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Abstract

Understanding the short-lived structure of the plasma
that forms between the electrodes of a spark plug is
crucial to the development of improved ignition mod-
els for Sl engines. However, measuring the amount
of energy deposited in the gas directly and non-
intrusively is difficult, due to the short time scales and
small length scales involved. The breakdown of the
spark gap occurs at nanosecond time scales, followed
by an arc phase lasting a few microseconds. Finally,
a glow discharge phase occurs over several millisec-
onds. It is during the arc and glow discharge phases
that most of the heat transfer from the plasma to the
electrodes and combustion gases occurs. Light emis-
sion can be used to measure an average temperature,
but micron spatial resolution is required to make lo-
calized measurements. In this paper, we present the
results of a proof of concept experiment that demon-
strates the use of time-resolved x-ray radiography
to measure the density of the plasma in the spark
gap during the glow discharge phase of a conven-
tional transistorized coil ignition system. A focused
monochromatic x-ray beam from the 7-BM beamline
of the Advanced Photon Source at Argonne National
Laboratory was used to make time-resolved point
measurements of the projected density, which de-
creases as the plasma temperature increases. Mul-
tiple measurement positions were combined to pro-
duce a two-dimensional map of the projected density
both inside and surrounding the spark gap. A tem-
poral resolution of 153 ns and spatial resolution of 5
»m were achieved. A range of ambient gases, densi-
ties (1 - 3 bar) and ignition coil charging durations (1 -
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2.5 ms) were considered. At least 30 repeated mea-
surements were made for each sample point and con-
dition. All these parameters were found to substan-
tially alter the structure of the plasma as measured by
x-ray radiography. From the projected density mea-
surements, changes in thermal energy can be calcu-
lated. These provide a quantitative measurement of
the energy deposited into the gas; this is only a small
fraction of the total spark energy. The measurements
demonstrate the feasibility of time-resolved x-ray ra-
diography for the study of plasma structure and de-
velopment for Sl applications.

Introduction

The importance of spark plug design and operation
on Sl engine performance is well understood [1, 2].
Models for spark discharge have remained relatively
unchanged for the last 35 years [3]. The minimum ig-
nition energy and engine performance are understood
to be a function of the mode of operation of the spark
plug (arc, glow discharge, plasma jet, etc). Ultimately,
this is due to changes in the method and nature of
energy transfer to the gas surrounding the electrode

gap [4-6].

Our present understanding of the spark discharge
energy transfer process is based on the conceptual
model of Maly and Vogel [3, 7]. A thorough theo-
retical review is given by Heywood [2]. In brief, the
transfer of energy stored in the ignition coil through
the spark gap begins with breakdown of the spark gap
on nanosecond time scales, followed by the establish-
ment of the arc phase which lasts on the order of a



microsecond. After the arc, a glow discharge phase
of several milliseconds occurs. According to Maly and
Vogel, the bulk of the heat transfer to the surrounding
gas (90% or more) occurs during the glow discharge
phase, during which heat transfer to the electrodes is
non-negligible [3].

One of the major limitations of making experimen-
tal measurements of the evolution of the plasma in
the spark gap is the very short time scales at which
these phenomena occur. The fundamental physics
behind spark gap breakdown are well-established [8],
but the practical modeling of spark discharge for inter-
nal combustion is a complex matter that is the subject
of ongoing research. More recent work on the devel-
opment of 1D [9] and 2D spark discharge models [10]
have coupled electrical and chemical processes to ex-
pand our understanding of the methods by which heat
transfer to the surrouding gas occurs [11, 12]. To im-
prove confidence, these simulations ultimately require
empirical verification, particularly since the trends of
ambient gas density, gas composition and input en-
ergy can be difficult to replicate across studies.

Experimental measurements of spark development
have been undertaken for many decades, beginning
with comparisons of coil current and voltage to spec-
troscopy of the emission from the arc [13]. Modern
high-speed electronics now allow us to make detailed
time-resolved measurements of the coil voltage and
current, and thus the input energy profile [14]. How-
ever, there is still a need for direct non-intrusive mea-
surements of the plasma with similarly fine temporal
resolution.

High speed schlieren [15, 16] and shadowgraph imag-
ing [17] have been successfully employed to measure
the expansion radius and velocity of the kernel. How-
ever, these measurements do not provide a quanti-
tative indication of the temperature, density, or inter-
nal energy of the plasma. Calorimetry has been used
for some time to measure the evolution of the mean
plasma temperature [18]. Spectrographic techniques
provide useful information about the temperature, by
indirectly measuring the rotational temperature of OH,
vibrational temperature of N, [19] and electronic tem-
perature [20]. Spectrography provides a useful mea-
surement of the temperature and state of the plasma.
However, the density profile is poorly understood.

Time-resolved x-ray radiography has been used for
many years to make quantitative density measure-
ments in optically dense high-speed flows [21]. In par-
ticular, high-flux synchrotron x-rays have been used to
make detailed measurements of the density of high
pressure diesel fuel sprays [22, 23] and cavitating
fluid flows [24, 25]. Radiography can also be applied
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Figure 1: Cross-section of spark plug test cham-
ber, showing co-ordinate system, measurement re-
gion and gas flow path. The x-ray beam is travelling
out of the page.

to the study of plasma kernel density in a spark gap.
X-rays are unaffected by temperature and pressure
gradients, and scatter only very weakly [21]. Another
advantage is that the measurement is unaffected by
light emission from the arc, as the emission occurs at
much longer wavelengths than the diagnostic [26] (the
x-rays used in these experiments had a wavelength of
approximately 0.2 nm).

In this paper, we present a series of proof-of-concept
time-resolved measurements of gas density in the
spark gap of a conventional spark plug driven by a
transistorized coil. From these measurements, we
can determine the total displaced volume and change
in enthalpy of the plasma during the transition and
glow discharge phases, where most of the heat trans-
fer to the surrounding gas occurs. Measurements
have been made in both air and argon at various den-
sities and coil charging durations.

Method

In order to study the spark kernel development in a
controlled environment, a spark plug was placed in
a grounded, enclosed chamber through which a con-
tinuous stream of gas flowed. The spark plug was
oriented as shown in Fig. 1, with the measurement
region centered on the 1mm gap between the elec-
trode and ground (the x-ray beam is traveling out of
the page). Experiments were conducted in both air
and argon at several densities. The chamber was fit-
ted with a pair of polyimide windows to allow the x-ray
beam to pass through the measurement region while
the chamber was pressurized. The spark plug was
operated by a conventional transistorized coil driver
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Figure 2: Schematic diagram of beamline and experiment setup (not to scale). The monochromatic x-ray beam (red
line) travels left to right. The electrical circuit is a simplified representation of the key components of the stock coil

and transistorized driver, which was externally triggered.

(Fig. 2). Several charging times were tested, up to the
saturation limit of the coil. The stored energy in the
coil was determined by measuring the current sup-
plied during the charging phase and integrating over
time - see Table 1. The uncertainties represent 2
standard deviations of the stored energies.

X-ray radiography measurements were performed at
the 7-BM beamline of the Advanced Photon Source
at Argonne National Laboratory [27]. In this experi-
ment, we used a monochromatic x-ray beam of mean
energy 6 keV, 4.2% full width at half maximum energy
bandpass. The beam was focused to a spot approxi-
mately 5 x 6 um using a pair of x-ray mirrors (Fig. 2).
The beam focus was aligned with the spark gap; the
divergence was small compared to the measurement
region. The beam intensity was monitored upstream
of the experiment (/y), and the transmitted beam (/)
was measured with a PIN diode. The chamber was
traversed through the fixed beam in order to build up
a raster-scan pattern of measurements, as shown in
Fig. 3.

The transmission of monochromatic x-rays along the

line of sight of the beam may be related to the change
in density of the material in the beam path with time

Coil charging time | Stored energy

1.0 ms 14.89 +3.07 mJ
1.5 ms 29.77 +2.83 mJ
2.0ms 48.734+5.02md
2.5 ms 7153 +277md

Table 1: Stored energy in the coil as measured by the
time-integral of the current delivered to the primary
winding at 12V DC.
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via the Lambert-Beer law;

AM(x,y, t) = /p(x,y, z,t) — podz

i ( I(x.y.t)/1(x.y.0) )
Iz lo(x,y, t)/lo(x,y,0) )"

Here, the transmission /(x, y, t) is normalized by both
the incoming beam intensity /y and the initial inten-
sity /(x,y,0) to yield a change in projected mass
AM(x, y, t) (units mass per area) which is calibrated
by the attenuation coefficient n. The attenuation coef-
ficient is a well-known function of the gas composition
and x-ray energy and is obtained from lookup tables
[28]. If the ambient gas density po is known a priori,
then the change in projected mass in the beam path
can be converted to an equivalent pathlength, which
represents the volume displacement of ambient gas
by the plasma integrated over the beam area;

L(x,y.t) = AM(x,y, 1)/ po. (2)

(1)

Furthermore, we can compute the total displaced vol-
ume of ambient gas due to the plasma by integrating
over the measurement area;

AM(t) = // L(x,y, t)dxdy. (3)

This calculation assumes that the entire plasma is
contained within the measurement region. If an ideal
gas assumption is made, it is then relatively straight-
forward to compute the increase in the enthalpy of the
gas due to thermal expansion at constant pressure by
integrating over the measurement domain;

AH(t) = A M (1) poC T. (4)
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Figure 3: Measurement grid for the radiography data,
shown relative to the electrode positions.
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Figure 4: Timing diagram, showing nominal voltage
and current profiles for a spark plug to nearest order
of magnitude, adapted from the conceptual model of
Maly and Vogel [2, 3]. The blue regions show times
that are sampled by x-ray radiography.

The incident x-ray beam is not continuous, but con-
sists of a series of pulses. In these experiments, a
series of 24 equally-spaced pulses (33.5 ps mean du-
ration, 153 ns apart) were used. The resulting mea-
surement bandwidth is represented in the timing dia-
gram of Fig. 4. The conceptual voltage and current
curves based on the model of Maly and Vogel [3] are
shown on a log-log scale. The blue region indicates
regions in the time domain that were able to be mea-
sured. Several sample points were captured during
the arc phase, but the temporal resolution here is too
coarse to be able to properly capture the initial shock-
wave. However, the bandwidth is sufficient to properly
capture the transition and glow discharge phases.

Results

The measurements reveal that the structure of the
plasma varies greatly depending on the gas compo-
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sition and ambient density. Several series of two-
dimensional plots of equivalent gas pathlength (Egn.
2) are shown in Figures 5-7.

In Fig. 5, we show six time snapshots for a spark with
2.5 ms charging time in a 1 bar ambient argon envi-
ronment. In fig. 5a, 6 us after the command signal,
the arc has not yet occurred. In Fig. 5b, 13 us af-
ter command, the arc phase is already complete and
the transition to glow discharge is in progress. We
see a growing region of low density (negative path-
length) occuring in a cylindrical region between the
electrodes, with the lowest density values near the
cathode (upper part of the image). In figs. 5c-d, 32 to
57 us after command, the local density continues to
fall and the lowest density region remains close to the
cathode. This is the region in which electrons are de-
posited into the gas and ionisation is expected to be
strongest. By 200 us (fig. 5e), the low-density region
near the cathode has disappeared and the density
profile is approximately symmetric between the elec-
trodes. While the radial profile is not directly observed
due to the line-of-sight nature of the measurement,
the profiles appear very symmetric from left to right
(around the vertical axis between the electrodes). At
1.37ms after command (fig. 5f), the gas pathlength
reaches its lowest value, and the displacement of the
gas takes on an oblate spheroid shape. After this
point, the system relaxes to equilibrium over tens of
milliseconds.

In Fig. 6, we can see the effect of increasing the am-
bient pressure from 1 bar to 3 bar. Again, the low den-
sity first appears near the cathode in Fig. 6b. How-
ever, the low density region develops more slowly and
remains concentrated in a region near the cathode
and does not appear axisymmetric (Figs. 6¢-d). After
approximately 1ms, the density reaches its minimum
and relaxes back to ambient (Figs. 6e-f).

If we now change the gas from argon to air (Fig. 7),
while keeping the ambient pressure constant at 3 bar,
we again see a very large change in the spatial den-
sity distribution. In Fig. 7a, we see evidence over
the first 20 us of the shock wave generated by the
arc, as a high-density region travels outward from the
space between the electrodes. In Fig. 7b, we see the
formation of a large low-density region which grows
from the space between the electrodes, rather than
from the cathode, as was the case for the argon mea-
surements. Rather than expanding equally in all di-
rections, this low density region expands faster in the
horizontal than the vertical (Figs. 7c-e). After the min-
imum value is reached (Fig. 7e), the low density takes
much longer to relax to equilibrium than for the argon
cases.
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Figure 5: Time evolution of the gas displacement for 2.5ms charge time in a 1
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The measurements of effective pathlength deficit in
the plasma can be used to estimate the local den-
sity by assuming an elliptical profile about the y axis
. If we consider the measurement domain in cylindri-
cal co-ordinates, and assume that the plasma density
is uniform over an elliptic cross-section in the x — z
plane, the projection of this density field in z can be
fitted to the radiography measurements (Eqgn. 1) us-
ing a least-squares approach. We solve an elliptical
distribution for the fitting coefficients a,b and the effec-
tive elliptical profile density p., which are functions of
y and time;

2

M(x,y, t) = 2pe(y, t)\/l_ (W) . (5)

Once p. is estimated, a fractional density deficit func-
tion can be calculated, representing the fraction de-
crease in ambient density;

DD(y, 1) = L) ©)

The results are plotted in Fig. 8. Here, the density
deficit (dimensionless) is shown against the vertical
distance y between the electrodes (vertical axis) and
time (horizontal axis) along the centerline (x = 0).

The results for two of the four measured charging du-
rations in 4 bar ambient are are shown. We firstly
note the appearance of a sudden, uniform low den-
sity between the electrodes at a very distinct moment
in time, rather than a gradual decrease of density from
the cathode downwards. Following this rapid tran-
sient, the density remains lower in the center and re-
turns to a near-equilibrium value at the electrodes.
The faster recovery of density near the electrodes
may be explained by heat transfer into the metal. Af-
ter about 100 us, the distribution again becomes more
uniform. At the end of the glow discharge, the den-
sity field returns to equilibrium, starting near the elec-
trodes and ending at the center. Again, the faster re-
covery near the electrodes may be explained by heat
transfer.

In Fig. 9, we compare the total volume displacement
(Egn. 3, left vertical axis) and thermal energy (Eqgn.
3, right vertical axis) against time (horizontal axis) for
all the measured conditions. The most striking com-
parison between the argon experiments (figs. 9a-b)
and air experiments (figs. 9c-d) are that the spark in
air has a very strong transient discontinuity approxi-
mately 10 us after command. The discontinuity in the
argon measurements is much smaller. We propose
that this discontinuity is due to the shock wave gener-
ated by the arc (Fig. 7a). The second feature of note

Page 8 of 13

is the presence of oscillations in displacement and en-
ergy from approximately 30 to 300 us after command.
These oscillations are much stronger for the air exper-
iments than the argon. Noting that the sound speed
and compressibility of air and argon are very similar
at 300K, we hypothesise that the shock wave and os-
cillation differences may be related to the difference in
breakdown voltage; the Paschen breakdown voltage
for air is approximately seven times higher than that
of argon for the relevant pressure range [29], and as
such the breakdown will occur with more stored en-
ergy in the gap (greater capacitance). The timing of
the peak thermal energy is also given for each condi-
tion in Fig. 9; this will be discussed later.

In Fig. 10, we show the secondary coil voltage and
primary coil current traces for all the measured con-
ditions. The origin of the time axis is defined as the
moment at which breakdown occurs. Since the cur-
rent (dashed line) is only measured on the primary
side, it is zero for t > 0. We note firstly that a negative
voltage is induced in the coil during charging (t < 0).
At t ~ 0, breakdown is indicated by a rapid drop in
the voltage induced by the secondary. This is fol-
lowed by a gradual increase, peak and decrease of
the secondary voltage during the glow discharge. An
important feature of note in the voltage profile is the
presence of a kink or oscillation at t ~ 1 ms, denoted
by the arrows in Fig. 10. We propose that this is due
to the quenching of the arc. In the argon data, this
is followed by a rapid increase in gap voltage (due
to higher impedance). In Fig. 11, we compare the
time delay between breakdown and quench (denoted
as arc duration) from the voltage probe data over all
the measured conditions. We note that the duration is
strongly correlated with charging time and somewhat
dependent on gas composition, but there is no clear
trend with ambient density. It is strongly correlated
with delay time for the peak density deficit shown in
Fig. 9, but not equal to it. In the present setup, we
were unable to record the secondary coil current; in
future work this will provide confirmation of the arc
duration.

We have also compared the timing and magnitude of
the peak thermal energy and volume displacement
from the data in fig. 9. This peak typically arrives
about 1 ms after command. The gap then takes tens
of milliseconds to return to equilibrium. Fig. 12 shows
the dependence of the timing of this peak (left plot)
and the magnitude of the peak (right plot) as a func-
tion of the charging time (horizontal axis) and the am-
bient density (color scale). We note that the delay to
the peak is strongly correlated with the charging time,
and only weakly correlated with the ambient density.
This is intutitive, since the minimum impedance of the
gap during the glow discharge will limit the current,
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and as the total energy input increases, the time-
scales will increase correspondingly. However, the
peak displacement and arc duration times (Figs. 11-
12) are not strongly correlated. According to the es-
tablished model, we expect a decreasing current flow
throughout the glow discharge [3]. As such, the peak
thermal energy may depend on the changing balance
between heat loss to the ambient and addition from
ohmic heating, which operate on independent time-
scales.

We also note that the time delay to peak secondary
voltage during the glow discharge phase (Fig. 10) do
not correlate strongly, but occur at different times (up
to 0.5 ms earlier or later). We also find that the mag-
nitude of the peak is strongly dependent on the am-
bient density and composition, and only moderately
dependent on the charging time. This suggests that
the degree of density deficit depends on the proper-
ties of the gas. Once again, if the current is limited
as charging time increases, then ohmic heating of the
gas will not increase substantially.

Conclusions

In this paper, we have presented the first x-ray radiog-
raphy measurements of plasma evolution in a conven-
tional spark plug gap. These proof of concept mea-
surements demonstrate some of the effects of gas
composition, density, and charging time on the struc-
ture of the plasma. From the radiography measure-
ments, we calculated the displaced pathlength of am-
bient gas, the total integrated volume displacement
of ambient gas, and the approximate change in ther-
mal energy. By making an elliptical least-squares fit
in the horizontal plane, we were also able to calcu-
late the decrement of density as a function of vertical
electrode distance and time.

We find that the spatial structure of the plasma varies
greatly between argon and air, suggesting that the
ionisation potential of the gas may be an important
factor. In argon, we find that the low density re-
gion grows downward from the cathode to the an-
ode, while in air, the low density region appears to
grow uniformly in the vertical direction. The initial arc
shock wave and following high-frequency oscillations
also vary noticeably between the two different ambi-
ent gases. All the experiments show a peak in ther-
mal energy and volume displacement approximately
1 ms after command, and relax back to equilibrium
after tens of milliseconds.
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Analysis of the intensity and timing of the peak vol-
ume displacement and thermal energy suggest that
the peak delay is strongly dependent on the charging
time, and only weakly on the ambient density. This
suggests that the current flow may be a controlling
factor. The intensity of the peak displacement and
thermal energy is strongly dependent on the ambi-
ent density and composition, and moderately on the
charging time. This suggests again that the prop-
erties of the gas play an equally important role as
the amount and rate of energy deposited. The sec-
ondary coil voltage and spark gap energy evolve over
slightly different time scales, suggesting that effects
other than the current flow and voltage across the
gap (such as the density and structure of the plasma)
need to be considered.

In future work, we will refine these proof of concept
measurements by comparing time-resolved gap volt-
age and coil current to the x-ray measurements, and
investigating a wider range of operating conditions.
The effect of spark plug design will also be inves-
tigated. In this study, multiple measurements were
taken to compute an ensemble average. In future
work, repeatability will be investigated by consider-
ing single-event statistics. X-ray radiography mea-
surements provide useful information which may be
combined with established diagnostics (spectroscopy,
calorimetry, imaging, etc.) to provide more complete
validation methods for ignition modeling, and improve
our fundamental understanding of spark plug opera-
tion.
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