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Abstract 

Transient plasma ignition (TPI) – where high-energy, non-equilibrium plasma ignites 
flammable mixtures – has been found to promote faster flame propagation rates 
through a combination of larger volume ignition kernels and the generation of active 
radicals that enhance flame speeds. For the present study, ignition and early flame 
propagation characteristics of TPI were investigated within a custom-built optically 
accessible spark calorimeter for near-atmospheric stoichiometric mixtures of propane 
and air. Transient plasma was generated using an available high-voltage (~ 25 kV 
peak), short duration (~12 nanosecond) pulse generator. Two electrode configurations 
were investigated: (1) a wide-gap pin-to-pin and (2) a groundless partial dielectric 
barrier discharge (DBD) igniter with a flush mounted and exposed anode tip. Each 
electrode was expected to promote faster initial burn rates through some combination 
of reduced heat transfer losses, formation of radical species favorable for ignition, and 
distributed ignition sites within the combustion chamber. Important post-discharge 
products were bulk-sampled from non-flammable fuel/air mixtures and speciated via 
gas chromatography. The impact of the post-discharge products on the flame speeds 
and auto-ignition delay times were evaluated using the 0-D combustion commercial 
solver CHEMKIN PRO. High-speed schlieren imaging was used to characterize 
discharge streamer phenomena and flame propagation rates. Flame propagation 
measurements were benchmarked against a similar operating point that used a high-
energy inductor coil spark plug (93 mJ).  

For transient plasma discharges in air, the pin-to-pin electrodes generated strong twin 
streamers that bridged the electrode gap. Complementary discharge modeling 
indicates elevated electron densities and atomic oxygen concentrations, especially 
around the anode tip. Conversely, air discharge imaging of excited state atomic oxygen 
for the groundless partial DBD igniter indicates strong negative corona streamers that 
propagate up along the insulator surface toward the expose anode. Corresponding 
post-discharge sampling and speciation via gas chromatography reveals substantial 
dissociation of parent fuel molecules into smaller hydrocarbon constituents. 
Complementary CHEMKIN PRO modeling indicates these species will increase 
laminar flame by up to 20%. Finally, it was found that both the pin-to-pin and 
groundless partial DBD igniters increased flame propagation rates by a factor of 2 
relative to the inductor coil spark igniter due to a combination of reduced electrode heat 
losses, larger ignition volumes, and the formation of radicals that increase initial flames 
speeds. 
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1. Introduction 

The aggressive move of modern spark-ignited (SI) gasoline engines towards 
challenging dilute and boosted combustion regimes necessitate new and robust 
ignition devices. Heavy charge dilution by exhaust gas recirculation (EGR) or air can 
improve fuel efficiency and lower engine-out pollutant emissions [1]. Benefits include 
(1) reduced throttling losses, (2) lower heat transfer losses and (3) low nitrogen oxide 
(NOx) and particulate (PM) emissions [2]. However, reduced flame propagation 
speeds at relative comparable stoichiometric conditions result in combustion stability 
issues. 

Transient Plasma Ignition (TPI) is a promising advanced ignition technology that 
utilizes short pulse (~10s of nanoseconds), high-voltage (15 kV+) electrical discharges 
to generate highly energized low-temperature plasma (LTP). Conventional inductor coil 
spark plugs utilize point-based thermal plasmas that have electron energies in 
equilibrium with the bulk-gas energy but have fallen out of favor due to poor tolerance 
to dilution by air or exhaust-gas recirculation [3]. Conversely, LTP ignition has gained 
increased attention as a way to promote the formation of radical species favorable for 
combustion. Broadly speaking, plasma-assisted ignition systems sorted by increasing 
reduced electric field strength (i.e., electric field strength, 𝐸, normalized by the gas 
number density, 𝑁) include: microwaves [4, 5], radio-frequency resonant discharges 
[6, 7], and transient plasma discharges [8, 9]. 

The major benefit of transient plasma over other LTP technologies is the higher 𝐸/𝑁 
that leads to increased ionization and dissociation rates due to limited collisional 
electron energy transfer effects [10]. Fast voltage rise-times can result in 𝐸/𝑁 values 
greater than 100 Townsend with electron energies above 10 electron volts, while the 
short pulse widths enable modest discharge energies (10s of mJ) [11, 12]. Transient 
plasma discharges have been used to extend dilution tolerance limits through the 
formation of active radicals that shorten ignition delays [13] and rapid volumetric 
heating via electron energy transfer processes [14-16]. Ignition has been observed to 
start from the electrode tips, with inhomogeneous propagation into the bulk gas [17, 
18]. 

Previous studies have shown that TPI generates radicals and other electronically 
excited species over a relatively large volume [13-18]. However, fundamental TPI 
mechanisms – particularly at engine relevant conditions – remain poorly understood. 
In the present study, ignition and early flame propagation characteristics were 
investigated within a custom-built optically accessible spark calorimeter undergoing 
TPI. An available high-voltage (25 kV peak), short duration (~12 nanoseconds) pulse 
generator was used to generate transient plasma. Two different electrode 
configurations were tests: (1) an opposed pin-to-pin electrode and (2) a groundless 
partial dielectric barrier discharge (DBD) electrode. For the pin-to-pin configuration, 
faster initial burn rates are expected through the formation of distributed ignition sites 
and strong field concentrations at both the anode and cathode tips. Transition to 
breakdown is avoided through a combination of short pulse widths and large inter-
electrode distances (5.2 mm). For the groundless partial DBD electrode, the anode is 
surrounded by approximately 1.5 mm of a dielectric alumina ceramic in the shape of a 
cone frustum, with the anode surface exposed and flush mounted with the ceramic tip. 
Ignition is expected to happen at the exposed anode, with significant enhancement of 
the flame speeds resulting from negative corona surface discharges that surround the 
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insulator. Flame propagation measurements were benchmarked against those from a 
similar operating point that used a high-energy inductor coil spark plug as the ignition 
source. 

2. Experimental Approach 

2.1. Ignition Testing Vessel 

All experiments were performed in the stainless steel 316 custom-built, optically 
accessible, spark calorimeter illustrated in Figure 1 (a). The experimental apparatus 
has been discussed in detail by Wolk and Ekoto [19], with a brief summary presented 
here. The calorimeter has an internal volume of 29 cm3. To visualize the TPI event, 3 
optical UV grade quartz (Corning 7980) windows were installed in the calorimeter body. 
A 20 mm diameter front viewing window enabled direct imaging and fluorescence 
signal collection from the laser measurement. Two orthogonally installed side windows 
with 16 mm diameter clear apertures of 12.7 mm allowed for a pulsed light for schlieren 
imaging of the streamer volume and ignition kernel to pass through the chamber. The 
initial calorimeter temperature, 𝑇 , was heated to 70°°C using resistive heat tape 
connected to temperature controllers with the temperature monitored using embedded 
K-type thermocouples. The calorimeter was filled to the desired pressure (1.3 bar 
absolute) using fuel and desiccated air. Key specifications and operating conditions of 
the calorimeter are reported in Table 1. 

Table 1: Calorimeter specifications and operating conditions. 

Internal volume (cm3) 29 
Distance between electrodes (mm) 5.2 mm 
Initial temperature (°C) 70 
Initial pressure – speciation (bar) 1.1 – 6.1 
Initial pressure – ignition (bar) 1.3 
Voltage (kV) 10.3 – 25.0 
Gas density (kg/m3) 1.1 - 6.2 
Oxidizer composition (% volume) 20.95% O2, 78.08% N2, 0.93% Ar, 0.04% CO2 
Fuel C3H8 

Purge and fill cycle time (s) 120 

To generate the transient plasma discharges within the calorimeter, a Transient 
Plasma Systems Inc. SSPG-101-HF high-voltage (25 kV peak) pulse generator with a 
~12-ns full width at half max (FWHM) pulse width and 5 ns rise time was used. A low-
impedance inline attenuator probe was used to monitor pulse voltage and current for 
each discharge event. Two distinct types of electrodes were tested. For the opposed 
electrode configuration, the relative position of the anode and cathode is schematically 
shown in Figure 1 (b). The high-voltage anode was built by modifying an NGK DP7EA-
9 size M12 non-resistor spark plug. The plug J-hook and top 1 cm of the outer body 
ground were removed, with the anode tip machined to a rounded point (~125 μm radius 
of curvature) to maximize local electric field strengths, while maintaining relatively 
repeatable discharge characteristics. The anode was centrally positioned at the top of 
the calorimeter. A 3.18 mm diameter stainless steel rod was used as the cathode. The 
cathode tip was a cone frustum with a 0.65 mm diameter top surface. The cathode was 
installed from the calorimeter base and secured in place by a Swagelok fitting. A 
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constant inter-electrode distance of 5.2 mm was maintained throughout for the present 
study.  

   

                                       (a)                                                                                       (b) 

 

(c) 

Figure 1: (a) 3D model of the optically accessible spark calorimeter. Electrode 
configuration and LTP discharge for (b) schematic of the pin-to-pin electrode with a 

complementary schlieren image of the discharge streamers, (c) schematic of the 
groundless partial DBD electrode and a complementary image of discharge excited 

state atomic oxygen. 

A schematic of the groundless DBD electrode configuration is shown in Figure 1 (c). 
The electrode is a modified M12 Brisk silver center electrode non-resistor spark plug 
(MR12S) that has the J-hook removed and insulator tip exposed, with the anode 
ground flush to the surface of the ceramic.  

Measured profiles of voltage, current, and integrated power for a 19.2 kV peak voltage 
discharge are presented in Figure 2. Only a fraction of the pulse energy was deposited 
into the gas as LTP, with the remainder reflected back and forth between the anode 
and the pulse generator. Voltage and current oscillations were damped by some 
combination of cable resistance and radiative emission, with little LTP energy addition 
after the first reflection as evidenced by the nearly invariant integrated power values 
after each reflection. 
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Figure 2: Instantaneous voltage, current, and integrated power in 20.95% O2 at 70°C. 

 

2.2. Experimental Conditions 

Voltage and initial pressure conditions for the sampling and discharge imaging 
experiments are summarized for both electrode configurations in Table 2 and are 
plotted on the breakdown transition diagram in Figure 3. 

Table 2: Experimental conditions. 

  Initial pressure (bar) 
# Voltage (kV) Pin-to-pin Partial DBD 
1 10.3 1.2 – 
2 14.4 1.5 1.5 
3 14.4 2.1 – 
4 19.2 2.1 3.0 
5 22.5 – 4.5 
6 25.0 – 6.1 

For the pin-to-pin configuration, peak voltages were varied between 10.3 and 19.2 kV, 
while initial pressures were varied between 1.2 and 2.1 bar. For the groundless partial 
DBD electrode, a broader range of initial pressures (1.5 – 6.1 bar) and discharge 
voltages (14.4 – 25.0) was examined due to the lower propensity of the electrode to 
transition to breakdown. Experimental conditions were selected to investigate: (1) initial 
pressure variations with a fixed peak voltage, (2) variations in discharge voltage for a 
fixed pressure, and (3) discharge characteristics near the breakdown limit. 

Also overlaid on the breakdown transition diagram for the pin-to-pin electrode 
(Figure 3a) is a plot of calculated breakdown voltage in air obtained from an empirical 
correlation developed by Pashley et al. [20]. For the current setup, the correlation 
underestimates breakdown voltages for initial pressures below 2.5 bar, possibly due to 
the truncated pulse that inhibits the time available for transition to breakdown. 
Conversely, the correlation overestimates breakdown voltages for higher initial 
pressures, likely due to the increased propensity for breakdown to occur during one of 
the reflected pulses described above rather than during the initial pulse. Nonetheless, 
there was good agreement between the correlation and measured breakdown. 
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Figure 3: Experimental conditions for TPI. 

 

2.3. Pressure-Rise Calorimetry 

To estimate the globally averaged discharge temperature within the plasma streamer 
channels, pressure-rise calorimetry was performed in conjunction with schlieren 
imaging. The bulk-averaged thermal energy deposited into the calorimeter gas mixture, 
𝐸  due to discharge is expressed as, 

𝐸 ∆𝑢𝑑𝕍 𝜌𝑐 ∆𝑇𝑑𝕍 𝕍∆𝑃 𝕍∆
                           (1) 

where the variable 𝑢 is the internal energy, 𝕍 is the calorimeter volume, 𝜌 is the gas 
density, 𝑐  is the specific heat for air at constant volume, 𝑅 is the gas constant, ∆𝑇 is 
the change in streamer gas temperature, ∆𝑃 is the change in calorimeter pressure, 
and 𝛾 is the air specific heat ratio. For each experimental condition, ∆𝑃 was calculated 
as the ensemble average of the peak pressure rise from 50 discharges. Due to the 
small ∆𝑃 encountered in the experiments, a constant 𝛾 (= 1.4) based on the initial gas 
temperature was assumed. To ensure that residual discharge products did not persist 
between runs and possibly influence the subsequent discharge, chamber contents 
after each run were cycle-purged twice using fill and vacuum solenoid valves 
connected to the gas supply and an available vacuum turbo-pump. Chamber fill 
pressure was accurately controlled using a Proportion-Air QPV pressure control valve. 
Differential chamber pressures were measured using a PCB 106B51 high-sensitivity 
pressure transducer (145 μV/Pa). The transducer was secured to the calorimeter using 
an acetal mounting adapter for electrical isolation with the signal amplified by a Kistler 
5134B coupler. All data were recorded using a LeCroy HDO 6054 500 MHz high-
definition oscilloscope. Recorded pressures were filtered by a 1 kHz low-pass filter 
during post-processing to remove noise from the discharge event. 

 

2.4. Schlieren Imaging 

Schlieren imaging was performed for each discharge using a pulsed green LED and a 
PI-MAX 4 camera operated at 10 μs exposure time; a schematic of the setup is shown 
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in Figure 4 (a). The camera was phase-locked with the discharge timing to record one 
image 1 μs after every discharge event. Schlieren images were post-processed to 
remove noise and increase contrast. 

 

(a) 

 

(b) 

Figure 4: (a) Schematic of schlieren imaging to visualize the streamer discharges. (b) 
Identification of major schlieren image features for the pin-to-pin discharge. 

For the pin-to-pin electrode, 2 dominant streamer channels were always observed in 
the schlieren images that connected the anode to the cathode, as illustrated in Figure 
4 (b). The total streamer volume, 𝒱, was estimated under the assumption that each 
branch was axisymmetric. Streamer channel edge detection in the schlieren image 
was determined by employing the Marr-Hildreth edge detection routine [21]. The 
spatially averaged translational temperature within the plasma streamer channel, 
𝑇 , was then calculated using 𝐸  and 𝒱 as follows: 

𝑇 𝑇 ∆𝑇 𝑇
𝒱

                                    (2) 

Values for 𝑇  estimated from Equations (1) and (2) are plotted in Figure 4 (c). 

2.5. Post-discharge gas sampling and speciation 

Post-discharge products from propane/air mixtures were acquired using a solenoid 
sampling valve that was connected the ignition test vessel to an evacuated and heated 
0.5-liter sampling bottle. The equivalence ratio was maintained below the flammability 
limit to gain insight into the type and quantity of species generated from the transient 
plasma discharge. Sampling bottle hydrocarbon constituents were analyzed using an 
SRI Instruments Multi-Gas Analyzer gas chromatograph (GC) that contained a slow 
eluting 2-meter Restek Hayesep-N column, with hydrocarbon detection by a flame 
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ionization detector (FID). The column also contained a methanizer that enabled 
concurrent CO and CO2 Measurements. 

3. Numerical Model 

3.1 Plasma discharge model 

Only a general overview of the numerical modeling method is provided here; a more 
detailed description can be found in [22, 23]. Two-dimensional axisymmetric numerical 
simulations were performed using VizGlow – a general purpose self-consistent, multi-
species, multi-temperature, non-equilibrium plasma solver that can be specialized to 
model high-pressure corona, glow or streamers discharge of interest [24]. Governing 
differential equations that account for the production, destruction, and transport of 
multiple charged and neutral species and the electron energy distribution are solved in 
conjunction with the Poisson’s equation for the self-consistent electrostatic field. 
Photoionization, which is an important source of background electrons, is also 
accounted for. 
 
Electrode surfaces are treated as equipotential surfaces for the electrostatic potential 
solution and as solid surfaces with wall boundary processes for the species density 
and temperature equations. A numerical grid consisting of a mixed triangle and 
quadrilateral cells is used for the simulations, with refined triangle cells used at the 
electrode surfaces to properly account for the electrode geometry so that the static 
electric field is properly predicted. The discharge voltage profile is matched to 
experimentally measured traces, with the minimum 2x10-13 s time step set such that 
the dynamics of the transient voltage discharge are well captured. A total of 150 ns 
simulation time includes the entire first pulse oscillation from the experiments when 
most electrical energy is deposited into the gas. 
 
The air plasma chemical kinetic mechanism consists of 18 species: e, O2, O2*, O2(a1), 
O2(b1), O2

+, O2
-, O, O-, O4

+, O2+N2, N2, N2(a1), N2(A), N2(B), N2(C), N2
+, and N4

+. The 
initial electron number, e, density is set at 103 cm-3, which is also the default ground 
level for all considered species other than O2 and N2. Reaction rate pathways from the 
streamer plasma mechanisms were obtained from literature [25, 26], while electron 
impact reactions of O2 and N2 were generated offline using the Boltzmann solver 
BOLSIG+ [27] and cross-sectional data for N2 and O2 [25]. Energy lost to different 
rotational, vibrational, and electronic excitations combined into a single electron energy 
loss pathway. 
 
3.2 0D CHEMKIN PRO flame speed and auto-ignition delay modeling 

Discharge product concentrations from the sampling and gas chromatography results 
were used as input boundary conditions to model flame speeds and auto-ignition 
delays via CHEMKIN-PRO for stoichiometric mixtures. Based on complementary 
discharge imaging of excited state atomic oxygen, it was assumed that all discharge 
products constrained and homogeneously distributed within the 1 mm volume 
surrounding the electrode surface, with measured concentrations from the GC 
sampling results accordingly adjusted based on the ratio of the chamber volume to the 
assumed discharge volume.  
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4. Results and Discussions 

Results are divided into three subsections. The first two sections respectively describe 
transient plasma discharge characteristics for the pin-to-pin and groundless DBD 
electrode configurations for nonflammable fuel/air discharges. The third subsection 
discusses TPI characteristics for stoichiometric mixtures of propane and desiccated 
air. 

 

4.1 Discharge Characteristics: Pin-to-pin Electrode Configuration 

As mentioned in the Experimental Approach, the pin-to-pin electrode configuration was 
selected for examination because it produces strong local field concentrations at both 
the anode and cathode tips. As a result, radical generation favorable for ignition 
promotion along with increased temperature from the relaxation of vibrationally and 
electronically excited species are both expected to be high in these regions.  

The schlieren image in Figure 5 was acquired shortly after a 19.2 kV discharge into a 
2.0 bar ambient of air. The discharge led to the formation of twin streamers that joined 
at the anode and cathode but separated near the midpoint of the electrode gap. Note 
that the orientation of streamers changes randomly. The image in Figure 5 was the 
image from a set of 50 images that had the streamer channels were most closely 
oriented orthogonal to the camera and thus best illustrates the streamer features. 
Complementary numerical simulations likewise predict the appearance of twin 
streamers, with maximum concentrations of atomic oxygen and electron density 
predicted to occur near the anode. The location of maximum atomic oxygen generation 
is strongly dependent on the local electric field which in turn is a function of the 
electrode geometry. Table 3 compares the temperature and atomic oxygen number 
density from experiment and numerical simulations. 

 

Figure 5: Post-discharge schlieren image from a 19.2 kV transient plasma discharge 
in 2.0 bar of air along with complementary VizGlow simulation predictions of atomic 

oxygen and electron density distributions. 
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Table 3: Comparison of discharge characteristics in terms of LTP temperature and 
atomic oxygen number density from experiments and numerical simulation. 

Experimental 
condition 

Simulations Experiments 

O (#/m3) T (K) O (#/m3) T (K) 

14kV - 1.5bar 0.9E+24 770 1.3E+24 779 

19kV - 2.0bar 1.8E+24 938 2.1E+24 1094 

Similar images were acquired at different initial pressure and peak discharge voltage 
combinations (not shown). In all instances, the peak streamer separation distance 
slightly biased toward the lower cathode. Moreover, as the discharge voltage 
increased, the separation distance between each streamer likewise increased.  

In Figure 6, discharge energy (measured by an in-line voltage and current probe) as a 
function of peak discharge voltage is plotted along with the corresponding energy 
deposited into the gas (measured from the pressure-rise calorimetry). The plot also 
includes an estimate of the bulk-averaged streamer temperature acquired from the 
combined calorimetry and schlieren measurements described earlier. As expected, the 
total discharge energy is proportional to the peak discharge voltage. However, the 
fraction of energy deposited into the gas increases with higher discharge energies, 
which results in a non-linear increase in streamer temperature. Note for the peak 
discharge voltage of 19.2 kV; the average streamer temperature was measured for 
three different initial pressures (2.0, 2.5, and 3.0 bar). As can be seen in Figure 6, 
streamer temperatures were virtually identical due to the fact that streamer volume was 
inversely proportional to initial pressure. 

 

Figure 6: Measured discharge, energy deposition into the gas, energy lost from the 
system, and the estimated mean streamer temperature.  

Since translational temperature is perhaps the most important parameter for ignition, 
there is a clear advantage to higher discharge voltages. However, for small gaps or 
low ambient densities the discharge transitions to breakdown. 

Finally, note that sampling of non-flammable discharge products was performed for the 
pin-to-pin configuration, but no measurable concentrations of discharge products were 
obtained regardless of the condition. Despite the elevated electric fields within the 
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vicinity of the anode, the small volumes around the electrode tips led to the negligible 
generation of active radicals on a global scale. 

 

4.2  Discharge Characteristics: Groundless partial DBD Electrode 
Configuration 

The groundless partial DBD electrode was selected because it was assumed to be 
more resistant to breakdown transition. In addition, a larger discharge volume is 
preferential for lean/dilute charge mixtures where ignition is more challenging. LTP 
discharge characteristics from the groundless partial DBD electrode are shown in 
Figure 7 for discharges with peak voltages near the breakdown limit for the respective 
initial pressure. Discharge characteristics shows that the streamers start from the 
remaining portion of the spark plug ground and vertically extend toward the anode. The 
streamer length and luminescence increased with increased discharge voltage and 
initial pressure. However, the location of the streamers in successive discharge is 
stochastic. The expectation is that each streamer acts as both a local ignition site and 
enhances initial flame burn rates due to the favorable radical formation. Tests of these 
hypotheses will be described in the following section. 

 

 

 
 

Figure 7: Schematic of the groundless partial DBD electrode including the assumed 
discharge active area, and qualitative images of O*. 

 

For post-discharge product sampling, discharges were performed in propane/air 
mixtures. The 2% propane concentration was below the lean flammability limit. To 
generate statistically meaningful post-discharge products, 10 discharges, 10 
milliseconds apart was repeated 60 times.  

Figure 8 plots the speciated post-discharge products formed from the LTP discharges, 
where the initial pressure was adjusted so that breakdown was avoided for the 
respective discharge voltage. Several hydrocarbon products with carbon numbers less 
than 3 were formed, which include: methane, CO, acetylene, ethylene, propylene, 
cyclopropane, acetone. Methane, acetylene, CO, and cyclopropane concentrations, in 
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particular, were found to increase substantially with higher peak voltages, while 
remaining species concentrations were relatively stable.  

     

Figure 8: GC measurement of post LTP discharge species formed by groundless 
DBD electrode discharges. 

The effect of initial pressure for a fixed discharge voltage and discharge voltage for a 
fixed initial pressure on post-discharge product formation is shown in Figure 9. For the 
ambient pressure variation, most species concentrations were unchanged except for 
CO and acetylene, which decreased substantially when the initial pressure was 
increased. When peak voltage was changed for a fixed initial pressure, all discharge 
products increased; with increases for acetone, cyclopropane, methane, and CO being 
the most pronounced. 

 

          

         (a)                                                       (b) 

Figure 9: The effect of (a) pressure, (b) voltage on post-discharge product formation. 

 

To explore the effect of post-discharge products on charge reactivity, CHEMKIN PRO 
simulations were performed. Discharge product concentrations from the condition with 
19.2 kV peak voltage and 2.0 bar initial pressure were used, with the balance of fuel 
set to be the parent propane mixture. Table 4 shows the volume percentage of LTP 
products and additional propane/air concentration.  
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Table 4: Volume percentage of mixture components used in the CHEMKIN PRO 
model. 

% by Vol. LTP products + propane/air Propane/air 
O2 20.2 20.2 
N2 75.8 75.8 

Propane 2.5 4 
Methane 0.26  

CO 0.22  
Acetylene 0.51  
Ethylene 0.1  

Propylene 0.12  
Cyclopropane 0.26  

Acetone 0.03  

In Figure 10, flame speed and ignition delay predictions from the CHEMKIN modeling 
are compared with an equivalent equivalence ratio of propane/air mixture. 
Figure 10 (a) shows that with increased pressure, ignition delays decreased in the 
presence of post-discharge products by up to 20%, which suggests that the mixture 
becomes more reactive. Conversely, Figure 10 (b) shows that flame speeds increased 
in the presence of discharge products by up to 20%, which suggests faster initial 
ignition kernel growth rates can be expected. 

        

(a)                                                       (b) 

Figure 10: The effect of post-discharge products on (a) ignition delay, (b) laminar 
flame speed. 

4.3 Transient Plasma Ignition Flame Propagation Characteristics 

Schlieren image sequences of ignition kernel development and subsequent flame 
propagation at discrete times after the discharge are plotted in Figure 11 for the pin-
to-pin and groundless partial DBD electrodes, along with a comparison to ignition form 
a high-energy (93 mJ) inductor coil spark plug igniter. The fuel was propane, while the 
oxidizer was desiccated air. Concentrations were fixed at stoichiometric conditions 
(6.45% propane in air). The initial pressure was 1.3 bar absolute. Pulse bursts of 5 and 
10 pulses were examined for TPI (ignition was not achieved for a 5 pulse burst for 
either TPI igniter at the conditions examined). In all cases, the dwell between 
successive pulses was 100 µs. Peak voltage and pulse number are tabulated at the 
end of the respective sequence. Note that for the groundless partial DBD electrode, 
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two sets of images were acquired: (1) electrode tip in view to examine ignition 
processes along the insulator, and (2) electrode tip at the upper edge of the image to 
examine flame propagation processes in detail. 

The ignition location of TPI is key information that helps combustion system developers 
design optimal electrodes. For the pin-to-pin configuration, ignition was achieved for a 
peak pulse voltage of 15 kV and pulse burst of 10. Ignition initiated at both the cathode 
and anode, and quickly bridged the gap following one of the two discharge streamers. 
For the groundless DBD electrode, the peak voltage needed to be increased to 24 kV 
for ignition to occur. Ignition started at the exposed anode tip, with a hemispherical 
laminar flame front developing shortly thereafter. Initially, this flame front propagated 
outward from the tip, but quickly moved up along the DBD surface. 

For both TPI electrodes, the resultant flames kernels consumed the field of view within 
3.0 milliseconds after the start of the discharge, whereas the flame from the inductor 
coil igniter had consumed only half of this area by the same time. From the image 
sequences, the flame front location was estimated as a function of time after the 
discharge and plotted in Figure 12. These profiles again illustrate that TPI flame 
propagation rates were roughly double compared to the discharge from the inductor 
coil spark plug, with very little difference observed for the pin-to-pin and groundless 
partial DBD ignition. 

 

Figure 11: Sequence of images showing ignition kernel development in TPI 
compared to inductive spark for different voltage and pulse repetition rate. 
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Figure 12: Time history of flame front displacement in TPI and spark ignition. 

Note that the while both TPI systems performed similarly, the groundless partial DBD 
igniter was much more resistant to electrical breakdown. Figure 11 illustrates 
sequences characterized by breakdown or arcing events. In each instance, highly 
luminous discharges are visible within the within the first millisecond after the first 
discharge. The breakdown voltages were only 3 kV higher for the pin-to-pin electrode, 
whereas they were 5 kV higher for the groundless partial DBD electrode. Accordingly, 
the DBD electrode is slightly more forgiving, although it comes at the cost of higher 
energy draw. 

5. Conclusions 

The present paper discusses the characteristics of nanosecond transient plasma and 
TPI in an optically accessible, spark calorimeter at gasoline engine relevant densities. 
Major findings are as follows: 

o Discharge characteristics from pin-to-pin show that the existence of twin 
streamers that bridge the electrode gap. Complementary plasma modeling 
simulations illustrate that peak atomic oxygen number and electron densities 
occur near the anode. Post-discharge streamer temperatures increase with 
higher discharge voltages, likely due to higher energization of vibrational and 
electronic states that subsequently relax and form heat.  

o For groundless partial DBD electrode, multiple negative corona streamers 
initiate from the remaining ground thread and extend towards the anode. Bulk-
sampling with speciation via GC indicates extensive dissociation of the parent 
fuel molecule into smaller hydrocarbon components. Complementary flame 
speed modeling that uses these concentrations as an initial condition indicate 
increased flame speeds of up to 20%. Accordingly, these post-discharge 
products may play a vital role in flame kernel development rates. 

o For both TPI electrodes, a 10-pulse burst (at 10 kHz) was required to achieve 
sustainable ignition kernel development, with fewer pulses leading to the 
gradual extinction of the developed kernel. These results suggest the energy 
within the kernel must be systematically replenished in order to sustain ignition 
in the earliest phases.  

o The pin-to-pin TPI electrode initiates ignition at both the anode and cathode, 
with the initial flame kernel quickly propagating up along one or both of the 
discharge streamers that result from the discharge. The groundless partial DBD 
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electrode initiated ignition at the electrode tip, with combustion propagating 
outward into the bulk gas and quickly up along the insulator surface.  

o Relative to a conventional inductor coil ignition system (93 mJ), both TPI igniters 
roughly doubled the flame propagation rates. 

o Larger discharge voltages were needed to initiate TPI with the groundless 
partial DBD electrode relative to the pin-to-pin configuration (24 vs. 15 kV). 
However, the groundless partial DBD electrode was much less prone to arc due 
to the design that shielded the anode from the propagating negative corona 
streamers. Thus, despite the higher energy draw, the groundless DBD electrode 
likely is a more robust design. 

Future work will explore the possible extension of these TPI electrodes to lean and 
dilute conditions. Moreover, the ability of these electrodes to promote ignition at 
pressures and temperatures relevant to those within a realistic engine chamber will be 
investigated. These results will be complemented by detailed plasma dynamics and 
computational fluid dynamic simulations that attempt to capture all relevant processes. 
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