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ABSTRACT

In order to clarify the characteristic of ignition of
combustible mixtures by composite sparks under high
turbulence intensity conditions, minimum ignition energy
was measured by using the experimental apparatus which
had been developed to produce high intensity turbulence
with minimum mean flow by mutual collision of mixture
jets at the center of a combustion chamber and by using
the ignition system which could vary energies of a capaci-
tance component and an inductance component indepen-
dently. The experimental results show that ignition ability
is much improved by the addition of an inductance com-
ponent to a capacitance component. This improvement
is pronounced in case of turbulent mixtures of high inten-
sity. In addition, a numerical simulation was performed to
study the mechanism of flame kernel development. A set
of partial differential equations in two-dimensional cylin-
drical coordinates was resolved by Large Eddy Simulation
in the numerical simulation. Minimum ignition energy
and turbulence intensity in the spark gap were estimated
from the numerical simulation. The calculated results sug-
gest that inductance component has the effect to keep a
flame kernel near the spark gap and the effect of turbu-
lence suppression in the spark gap.

INTRODUCTION

In spark ignition engines, lean mixtures with high
intensity turbulence have been adopted to reduce fuel
consumption and to improve exhaust emissions. In such
conditions, a spark igniter of higher ignition ability is
required. The conventional spark igniter produces com-
posite sparks which consists of a capacitance component
leading to a short duration spark and an inductance com-
ponent leading to a weak and long duration spark. In
the present work, a specially designed experimental appa-
ratus was developed to realize high intensity turbulence
with minimum mean flow. An ignition system which could
generate simulated composite sparks was also developed.
Minimum ignition energy on the energy distribution of
composite sparks was measured in various turbulence in-
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Fig. 1 Combustion chamber

tensity to investigate the effect of composite sparks on
ignitions under high turbulence intensity conditions. In
addition, a numerical simulation calculating distributions
of temperature and velocity was made to study the mech-
anism of flame kernel development. Minimum ignition
energy and turbulence intensity in the spark gap were es-
timated from the numerical simulation.

EXPERIMENTAL APPARATUS

A sectional view of the combustion chamber is shown
in Fig. 1. The combustion chamber is cylindrical, with in-
ternal diameter of 40 mm and height of 30 mm. Two glass
windows are attached on both faces. A set of spark elec-
trode holders is attached on the side wall of the combus-
tion chamber. Spark electrodes are stainless wires of 0.2
mm in diameter, whose tips are sharpened to keep spark
path at the center of the axes of the spark electrodes. The
spark gap width is kept 1.0 mm. Four nozzles of 3 mm in
diameter are attached on the side wall of the combustion
chamber. A mixture flows into the combustion chamber
through these nozzles. High intensity turbulence is gener-
ated at the center of the combustion chamber by mutual
collision of jets of mixture through these nozzles. The ve-
locity of the individual jet was adjusted by the valve at
each nozzle inlet so that the creation of mean flow at the
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center of the combustion chamber might be minimized.

A schematic diagram of the experimental appara-
tus is shown in Fig. 2. A four-stroke single cylinder en-
gine driven by an electric motor was used as a pump to
feed mixture into the combustion chamber. The engine
has a displacement of 258 ¢cm?, and a compression ratio
of 6.5. The intake and exhaust manifolds are connected
to the reservoir tank. Two manifolds connected to the
combustion chamber are fastened to the cylinder head of
the engine. In operation, a propane-air mixture contain-
ing 4.7% by volume of propane was drawn from a mixture
tank and supplied to the combustion chamber, the engine,
and the reservoir tank at atmospheric pressure and room
temperature. Then, the engine was driven by the elec-
tric motor. In the compression stroke, the mixture was
pumped through the cylinder head manifolds to the com-
bustion chamber. In the expansion stroke, the mixture
was sucked from the combustion chamber and returned to
the engine. The turbulence intensity in the combustion
chamber was varied by changing the engine speed.

The ignition system was designed to generate com-
posite sparks which comprised of a capacitance spark and
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an inductance spark. A block diagram of the electric cir-
cuit is shown in Fig. 3. The high voltage supply charged
the condenser C,, through the charging resistance Rs, to
10 kV. Then, the thyratron was switched on by a trig-
ger pulse, and the capacitance component was generated.
This acted as a trigger for the inductance component
from the condenser Cs, which was charged to 800 V. Al-
though the post capacitance spark is not an inductance
component because of being generated by discharge of a
condenser, this is called an inductance component in the
present work. The spark energy was controlled by chang-
ing the electrostatic capacity of the condenser. The volt-
age and current of the spark discharge were measured by a
voltage probe (TEKTRONIX P6015) and a current probe
(TEKTRONIX P6021), respectively. The spark energy
was determined by integration of the voltage multiplied
by the current during the spark discharge. The ignition
timing was set at 35° BTDC in the compression stroke of
the engine, when the velocity of the mixture jet is maxi-
mum. The triggering system prevented any ignition pulse
in the exhaust stroke. At each experimental condition, the
ignition experiment was conducted 30 times to determine
the ignition probability. The minimum ignition energy
was defined as the ignition energy yielding a 50% ignition
probability.

The velocity fluctuation at the center of the com-
bustion chamber was measured to estimate turbulence in-
tensity. The velocity component normal to the axis of the
combustion chamber was measured with a laser doppler
velocimeter (DANTEC 55X). Scattered light was detected
by a photomultiplier (KANOMAX MODEL 1961). A
burst spectrum analyzer (DANTEC 57N10) was used as a
signal processor. The velocity component parallel to the
axis of the combustion chamber was measured by a hot
wire anemometer (SOKKEN HC-30) having a tungsten
wire probe of 5 um in diameter and 1.2 mm in length. The



RMS value of the velocity component parallel to the axis
of the combustion chamber is about 20% less than that of
the velocity component normal to the axis of the combus-
tion chamber. Thus the turbulence field is not completely
isotropic. The velocity fluctuation indicated that there ex-
ists no mean flow at the center of the combustion chamber.
Under this condition, the conventional definition of tur-
bulence intensity is meaningless. Therefore, considering
symmetry of the combustion chamber, turbulence inten-
sity was defined as the RMS value of the resolved normal
and parallel components of velocity, which is given by
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where
v = g (2)
ve = (v — 0%’ (3)

The velocity at two position near the center of the com-
bustion chamber was measured simultaneously by a pair
of laser doppler velocimeters to estimate velocity corre-
lation coefficients. The directions of laser beams were
adjusted by beam traverse systems. The optical axes of
the laser doppler velocimeters crossed each other at 13°.
Scattered light from the two positions was detected and
processed individually. The velocity at the two position
was determined through the correction for the difference
of the optical axis directions. An integral length scale L,,
defined as the distance between positions whose correla-
tion coefficient was equal to 1/e, was obtained from these
measurements. Taylor microscale A and Kolmogorov mi-
croscale 7 were calculated from the integral length scale
and the turbulence intensity (5):

A rLs\"V?
o= 151/2(”-1%) (4)

where v was kinematic viscosity. The value for air at 300
K of 0.1604 cm?/s was used as v.

n= (K;) " (6)

where
v'?
e=15v T (M

The turbulent scales obtained by the above method are
shown in Fig. 4.

NUMERICAL MODEL

Distributions of velocity and temperature near the
spark gap were calculated by Large Eddy Simulation
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(LES), in two dimensional cylindrical coordinates. Turbu-
lence models were used in the calculation to treat subgrid
scale turbulence. The computational region is shown as
Fig. 5. The computational region is 6.4 mm in z direction
parallel to the axis of the spark electrode and 3.2 mm in r
direction perpendicular to that axis. The spark electrode
diameter is 0.2 mm. The spark gap width is 1.0 mm. In
the numerical simulation, spark energy was added to the
gas in the spark gap as internal energy. The amount of
capacitance energy component was controlled by changing
the power setting. Spark duration of capacitance compo-
nent was constant at 1.0 us. The amount of inductance
energy component was controlled by changing the spark
duration. The power of the inductance component was
constant at 1.0 W. The periodic boundary condition is
adopted at the boundaries (1) and (3) in Fig. 5. The free
boundary condition is adopted at the boundary (2) in Fig.
5. An isotropic turbulence field having the following en-
ergy spectrum (2) was given as initial condition.
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where k is wave number, v’ is turbulence intensity, Ls
is integral length scale. v’ and Ls are 9.87 m/s and 1.23
mm, respectively. In LES, physical quantity f is separated
to large scale component 7 and small scale component f
through a space filter, as follows:

f=F+f (9)
(10)
where
f(Ix,I2) =

00 2
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where Gi(z;,z;’) is a filter function of Gaussian distribu-
tion in z; direction.
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where A is filter width. It is equal to the diagonal length of
the computational grid. The equations to be resolved were
obtained as follows through this filtering and a turbulence
model adoption:
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The model proposed by Smagorinsky et. al. (4) was ap-
plied to stress tensor o™, and the eddy diffusivity model
was applied to heat flux J and mass flux f.

o™ =K Dr (18)
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Fig. 6 Minimum ignition energy in experiment

K = (CA)?|D| (28)
|D| = (Dp*+ Ds*)'/? (29)
Rp=CgK (30)
Kc:Cc[( (31)

where C, Cg, and C¢ are model constants. C was de-
termined at 0.1 so that the flows containing shock waves
caused by spark ignition could be calculated in stable. Cg
was decided at 1.4 like Karino (3). C¢ was decided at 2.0
like Antonopoulos-Domis (1).

RESULTS AND DISCUSSION

The effect of the inductance component on minimum
ignition energy in experiment is shown in Fig. 6. In the
case of no inductance component, the minimum ignition
energy rapidly increases as turbulence intensity increases.
The addition of slight amount of energy of the inductance
component improves ignition ability significantly. This ef-
fect of inductance component on minimum ignition energy
is particularly remarkable in case of high turbulence in-
tensity. This result suggests that composite sparks which
includes a high energy inductance component would be
beneficial to the ignition of turbulent mixtures. The ef-
fect of the inductance component on minimum ignition
energy in numerical simulation is shown in Fig. 7. The
two results are only in qualitative agreement: in the both
results, minimum ignition energy decreases as the induc-
tance component increases. The magnitude difference be-
tween predictions and experiments in these results can be
explained as below. The numerical simulation in two co-
ordinates can treat only axial eddies so that the eddy vis-
cosity of the turbulence model is smaller than that in the
fully three-dimensional case. Consequently, the predicted
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Fig. 7 Minimum ignition energy in numerical simulation

heat transfer by turbulence becomes small.

Distributions of temperature and velocity near the
spark gap after the onset of spark discharge obtained by
the numerical simulation are shown in Figs. 8 and 9. The
solid lines are isothermal lines. The minimum tempera-
ture described by one of the isothermal lines is 400 K. The
distance of the isothermal lines is equal to 400 K. The al-
lows express magnitude and direction of velocity. The
capacitance spark whose energy was 0.11 mJ was used in
the numerical simulation of Fig. 8. The composite sparks
whose total energy was 0.09 mJ (consisting 20% of capac-
itance component and 80% of inductance component) was
used in the simulation of Fig. 9. In the case of capacitance
spark, the flame kernel is brought downstream by the flow
near the spark gap as shown in Fig. 8. The flame kernel
exists far from the spark gap and is expanded by flow at
160 ps after the onset of spark discharge as shown in Fig.
8. On the contrary, in the case of composite sparks with
a high energy inductance component, the flame karnel re-
mains near the spark gap until 160 us after the onset of
spark discharge as shown in Fig. 9.

Turbulence intensity in the spark gap during the ig-
nition process, estimated from the numerical simulation,
in the cases of capacitance spark and composite sparks is
shown in Fig. 10. In both cases, the turbulence intensity
keeps a very high value in the short period just after the
start of spark discharge. Then, the turbulence intensity
decreases with oscillation. The burst of turbulence inten-
sity is caused by the spark of capacitance component. In
the case of capacitance spark, spark discharge has been
finished and the flame kernel exists far from the spark gap
after the burst of turbulence intensify so that there is no
source of turbulence in the spark gap. Consequently, tur-
bulence intensity in the spark gap decreases. Turbulence
intensity in the case of high energy inductance component
1s lower than that in the case of no inductance component
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in spite of the existing of a flame kernel, which is a source

of tu

rbulence, in the spark gap. The gas at high temper-

ature and pressure produced by the spark of inductance
component prevents entering of turbulence flow into the
spark gap. This effect of inductance component has an
advantage in spark ignition of turbulent mixtures because

a fla

me kernel is put in the region of low turbulence in-

tensity.

CONCLUSIONS

1.

Composite sparks with a high energy inductance com-
ponent show high ignition ability in turbulent mix-
tures. This is remarkable in turbulent mixtures of
high intensity.

Flame kernels develop near the spark gap in case
of composite sparks with a low energy capacitance
component. On the contrary, flame kernels leave the
spark electrodes in early time and develop far from
the spark gap in case of composite sparks with a high
energy capacitance component.

Inductance component has the effect of turbulence
suppression in the spark gap during the spark dura-
tion. This effect protects flame kernels from expan-
sion by turbulence.

NOMENCLATURE
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= model constant
strain velocity
strain velocity
diffusion coefficient
energy spectrum
internal energy
mass flux

= wave number
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filter function

heat flux

eddy viscosity

integral length scale
heat release ratio
radial coordinate
physical quantity
small scale component
of physical quantity
large scale component
of physical quantity
time

velocity

turbulence intensity
mass fraction

axial coordinate

filter width
dissipation rate
Taylor microscale
Kolmogorov microscale
kinematic viscosity
density

stress tensor

stress tensor transformed
by turbulence model
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Subscripts

DN IO

= chemical reaction

internal energy

measured by hot wire anemometer
chemical species

measured by laser doppler velocimeter
radial component

axial component

circumference component
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