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Abstract

multi-dimensional model of the spark ignition

process for SI engines was developed as a user defined

function (UDF) integrated into the commercial
engine simulation software CONVERGE CFD. The model
simulates spark plasma movement in an inert flow environ-
ment without combustion. The UT model results were
compared with experiments for arc movement in a crossflow
and also compared with calorimeter measurements of thermal
energy deposition under quiescent conditions. The arc motion
simulation is based on a mean-free-path physical model to
predict the arc movement given the contours of the crossflow
velocity through the gap and the interaction of the spatially
resolved electric field with the electrons making up the arc.
A further development is the inclusion of a model for the
thermal energy deposition of the arc as it is stretched by the
interaction of the flow and the electric field. A novel feature
of this model is that the thermal energy delivered to the gap
at the start of the simulation is distributed uniformly along
the arc rather than at discrete points along the arc, as is the
case with the default CONVERGE CFD ignition models. This
feature was found to greatly reduce the tendency of the arc to
distort its shape and tangle itself in a non-physical way, as is
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Introduction

here is increasing interest in the details of the spark

ignition process in spark ignition engines as newer

engines are designed to operate under more extreme
in-cylinder conditions, elevated boost pressure, and lean or
dilute mixtures. These conditions make the spark ignition
more challenging in terms of reliable ignition and combustion
with minimum cycle-to-cycle variations. Research on the
spark ignition process to understand its characteristics has
been conducted by many researchers using both experiments
and simulations.

Detailed ignition sub-models can be integrated with
computational fluid dynamics (CFD) software such as
CONVERGE™ CFD, to simulate the ignition process. Many
researchers have investigated and modeled spark channel
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the tendency when discrete energy input is used. It was found
that the tangled distortion of the arc when using discrete
energy input was due to perturbations along the arc caused
by differential expansion of the gas along groups of adjacent
mesh cells that either had energy input or did not. The distrib-
uted energy feature also gave arc temperature distributions
that were more spatially uniform and had steeper temperature
gradients, consistent with experimental arc images. The
results are compared with experimental high-speed video
images of arc movement for a spark plug of similar geometry
and taken over a range of pressures and crossflow velocities
in a high-pressure constant volume vessel. There is good agree-
ment between the simulations and experimental images for
the arc stretch distance in response to a crossflow. The simula-
tions did not display as much lateral arc dispersion as seen in
the experimental results, however, that were perhaps associ-
ated with flow recirculation zones downstream of the gap,
present in the experiments. The influence of the electric field
was shown by turning off the electric field effect in the simula-
tions such that the arc movement was influenced by the flow
field alone. The effect of the electric field was found to be more
pronounced at lower crossflow velocities of 5 m/s and at
lower pressures.

behavior within the local flow and its effects on the flame
kernel development. Fan et al. introduced a Discrete Particle
Ignition Kernel (DPIK) model where the flame kernel is
assumed to be spherical and is described using discrete
particle markers [1]. This Lagrangian particle approach made
it less sensitive to numerical mesh size. Duclos et al. proposed
an Arc and Kernel Tracking Ignition Model (AKTIM) for
describing the flame kernel expansion [2]. The spark is
modeled by a set of particles along the spark path that can
be elongated by the mean flow field. Their model also includes
the secondary side of the electrical inductive ignition system.
Each particle receives energy from the partially simulated
ignition circuit. Dahms et al. developed a Spark Channel
Ignition Monitoring Model (SparkCIMM) which models the
spark channel with discrete particles [3]. These particles can
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also be stretched by the local flow. Restrike of the stretched
spark channel is modeled in SparkCIMM by resetting the
spark marker particles to their original location when the
spark channel exceeds a predefined length. The spark energy
deposition rate was assumed to be uniform along the spark
channel and constant in time. Lucchini et al. also introduced
a model for ignition and flame kernel development [4]. The
spark channel was modeled with discrete particles which
receive energy from a simplified ignition circuit model.
Restrike of the stretched spark channel was modeled with two
different criteria, column voltage and the maximum channel
length. However, it does not include a model for short-circu-
iting. Numerical studies using an Energy Deposition Model
were conducted recently to simulate the spark ignition process
in an engine [5,6]. Energy is deposited into a spherical energy
source with the energy deposition rate determined from the
measured voltage and current. Scarcelli et al. showed that the
Lagrangian-Eulerian Spark-Ignition (LESI) model is in good
agreement with visualized experiments for non-quiescent,
engine-like conditions [7]. However, short-circuit and restrike
behavior were not included in this model. Sforza et al. [8] used
Lucchini’s model, briefly discussed above, to investigate the
flame kernel development and flame stretch in combustible
gas mixtures. Masuda et al. [9] developed a model of restrike
and short-circuit behavior based on the voltage across the
spark channel. They used the ignition circuit model proposed
by Duclos et al. [2], which includes only the secondary side of
the electrical inductive ignition system. Arai et al. used Direct
Numerical Simulation (DNS) and the Lagrangian tracking
method, with 11 particles spaced evenly between the elec-
trodes at breakdown, to investigate the spark path with
stretching and short circuiting for a crossflow velocity of 15
m/s [10]. They used an “equivalent circuit” model that is
simplified relative to the more comprehensive ignition circuit
model developed by our research team [11]. They observed
repetition of elongation and short circuiting of the discharge
path. However, their study was conducted for a single pressure.
They also studied the influence of electrode shape and perme-
ability on discharge characteristics.

There have been several studies related to the flow around
the spark plug gap and the effect of the local flow on the spark
kernel movement and flame kernel formation. Mantel found
that the orientation of the spark plug relative to the mean flow
changes the mean flow field around the spark plug gap and
the heat transfer to the electrode [12]. These are important
factors in the development of the initial flame. Kim and
Anderson investigated the method to determine the gas
velocity near the spark plug gap using voltage and current
profiles, known as spark anemometry [13]. The velocity
predicted by their spark plug anemometry was always lower
than the velocity measured by Hot Wire Anemometry (HWA).
Gardiner et al. showed improvements of spark anemometry
using a constant current spark and high-speed video [14].
From the high-speed video, they found that the velocity of the
spark head (the leading edge of the spark channel during
crossflow) is about one-half of the freestream velocity.

Many researchers investigated the behavior of restrike
and short-circuit of the stretched arc using both experiments
and simulations. Shiraishi et al. studied the effects of gas
pressure, gas flow velocity, and discharge current on spark

channel formation, focusing on spark channel stretch and
restrike events using a constant volume chamber and a single
cylinder engine [15]. They found that the stretching of the
spark channel defined by channel tip velocity does not follow
the gas flow velocity at low pressure compared to high pressure.
Restrike voltage was found to be smaller than the breakdown
voltage at the same pressure. The voltage rise rate at the same
velocity was higher for high pressure compared to low
pressure, which means the spark channel stretches faster at
high pressure. However, pressure and velocity were limited to
1000 kPa and 7.9 m/s. Sandhu et al. investigated the flow field
around the spark plug and its effect on spark behavior using
Particle Image Velocimetry (PIV) in steady flow bench tests
and in an engine motoring condition [16]. Spark stretch length
and restrike frequency increased with increasing mean flow
velocity. They also found that the first restrike event occurred
faster after breakdown at a higher current level with increasing
mean flow velocity. These findings are consistent with results
from Shiraishi et al. [15]. They went up to 50 m/s of crossflow
velocity; however, the pressure was limited to ambient
pressure. Huang et al studied short-circuit and restrike
phenomena with different flow velocities, gap sizes, and
discharge energies [17]. The short-circuit and restrike
decreased with increase of discharge power and increase of
spark gap size. Restrike voltage increased with decreasing
discharge current and increasing flow velocity. Spark channel
growth rate was proportional to the gas flow velocity. They
also proposed a new spark plug prototype with a triangular
electrode head, which is beneficial for suppressing the short-
circuit. Worner and Rottenkolber used a spark plug as an
anemometry to measure turbulent flow in internal combus-
tion engines [18]. They developed a correlation between spark
voltage and flow velocity at various pressures and currents
using image and signal processing. They found that increasing
pressure results in a more rapid voltage rise, which means
more elongation of the spark channel. On the other hand,
increasing current resulted in slower voltage rise and arc
stretch. They used this setup and the derived correlation
between voltage and velocity to measure the turbulence inten-
sity in an internal combustion engine with different charge
motion setups. Sayama et al. developed models for short-
circuiting and blow-out of spark channels [19]. Their short-
circuit model was based on the number and the spread of the
electrically charged particles distributed within the plasma
arc. Their blow-out model was based on Townsend discharge
theory and diffusion of electrons and positive ions in the spark
channel. The optically measured length of the spark channel
was used to validate the models against experimental results.
They also suggested a modified equation for spark channel
resistance, originally developed by Kim et al. [13], for better
prediction at high-velocity flow conditions. Zembi et al. inves-
tigated pressure and flow field effects on arc channel charac-
teristics for a J-type spark plug using both experiments and
simulations for pressures up to 8 bar and for a velocity of 13.2
m/s [20]. The Imposed Stretch Spark Ignition Model (ISSIM)
method developed by Colin and Trufin [21] was used for simu-
lating arc stretch using CONVERGE CFD. They found that
the discharge duration decreases as the pressure increases.
The ISSIM for arc simulation showed good agreement with
experiments in terms of arc length and the model predicted
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the restrike event at 1 bar and 13.2 m/s fluid flow condition.
They investigated the effect of pressure with 1, 4, and 8 bar.
However, they only used one velocity condition at 13.2 m/s
and the effect of flow velocity is still unknown.

Arc propagation and its energy deposition can be simu-
lated using a thermal plasma modeling solver, VizSpark, which
solves electromagnetic equations along with a laminar flow
field. However, it takes about a week for a few milliseconds of
simulation even with a high-performance supercomputer [22].
The arc propagation model in the present study was developed
to simulate similar arc propagation as VizSpark in much less
time with the multidimensional simulation software
CONVERGE CFD.

The present study investigated arc propagation for various
pressures and crossflow velocities experimentally. Images
from a high-speed camera revealed that the arc propagation
depends on both pressure and crossflow velocity. A new arc
propagation model was developed based on the mean free
path of gas molecules and collisions between electrons and
gas molecules. The results from simulations using this new
arc propagation model were compared with experimental
results. The new arc propagation model was able to investigate
the effect of the electric field on arc propagation, which acts
against the arc propagation by the crossflow.

The presented arc propagation model is integrated into
the CFD software, CONVERGE CFD to simulate the arc
propagation under the presence of crossflow. A similar simula-
tion could be done using the thermal plasma solver, VisSpark
(Esgee Technologies). However, the VizSpark simulation
requires much more time and computing resources than the
simulation using CONVERGE CFD with the presented model.

Because the model is already integrated into CONVERGE
CFD as a user-defined-function (UDEF), its implementation
within a full engine simulation that includes flow and combus-
tion processes is straight forward and will be the subject of
future work.

The simulation using the presented geometry took about
4 hours on a 128 core supercomputer. Similar simulations
using a thermal plasma modeling solver (VizSpark) required
4 days on a less powerful computer. A rough estimate for the
simulation time for the thermal plasma model using the same
128 core supercomputer is about 30 hours.

Experimental
Measurement

The experimental setup is shown in Figure 1. The constant
volume combustion vessel has a cylindrical shape with
diameter of 7.9 cm and height of 1.4 cm. The spark plug was
located at the center of one of the disk-shaped sidewalls.
Quartz windows allowed optical access to the spark plug. The
nitrogen flow from the high-pressure cylinder was introduced
to the spark plug gap in the combustion vessel by a copper
tube. The spark plug and tube were aligned to have the nitrogen
directed to the center of the spark plug gap. The J-gap ground
electrode was placed perpendicular to the incoming crossflow
to minimize flow disturbance by the electrodes. The pressure
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regulator and a relief valve at the outlet of the vessel controlled
the pressure inside the vessel and the gas flow rate. The flow
rate was measured with a rotameter located downstream from
the relief valve. The rotameter was calibrated with a diaphragm-
type gas meter. The free flow velocity out of the gas supply tube
was calculated based on the measured flow rate and the
diameter of the tube. The rotameter was calibrated for pres-
sures up to 30 bar and for velocities up to 30 m/s.

Visualization of spark column stretch under crossflow
was done using a Photron Fastcam Mini high-speed camera.
The optical path of the camera was set to capture the side view
of the spark plug gap. The frame rate of the camera was set to
50,000 frames per second (FPS) to capture the milliseconds-
order spark event. An external light source was used to capture
the outline of the spark plug and electrodes.

A Tektronix Model P6015A high voltage probe measured
the breakdown and follow-on voltages at the top of the spark
plug. A Pearson Model 110 current sensor was used to measure
the discharge current. The voltage and current signals were
recorded using a 100 MHz 4-channel Tektronix oscilloscope.
Breakdown voltages were recorded separately since a faster
time-base setting was needed to resolve these very short
duration events.

All of the measurements were made using a Bosch OEM
14 mm spark plug designed for natural gas engines. The spark
plug had a J-type ground electrode with 2 mm width and the
stepped center electrode had 0.6 mm and 2 mm diameters.
The dwell time used was 4 ms. Nitrogen was used for all of
the measurements of spark column behavior without combus-
tion. The experiments were conducted for pressures of 6, 12,
and 20 bar and crossflow velocities of 5, 10, and 15 m/s.

Video captured by the high-speed camera was processed
frame-by-frame to eliminate the electrodes from the image.
Then we could obtain an image of only the plasma arc in the
frame. The area occupied by the spark column and perimeter
of the spark column in the frame was measured to get the
length and thickness of the equivalent rectangular spark
column that has the same area and perimeter as those measured.

The first data we could extract from the experiments were
the discharge duration and number of short-circuits during
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TABLE 1 Number of short-circuits and discharge duration

5m/s 10 m/s 15 m/s
6 bar 1/ 254 ms 8/214 ms 9/1.56 ms
12 bar 3/1.66 ms 3/116 ms 6/120 ms
20 bar 2 /154 ms 2 /110 ms 4/0.94 ms

the discharge, as shown in Table 1. The discharge duration
shortens with increasing crossflow velocity. The spark column
stretches further and faster with higher crossflow velocity.
Higher voltage of the stretched arc consumes electrical energy
stored in the ignition coil faster, resulting in shorter discharge
duration. The discharge duration also changes with gas
pressure. The gap voltage for a given arc length increases with
increasing pressure. The discharge duration decreases with
higher gap voltage in the same manner explained above. The
number of restrikes/short-circuits tends to increase with
increasing crossflow velocity. The spark column stretches
faster with higher crossflow velocity resulting in more frequent
restrikes/short-circuits. These observations are consistent with
other researchers [15,16]. However, the relationship between
the number of restrikes/short-circuits and pressure shows
different behavior between low and mid/high velocity. For 10
and 15 m/s, the number of restrikes/short-circuits decreases
with increasing pressure. This is because the arc needs to
be stretched further for a restrike or short-circuit at higher
pressure. Figure 2 shows images at the time of first short-
circuit after breakdown. For a given pressure and velocity, two
images with 0.02 ms interval are shown to illustrate the arc
path difference between before and after the short-circuit. The
spark column stretched further before the first short-circuit
occurs, especially at 20 bar.

One special case we observed from the experiments was
with 6 bar pressure and 5 m/s crossflow velocity. Images from
the experiment with 0.4 ms increments are shown in Figure 3.

IGTILTEY First short-circuit event at various pressures and
crossflow velocities. Two images are shown at each
combination of pressure and crossflow velocity, 0.02 ms apart,
with one before and the other after.

5m/s 10 m/s 15m/s
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The discharge duration for this case was 2.54 ms. The arclength
or stretch distance does not change much compared to other
pressures and velocities. The spark column rather maintains
its position after 1.2 ms until the end of discharge.

Figure 4 shows images at 0.26 ms after breakdown for
various pressures and crossflow velocities to show differences
in stretch distance. Restrike/short-circuit does not occur until
after 0.26 ms for all the conditions. Therefore Figure 4 shows
pure arc stretch without a restrike or short-circuit for all the
conditions. These 9 images reveal that arc stretch depends on
both pressure and velocity. The arc stretches farther with
higher pressure and higher crossflow velocity. These findings
and the special arc behavior at 6 bar and 5 m/s led us to develop
a new arc propagation model.

Arc Propagation Model

The basic idea of this new arc propagation model, based on
the mean-free-path of gas molecules and collisions between
electrons and gas molecules, is shown in Figure 5. The velocity
of the gas molecules is much smaller than the velocity of the
electrons. Therefore, the gas molecules can be assumed as
stationary compared to electrons. Electrons traveling from
the cathode to the anode collide with gas molecules between
the gap. The travelling distance of an electron between two
consecutive collisions can be assumed as the mean free path
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m Schematic of the arc propagation model based
on the mean-free-path of a gas molecule and collisions
between electrons and gas molecules

e Electron

@® Gasmolecule

of the gas molecules. If we imagine a spark plug placed verti-
cally in space, electrons will travel in the z direction. Then in
a quiescent condition with no crossflow, the electron’s travel
distance in the x and y directions is zero, as the sum of the
deflected direction and distance of each electron is zero in the
x and y directions.

Next, we can introduce a crossflow condition between
the gap. If the crossflow velocity only has an x component,
electrons will be deflected only in the x direction compared
to the quiescent no crossflow condition. This deflection of
electrons or stretch of the arc is proportional to the mean free
path of the gas molecules, A, and the total number of collisions,
N. The total number of collisions can be expressed in terms
of the time-step in the simulation, At, and collision frequency
between gas molecules and electrons, N.

Ax ~ AN = ANAt 1)

Additionally, we can introduce another term that is
related to the crossflow velocity, v; but made dimensionless
using the molecular velocity, v,,. A gas molecule in a quiescent
condition can be considered to have molecular velocity in the
+x and x directions with one-half probability in each direc-
tion. Then the combined velocity of molecular velocity and
crossflow velocity are v,, + vpand v,, — v;in the +x and x
directions, respectively. Then we can get the probability of
deflected direction in the +x direction as

Vi +Vy
(vm+vf)+(vm—vf) 2V,

_Vm+Vf

P = )

Combining these two equations (1) and (2) results in the
following equation (3).

Ax ~ ANAt(P; -0.5) €)

One-half is subtracted from P to have Ax = 0 when
v¢= 0 in the quiescent no crossflow condition.

This expression of deflected distance of an electron after
collision with a gas molecule is based on one electron and one
gas molecule with a crossflow velocity v, and molecular
velocity v,, as shown in Figure 6(a) with Ax in equation (3).
However, the actual plasma arc consists of multiple electrons
emitted continuously from the cathode. The deflected distance
of a group of multiple electrons colliding with a single gas

m Deflected distance of an electron for (a) Single
Electron Single Molecule, (b) Multiple Electrons Single
Molecule, (c) Single Electron Multiple Molecules, (d) Multiple
Electrons Multiple Molecules

Axsgsy = ANt (Pr — 0.5)

(b) —@ Axpypsm = I'V_AXSESM
e
[ X X )
() ‘_..... Axsemm = NmAXspsm
(X X ] N,
(d) —e0e® Ax = Axepe
he memm = = Bxsesu

molecule can be expressed as Ax/N,, where N, is the number
of electrons as in Figure 6(b). Similarly, the deflected distance
of a single electron colliding with a group of multiple gas
molecules can be expressed as Ax x N,,, where N,, is the
number of gas molecules as in Figure 6(c). Combining these
two ideas, the deflected distance of a group of multiple elec-
trons colliding with a group of multiple gas molecules can
be expressed as Ax x N,,/N, as in Figure 6(d). We can replace
N,./N, with n,,/n, where n,, is the number density of gas mole-
cules and n, is the number density of electrons in the plasma
arc. n,, can be calculated given the pressure and temperature.
n, can be calculated given the current, arc diameter, and
electron velocity. Current is solved simultaneously with the
flow field using our ignition circuit model developed previ-
ously [11]. The arc diameter in this model is assumed to
be constant at 100 pm. The electron velocity and collision
frequency used in equation (3) are derived using an analogy
from molecular gas dynamics as shown in Figure 7.
Electrons are much smaller and much faster than gas
molecules. Thus, the electron diameter and molecular velocity
are negligible. These two ideas lead to a difference in expres-
sion for collision frequencies N,, and N,. Molecular velocity
can be calculated using the Boltzmann constant, temperature,
and mass of a gas molecule. Electron velocity can be expressed
in terms of electron charge g, electric field strength E, mass

m Comparison between inter-molecular collision
and electron-molecular collision

Inter-molecular collision Electron-molecular collision

.. @ ~ . @ :
‘-) 24, — i+ de
® e

Volume of collision space of moving molecule Volume of collision space of moving electron
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of an electron m,, and time between two consecutive collisions
7, which is the inverse of the collision frequency N,. Using
two equations for collision frequency and electron velocity,
we can get equation (4) for electron velocity in terms of
temperature, pressure, and electric field strength, where
electric field strength can be replaced with voltage across the
gap divided by arc length.

E 4ksT 1
Ve:\]ZT lf nd,’ @

Electron movement is not solely determined by collision
with gas molecules. Electrons travel from cathode to anode
along the electric field. In a quiescent condition without cross-
flow, electrons will travel straight from cathode to anode.
However, once the arc is stretched due to crossflow, electrons
in the arc lie in space where the electric field is curved from
cathode to anode. The direction of the electric field at location
x can be expressed as,

P T S
BN N P

®)

x. and x, are unit vectors of direction from cathode and
unit vector of direction to anode, respectively. Also, d.and d,
are the distance from the cathode and the distance to the
anode, respectively. Figure 8 shows the direction of the electric
field based on equation (5). The travelling distance of an
electron along the electric field can be expressed as

Axp ~ v, At (6)

Combining these two terms of electron movement due
to flow and electric field, we can get equations (7), (8) and (9),

Axi,arc = Axﬂﬂow + Axi,E (7)

AX; oy = Cy " AN At Py 0.5) ®)
1,

Axi,]:" = CEVeAtsim)EE,i (9)

LD Direction of electric field based on direction
vector and distance from cathode and anode

X |
fzg/{ d;
Zan

\ da

where i = x, y, z direction in the coordinate system and
Cyand Cy are coefficients used in the model for each term.
Coefficients Crand Cpare set to 107°. This value may seem too
small. However, we interpret it as compensation for the rela-
tively large time-step used in the simulations. Fast moving
electrons will travel from cathode to anode in the order of
tens of nanoseconds. If we want to track fast electrons step-
by-step between the gap, we would need a time-step less than
a nanosecond, which would require a lot of time for simula-
tion. By applying these small coefficients, we can still use
microsecond-order time-steps in the simulation but still
estimate the arc propagation with the model. The magnitude
of these coeflicients, 1075, seems reasonable when we consider
the number densities of molecules and electrons. We found
that the number density of electrons, which depends on
current, electron velocity, and arc diameter, is of the order of
10%/m3. On the other hand, the number density of molecules,
which depends on pressure and temperature, is of the order
of 10%%/m?>.

This model for arc propagation requires the current and
voltage of the spark column solved simultaneously with the
flow field. The current and voltage in the ignition circuit were
calculated using our previously developed ignition circuit
model [11]. The circuit model requires either arc resistance or
arc voltage across the stretched arc. We can assume that the
voltage of the stretched arc is proportional to arc length as the
gap voltage of an unstretched arc in a quiescent condition is
constant during discharge. The voltage of the stretched arc
was calculated using the voltage of the unstretched arc, gap
distance, and stretched arc length.

lstretched
‘/slretched = Vunstrelched (10)
dg”P

The voltage of the unstretched arc was measured previ-
ously in a calorimeter with a quiescent condition [23].

A restrike or short-circuit of the plasma arc occurs when
the arc is stretched far away from the gap. There are a couple
of factors that affect the short-circuit voltage of the stretched
arc. First is the distance between the points along the arc
where a short-circuit occurs. Longer distances between the
points requires a higher short-circuit voltage just like the
higher breakdown voltage for larger gap sizes. Second is the
charge or current flowing through the arc. Breakdown occurs
when the charge stored between the two electrodes exceeds a
certain value for the arc to cross the gap. The same principle
can be applied to the short-circuit of the plasma arc. Charge
flowing through the cross section of the arc, which is equiva-
lent to the current, affects the short-circuit voltage. This
current dependent short-circuit voltage was also studied by
Sayama et al.[19]. A derivation of the short-circuit voltage
starts from the capacitance equation for a parallel plate capac-
itor. We can assume the spark plug behaves as a parallel plate
capacitor with effective area A,. Thus, the capacitance of the

spark plug can be written as equation (11).

cA
Cop = 70

gap

(11)
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where ¢ is the permittivity of the gas and d,,, is the gap
distance of the spark plug. The capacitance can also be written

as a ratio between the stored charge and the voltage.

CSP = (12)

BD

The subscript BD refers to breakdown, thus Qg is the
charge stored in the spark plug at breakdown and Vyj, is the
breakdown voltage. By equating equations (11) and (12),
we can get the breakdown voltage equation as a function of
stored charge, effective area, and gap distance.

Vip = 1 Qs

g A

qap (13)

Similarly, the short-circuit voltage can also be written as
a function of the stored charge per unit area and distance. A
longer distance requires a higher voltage to short-circuit
between those points. More charge per unit area, which is
equivalent to a higher current makes it easy to short-circuit
compared to a lower charge per unit area or lower current.
Thus, the short-circuit voltage is proportional to the ratio
between that distance and the gap distance; this ratio of the
two different charge per unit area values between breakdown
and short-circuit are part of equation (14).

[

A d (14)

(Q) ey
Alsc

[Q) is the charge per unit area at short-circuit, d is the
SC

Vse =CscVap

distance between short-circuit points, Cy is the coefficient
used in the short-circuit voltage equation. The charge per unit
area of the plasma arc needs to be expressed in terms of prop-
erties of the arc. We can use the number density of electrons
in the arc, n,, arc diameter, d,,, and electron charge, g as in
the following equation (15).

Qj —qnd (15)
[A . qn.dgrc

The product of three parameters, number density of elec-
trons in 1/m?, arc diameter in m, and electron charge in C
gives charge per unit area in C/m?. Charge per unit area of
the plasma arc may not be equal to the product of those three
parameters. However, any coeflicient required can be inte-
grated into Cgc in equation (14). We also need to evaluate the

QBD

term of the spark plug at breakdown. However, we cannot
0

get the value of Qpp and A, individually. Instead, we can use

equation (13) to get the equation for %m .

0

Qsp _ &Vap

A d (16)

gap

Substituting equations (15) and (16) into equation (14),

we get the short-circuit voltage equation with terms we can
get explicitly from the simulation and experiment.

eVip
dgp d
qnedarc dgup

Vse =CscVap 17)

We found that a coefficient Cs. = 5 shows good agreement
with experiments. The short-circuit voltage between the points
A and B separated by distance, d is compared with the voltage
along the arc between the points A and B, V5. This V3 is
proportional to the gap voltage, V,,, and the ratio between the
arc length between A and B, I, and the total arc length, I,,,.
A short-circuit occurs if the V5 is higher than V.

l
Vse <Vap =V 4B (18)

total

We were able get quite reasonable results with the model
described above. However, due to the discretized nature of
the simulation, the shape of the arc was still jagged and not
smooth. To resolve this issue, we smoothed the arc shape by
averaging spatially for the arc location. The new arc location
was determined using the following equation, which means
it is smoothed by a total 1% of adjacent arc locations. # is an
index number of discrete points representing the spark
column in the simulations.

Xpnew =0.005%,,_; +0.99%,, +0.005%,,,, 19)

The minimum and maximum distance between the
points representing the arc were 20 and 40 pm, respectively,
to have more points for the stretched arc. This arc propagation
model was integrated into CONVERGE CFD using a user-
defined function (UDF).

The arc was tracked using a discrete number of points
that represent the location of the arc. The number of points
change with the total length of the arc based on the minimum
and maximum distance between the points. The diameter of
the arc is an input from the user, which was set to 100 pm by
default. The volume occupied by the plasma arc was deter-
mined by the location of the points and the specified arc
diameter. Energy from the arc discharge is deposited into the
cells within the volume.

Simulation Results

Simulations were conducted using the described arc propaga-
tion model for pressures of 6, 12, and 20 bar and crossflow
velocities of 5, 10, and 15 m/s to compare with our experi-
mental results. The crossflow velocity was calculated based on
the measured flow rate and the diameter of the tube, and used
in the simulation as a boundary condition for the flow out of
the gas supply tube. However, the actual crosstlow velocity
between the gap was higher than the free stream velocity as
the electrodes blocked and directed part of the flow [11]. A
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m Simulation geometry showing spark plug and
tube outlet

simulation domain around the spark plug was used for fast
calculation. The spark plug and outlet of the tube were placed
the same as in the experimental setup as shown in Figure 9.
The velocity boundary for each given crossflow velocity was
set at the outlet of the tube. The base mesh size in the simula-
tion domain was 0.4 mm. A finer mesh size of 50 pm between
and around the spark plug gap was used. The location of the
initial breakdown was placed between the center of the
cathode and the center of the anode. Our previously developed
ignition circuit model and distributed energy deposition
model were used together with the new arc propagation model
for better estimates of current and voltage [11].

Figure 10 shows a comparison between experiment and
simulation for 12 bar pressure and 10 m/s velocity. The spark
column from the simulation is shown as a red line placed on
top of the image from the experiment. The detailed shape of
the stretched arc is slightly different from the experiment.
This difference could be a result of flow field differences in the
simulation and experiment around the spark plug. The spark
plug was placed perpendicular to the crossflow out of the tube
in the simulations. However, the actual spark plug might have
been placed with a slight angle relative to the crossflow. This

IR Arc propagation comparison between

experiment and simulation (red) at 12 bar pressure and 10 m/s
crossflow velocity

issue can be resolved if we introduce three x, y, and z compo-
nents to the crossflow velocity. In this simulation, only the x
component of crossflow velocity was used. Another possibility
for the discrepancy between the simulation and experiment
is the location of initial breakdown. The actual location of
initial breakdown between the gap changes for each spark and
cannot be predicted. It depends on various parameters such
as surface roughness, electrode shape, gas molecule distribu-
tion between the gap, etc.

An actual spark column created at either the upstream
or downstream side of the electrode will show different arc
stretch behavior. That is the same for the simulation spark
column created on the left and right edges of the electrode
relative to the incoming crossflow.

Figure 11 shows arc length and stretch distance changes
with time for both the experiment and simulation at 12 bar
and 10 m/s. The first thing to note from this figure is the differ-
ence in discharge duration. The discharge duration from the
simulation is longer than that from the experiment by about
0.5 ms. The discharge duration is mostly determined by how
much energy and how fast it is drawn from the ignition coil

m Experiment and simulation comparison for 12
bar pressure and 10 m/s crossflow velocity, (a) arc length and
(b) stretch distance

Experiment
Simulation | |

Arc Length, mm
o]

0 0.5 1 1.5 2 25 3
@ time, ms
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9r Simulation | 7
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to the gas within the gap. Those depend on the voltage and
current in the spark column. The voltage of the stretched arc
was probably underestimated in the simulation, resulting in
less electrical energy in the plasma arc and a longer discharge
duration compared to the experiment.

Figure 12 shows comparisons between experiment and
simulation for all the condition tested. The arc length and
stretch distance from the simulations show dependence on
both pressure and velocity. The simulation results show good
agreement with the experiments especially in the early stage
of the discharge until 1 ms before restrike/short-circuit occurs.
Although the estimated arc stretch behavior at the later stage
of discharge is different from actual arc stretch in the experi-
ment, the early stage of discharge is of more interest in spark
ignition systems for flame kernel formation. Also, electrical
power from spark discharge, which is the product of voltage
and current, is higher at the beginning of discharge as the
current decreases monotonically during discharge.

Voltage also increases as the spark column stretches.
However, the length or volume of the arc also increase for a
stretched arc. Therefore, electrical power per unit length or

volume does not change much with a stretched arc for the
same current value. Electrical power per unit length or volume
dominantly depends on the magnitude of the current.
Therefore, we can conclude that the estimation or simulation
of spark ignition at the early stage of discharge is more impor-
tant in terms of voltage, current, and arc propagation. Our
suggested arc propagation model does its job estimating arc
stretch dependence on both pressure and velocity.

Another difference found between the experiment and
the simulation is the arc length at 6 bar pressure. The simula-
tion result underestimates arc length compared to the experi-
ment for all three velocities. This may result from the fixed
spark column diameter for all the pressures in the simulations.
The actual spark column diameter changes with pressure and
current. A larger spark column diameter at low pressure leads
to a lower number density of electrons in equation (8),
resulting in more stretch compared to a smaller spark
column diameter.

Effect of the Electric Field

As the arc propagation model shown in equation (7) has two
separate terms for flow and electric field, we can investigate
the effect of the electric field by setting coeflicient Cj; to zero.
Then the arc propagation is only determined by the crossflow.
However, the flow term in the arc propagation model shown
in equation (8) still has parameters determined from the
current and voltage. The simulation was conducted for the
same conditions as in the previous section.

Figure 13 shows results of simulations with and without
the electric field term. The arc length and stretch distance are
higher for simulations without the electric field than for simu-
lations with the electric field. Arc propagation due to the
electric field, shown in equation (8), acts against the arc propa-
gation due to crossflow, shown in equation (7). When the spark
column is stretched due to crossflow, the electric field pulls
the stretched arc back toward its original position. This action
is the reason why the arc velocity is slower than the flow
velocity, as found in [13,14,15]. The difference between with
and without the electric field term becomes smaller as pressure
increases and as velocity increases. This means the electric
field term has a larger effect at low pressure and low velocity.
Arc propagation by the electric field term is relatively constant,
independent of pressure and velocity. However, arc propaga-
tion by the flow term depends on both the pressure and
velocity. This simulation without the electric field term is not
representative of actual arc propagation as we cannot have a
spark column free from an electric field. However, this simula-
tion provides insight about how the electric field plays a role
against the crossflow between the gap.

To see the effects of the time-step and mesh size on the
simulation results, the time-step was varied between 0.05 to
0.5 ps and the mesh size was varied between 0.25 to 0.75 pm.
The results are shown in Figures 14 and 15. A time-step of
0.05, 0.1, and 0.2 ps showed similar arc propagation behavior
in terms of the length and timing of a short-circuit. For mesh
size, there were similarities for two close mesh sizes. Mesh
sizes of 0.250 and 0.375 pm showed similar results while 0.5
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m Effect of electric field for various pressures and
crossflow velocities (@) arc length and (b) stretch distance. Red:
with electric field; blue: without electric field
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and 0.75 pm showed similarity in terms of length and timing
of a short-circuit. It may seem that the simulation results with
the presented model varies with time-step and mesh size.
However, there are several constraints we can consider
between the simulation and the actual arc propagation. The
breakdown location was fixed at the center of the electrode
surface in the simulation. In contrast, the actual breakdown
location depends on the local electric field and surface condi-
tions of the electrode, which we cannot simulate with
CONVERGE CFD. This change in the breakdown location
would also affect the local flow field between the gap and the
arc propagation behavior. Considering these unpredictable
characteristics of the breakdown event, selecting a proper
range of the time-step and mesh size would still give reliable
simulation results with the presented model.

Summary/Conclusions

Arc stretch and short-circuit behavior for pressures up to 20
bar and crossflow velocities up to 15 m/s was measured

m Simulation results with different time-step (a)

arc length and (b) stretch distance
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experimentally in a constant volume combustion vessel.
Short-circuiting increased with decreasing pressure and
increasing crossflow velocity. A special case for which the
spark column maintained its stretched position was observed
at 6 bar and 5 m/s. A new arc propagation model based on the
mean-free-path of gas molecules and collisions between elec-
trons and gas molecules was developed.

The new arc propagation model was based on the param-
eters we can obtain from the simulations of the flow field and
the transient response of the ignition circuit. The new arc
propagation model was integrated into the CONVERGE CFD
software using a user defined function. Simulations were
conducted for the same pressure and crossflow velocity condi-
tions as the experiments. Simulation results were compared
with experiments in terms of arc length and arc stretch
distance. The simulation results showed good agreement with
the experiments especially in the early stage of the discharge
until 1 ms after breakdown.

Our new arc propagation model still needs improvement
with respect to gap voltage of the stretched arc and spark
column diameter. The underestimated gap voltage of the
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stretched arc in the present simulation resulted in longer
discharge durations compared to the experiments.
Additionally, a spark column diameter varying with pressure
and current will also provide more accurate simulation results
at low pressure.

The developed arc propagation model has two terms, arc
stretch due to a flow term and arc stretch due to an electric
field term. We could turn off the electric field term in the
model by setting the coeflicient to zero to examine the effect
of the electric field on arc stretch. Eliminating the electric field
in the simulation is not representative of the actual physics in
spark ignition but it provides insight about how the electric
field acts against the crossflow during arc propagation. The
electric field pulls the stretched arc back toward its original
location between the gap and this results in slower arc velocity
than flow velocity, thereby explaining this phenomenon found
by other researchers [13,14,15]. This electric field effect on arc
propagation increases with decreasing flow velocity and
decreasing pressure.

The simulation results with the developed arc propagation
model showed good agreement with experiments for various

pressures and velocities with the same single set of coefficients
or parameters used in the model. The model does not require
tuning or modification of coefficients for different pressures
and crossflow velocities. This reveals that the suggested model
can be applied to an entire engine simulation where both the
pressure and crossflow velocity change during the simulation.

Arc propagation simulations from previous research
studies, such as those mentioned in the Introduction, predict
that the arc velocity is only related to the flow velocity. In those
models, the arc moves at a velocity that is either the same as
the flow velocity or empirically reduced to about half of the
flow velocity. However, those concepts do not explain the arc
propagation behavior under different pressures as we discov-
ered from the experiments. The presented arc propagation
model is based on collisions between the electrons and gas
molecules which depends both on pressure and flow velocity.
The presented arc propagation model is integrated into the
CED software, CONVERGE CFD to simulate the arc propaga-
tion under the presence of crossflow. Similar simulation could
be done using the thermal plasma solver, VisSpark. However,
the VizSpark simulation requires much more time and
computing resources than the presented simulations using
CONVERGE CFD. The simulations took about 4 hours on a
128 core supercomputer. Similar simulation using VizSpark
required 4 days on a less powerful computer. A rough estimate
for the VizSpark simulation time using the same 128 core
supercomputer is about 30 hours.

The presented arc propagation model is part of a compre-
hensive ignition model that consists of an ignition circuit model,
arc propagation model and energy deposition model. The
ignition circuit model simulates the voltage and current in the
ignition circuit and the plasma arc across the electrodes, and
thus determines the amount of electrical energy delivered to
the gap. The arc propagation model simulates the behavior of
plasma arc between the electrodes, and thus determines the
location of the energy deposition. The energy deposition model
simulates the amount of thermal energy delivered to the gas
from the electrical energy within the plasma arc. The energy
deposition model is still under development for better predic-
tion of the electrical-to-thermal energy conversion for a
stretched arc. This comprehensive ignition model can be coupled
to the existing combustion model within CONVERGE CFD to
simulate combustion within a spark ignition engine.
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LESI - Lagrangian-Eulerian Spark-Ignition

DNS - Direct Numerical Simulation

HWA - Hot Wire Anemometry

PIV - Particle Image Velocimetry

ISSIM - Imposed Stretch Spark Ignition Model
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