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Abstract

A 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. For the 
present research, the model simulated spark plasma develop-
ment in an inert flow environment without combustion. The 
UT model results were then compared with experiments. The 
UT CONVERGE CFD-based model includes an electrical 
circuit sub-model that couples the primary and secondary 
sides of an inductive ignition system to predict arc voltage and 
current, from which the transient delivered electrical energy 
to the gap can be  determined. Experimentally measured 
values of the arc resistance and spark plug calorimeter 
measurements of the efficiency of electrical to thermal energy 
conversion in the gap were used to determine the thermal 
energy delivered to the gas in the spark gap for different pres-
sures and gap distances. A novel feature of the presented 
model is that the thermal energy delivered to the gap is distrib-
uted uniformly along the arc rather than at discrete points 

along the arc. 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 the tendency when discrete energy 
input locations are used. It was found that the tangled distor-
tion 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 distributed energy feature also 
gave arc temperature distributions that were more spatially 
uniform and had steeper temperature gradients, consistent 
with experimental arc images. Testing of the model included 
simulations of arc movement in the presence of a crossflow of 
nitrogen through the gap. These results were 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 was good agreement between the simula-
tions and experimental images, including the observed 
off-axis movement of the arc in response to a recirculation 
zone developed downstream from the ground electrode (anode).

Introduction

The energy from the ignition system is a key element 
that determines the nature or the plasma column 
within the spark plug gap and determines the success 

of the ignition and combustion of the fuel-air mixture in a 
spark ignition engine. A sufficiently high voltage across the 
spark plug gap must be applied by the ignition system to break-
down the fuel-air mixture within the spark plug gap. The 
plasma column formed after the breakdown is where the 
energy from the ignition system is delivered to the gas inside 
the cylinder. The amount and duration of the thermal energy 
delivered must be sufficient to ignite the fuel-air mixture and 
sustain the flame kernel until the chemical heat release from 
the combustion can create a self-sustaining turbulent flame. 
Successful ignition depends on many factors including elec-
trical components in the ignition circuit, fuel type, fuel-air 
mixture ratio, mixture homogeneity, dilution, residual 
fraction, in-cylinder bulk flows and turbulence, spark plug 

geometry, spark timing and duration, and the characteristics 
of the electrical energy delivery. Recent stringent emissions 
standards have led to high dilution rates and lean mixture 
operation of spark ignition engines, which can create chal-
lenging conditions for reliable ignition and combustion with 
minimum cycle-to-cycle variation.

Detailed ignition sub-models can be  integrated with 
computational f luid dynamics (CFD) software such as 
CONVERGE™ CFD, to simulate the ignition process. Many 
researchers have investigated and modeled spark channel 
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 f lame kernel expansion [2]. The spark is 
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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 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 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. introduced a comprehensive 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. 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 at 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 to investigate the flame kernel development and flame 
stretch in combustible gas mixtures. Lucchini’s model includes 
a simplified circuit model with a secondary circuit and flame 
kernel model with discrete particles. We extended the ignition 
circuit model including the primary circuit and solving the 
differential electrical equations that govern the circuit 
behavior. Also, the energy deposition is continuous along the 
spark channel. 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 is a secondary side of the electrical 
inductive ignition system. Their restrike and short-circuit 
model is similar to our model, but they still use discrete parti-
cles for the energy deposition.

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 
heat transfer to the electrode [10]. 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 [11]. Gardiner et al. showed improve-
ments of spark anemometry using a constant current spark 
and high-speed video [12]. From the high-speed video, they 
found that the velocity of the spark head is about one-half of 
the freestream velocity. This velocity difference between the 
spark gap velocity and the freestream velocity was also 
reported by Kim and Anderson.

Inductive ignition systems have been studied by many 
researchers to understand their behavior. Stevenson et al. 
studied comprehensive modeling of an automotive ignition 

system, including the ignition circuit and ignition coil [13]. 
They simulated the transient behavior of the current and 
voltage during charging and discharging with a simplified 
model. They also modeled the ignition coil using finite element 
analysis (FEA) calculations to better represent the inductance, 
capacitance, and resistance of the ignition coil. Wang et al. 
developed an ignition circuit model using Laplace transforms. 
Parasitic parameters of the spark plug were extracted with 
finite element methods [14]. Yu et al. investigated the effect of 
circuit parameters on spark discharges and spark energy prop-
erties [15]. A simplified electrical circuit model was verified 
using experimental results. They found that the decrease of 
secondary circuit resistance, the increase of spark plug gap, 
the increase of the ignition coil coupling coefficient, and the 
increase of the ignition coil inductance ratio produce higher 
spark energy. Tan el al. modeled the inductive ignition circuit 
using Laplace transforms and compared their results with 
experiments [16]. Most of the studies involved evaluating the 
voltage and current response from the ignition circuit alone 
or simulating the time-resolved response of the ignition 
circuit. As an alternative, the transient behavior of the ignition 
circuit can be studied with a circuit model added to the CFD 
software to accurately simulate the ignition system and flow 
field simultaneously, as is done here. To the authors’ knowl-
edge, this type of integrated ignition model has not been 
presented previously in the literature.

Spark plug calorimeters have been used to evaluate the 
thermal energy deposited into the gas by many researchers. 
Roth et al. first introduced the measurement of spark energy 
delivered to the gas with both constant-volume and constant-
pressure calorimeters [17]. They performed a fundamental 
study of the effects of the electrode diameter, gap distance, 
and thermal diffusivity of the gas on the electrical-to-thermal 
energy conversion efficiency with monatomic gases. Merritt 
was first to create a spark calorimeter consisting of two 
chambers and a differential pressure transducer [18]. Franke 
and Reinmann used a spark calorimeter with this differential 
pressure sensing concept [19]. They measured the energy deliv-
ered to the gas comparing five different ignition systems that 
included both capacitive and inductive ignition type at pres-
sures up to 16 bar. Teets and Sell used a spark calorimeter to 
study the thermal energy deposition characteristic of three 
different ignition systems that included an inductive system, 
a plasma jet ignitor, and an ultra-short pulse ignitor [20]. 
Abidin et al. investigated the effect of dwell time, gap distance, 
and pressure on the breakdown voltage and the electrical-to-
thermal energy conversion efficiency [21]. Alger et al. used a 
spark calorimeter to measure the energy delivered to the gas 
while investigating the effect of spark plug design on the initial 
flame kernel development [22].

Ignition Circuit Model
Figure 1(a). shows the ignition circuit used in the model 
presented here. Figure 1(b) shows the location of voltage and 
current used in the model. The circuit is representative of 
current inductive-type ignition systems and includes both the 
primary and secondary sides of the ignition coil. Capacitor 
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C21 is the parasitic capacitance of the secondary winding. 
R12 and R21 represent the resistance of the primary and the 
secondary windings, respectively. The violet boxed part is the 
simplified model of the insulated-gate bipolar transistor 
(IGBT), which acts as the switch of the ignition circuit. R22 
is the resistance of the high-tension lead and C22 and C23 
represent the parasitic capacitances of the spark plug separated 
by the spark plug resistance R23. Spark column resistance R24 
replaces the capacitance C23 following breakdown during the 
discharge. After the end of the discharge, R24 is removed and 
again replaced by C23.

The resistances of the wires, ignition coil, and spark plug 
were measured with an ohm meter. Additionally, the current 
dependent spark plug resistance was measured by short-circu-
iting the two electrodes and measuring the voltage drop across 
the spark plug and the current for a coil discharge. The induc-
tances of the primary and secondary windings were calculated 
from the measured voltage and current profile with a Zener 
diode replacing the spark plug to give a constant voltage 
following breakdown. The governing equations are:

	 V R I R I L
dI

dt
M

dI

dt
V11 11 11 12 11 1

11 21
14 0− − − − − = 	 (1)

	 V R I R I R I L
dI

dt
M

dI

dt
24 23 25 22 23 21 21 2

21 11 0− − − − − = 	 (2)

The ignition circuit model was developed by solving 
differential equations (1, 2) for the primary and secondary 
circuit. With the DC power voltage and dwell time for building 
an electromagnetic field in the coil given, the transient 
response of the ignition circuit model can be simulated. When 
the voltage across the capacitance C23 exceeds the breakdown 
voltage (given by either a separate breakdown voltage model 
or as was done here with a user input), the spark column resis-
tance R24 replaces the capacitance C23 to simulate the spark 
column between the two electrodes. Electrical power input to 
the spark plug gap is calculated by multiplying the voltage and 
current across the spark column resistance R24. However, this 

electrical energy input is not the energy deposited into the gas 
between the spark gap. The thermal energy input is calculated 
using the electrical-to-thermal energy conversion efficiency. 
This conversion efficiency is an experimental value deter-
mined through calorimeter measurements and is an input to 
the model. After the end of the discharge, when the secondary 
current decreases to zero, spark plug capacitance C23 replaces 
the spark column resistance R24. The developed MATLAB 
version of the ignition circuit model was validated with exper-
imental results and PSpice simulations. PSpice is a commercial 
electronic circuit simulation software from OrCAD. The 
ignition circuit model was then integrated into CONVERGE 
CFD in the form or a UDF (User Defined Function) to simulate 
the ignition circuit and the flow field simultaneously.

Within the newly developed ignition UDF, modifications 
were made to the default CONVERGE CFD source model 
which simulated the spark column between the gap. In the 
default CONVERGE CFD ignition model, a group of points 
is used to model the spark column and these ignition points 
move with the flow between the spark gap. The energy is 
deposited into the cells where these points are located. 
However, when the number of points is not sufficiently high 
compared to the number of cells along the modeled spark 
column, the energy is only deposited at discrete points along 
the spark column. In addition, the point source is infinitesimal 
and the energy for that region of the spark is only deposited 
into the one cell where the point exists. The local pressure and 
temperature change in the cell with the energy input and is 
affected by the size of the cell. Lastly, this point source method 
of energy delivery cannot account for the effect of column 
diameter. Some of these effects can be seen in Figure 2(a).

Our research team developed a distributed energy input 
model for the spark column to resolve the issues discussed 
above. In this model, the spark column is modeled as a series 
of cylinders as shown in Figure 2(b). The diameter of the 
cylinder represents the diameter of the spark column. Because 
the energy is deposited into the volume of the cells occupied 
by the cylinder, the discrete energy input and spark diameter 
issues are resolved. In addition, the distributed energy input 
model minimizes the effects of grid resolution around the 
spark column. CONVERGE CFD also has an option for a 
cylindrical ignition source, however, only one cylinder can 
be used as this cylindrical source and the movement of the 
cylinder is limited to translation without rotation. Therefore, 

 FIGURE 1  (a) Schematic of ignition circuit model; (b) 
voltage and current labeling in the model.
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 FIGURE 2  Comparison of energy input model (a) discrete 
energy input and (b) distributed energy input.
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the CONVERGE CFD cylindrical source model can only 
be  used to model a stationary spark column. In the new 
distributed energy input model developed and used for the 
present paper, CONVERGE CFD identifies the centers of the 
top and bottom surfaces of the cylinder as a point source. This 
ensures that these points can move with the f low. 
Reconstructing the cylindrical shape from these moving 
points can better model the actual spark column movement 
with distributed energy input.

Stretching of the spark column due to crossflow increases 
the voltage across the gap. If the voltage between any two 
points along the spark column is high enough to create a new 
spark column between those points, a short-circuit or re-strike 
occurs between those two points creating a shorter path for 
the current flow. To model this phenomenon, the voltage 
between any two points along the spark column is calculated 
based on the gap voltage and the total column length, with 
the assumption that the voltage difference is linear with the 
column length as given in eqn. 3.

	 V
V

l
lAB

gap

total
AB= × 	 (3)

where VAB is the voltage between points A and B in the 
spark column, Vgap is the gap voltage, ltotal is the total column 
length, and lAB is the length between points A and B. The 
voltage needed to create a new spark path can be calculated 
from the breakdown voltage, the gap distance, and the distance 
between two points. From Paschen’s law [23], the breakdown 
voltage is taken to be linear with the gap distance. The voltage 
to create the short-circuit or re-strike was calculated using 
eqn. 4.

	 V
V

d
d CSC

BD

gap
SC= × × 	 (4)

where VSC is the short-circuit or re-strike voltage to create 
a new path, VBD is the initial breakdown voltage, dgap is the 
spark gap distance, and dSC is the distance between points A 
and B in the spark column. A constant C is used to correlate 
the calculated voltage with the measured voltage from the 
experiments. If VSC is higher than VAB for any given two points 
along the spark column, a new cylindrical column model is 
created between those points as seen in Figure 3.

One possible practical limitation to the general use of a 
model such as this, having an integrated circuit model, is that 
it requires knowledge of the values of the circuit element 
parameters, something that is not always known by the user.

Calorimeter
Experimental calorimeter measurements were made to deter-
mine the conversion efficiency of the electrical energy deliv-
ered to the spark gap to thermal energy deposited in the gas. 
This was a model input that varied with both pressure and 
gap distance. A photo of the calorimeter is shown in Fig. 4(a), 
along with a cross-sectional drawing in Figure 4(b). The calo-
rimeter was machined from stainless steel in two pieces and 
designed to accommodate a 14 mm spark plug. It had two 
chambers, a small cylindrical chamber into which the spark 
plug was inserted and a second, reference pressure chamber 
in which the chip-based pressure sensor was located. The 
advantage of this more complicated design over more conven-
tional spark calorimeters is that it measures the very small 
differential change in pressure associated with energy 

 FIGURE 3  Restrike model for the stretched spark column.
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 FIGURE 4  (a) Photo of spark calorimeter; (b) section 
drawing of the calorimeter.
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deposition from the arc to the gas relative the high initial 
pressure; this increases the dynamic range and sensitivity of 
the pressure measurement. Details of the calorimeter design 
and operation can be found in reference [24].

Figure 5 shows a schematic of the calorimeter experi-
mental setup. Nitrogen was used to pressurize the calorimeter 
to the desired level. This pressure was measured using preci-
sion Bourdon tube pressure gauges. Time-resolved measure-
ments of spark plug voltage and current were made to deter-
mine the electrical energy delivered to the spark plug. A 
Tektronix Model P6015A high voltage probe measured the 
breakdown and follow-on voltages at the top of the spark plug. 
The current-dependent resistance of each spark plug was 
measured and the voltage drop across the internal resistance 
was subtracted from the voltage measured at the top of the 
plug to obtain the gap voltage. A Pearson Model 110 current 
sensor was used to measure the discharge current. The voltage, 
current, and pressure sensor 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.

High-Pressure Optical 
Vessel
A constant volume high-pressure vessel with optical windows 
was used to visualize the spark column event with a high-
speed camera. The combustion vessel was cylindrical in shape 
and had an inside 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 combus-
tion vessel by a copper tube. The pressure 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.

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 ground electrode of the spark plug 
was directed perpendicular to the crossflow. The frame rate 
of the camera was set to 50,000 frames per second (FPS) to 
capture the milliseconds-order spark event. An light source 
was used to capture the outline of the spark plug and electrode.

All of the measurements were made using a 14 mm spark 
plug designed for natural gas engines. The spark plug had a 
J-type ground electrode with 2 mm width and stepped center 
electrode with 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.

Calorimeter Results
Table 1 shows a few of the circuit parameters used in the 
ignition circuit model and the units for those parameters. The 
model incorporated the same parameter values as the coil 
used for the experiments. The coil was a pre-production proto-
type so most of the inductance and resistance values are 
considered proprietary, and are therefore, not shown.

Calorimeter measurements were made at 12 bar pressure 
to compare with the simulation results without crossflow. 
Figure 7 shows the primary current profiles during the 
charging process for both the experiment and simulation. At 
the time of the ignition signal, -4 ms, the primary current 
starts to increases and charges the ignition coil during the 4 
ms dwell time.

After the 4 ms dwell time, the IGBT was switched off and 
the magnetic field around the primary and secondary coils 

 FIGURE 5  Schematic of calorimeter setup.
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 FIGURE 6  Schematic of the high-speed camera setup.
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collapsed. Current and voltage profiles during this time period 
are shown in Figures 8 to 10. The downward transition at the 
end of the 4 ms long TTL signal triggered the ignition coil at 
0 sec. In the experiments, however, the current and voltage 
profiles start to change after 12 μs. The origin of the 12 μs 
delay in the case of the experiments is thought to be mostly 
attributable to the known switching time of the IGBT of 11.5 
μs [25]. We use a simplified model of the IGBT and hence do 
not predict the observed 12 μs delay. Therefore, the Figures 8, 
9, and 10 show that the simulated curves are displaced 12 μs 
with respect to the experimental measurements. The primary 
current becomes zero in 6 μs and shows some oscillation due 
to the effects of capacitance. During this 6 μs period, the 
secondary current increases from zero to

40 mA. This secondary current was measured at the top 
of the spark plug and corresponds to the current flowing 

through the secondary wire resistance R22 in Figure 2. After 
this 6 μs period, the measured secondary current stays rela-
tively constant, making the voltage difference across the high-
tension wire resistance R22 constant. The simulation results 
showed that the secondary current f lowing through the 
secondary inductance L2 kept increasing after this 6 μs period 
until breakdown at 25 μs, This current, however, could not 
be  measured experimentally. The difference between the 
current through the secondary inductance and through the 
wire resistance up until the time of breakdown flowed through 
the capacitances in the secondary circuit, building-up the 
voltages across the capacitances. This voltage build-up is 
shown in Figure 10. At 12 bar pressure, the breakdown occurs 
at 11.6 kV. This breakdown voltage was a user input in the 
ignition circuit model; we are developing a breakdown voltage 
model that is intended to be superior to Paschen’s law. The 
time from the start of the decrease of the primary current to 

TABLE 1 Parameter for the ignition circuit model.

DC supply voltage 13.5 V

Primary wire resistance, R11 NA Ω
Primary winding resistance, R12 NA Ω
Primary Inductance, L1 NA mH

Primacy circuit capacitance, C11 NA pF

Zener voltage NA V

Secondary inductance, L2 NA H

Coefficient of mutual 
inductance, kM

NA

Mutual inductance, M
1 2Mk LL

Secondary circuit capacitances, 
C21

NA pF

Spark plug capacitances, C22, 
C23

20 pF

Secondary winding resistance, 
R21

NA Ω Se

Secondary wire resistance, R22 Ω
Spark plug internal resistance, 
R23

4000 Ω
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 FIGURE 7  Primary current profile during charging.
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 FIGURE 8  Primary current at the end of the dwell time 
(close-up of black box in Figure 7).
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 FIGURE 9  Secondary current profile at the end of the 
dwell time.
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breakdown was about 12 μs for both the experiment 
and simulation.

Figure 11 shows the secondary voltage and current 
during the discharge. Figure 11(a) is measured voltage at the 
top of the spark plug. Figure 11(b) is the voltage trace after 
subtracting the voltage drop across the internal resistor, and 
thus, represents the gap voltage. The gap resistance calculated 
from the measured gap voltage and current is shown in 
Figure 12 as a function of current. The curve fit of the gap 
resistance (the red trace) is used in the ignition circuit model 
as R24 to simulate the discharge process. The secondary 
voltage varied between 300 and 500 V for both the experi-
ment and the simulation. The discharge duration was about 
the same for each at 4.5 ms. The secondary current decreases 
linearly from 100 mA to zero. The electrical energy deposited 
into the gap as measured from the gap voltage and the 
current was 39.95 mJ.

Figure 13 shows an example of a recorded pressure trace 
from the calorimeter along with the voltage profile. As seen 
in Figure 13, there is a periodic ringing superimposed upon 
the pressure signal. It was found that the observed fluctuations 
appear to be an artifact due to Helmholtz resonator behavior 
of the sensor [24].

	 E
V

Ptherm =
−γ 1

∆ 	 (5)

From the pressure rise and the volume of the calorimeter 
using eqn. 5 [21], the total thermal energy input was found to 
be 5.89 mJ. and the calculated electrical-to-thermal energy 
conversion efficiency was 14.7 %. This conversion efficiency 
was used in the ignition circuit model to convert the electrical 
energy input to the thermal energy input. The actual electrical-
to-thermal energy conversion efficiency varies during the 
discharge period depending on the type of discharge, break-
down, arc, or glow. The electrical-to-thermal energy conver-
sion efficiency of 14.7% used in the model was derived from 
the calorimeter experiments where the gas was quiescent. It 

should be noted that this likely resulted in an under-prediction 
of the actual conversion efficiency once the arc left the vicinity 
of the gap. This represents an uncertainty in the model that 
should be studied and addressed with future development of 
the model.

 FIGURE 10  Secondary voltage profile at the end of the 
dwell time.
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 FIGURE 11  Profiles during discharging, (a) measured 
voltage, (b) gap voltage, and (c) secondary current.
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The pressure sensor used in the experiment was not fast 
enough to give a separate energy conversion efficiency for the 
breakdown process. Figure 13(b) shows the pressure rise from 
the simulation. In this simulation, the temperature boundary 
conditions on the spark plug electrodes and calorimeter wall 
were set to adiabatic. Any heat losses between the spark 
column and the surfaces are included in the electrical-to-
thermal energy conversion efficiency. The pressure rise was 
about 1.4 kPa from the experiment. However, the simulation 
showed the pressure rise to be  approximately 1.2 kPa. 
Considering that the voltage and current behavior during the 
discharge is well demonstrated by the simulation, a difference 
in the shape of the pressure rise might be associated with the 
energy deposition during the breakdown. The breakdown 
occurs over a very short time scale, on the order of nanosec-
onds, and the energy conversion efficiency is very high (~90%) 
[26]. The equipment used in the experiment was not fast 
enough to capture the voltage and current changes within this 
short time period. The under-prediction of the maximum 

pressure rise could possibly be associated with uncertainty in 
the actual gap voltage, determined by subtracting the spark 
plug internal resistance from the measured secondary voltage.

Energy Input Model
A CONVERGE™ CFD simulation at 12 bar pressure and 5 m/s 
free stream velocity was carried out to compare the discrete 
energy input and the distributed energy input models in the 
presence of crossflow. As the discrete energy input could 
be done simultaneously with the ignition circuit model, a 
constant power input of 3 W was used for both simulations. 
The 3 W power input with a 2 ms duration gives 6 mJ of thermal 
energy, which is comparable to the result from the calorimeter 
measurement. Figure 14 shows individual examples of gap 
voltages from the combustion vessel measurement with 
different levels of crossflow velocity. The large fluctuations are 
associated with restrike events, which become more frequent 
as velocity increases. The discharge duration decreased from 
4.5 ms to 1.8 ms with a crossflow velocity of 5 m/s.

Part of the actual combustion vessel is used as the simula-
tion domain to save time and computational resources. The 
boundary of the simulation domain was set to where the jet 
flow from the tube does not affect the local flow. The base mesh 
size was 0.4 mm for the entire simulation domain. Three levels 
of fixed embedding were applied for the flow out of the tube 
and for the possible locations of the spark channel around the 
spark plug gap. Thus, the minimum mesh size was 50 μm. The 
RNG k-ε turbulence model was used to predict the flow field 
around the spark plug.

Figure 15 shows the temperature contours for the discrete 
points energy input simulation. The black line is the location 
of the column model connecting the 40 points where the 
energy is deposited. The energy is deposited into the cell where 
each point is located. As the points are moved by the crossflow 
from the initial straight line spanning the gap, the distance 

 FIGURE 12  Calculated gap resistance and curve fit 
vs. current.
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 FIGURE 13  Pressure rise vs. time.
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 FIGURE 14  Gap voltages with crossflow at a pressure of 20 
bar and gap of 0.66 mm.
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between the adjacent points becomes longer. This makes the 
cells where the energy is deposited isolated from the 
surrounding cells. Only one cell gets energy deposition and 
the other cells around it get zero energy deposition. This 
discontinuous energy deposition perturbs the local flow field 
and thus the local flow diverges from the discrete points. This 
results in irregular movement of the spark column, which can 
be seen from Figure 15.

Figure 16 shows the simulation results for our new 
distributed energy input model. The same 40 points as for the 
discrete energy input model were used. These points start and 
end at the center points of the top and bottom surfaces of the 
cylindrical spark column model. Thus, 39 cylinders form the 
spark column in this distributed energy input simulation. The 
energy is deposited into all of the cells occupying the volume 
of the 39 cylinders. This makes the energy deposition more 

 FIGURE 15  Simulation results of the discrete points energy 
input ignition model.
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 FIGURE 16  Simulation results with our new distributed 
energy input ignition model.
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realistic compared to the discrete energy input. Also, we can 
account for the diameter of the spark column with our new 
model. In this simulation the spark column diameter was set 
to 0.2 mm. The minimum cell size around the spark gap is 50 
μm. Therefore, the cross section of the spark column occupies 
16-20 cells depending on the orientation.

The ignition plasma in the simulations is modeled 
through the thermodynamic properties of the working fluid. 
Temperature and pressure are determined by the specific 
heats, and thermal diffusivities of the species in the cell. These 
determine radial temperature distributions and current densi-
ties in the arc. This is in response to the energy input as it is 
distributed among the mesh cells that are defined by the 
location of the arc. The arc position is then a function of the 
movement of the gas in the spark gap.

The base grid size in the simulation domain was 0.4 mm 
and three levels of fixed embedding was used around the spark 
plug gap. Therefore, the minimum mesh size around the spark 
plug gap was 50 μm. Fixed embedding rather than adaptive 
mesh refinement provided better load balance for parallel 
computation. A coarser grid may not properly resolve the flow 
field around the spark plug gap, which is an important factor 
for the spark channel elongation. Some levels of mesh refinement 
are desired to better predict the flow field and spark movement.

The total length of the spark channel varied from 0.6 mm 
for the unstretched spark to 5-6 mm for fully stretched spark. 
Again, the minimum mesh size used in the calculation around 
the spark plug gap was 50 μm. Therefore, the spark channel 
occupied roughly 12-100 meshes for the length of the spark 
channel. The choice to use 40 points was made to properly 
model both the unstretched and fully stretched spark channel. 
A smaller number of points may not accurately model the fully 
stretched spark channel, whereas a large number of points 
may not accurately model the unstretched spark channel as it 
led to increased anomalous local wrinkling of the arc.

The diameter of the plasma channel was estimated as on 
the order of 100 μm based on the literature [27,28,29]. In this 
particular simulation with minimum mesh size of 50 μm, 
0.2 mm spark diameter was used to have the spark channel 
occupy multiple meshes across the diameter.

The computational time demand of this spark ignition 
model mainly depends on the time-step of the CFD simulation 
and the ignition circuit model. The time-step of the ignition 
circuit model depends on the value of the circuit parameters, 
i.e. resistance, inductance, and capacitance. For the particular 
simulation case in this paper, the time-step of the CFD simula-
tion is on the order of micro-second, whereas the time-step 
of the ignition circuit model is on the order of a nano-second. 
This means an extra 1000 calculation are required for each 
core. However, this calculation of ignition circuit model is 
quite simple compared to the CFD solver which requires itera-
tive calculation. For this 10 ms simulation with about 100,000 
cells using 24 cores, the additional time with this spark 
ignition model compared to standard CONVERGE ignition 
model is about 10 seconds.

Continuous energy deposition into the cells along the 
spark column makes the local f low field less perturbed 
compared to the discrete energy input. Thus, the distributed 
energy input model shows a better representation of the spark 
column movement under the presence of crossflow.

High-Pressure Optical 
Vessel Results
The constant volume combustion vessel was used to investi-
gate the ignition circuit and the spark column behavior with 
crossflow through the gap. The free stream velocity out of the 
tube was calculated from the flowrate and the diameter of the 
tube (4.4 mm). The electrodes were located in the potential 
core region of the emerging nitrogen jet. However, the actual 
gas velocity between the gap was higher than the free stream 
velocity as the electrodes blocked and directed part of the flow. 
The flow field around the spark plug was simulated using 
CONVERGE CFD to check the local flow velocity at the center 
of the gap. Figure 17 shows the result of a simulation with a 
pressure of 12 bar and 5 m/s free stream velocity. The 
maximum velocity in the middle of the gap was 7 m/s. Figure 
18 shows the local flow velocity in the middle of the gap for 
various free stream velocities. It was found that the local flow 
velocity at the center of the gap was 23-26% higher than the 
free stream velocity and independent of the pressure. Gardiner 
et al. investigated the relationship between the velocity of the 
spark and the free stream velocity [12]. They found that the 
velocity of the leading edge of the arc is about one half of the 
free stream velocity. The reduced column velocity compared 
to the local flow velocity was used in the simulations to make 
the spark column move slower than the local flow.

One important thing to note from Figure 17 is the 
presence of a recirculation zone along the top surface of the 
ground electrode. The blunt upstream face of the electrode 
located perpendicular to the crossflow created this recircula-
tion zone on the leading edge of the ground electrode. This 
recirculation zone made the column attachment point on the 
ground electrode move upstream, toward the right in Figure 
16, during the spark discharge. This is not a realistic movement 
of the spark column based on the actual spark column 

 FIGURE 17  Velocity contours around the spark plug for 12 
bar pressure and 5 m/s free stream velocity.
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movement captured in the experiments. There are a couple of 
possibilities to explain this discrepancy of the column 
movement. The first regards the presence of the recirculation 
in the experiment. In the simulation, the ground electrode 
was modeled as rectangular with a flat surface and sharp 
corners. Also, the electrode was oriented 90 degrees to the 
crossflow. However, the actual ground electrode may have a 
rough surface and rounded corners. In addition, the ground 
electrode may not have been located at a perfect 90 degree 
angle to the crossflow. These factors will result in a narrowing 
or absence of the recirculation zone in the actual experiment. 
The other possibility includes factors affecting the movement 
of the spark column. We disregarded the actual plasma physics 
occurring in the spark and arc root attachment zones. We note 
that our primary interest is the bulk movement of the spark 
column and the center of the gap where the energy is trans-
ferred to the reactive fuel/air mixture.

Figure 19 shows the gap voltage and current profile 
measured with a crossflow velocity of 5 m/s at 12 bar pressure. 
Figure 20 shows images of the stretched spark column 

captured at the same time as the voltage and current. The 
crossflow direction is from right to left. The center electrode 
is on the bottom and the ground electrode is on the top. From 
the voltage profile, it is clear that restrikes occurs at 1.05 and 
1.5 ms, coincident with the sudden voltage changes. These 
events were also captured by the high-speed camera character-
ized by the short straight column between the two electrodes. 
The high-speed camera also captured a short-circuit of the 
spark column at 0.6 ms. A new direct path was formed in the 
middle of the wrinkled spark column between the two closest 
points. The voltage also changed slightly with the short-circuit, 
however, it was not as high as the voltage change with restrike. 

 FIGURE 18  Local flow velocity vs free flow velocity (left), 
velocity ratio vs. free stream velocity (right).
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 FIGURE 19  Gap voltage and current profiles of the 
stretched spark column.
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 FIGURE 20  Captured images of the stretched 
spark column.
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This reveals that short-circuiting may be difficult to identify 
with the voltage trace alone.

The discharge current is driven by the high inductance 
of the secondary winding; as a result, the average for the noise 
component was nearly identical from shot-to-shot for a given 
set of operating parameters. At the 20 bar pressure condition 
the arc voltage across the gap was very reproducible near the 
beginning of the discharge (about -200 volts), but it increased 
(to a larger negative voltage) as the arc was stretched by the 
crossflow, which varied from shot-to-shot. In addition, the 
sudden voltage transitions seen in Figure 19 occur with 
different frequency and at different times from shot-to shot 
depending on when the restrikes and short circuits occur.

Figure 21 shows additional examples of the shape of the 
propagating arc at specific times after ignition obtained under 
different conditions. The examples in Figure 21 are with a 
smaller gap of 0.3 mm and for pressures from 6 - 20 bar, and 
for two cross flow velocities of 5 and 10 m/s. The images 
provide an impression of the variability of the shape of the 
stretched arc and its sensitivity to crossflow velocity, gap 
distance and pressure.

CONVERGE CFD simulations were conducted to 
simulate the spark column movement with short-circuiting 
and restrike under the presence of crossflow. As discussed 
previously, the spark column movement near the surface of 
the electrodes was not modeled accurately due to the recircula-
tion region in the simulations. Due to this behavior, short-
circuiting of the spark column could not be accurately simu-
lated along the arc because of the erroneously large distance 
between the root attachment points. Only the restrike behavior 
of the spark column was simulated, done by setting the 
restrike voltage to the user input value. If the gap voltage 
exceeded the given restrike voltage anytime during the simu-
lation, a new spark column was formed between the column 
roots on the two electrodes. If the voltage between any two 
points along the spark column (eqn. 3) exceeded the 

short-circuiting voltage (eqn. 4) anytime during the simula-
tion, a new spark column was formed between those points. 
Figure 22 shows the voltage and current profiles from the 
simulation. The sudden voltage changes at 1.0 and 1.7 ms 
indicate that short-circuiting and restrike occurred two times 
during the 1.8 ms spark discharge. The oscillations in the 
voltage and current between 0.7 and 1.0 ms and around 1.5 
ms originated from instability of the numerical calculation, 
which can be  removed with further development of the 
ignition circuit model. Figure 23 shows the spark column 
shape around the times of the short-circuiting and restrike. 
The stretched spark column is replaced with a new straight 
spark column in the middle of the spark gap at 1.0 ms. This 
spark column is again stretched by the crossflow until 1.6 ms 
when the gap voltage reaches 3.4 kV. Restrike occurred at 1.7 
ms with a new straight spark column between the electrodes. 

 FIGURE 21  Captured images of the stretched spark column at specified times following ignition for a smaller gap of 0.3 mm 
and for pressures from 6 - 20 bar and crossflow velocities of 5 and 10 m/s.
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 FIGURE 22  Simulation results with spark column 
movement with restrike.
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Although the spark column movement near the electrode 
surface was not well modeled compared to the actual spark 
column movement, the restrike behavior was simulated well 
to represent the actual restrike. The CFD simulations with the 
integrated ignition circuit model made this restrike simulation 
possible since we  can track the gap voltage during 
the simulation.

At the current stage of development of this model, the 
channel diameter is set to a fixed value. However, a calculated 
value from another spark channel model that predicts spark 
channel growth could be used. The short-circuit or restrike 
voltage is calculated from the equation (4). It is based on the 
initial breakdown voltage, spark gap distance, distance 
between the points of short-circuit/restrike, and a constant C 
for correlation between the calculation and the measurements. 
As seen in Figures 19 and 22, the short-circuit or restrike 
voltage is on the order of 2-3 kV.

Summary/Conclusions
A spark ignition model combined with a transient ignition 
circuit model was developed and integrated into the 
CONVERGE™ CFD as a user defined function (UDF) to inves-
tigate the transient behavior of spark ignition voltage and 
current behavior and arc movement and shape. The model 
incorporates both primary and secondary circuit models that 
use measured or manufacturer specified parameters. The 
voltage and current were well simulated for the charging of 
the coil and for the discharging through the spark column as 
compared with parameters measured from the experiments. 
The transient behavior made the thermal energy input to the 
gas vary during the discharge.

A new distributed energy input model was developed to 
model how the energy is deposited into the gas within the 
spark plug gap under the presence of crossflow. The distributed 
energy input model enabled contiguous energy input to the 
cells along the spark column and was able to account for the 
spark column diameter. Compared to the discrete energy 
input model, the new distributed energy input model showed 
less perturbation of the spark column movement and a shape 
more consistent with the experimental imaging of the spark 
column during crossflow.

The CONVERGE™ CFD simulations integrated with the 
ignition circuit model, the new distributed energy input model, 
and the new restrike model were conducted to simulate the 
spark ignition process under the presence of crossflow. Although 
the spark column movement results showed some limitations, 
especially near the surface of the ground electrode due to the 
presence of a recirculation zone not seen in the experiments, 
restrike behavior was well captured with the restrike model. 
This was possible because of the integrated ignition circuit 
model. Without the integrated ignition circuit model, we would 
not have been able to evaluate the criterion for restrike.

The current spark ignition model still needs further devel-
opment, especially with regard to the column movement. 
Setting the spark column to follow the local flow is not suffi-
cient to model the actual spark column movement from the 
experiments. Other factors need to be included in this spark 
column movement model, including electromagnetic self-
interaction and a gap resistance model. In addition, the 
ignition circuit model showed some instabilities during the 
calculation with restrikes. With further development, an even 
better representation of the actual spark ignition process in a 
crossflow environment should be possible.

 FIGURE 23  Spark column movement simulation 
with restrike.
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DPIK - Discrete Particle Ignition Kernel
FPS - Frames Per Second
IGBT - Insulated Gate Bipolar Transistor
LESI - Lagrangian-Eulerian Spark-Ignition
SparkCIMM - Spark Channel Ignition Monitoring Model
UDF - User Defined Function
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