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An Experimental and Mathematical Study on the Effects of Ignition
Energy and System on the Flame Kernel Development
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A constant volume combustion chantber is used to investigate the flame kernel development

of gasoline air mixtures under various ignition systems, ignition energies and spark plugs. Three

kinds of ignition systemys are designed and assembled, and the ignition energy 1s controlled by
the variation of the dwell time. Several kinds of spark plugs are also tested. The velocity of flame

propagation is measured by a laser deflection method, and the combustion pressure is analyzed
by the heat release rate and the mass fraction burnt. The resuls represent that as the ignition

energy is increased by enlarging either dwell time of spark plug gap, the heat release rate and
the mass fraction burit aie increased. The electrodes materials and shapes influence the flame
kernel development by changing he transfer cfficiency of electrical energy to chemical energy.

The diameter of electrodes also influences the heat release rate and the burnt mass fraction.
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1. Intreduction

With declining oil reserves and increasing fuel
costs, it is imperative that motor vehicle engines
operate with improved thermal efficiency. I s

well known that higher engine efficiencies are
obtained by opérating 4t a high compréssion ratio
and by burning lean mixturés. The latter is also of
benefit for reducing the level of exhaust emissions.
In order to- burn lean mixtures effectively, it ig
necessary to accelerate combustion and compen-
sate for the lower burning velocity of weak
mixtures. Farthermore, Fast burning is also
required in order to avoid the onset of knocking
at high compression: ratios. It has clearly been
demonstrated that accelerated burning rates can
be achieved by adopting high ignition energies or
by optimal designs of spark plug.

Diulger et al. 11994) and Kravehik et al. (1995)
described the ignition ‘process, modeled the de-
velopment of initial flame kerpel and simulated
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the effect of spark plug configurations. Daniels
and Scilzo {1996) performed experimental studies
with several spark plugs inospark ignition engines.
Arcoumands and Bae (1992) measured the in-
ducted mixiure flow in a constant volume com-
bustion chamber and igniton energy, anilyzing
the burnt mass fraction and Name development
velocity, They also changed the kinds of spark
plugs, and visualized the flame propuagation.
Fujimoto et al. (19935) Used a pancake-type con-
stant=volime combustion chamber 1o investigate
the combustion, and NOx eémission characteristics
of propane-air and hydrogen-air mtures under
variows charge stratification. patterns.

Maost of these researches analyzed the initial
flame developrients that niclude the effect of
mixture flow or srratified mixtore distribution.
Therefore, these experimental conditions contain
the turbulence effects, and it is difficult to identify
clearly the wifluences of ignition system or igni-
Hon encrgy on the flame development.

Thus, this study atiempts 1o remove the effect of
turbulence flame by using the constant volume
combustion chamber {CVOC), Specifically, in
order to reduce the gag low and to make 8 homo-
genous mixture, the mixture 18 ignited three

mintites " after the mixture 13 inducted into the
chamber.

In addition, several kinds of ignition systems
and spark plugs are designed and evaluaied. The
characteristics of flame propagation are analyvzed
by the laser dellection method and by the com-
bustion pressure. The heat release rate and mass
fraction burnt are culeulated by the medsured

pressure,

2. Experimental Systems and
Procedure

Figure | represents a schematic disgram of
the experimental system, and Fig. 2 shows the
dimensions of the consiant volume combustion
chamber.

The air compressor supplies the air to the
premixer, and the fuel injection system régulates
the - amount -6f injected fuel wecording to the
predetermined ar-fuel ratio. The inducied air
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Fig. 1 Experimental system apparatus
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Fig. 2 Schemafic diagram of constant volume com-
bustion chamber

and fuel are mixed and stay for three minutes to
completely vaporize. Well-mixed gas in the pre-
mixer 18 inducted o the combustion chamber
and eombusted. At last, the flapie propagation
velocity and combustion pressure are measured.
The wequired data are amplified, A/D converted

and then input to a -data acquisition system. The

dwell time and ignition time are controlled by the
spark timing controller,

2.1 Experimental systems

2110 Constant volume combustion chamber
Cvee)

The vonstant volume combustion chamber is
composed of the premixer and the combustion
chamber,

The premixer is designed to control the air/fuel
vatio and to vaporize the injected Tuel. Iv s made
of brass (o hedt guickly and installed 400W and
GOOW heaters at both side. The volume of the

3

premiger is 2650510 %m
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The combustion ¢hamber is made of dur-
alumiin, and the windows of both sides are made
of quartz 1o visualize the flame (Fig. 2). The
electrodes gap is lovated -at the center of the
chamber for the sake of conveniently inspecting
the development of inittal flame kernel. The
pressure and temperature of the premixer and the
combustion chamber s maintained at 6bar-and at
120°C, respectively.

242 lgnition systems

Three kinds of IDI {Inductive
Tgnition) systems are desigied and manufactured.
Ongof them 18 a DIS (Direct Ignition System),
which 15 a conventional ignition system widely

Diseharge

uged in commercial cars dand has two spark
plugs per ignition coil. The next vne is vamed
HEL (High Energy lgnition) system, which is
modified from the DIS to intensily the ignition
energy: HEI has two spark plugs equipped with
two ignition coils instead of one ignition coil. The
third one is an [-DIS (IGBT-based Direct
lgnition System) which uses an IGBT (Tnsulated
CGrate Bipolar Transistor) for doving the ignition
eotl cinstead of using BJT (Bipolar Junction
Transistor) which 1§ adopted by most conven-
tional D18

The IGBT {Insulated Gate Bipolar Transistor)
is known for fust switching performance, small
on-state Joss and switching loss, and ease of
driving, because it 18 a voltage-controlled device
compared to the BIT (Mohau et a1, 1995). More
specific circuit diagrams of the ignition svstems
tested in this study are represented in the resgarch
result of Song et al. (1999).

Table 1 Conditions of experimental tests

DIS, HEL 1-DIS

fgnition system

Drwell time 15, 2.5, 335 msec

Elecirode gap 0.8, 1.2, 2.0mm

Electrode material copper, mickel, fungsten

L2, 2.0, 2.8mm

Electrode diameter

Electrode shapes sharp, Hlat

(L8, LO

Electrode ratio

Fuel gasoline

2.1.3  Spark plugs

Several different configurations of spark plugs
dare also employed to analyze the effects of the
electrode on the flame kernel formation and de-
velopment, such as the gap, material, diameter
and shape ofthe electrodes. Table 1 represents the
experimental conditions which are kinds of spark
plugs and ignition systems, variations of dwell
times and dir-fuel ratios.

2.2 Experimental Procedure

The current and voltage are measured about
200 times-tor all experimental conditions with
current probe. (Tektronix A6303) and voliage
probe {Tektronix P6O1S). The ignition ensrgies
are caleulated with these values. The combustion
pressure and flame propagation are measured
simultaneously at least 30 times for all conditions.

221 Air-fuel ratio control
In order to control the air/fuel ratio, the
premixer is employed, and the amount ol injected
gasoline 18 regulated with  the following
equations. The mass of inducted dir iy caleulated
with ideal gas law as follow,
S
Ma=p o
Plbar) X107 XI65 1075 % 1000, |
T 0T (T ) +273)

oo
S

The gay congtant of air, Ky, 18 assumed as 0.
2871/ kg/KJ, and the volume “of premixer is
265 X107 m®,

The amount of njected fuel is calculated from
the definition of equivalence ratio. The equiva-
lence ratio is deéfined as the dcmal fuel/air ratio
divided by the stoichiometric fuel/air ratio,

 mmgimg)
14,9

L W) e

Cntr/ Wa) seomnimernie

Thus, the amount of gasoline for each equiva-
lence ratio is deterniined by
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With an electrical scale (QOhaus Co., TP2008) .
the gasoline is measured, and by controlling the
injector pulse, the proper quantity of gasoline is
injected.

222 Measurement of flame propagation

The flame development velocity is measured by
the laser deflection method. Fig. 3 represents the
schematic of the experimental apparatus.

The output laser beam from the He-Ne laser
(50mW, 632. Smm) is divided into three parallel
heams by beam splitters. The split beamy pass
through the combustion chamber, and are then
imaged onto three photodiodes. When the flame
intersects a beam, the refractive index gradients
present locally deflect the beams off the photo-
diode, which indicate the arrival time of the flame
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Fig. 3 Configuration of the laser deflection method
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Fig. 4 Filtered output signals of photodiodes
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at the measurement location. The measurement
positions are located at Smm (A point), 10mm
(B), and 20mm (C) from the spark plug gap,
respectively, as shown in Fig. 3. The velocity at
location A represents the initial flame growth.

Figure 4 shows an example of the filtered out-
put signals from the photodiodes. It is assumed
that the highest value of each signal expresses the
arrival time of the flame at each measurement
location.

2.2.3 Measurement of pressure development

The combustion pressure at the CCVC is ex-
clusive of pressure rise by turbulence flame dueto
reduction of mixture flow and homogeneous
mixture distribution. Therefore, it contains more
definite information about the influences of igni-
tion systems and discharged energy. The pressure
1s measured with a plezo-electric type pressure
sensor (Kistler, 6121).

Although there are a lot of approaches that
analyze the combustion pressure, in this research,
the heat release rate and the mass fraction burnt
are adopted. These two methods are based on the
reciprocal assumption. The heat release rate
assumes that the pressure variation is related to
the chemical energy released by combustion rath-
er than to the burnt mass of mixture, and the mass
fraction burnt analysis assumes the pressure vari-
ation is closely related to the mass of burnt
mixture (Fujimoto et al, 1995; Heywood, 1988).
* Heat release rate (dq/di) A major advantage
of the heat release rate approach is the simplicity
of treating the combustion chamber conténts as &
single zone, and ease of calculation with the first
law of thermodynamics (Heywood, 1988; Song et
al., 2000).

Based upon the first law of thermodynamics,
this study derives the heat release rate as follows:

Sg=cod T+ 8¢ ross {4)

From the ideal gas law,
dp  dv_dT 5
b 0T T 5)

Substituting the first term on the right side of
Eq. (4 with Eqg. (5, and differentiating the
rearranged equation with respect to time, the heat
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Fig. § An example of heat release rate variation
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(Condition ; 6bar, 150°C)

release rate is obtained as follows,

G}' = %é’ g?' + Ci ss “’)

The calculation results are analyzed by two

parameters, hmax and huac o hmax represents the
value of maximum heat release rate, and hipax 18
the time period from the start of ighition to the
time that the maximum heat release rate oceurs.
Figure 5 shows an example of the analysis of heat
release.
e Burnt mass fraction The burnt mass fraction
is calculated from the measured pressure trace
based on the asswiption that combustion pres-
sure corresponds to the fraction as shown in Fig.
6 and calculated by Eq. (7) (Fujimoto et al.,
19935, Song and Sunwoo, 2000)

M(t)= (7)

The flame kernel development duration, o, is
defined as the time period from the ignition fo the
time at which 10% burnt mass fraction occurs,
and the flame propagation duration, t10~90, is
also defined as the time period duning which the
burnt mass fraction changes from 10 to 90%. The
nomenclature, tmax, is the duration from the
ignition to the time that all the mixture in the
combustion chamber is burnt.
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Fig. 6. Definition of burnt mass fraction and com-
bustion duration {ty-iss tio-so and fgay and

corresponding pressure transition
3. Experimental Results

In order to represent the experimental results,
this study adopts the velocities (velocity at loca-
tion A, B and ), heat release rate {Bueyx and
hmm;}, and -mass fraction burnt. {{pye, tipwao, and
tmex). The ignition energy is also measured at
each driving condition.

3.1 Dwell time

The dwell time means that the duration of the
primary circuit of the dgnition system is the
electrically on stute and stores ignition energy at
ignition & coil(s) and/or a capacitor(s).

As the dwell time is inereased, the stored igni-
tion energy is also increased until it is saturated.
The result suggests that when the dwell time is
extended from l.5msec to 3.5msee, the ignition
energies -of the DIS, HEL and [-DIS at 3msec
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Table 2 Effects of dwell times on flame kernel development at ©=0.8
dwell energy A B o Hina i i o [E e 1 L
{rrisec) (mly | lm/sec) | dm/sec) s {mfsec)  (Fsec/e) | fmser) © (msed) {msec)
1515 15 R 1081 1006 0.978 54.5 68 32 33 72
o 35 158 1142 1059 1028 56.4 66 30 32 69
HEL 1.5 17.6 1148 1.067 1.039 5.6 66 28 34 68
) 3 29.1 1.203 1092 1.077 59.4 64 26 33 66
DS 1.5 104 1102 1.037 1.998 S48 67 31 33 72
' 35 221 1.183 1109 1.074 58.6 G 28 33 68
1.2mm gap, 2.0mm diameter, sharp, tungsten electrode
—g dwell 1.5msec —&—dwell 2.5ms80c —&— dwell 3.5msec
3 k14 £
= = o
€ E €
%’»\ 9 Q 1 X ¥l
o ko ] o
et @ 5 s}
g & g g‘ (] £
§ i sl 54 )
s 5 §
g £ g .
-~ DIG = HEL] = L DIs
v i t 3 . » s H 4 i o H 1 3 H

Time (msec)

Fig. 7 Effects of dwell time on dignition energy for

&

after the ignition oceurs increases by about 65%,
60%, and 113%, respectively.

However, Fig. 7 reflects that the DIS and HEI
are saturated when the dwell time is extended
around Jmsec. When saturation oceurs, despite
extended dwell time, the total stoved energy will
not be changed.

Table 2 explainy the influences of the dwell
time on the characteristics of flame kernel devel-
As the dwell time
[.3msec to 3.5msec, the inatial flame propagation
at

opment. is exiended from
velocity which 48 measured and calenlated
position A, is increased by about 5~7%. and te-a0
is reduced by about 7~ 11% for all three ignition
systems. However, tip.ss is not dffected by dwell
time. Thig means that the ignition system and
ignition energy seldom exert influence on flame
propagation except initial flame kernel dévelop-
ment. The heat release rate is dlso affected by
dwell time, as shown in Table 2.

3.2 Spark plug gap
Table 3 répresents the effects of the spark plug

Copyright (C) 2003 NuriMedia Co., Ltd.

Time (msec)

Time (msec)

three ignition systemns (Condidon 7 6bar, 150°C)

gap on ignition energy. The discharged energy of
the DIS with a gap width of 2.0mm rises by about
74% ih companison with a gdp width of 0. 8min
For the HEIL the ignition energy is increased by
about 68% while the I“DIS records an increase of
dbout 109%. These increasés in ignition energy
with 4 widened spark gap can be atributed to the
extended surface of the plasma, which requires
more energy (o sustamn itself, particularly in
conditions where the energy density is held con-
stant, resulting in a constant temperature gradient
along the plasma surface {Arcounianis and Bae,
1992) .

Table 3 also explaing the flame growth velodity,
mass fraction burnt and heat release rate at @==
08, When the gap i nereased from O08mm to
2:0mm; the velocities at location A are Increased
L2111, 188m/ sec
and ‘the intial 10% mass fraction burnt is has-

by aboul 7~8cn/sec rom

tened by about 4~Smsec from 28~ 32msec with
three ignition systems. These results come from
the increased ignition ewmergy and the expanded
plasima volume which codtacts ~unburned gas
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Table 3 Effects of spark plug gaps on flame kernel development at @=0.8

gap energy A B C Dsax ey ¢ ti1p tip o T

(1ot {ml) {misee) | (nifsec) | (m/sec) [(I/sec/g)| (msec) | (msee) | (msect | {msec)
0.8 1.8 A2l 1.042 1.007 546 68 2 33 72
Dis 1.2 15.8 1142 1,059 1.026 564 66 30 32 69
2.0 20.5 1.198 1105 1.052 57.2 61 28 33 67
08 20.3 1188 1.091 1.054 573 66 28 33 68
HEL 1.2 29.1 1203 1092 L.ou7 594 &4 26 33 66
2.0 39.4 1.253 1133 1104 61.8 60 24 33 &4
g 15.7 1142 1.06 1031 56.9 66 30 33 0
I=13S 1.2 22.1 1.183 1109 1.074 586 G4 28 33 68
240 328 1223 1142 LO8S 61.1 ¥4 25 33 66

Table 4  Effects of electrode Materials on flame kernel development at Q=038
mat. cmtrg\ A . B Lo ¢ N avax N | ,h“m'“{ , {Q"‘”g\ ;(‘K‘*-%; e :
L) ta/sec) | {mfsect | {m/sec) {rnsee) (risee) {msec)

Cu 17.3 LAT77 1083 1.057 61 28 33 68
DIs N3 16,3 I.16 1.OT78 1039 63 29 33 68
W 5.8 1142 1059 .26 4] 30 32 69
Cu 31 1,232 1144 1102 59 25 32 635
HE] Ni 29.7 1.213 L8 1.087 &1 25 33 65
W 29.1 1.203 1.092 1077 64 26 33 66

As a result of faster kernel development, the
maxiraum hear Telease rale is dncreased. The
maxiun heat release rates of DIS, HEL and 1+
DS are increased by 2.6, 4.5, and 4.2kI/sec/ke

from 54.6, 57.3, and 56.9k1/sec/ kg, respectively.

33 Electrode materials

This experiment is dong o research the effecty
of electrode materiuls on ignition energy and
expansion velocity of the flame kernel. Table 4
represents the experimental results, The materials
of electrodes used in this research are copper,

mickel, and tungsten. The melting temperatures of

copper, and 3660K. The results

show, when the melting temperature of an elec-

tungsten are
teode 1§ higher, the ignition energy is decréased
about 7~9%. Table 4 also explaing the heat
refease rate and burnt mass fraction,

As the melting temperature of electrodes is
lowered, the transfer efficiency of discharge ener-
gy is Taised. Since the lower melting temperaiure

material liberates  electrons easier. the current
density becomes higher (Ziegler et al, 1984).
When the current grows, the discharge phase is
transterred from glow 10 arc phase. As g conse-
gquence of that the energy wansfer efficiency -is
ineredsed rom 302 o 50%. This accelerates the
flame propagation velodty.

34 Electrode diameters

The heat logses to the electrode vary the flame
propagation velocity, which s affected by elec-
trode materials, electrode diameters and so on
{Lim et al, 1987, Ko et al, 1991},

Table 5 represents the variation of flame pro-
pagation  when the eledtrode diameters are
changed. From this experiment, it iy noticed that
the discharged energy and flame propagation ve-
locity are not affected as niuch as when the
parameters such as dwell time, electrode gap and
material are varied.

However, there is a tendeney that as the diame-
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Table 8 Effects of electrode diameters on flame kernel development at @=08
d ia,‘ energy A B o B Bimaie tyeip b1y o -
(o) Lrcd) fmfsec] | (m/sec)  {m/sec)  (Wse/gr | {msec)  (msec) | (msec) | (rsed)
1.2 16.7 1163 1077 1.046 60,3 64 29 32 &8
IS 2.0 158 1142 1.059 1:026 56.4 &b 30 32 69
2.8 15.1 1128 1036 Lot §5.3 67 31 33 70
1.2 30,8 1224 1123 LOGY 628 62 25 33 66
HEI 20 28:1 1.203 1.092 1.077 594 64 26 33 66
2B 271 LIRY 178 1.061 574 63 26 34 68
Table 6 Effects of electrods shapes on tlame kernel development at ¢=0.8
At energy x L B o < hm% ‘hmm_‘t\ tao. : ti s e
(il (mifsec)  (my/sec)  {mfsec) (J/sec/g) (mser) {mgee) lmsed) {rmgec)
. flat 145 1,105 1.025 1.001 RERY 68 a1 34 72
b sharp 15.8 1142 1059 1.026 56.4 66 30 32 69
flat 26.7 1172 LO81 105 54.9 65 27 33 68
HE sharp | 291 1203 1092 | L077 | 594 64 26 3 66
ter of an electrode 15 reduced, the ignition: energy ¢m2.0mm ¢$2.0mm
is dmcreased. This result shows that when the M
electrode diameter s reduced from 2.8mm 1o
L2, then the ignition energy is raised by about
{1~14%. The flame velocity at location A wace-
elerates by about 3% for both ignition systems,
and t0-10 is reduced by about 7% for the DIS, 1.2mm
and 4% for the HEL it
35 Electrode shapes /

As shown in Fig. 8, the electrode shapes are

Flat electrode Sharp electrode

Fig. 8 Shape of electrodes

changed for test purpose. The wariation of the
electrode shape affects flame propagation due to
the thange of the discharge phase. It the number
of emiited electrons from the electrodé 1§ the 4. Conclusion
same, the simaller or shatper tip of the electrode

increases the density of the discharged current, Acconstant volume combustion chamber is used

which changes the ignition phase from glow to
are phase which, in turn, causes the higher energy
transfer efficiency  (Pischinger and Heywood,
1990). As a result, the propagation veloeities at
location A with the DIS and the HEL are in-
creased to 3.5cm/sec and 3lem/sec from 1,107
ni/secand 147207566, respectively, in the case of
@=20.8. The heat release rate and the burnt mass

fraction also increase, as represented in Table 6.
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to vestigate the flame kernel growth and flame
propagation of the gasoline=air mixture under
various ignition systeins and spark plogs. A laser
deflection method 15 applied 1o measure the lame
propagation velocity, and a pezo-glectronic type
pressure sensor s used to evaluate the combustion
pressure. The heat release rate and burnt mass
fraction dre calculated from the measured pres-
sure data.
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The major findings from this research are as
follows:

(1) As the dwell fime is
L.5msec to 3.5msec, the discharged energy is also
increased by about 40~113%. All ignition sys-
tems evaluated in this research (DIS, HEI, and
I-DIS), accelerate growth of the initial flame
kernel by 3.5~8.lcm/sec from 1.081~1.148
m/sec, and reduce the initial flame growth period

increased from

by 2~ 3msec from 28 ~32msec as the dwell time is
increased. However, the flame propagation period
is affected by neither the ignition system nor the
discharged energy. The duration from ignition to
the maximum heat release rates are shortened by
2~ 3psee from the 66 ~68msec, and the maximum
heat release rate is raised by 1.8~3.1kI/sec/ky
from 55~58k¥/sec/kg with all ignition systems.
However, when the dwell time of the DIS and
HEI are increased more than 3msec, the stored
ignition energy is saturated, and thus, the ignition
energy is not changed.

(2} When the spark plug gap is extended from
0.8mm to 2.0mm, the discharged energy is in-
creased by 74~110% in the three ignition sys-
tems, As the gap is extended, the volume of
plasma is also increased, and to sustain the
expanded plasma, increased ignition energy is
required. The increased plasma can enlarge the
contact area with unburned gas, and it stimulates
the growth of the initial kernel. As a results, the
first 10% of burnt mass fraction is reduced by
about 14~20%.

{3} The material of the electrode affects the
ignition energy and flame propagation, which is
closely related with its melting temperature. The
spark plug with a lower melting temperature
electrode yields higher ignition energy and higher
transfer efficiency. The spark plug of copper elec-
trode discharges 7~ 16% more energy than that of
the tungsten electrode and the -initial flame
growth period, toi, is also decreased by about
4~7% with the DIS and the HEL

{(4) The diameter of electrode also influences
the discharged energy and growth of flame kernel.
As the diameter is reduced from 2.8mim to 1.2mm,
the discharged energies of the DIS and HEI are
elevated about 9~14%, Consequently, the initial

flame development velocity is enhanced and the
time of maximum heat release rate is also
hastened for both DIS and HEIL

(5) As the electrodes tip is sharpened, the
discharged energy is increased, and the current
density is raised. When the current density is
raised, the transfer efficiency is increased so that it
helps the growth of the initial flame kernel. When
shatp electrodes are used, the discharged energies
of DIS and HEI are increased by 7% and 9%,
respectively.
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