9. The corona igniter of claim 8 wherein said wear element is formed of a nickel-

based alloy, a noble metal, or a precious metal.

10.  The corona igniter of claim 8 wherein said wear element is a coating.

11.  The corona igniter of claim 8 wherein said wear element is formed of an

electrically insulating material having a relative permittivity of greater than 2.

12.  The corona igniter of claim 1 wherein said crown presents a crown diameter
disposed perpendicular to said central axis, said central extended member presents an
extended diameter disposed perpendicular to said central axis, and said extended diameter 1s

less than said crown diameter.

13.  The corona igniter of claim 1 wherein said central extended member presents
an extended diameter disposed perpendicular to said central axis, and said extended diameter

decreases in a direction moving from said crown toward said central firing end.

14.  The corona igniter of claim 1 wherein said central extended member presents
an extended diameter disposed perpendicular to said central axis, and said extended diameter

increases in a direction moving from said crown toward said central firing end.

15. A corona discharge ignition system, comprising:
a cylinder head presenting an opening for receiving a corona igniter;
a piston disposed opposite said cylinder head and presenting a space therebetween;

a cylinder block connected to said cylinder head and surrounding said piston;
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said cylinder head and said cylinder block and said piston presenting a combustion
chamber therebetween;

a corona igniter received in said opening of said cylinder head;

said corona igniter including a shell coupled to said cylinder head;

said corona igniter including an insulator formed of an electrically insulating material
surrounded by said shell and extending along a central axis to an insulator firing end,

said corona igniter including an electrode surrounded by said insulator and extending
along said central axis into said combustion chamber for emitting an electrical field that
forms a corona discharge;

said electrode including a central extended member extending longitudinally along
said central axis to a central firing end;

said electrode including a crown disposed outwardly of said insulator firing end;

said central firing end of said central extended member and said crown being disposed
in said combustion chamber;

said crown including at least one branch extending radially outwardly of said central
extended member;

said crown extending from a top surface to at least one firing tip;

said crown presenting a crown length between said top surface and said at least one
firing tip, said crown length being parallel to said central axis;

said central extended member presenting an extended length extending from said top
surface of said crown to said central firing end, said extended length being parallel to said
central axis; and

said extended length being greater than said crown length.
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16. A method of manufacturing a corona igniter for use in a corona discharge
system comprising:

a cylinder head for receiving the corona igniter, a piston disposed opposite the
cylinder head for moving toward and away from the cylinder head, a cylinder block
connected to the cylinder head and surrounding the piston such that the cylinder head and the
cylinder block and the piston present a combustion chamber therebetween;

the corona igniter including a shell received in the cylinder head, an insulator formed
of an electrically insulating material surrounded by the shell and extending along a central
axis to an insulator firing end, an electrode surrounded by the insulator and extending along
the central axis, the electrode including a central extended member extending longitudinally
along the central axis to a central firing end, the electrode including a crown disposed
outwardly of the insulator firing end, the crown including at least one branch extending
radially outwardly of the central extended member, the crown extending from a top surface to
at least one firing tip, the crown presenting a crown length between the top surface and the at
least one firing tip, the crown length being parallel to the central axis, the central extended
member presenting an extended length extending from the top surface of the crown to the
central firing end, and the extended length being parallel to the central axis; and

the method comprising the step of:

providing the central extended member so that extended length of the central extended

member is greater than the crown length.

17.  The method of claim 16 wherein the step of providing the central extended
member so that the extended length is greater than the crown length includes:
(a) identifying the firing tip of the crown which is closest to the cylinder block

when the corona igniter is received in the cylinder head during operation;
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(b) determining a point during movement of the piston where a distance from the
firing tip identified in step (a) to the cylinder block is equal to a distance from the firing tip
identified in step (a) to the piston;

(c) selecting the extended length of the central extended member such that when
power is provided to the electrode and when the firing tip identified in step (a) is at the point
identified in step (b), the peak electric field at the central firing end of the central extended

member is equal to or greater than the peak electric field at the firing tip identified in step (a).

18.  The method of claim 17 including adjusting the extended length of the central
extended member to space the central firing end of the central extended member farther from

the cylinder block and/or the piston.

19.  The method of claim 17 wherein the each of the firing tips of the crown
present at least one first spherical radius, the central firing end of the central extended
member presents at least one second spherical radius, and the method further comprises:

(d) selecting the at least one first spherical radius for each of the firing tips of the
crown and selecting the at least one second spherical radius for the central firing end of the
central extended member such that the at least one first spherical radius of each of the firing
tips is smaller than each of the at least one second spherical radius of the central extended

member.

20. The method of claim 19 wherein the peak electric field at the firing tip
identified in step (a) at the point identified in step (b) is at least 25% higher than the peak
electrode field at the central firing end of the central extended member when power is

provided to the electrode and when the firing tip identified in step (a) and the central firing
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end of the central extended member are spaced from the cylinder block and the piston and

when a corona discharge is provided from the crown.
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Distance Gap | Spherical Peak Electric Field
to Ground Radius @ 1 volt applied
mm mm Vim
0.254 0.0508 18633.28739
0.254 0.127 9980.701716
0.254 0.254 6878.930003
0.254 0.508 5343.796592
0.254 1.27 4477.039363
0.254 2.54 4203.304771
0.508 0.0508 16136.18133
0.508 0.127 8016.138049
0.508 0.254 5003.699524
0.508 0.508 3441.164495
0.508 1.27 2524.355083
0.508 2.54 2238.626109
1.27 0.0508 13887.23678
1.27 0.127 6571.000675
1.27 0.254 3798.198319
1.27 0.508 2309.525832
1.27 1.27 1376.310111
1.27 2.54 1068.842433
2.54 0.0508 12979.19005
2.54 0.127 5922.926914
2.54 0.254 3300.830078
2.54 0.508 1899.069549
2.54 1.27 1000.430464
2.54 2.54 688.0533036
5.08 0.0508 12172.07443
5.08 0.127 5434.093973
5.08 0.254 2966.065895
5.08 0.508 1650.347304
5.08 1.27 802.8204393
5.08 2.54 500.131791
12.7 0.0508 11006.37994
12.7 0127 4913.879632
12.7 0.254 2648.357014
12.7 0.508 1438.900864
12.7 1.27 659.8844681
12.7 2.54 379.6343141
254 0.0508 9975.942838
25.4 0.127 4575.07969
25.4 0.254 2461.742392
25.4 0.508 1324.304308
25.4 1.27 592.6911816
254 2.54 330
50.8 0.0508 8738.021209
50.8 0.127 4213.214918
50.8 0.254 2288.55173
50.8 0.508 1230.835386
50.8 1.27 543.0055707
50.8 2.54 296.3233774
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