JENG-2023-0023

Application of a Comprehensive Lagrangian-Eulerian Spark-Ignition Model to

Different Operating Conditions

Samuel J. Kazmouz?, Riccardo Scarcellil, Matthew Bresler?
! Argonne National Laboratory, Lemont, IL 60439, 2FCA US LLC, Auburn Hills, M1 48326

Abstract

Increasing engine efficiency is essential to reducing emissions, which
is a priority for automakers. Unconventional modes like boosted and
highly dilute operation have the potential to increase engine
efficiency but suffer from stability concerns and cyclic variability. To
aid engineers in designing ignition systems that reduce cyclic
variability in such engine operation modes, reliable and accurate
spark ignition models are necessary. In this paper, a Lagrangian-
Eulerian spark ignition (LESI) model is used to simulate electrical
discharge, spark channel elongation, and ignition in inert or reacting
crossflow within a combustion vessel, at different pressures, flow
speeds, and dilution rates. First the model formulation is briefly
revisited. Then, the experimental and simulations setups are
presented. The results showcase the model’s ability to predict the
secondary circuit voltage, current, and power signals, in addition to
the spark channel elongation, for the inert cases, or flame front
growth, for the reacting cases. The results also compare simulation
spark channel and flame growth plots to experimental Schlieren
images at different instants in time. This work serves to highlight
LESI’s ability to predict the characteristics of discharge and ignition
across a variety of operating conditions.

Introduction

The transportation sector in the United States is responsible for the
largest share of energy consumption and CO2 emissions [1]. Light
duty vehicles (LDV), which are the most common form of
transportation, generally rely on four-stroke gasoline spark-ignition
(SI) internal combustion engines (ICEs). ICEs have become popular
due to low production costs, low maintenance costs, and large
availability of gasoline distribution infrastructure. While
electrification of LDVs by original equipment manufacturers (OEMs)
and recent government-driven policy changes predict an uncertain
future, SI engines will remain a large part of the market by 2050 [1].
In addition, spark ignition systems will still be relevant in several
applications including gasoline electric hybrid vehicles, heavy duty
vehicles, and off-road engine applications.

Emissions reduction through efficiency improvements of ICEs is a
plausible path that automakers are pursuing. Highly dilute, stratified-
charge, and boosted operation modes promise an increase in Sl-
engine efficiency [2]. The engine is characterized by high levels of
dilution or overall lean operation, which improve efficiency by
reducing heat loss and improving knock tolerance [3]. In these modes
the engine runs more efficiently but experiences instability and
elevated levels of cyclic variability which originate from the early
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stages of combustion with flame-to-spark plug contact area variation
[4], turbulent flame growth fluctuations [5], flame kernel
displacement [6], dependence on flame speed, especially at lean
limits [7], and injection-turbulence interaction and variability [8]. As
a result, ignition systems must provide more energy for a longer
duration compared to traditional engine operation to ensure stable
combustion [9]. Hence, predictive spark ignition models are
necessary to design ignition systems that reduce cyclic variability in
these operation modes.

Eulerian ignition models [10, 11, 12] initialize ignition criteria such
as energy, temperature, fuel mass fraction, or flame surface density
on a finite volume grid and allow the pressure and temperature to
expand [13]. A spherical energy deposition approach is commonly
used by industry, but cylinder and line shapes are also utilized [14,
15]. As smaller grid sizes became feasible with increased
computational power, Eulerian grids were used to simulate complex
engine geometries with multiple ignition sources [16]. Furthermore,
the ignition sources became of complex shapes that can be held
stationary or allowed to move with the flow. Two common Eulerian
ignition models are GLIM [17] which targets dilute operating
conditions, and ISSIM [12] which couples with the coherent flame
model (CFM) through a flame surface density transport equation and
transition function.

On the other hand, Lagrangian models [18, 19, 20] treat the spark
channel as a series of points that are tracked in time and space. Then,
at the location of the points, flame kernels are initialized and their
size tracked using physics-based combustion and transport
correlations. It is only after the flame kernel reaches a critical size
that a turbulent flame propagation model takes over. In fact, many
Lagrangian ignition models were developed to be coupled with
specific combustion model [12, 20]. DPIK [21], AKTIM [19], and
SparkCIMM [20] are among the most common Lagrangian models.
In these models the spark channel is tracked using flame speed
expressions and a flame kernel initialized using specific criteria, such
as Karlovitz number. Furthermore, some Lagrangian ignition models
rely on stochastic perturbation elements to modify the particle
velocities and incorporate cyclic variability [22, 23]. Such approaches
aim at improving the modeling of ignition systems and their effect on
the cyclic variability of combustion under lean conditions.

Despite the distinction between the two approaches, ignition models
do not have to fall exclusively under one category. In fact, recent
ignition models including the one to be presented here, comprise of
both Lagrangian and Eulerian formulations [24, 25]. The spark
channel elongation is tracked with Lagrangian points and high-



fidelity energy deposition is achieved through a fine computational
grid.

In addition to the spark channel elongation capabilities, modern
ignition models require additional sub-models to handle spark
channel shortening events. During high turbulence conditions, the
spark channel elongates downstream and can stretch, twist, and
possibly trigger short-circuit or restrike events [26, 27, 28]. Early
research did not draw a distinction between short-circuit and restrike
events and both were triggered when the potential difference (or
voltage) exceeded a threshold value [29, 30]. Later research
distinguished between short-circuits as voltage-dependent events and
blowout/restrikes as current-dependent events. Short-circuits occur
when the voltage between two internal Lagrangian points overcomes
a calculated threshold followed by a subsequent discharge occurring
between the two points and the excess spark channel dissipating. On
the other hand, a blowout occurs when overall system current drops
below a calculated threshold and the spark channel cannot be
sustained. A restrike then occurs if the system (or coil) has sufficient
residual energy to overcome the breakdown energy and reinstate the
spark channel [31, 32, 33].

From a modeling perspective, instantaneous electrical metrics such as
current and voltage are required to model spark channel shortening.
This necessitates modeling the electrical system through an online
secondary circuit sub-model, which is anchored around an empirical
expression of the spark channel voltage [34, 35], as shown in Eq. 1:

Rspk =Ap% lspk % €Y)

where p is pressure, Ly is the spark channel length, and i is the
current. 4, a,, and a, are model parameters. A has been reported in
literature as 40.46 [31, 34] and 60 [33], a, is reported to be 0.51 [31,
33, 34], and a,, is reported to be -1.32 [31, 34] and -1.1 [33].

Implementation of spark shortening sub-models in literature
generally relies on involved ignition criteria that are often validated
in one flow or combustion operating conditions. In this paper, the
Lagrangian-Eulerian Spark-Ignition (LESI) model developed in
earlier work [36, 37, 38] is utilized to model electrical discharge,
ignition behavior, and spark channel elongation and shortening, in
different flow and combustion operating conditions. LESI provides a
predictive framework to track spark channel elongation and
secondary circuit electric waveforms during discharge or ignition. It
couples seamlessly with common combustion and turbulence models
in a computational fluid dynamics (CFD) framework and will be
discussed in detail in the next section. LESI’s formulation makes
used of the Eulerian flow and combustion solution variables to
leverage fine grids and increase the accuracy of spark channel
elongation and ignition modeling.

The paper is structured as follows. First, the model development is
revisited and summarized in the methods section. Then, the
simulation and experimental setups are presented. In the results
section, the inert electrical discharge simulations are presented
followed by reacting ignition simulations. The results are compared
to experimental electrical data and Schlieren images. Finally, the
model’s ability to predict spark channel elongation and shortening
events are highlighted through a compilation of the results.
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Methods
LESI Model

At Argonne National Laboratory, prior to the development of the
LESI model, ignition research began with a detailed energy
deposition study in a quiescent condition which concluded accurate
source geometry, heat transfer, and detailed chemistry are necessary
to predict ignition success and misfire conditions. [39].

Building on the previous findings, LESI combined Lagrangian and
Eulerian approaches to model spark channel elongation during the
glow-phase of ignition in non-quiescent conditions. LESI was built
within the CONVERGE CFD framework through user defined
functions (UDFs) [40]. The breakdown phase of ignition can be
modeled through stationary energy deposition or offline equilibrium
calculations to resolve pressure, temperature, and species profiles.
The main features of the model include:

1. Lagrangian approach for spark channel tracking, as a line
source:
o  Spark channel elongation is not free but relies on
a velocity derived from the local flow to account
for spark channel impedance
o  The Lagrangian point velocity is smoothed based
on neighboring points’ velocities to maintain a
consistent channel geometry and resist flow
fluctuations that result from energy deposition
2. Eulerian approach energy deposition:
o  Theenergy is deposited in computation cells
where the Lagrangian points exists based on a
fractional distribution algorithm that relies on
segment length.
3. The end points of the channel are always attached to the
electrode surfaces and are allowed to move along them.
4. If a central point moves too close to an electrode surface, it
becomes the new end point and the remaining spark
channel length is truncated.

More recently, the LESI model was further developed to include
spark channel shortening capabilities [36]. As discussed briefly in the
introduction, spark shortening capabilities require electrical metrics
that necessitate an online secondary circuit sub-model. The secondary
circuit sub-model calculates the voltage, current, resistance, and
ohmic losses of the system. It receives the total circuit energy as an
input, which can be the secondary circuit energy directly or the
primary circuit energy corrected with a conversion efficiency factor.
The model deducts the breakdown energy (using a capacitive
expression) and assumes a purely inductive discharge of the
remaining glow phase energy. As time progresses, the secondary
circuit sub-model goes through the following steps at every time step:

1. Calculates the electrical current from the remaining system
energy and inductance

2. Calculates the spark channel voltage from the empirical
resistance expression (Eq. 1), which was tuned for the
dataset used

3. Calculates the deposition energy from the current, voltage,

and time step values

Calculates the ohmic loss energy

Deducts the deposition and ohmic loss energy from the

total system energy and transfers the deducted energy to the

deposition sub-model

o ks



Following the secondary circuit sub-model, the blowout and restrike
sub-model is called. First, the system’s electrical current is compared
to a threshold current shown in Eq. 2:

itn =B L™ )

where i, is the threshold current, then B and b, are model
parameters. Since this sub-model is called at every timestep, a
blowout is triggered when the systems electrical current drops below
the threshold current. The remaining system energy is compared to
the energy required to initiate another spark, i.e., breakdown energy.
If the system does not have enough energy to initiate a breakdown
event, that means this is the end of the discharge. If the remaining
energy is sufficient, then a restrike is triggered and the spark channel
is reinitialized between the electrodes.

If neither a blowout nor a restrike is triggered, then the LESI model
calls the short-circuit sub-model, which scans the entire spark
channel for a combination of points that meet its criteria. Two voltage
values are calculated for every point combination in the spark
channel. The first value is a voltage difference between two
hypothetical points 1 and 2 as shown in Eq. 3:

l
Viz = Vipr - 3)
sp

where V;, is the voltage difference between points 1 and 2, Vg, is
the spark channel voltage, and [, is the segment length between
points 1 and 2 along the spark channel. The second value is a
threshold voltage unique to the hypothetical point combination 1 and
2 as shown in Eq. 4:

Vip = D 1% %2 4

where Vy, is the threshold voltage, 61 is the direct distance in space
between points 1 and 2, and D, d;, and d, are model parameters. The
model then triggers a short-circuit between the point combination
with the highest positive potential difference between the two voltage
values.

Experimental Setup

The validation carried out in this work leveraged an experimental
dataset provided by FCA US LLC and created at the Michigan
Technological University (MTU) Advanced Power Systems (APS)
Laboratory. The experiments were performed in a 1.1 L constant
volume combustion vessel equipped with a shrouded fan that directs
airflow towards the spark plug location and can maintain constant
flow despite pressure fluctuations within the vessel. The vessel is
capable of temperatures up to 2100K and pressures upwards of 340
bar. For this experimental data set, the fan was operated at 5000 and
10000 rpm at pressures of 15, 30, and 45 bar providing six operating
conditions. In addition, for every condition three experiments were
carried out:

1. Crossflow without ignition
2. Electrical discharge in inert crossflow
3. Ignition in dilute reacting crossflow

The spark channel, if present, was visualized using a Schlieren
technique. The secondary circuit voltage and current were measured
and used to calculate the discharge energy. The ambient temperature
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was fixed at 423 K for all experiments. The flow experiments and
some of the inert electrical discharge operating conditions were used
in previous validation work and will be omitted here [15, 34]. Hence,
all experimental cases relevant to this work are listed in Table 1.

Table 1: Experimental operating conditions used for validation. The reported
discharge energy is calculated from the experimental voltage and current
signals.

Case | Type (Pbar) l(:rf;l)r:ns)peed Erl]secrg;rge Fuel/@/EGR%
(mJ)
1 Inert 15 5000 92 -
2 Inert 15 10000 94.7 -
3 Inert 30 10000 93.8 -
4 Reacting | 15 5000 50 C,H/1.0/20%
5 Reacting | 15 10000 48.2 C,H,/1.0/20%
6 Reacting | 30 5000 71 C,H/1.0/40%
7 Reacting | 30 10000 82 C,Hgl1.0/40%
8 Reacting | 45 5000 62 C,H/1.0/40%
9 Reacting | 45 10000 56.6 C,Hgl1.0/40%

Simulation Setup

The RANS simulations were carried out using CONVERGE CFD
solver v3.0 [40] and LESI ignition model implemented through
UDFs. The computational domain of the combustion vessel is shown
in Fig. 1.

Figure 1: Computational domain and grid of the combustion vessel used in the
simulations.

The impeller and its shaft are set as rotating wall boundaries, while
the outer vessel wall is set as a fixed. The rest of the surfaces
including the fan shroud and spark plug are set as fluid/solid interface
since conjugate heat transfer modeling is active. The slab on the roof
of the chamber is modeled as a solid region with the properties of
stainless steel.

CONVERGE CFD creates the computation grid through its
proprietary automated mesh generation method that relies on a
modified cut-cell Cartesian method. The orthogonal Eulerian grid has
a base size of 2 mm. Multiple fixed embedding regions are applied to
the domain including the fan and its outlet, and the spark plug
electrodes area. The fan region has a grid size of 250 um while the
region around the spark plug has a grid size of 125 pm and 62.5 pm
near the electrodes and spark gap. In addition, adaptive mesh
refinement (AMR) is active in the high temperature regions.

Electrical discharge is divided between two energy sources. The first
source is stationary and represents the breakdown phase of ignition.
The second source represents the glow phase as a line source of



Lagrangian points, is handled by the LESI model, and starts after the
first source ends. All the simulations use a RANS standard k — ¢
turbulence model. Time-stepping is controlled by a dynamic scheme
limited by set velocity, viscosity, and sonic CFL numbers.

Combustion is modeled using the well-stirred reactor (WSR) model
relying on the GRI-Mech v3.0 mechanism. While the LESI model
can be coupled with the g-equation model and the thickened flame
model (TFM), here the WSR is used because the grid is fine enough
to provide accurate results with a detailed chemistry approach.
Furthermore, ignition and flame growth predictions are validated
against experimental Schlieren images. For inert cases, no
mechanism was used but instead the main air species (N2 and Oz) are
tracked.

Results

The results from simulations of Cases 1-9 are shown here. For every
case, the results include secondary circuit electrical current, voltage,
power, and either spark channel length if inert, or flame front location
if reacting. In addition, for every case the results include comparisons
of the spark channel elongation with experimental Schlieren images
at selected instants in time. For every section, the results conclude
with a summary table of the model’s prediction of spark channel
shortening events as compared to experiment.

Inert Electrical Discharge Simulations: Cases 1-3

Cases 1, 2 and 3 simulate electrical discharge in an inert
environment. No combustion is triggered as the ambient environment
consisted of nitrogen gas.

Case 1

The ambient pressure in Case 1 is 15 bar and the fan speed is set to
5000 rpm. The fan creates a velocity field from left to right (refer to
Fig. 1), stretching the spark channel in the same direction. The LESI
model tracks the elongation and shortening of the spark channel. The
secondary circuit output from the simulation of Case 1 is shown in
Fig. 2 (a), (b), and (c), compared to two experimental iterations of the
same operating condition. Fig. 2 (d) shows the spark channel length
as predicted by LESI model, also compared to experiment.

In Fig. 2 (a), the inductive phase electrical current starts at around
100 mA and decreases steadily until end of discharge around 2.4 ms.
On the other hand, the spark channel voltage in the inductive phase
shown in Fig. 2 (b) increases with time, as the spark channel
elongates. A sudden drop in voltage is observed at around 1.5 ms,
which mirrors a restrike event shown in Fig. 2 (d). The spark channel
length decreases from 3.5 mm to 0.6 mm (the original length at the
electrode gap) and continues to grow once again as time progresses,
signifying a restrike. Another sudden drop is observed at around 2.4
ms, signifying the end of discharge. The instantaneous power is
shown in Fig. 2 (c), decreases slowly as time progresses, driven
mainly by a decreasing electrical current.
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Figure 2: LESI model output for Case 1. The experiment numbers are
different experimental iterations of the same operating condition.

All the model metrics shown in Fig. 2 agree with experimental
results. The model predicts a restrike at around 1.6 ms, while the first
and second experimental iterations predict a restrike at around 1.0 ms
and 1.4 ms respectively.

The spatial elongation and shortening predicted by LESI model are
assessed by comparisons with experimental Schlieren images. For
Case 1, the results are shown in Fig. 3. The viewing window is
identical and the thick white line in the simulation results is the spark
channel meant to mirror the white luminous spark channel seen in the
Schlieren images. The spark initialization in the experiments is a
stochastic process that depends on local metrics such as spark gap,
electrode geometry and edge conditions, gas composition,
temperature, and pressure. Given that LESI is a glow phase model,
the breakdown phase initialization is fixed as a vertical channel in the
spark gap, which introduces errors at early times of discharge.
However, these errors are not carried over significantly during later
times of discharge.

From Fig. 3, it can be inferred that while the elongation of the central
Lagrangian point matches experiment, the simulation struggles to
maintain an overall arc shape and end point location that matches
experiment at early times. In addition, at around 1.4 ms, a blowout
and restrike are predicted by the simulation which are only seen in
the experiment at around 1.9 ms. Nevertheless, the simulation
correctly predicts the occurrence of a blowout and restrike, even
though at an earlier time than observed. The discrepancy could be
due to multiple reasons, such as flow-related inaccuracies. However,
the most likely root cause is the breakdown phase. In the simulation,
breakdown is initialized as a vertical channel while throughout
experimental observations, that is rarely the case. The spark channel
immediately after the end of breakdown has an irregular “folded”
shape, which cannot be replicated in simulation without introducing a
stochastic or random element.
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Figure 3: Spark channel elongation: simulation versus experiment Schlieren
images for Case 1. Prediction of a blowout and re-strike around 1.4 ms for the
simulation.

Case 2

The ambient pressure in Case 2 is 15 bar and the fan speed is set to
10000 rpm. Similar to Fig. 2, Fig. 4 shows the electrical current,
voltage, power, and spark channel length compared to experiments.
The inductive electrical current in Fig. 4 (a) starts at 100 mA and
decreases steadily until the end of discharge at around 2.0 ms. The
inductive phase voltage in Fig. 4 (b) increases until a first sudden
drop at around 1.3 ms followed by another sudden drop at around 1.8
ms, both corresponding to restrikes seen in Fig. 4 (d). In addition, one
short circuit is observed at around 0.7 ms in Fig. 4(d). As expected,
the electrical power decreases with time as the secondary circuit
energy is depleted until the end of discharge. All the model metrics
shown in Fig. 4 show good agreement with experimental discharge
duration and rate in addition to the occurrence of spark shortening
events.

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time {ms) Time {ms)

(a) Current (mA) (b) Voltage (kV)
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Figure 4: LESI model output for Case 2. The experiment numbers are
different experimental iterations of the same operating condition.
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Figure 5: Spark channel elongation: simulation versus experiment Schlieren
images for Case 2. Prediction of a blowout and re-strike around 1.3 ms for the
simulation.

The spark channel elongation for Case 2 is shown in Fig. 5. The
model exhibits good qualitative agreement in terms of arc shape and
spark channel elongation for the early discharge duration (times
earlier than 1.0-1.3 ms). The model predicts a blowout and restrike
around 1.3 ms which are only seen in the experiment at around 1.8
ms. Nevertheless, the simulation correctly predicts the occurrence of
a blowout and restrike, while maintaining good agreement in arc
shape and elongation, even though it is at an earlier time. Unlike the
previous case, the spark channel shape is well predicted here and
errors introduced during the initialization process are not evident past
t=0.6m.
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Figure 6: LESI model output for Case 3. The experiment numbers are
different experimental iterations of the same operating condition.
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Figure 7: Spark channel elongation: simulation versus experiment Schlieren
images for Case 3. Correct prediction of a short-circuit between 0.8 and 1.0
ms is shown. Blowout observed around 1.5 ms, while model predicts a
blowout around 1.6 ms.

The ambient pressure in Case 3 is 30 bar and the fan speed is set to
10000 rpm. Similar to Figs. 2 and 4, Fig. 6 shows the electrical
current, voltage, power, and spark channel length compared to

experiments. The inductive phase electrical current in Fig. 6 (a) also

starts at 100 mA and decreases steadily until the end of discharge at
around 1.7 ms. The inductive phase voltage in Fig. 6 (b) increases
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until a sudden drop at around 1.2 ms corresponding to a short-circuit
seen in Fig. 6 (d). As expected, the electrical power decreases until
the end of discharge. All the model metrics shown in Fig. 6 show
good agreement with experimental results.

The spark channel elongation for Case 3 is shown in Fig. 7. The
simulation predicts correct movement of the end points as well as
overall spark channel elongation and shape while retaining the
angularity observed in the experimental images. The simulation
predicts a short circuit between 0.8 and 1.0 ms, which matches the
experiment. Finally, end of discharge is predicted at around 1.5 ms,
which matches experimental observation of 1.6 ms. Similar to Case
2, the spark channel shape is well predicted. The shape of the arc at t
= 0.1 ms matches the experiment thus eliminating initialization errors
early on in the simulation and leading to excellent prediction of arc
shape and growth.

Table 2: Short-circuit, blowout, re-strike, and end of discharge time of
occurrence predictions made by the LESI model, compared to experiment for
cases 1-3

Case Short Blowout Restrike | End of Discharge
Circuit (ms) | (ms) (ms) (ms)
1-SIM - 14 14 2.4
1-EXP | - 1.9 1.9 2.5
2-SIM - 1.3 1.3 2.0
2-EXP | - 1.8 1.8 1.9
3-SIM 1.0 1.6 - 1.7
3-EXP | 1.0 15 - 1.7

M Short Circuit M Blowout M Restrike M End of Discharge
W LES| @ EXP

1.71.7

Time of Occurence (ms)

Case 3

Figure 8: Summary of Table 2 in bar plot format. The solid bars represent
results from the LESI simulations and the dashed bars refer to results from
experiments.

The results shown in Figs. 2-8 highlight the LESI model’s ability to
predict the occurrence and sometimes the time of occurrence of spark
channel shortening events (short-circuits, blowouts, and re-strikes). A
summary of these predictions is shown in Table 2 and visualized in
Fig. 8, where its parameters were matched against experimental data.
These results are evidence that model performance is dependent on
the accuracy of Eq. 1.



Reacting Ignition Simulations: Cases 4-9

Cases 4-9 simulate electrical discharge and ignition in a diluted
reacting environment. Combustion was initiated as the ambient
environment includes ethane and oxygen. As such, the spark channel
length plot is replaced with a flame front location plot. Note that due
to absence of data on the spark channel length for the reacting cases,
no tuning of Eq. 1 was done against experimental electrical signals.
Instead, the previously tuned parameters for Cases 1-3 and literature
reported values were used as a starting point, before manually tuning
to match the experimental voltage and power signals through a trial-
and-error process.

Case 4

The ambient pressure in Case 4 is 15 bar and the fan speed is set to
5000 rpm, which is the reacting flow version of Case 1. The
secondary circuit output from the simulation of Case 4 is shown in
Fig. 9 (a), (b), and (c), compared to three experimental iterations of
the same operating condition. Fig. 9 (d) shows the longitudinal flame
front location compared to experiment. While the flame front growth
is not entirely dependent on the ignition model and relies on other
factors such as the grid size, combustion model, and velocity field, it
is a good indicator of overall simulation accuracy including the
ignition model.

EXP 1
=« EXP2
+ EXP3

00 05 10 15 20 25 0.0 05 1o 15 20 25
Time (ms} Time (ms)

(a) Current (mA)

(b) Voltage (kV)
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+ EXP3
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(c) Power (W) (d) Flame Location (mm)

Figure 9: LESI model output for Case 4. The experiment numbers are
different experimental iterations of the same operating condition.
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Figure 10: Spark channel elongation: simulation versus experiment for Case 4.
No short-circuits or restrikes observed in experiments or predicted by the
model.

Keeping in mind that for the reacting flow cases, the voltage
expression was not tuned against experimental data, the inductive
phase electrical current in Fig. 9 (a), starts at around 100 mA and
decreases steadily until end of discharge around 2.4 ms. The current
deviates from experimental results after 0.7 ms. The voltage and
power in Figs. 9 (b) and (c) are underestimated at time earlier than
0.3 ms but show proper agreement with experimental results after
that. The flame front location is well predicted as can be seen in Fig.
9 (d).

While previous operating conditions presented in this paper showed
multiple spark-shortening events, Case 4 shows only spark elongation
as shown in Fig. 10. Similarly, the LESI model reproduces this
behavior where the simulation shows that no restrikes or short-
circuits occur for this operating condition. The LESI model here
predicts a correct shape of the spark channel while slightly
overestimating its elongation, which is possibly due to inaccuracies in
the flow field or channel initialization. Blowout and end of discharge
are well predicted at around 2.3 ms.



Case 5

The ambient pressure in Case 5 is 15 bar and the fan speed is set to
10000 rpm. Like Fig. 8, Fig. 10 shows the electrical current, voltage,
power, and flame front location compared to three experimental data
sets.

125
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Figure 11: LESI model output for Case 5. The experiment numbers are
different experimental iterations of the same operating condition.

The inductive phase electrical current in Fig. 11 (a), also starts
at around 100 mA and decreases steadily until end of discharge
around 2.0 ms. The current here shows better agreement with
experimental data than Case 4. The voltage and power in Figs.
11 (b) and (c) are also underestimated at time earlier than 0.2
ms but show proper agreement with experimental results after
that. This is possibly due to the breakdown voltage not being
modeled as part of LESI. The flame front location is well
predicted within the bounds of the experimental envelope as
can be seen in Fig. 11 (d).

Like Case 4, Case 5 shows only spark channel elongation as
can be seen in Fig. 12. The LESI model also reproduces this
behavior where the simulation shows no occurrence of spark
shortening events, which is expected for a relatively low
pressure of 15 bar. The LESI model here predicts correct spark
channel shape and elongation. In addition, blowout and end of
discharge are well predicted at around 2.0 ms. In addition,
LESI predicts more elongation for Case 5 compared to Case 4,
which is expected when going from a 5000 to 10,000 rpm fan
speed.
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Figure 12:Spark channel elongation: simulation versus experiment for Case 5.
No short-circuits or restrikes observed in experiments or predicted by the
model.

Case 6

The ambient pressure in Case 6 is 30 bar and the fan speed is set to
5000 rpm. Like Figs. 9 and 11, Fig. 13 shows the electrical current,
voltage, power, and flame front location compared to four
experimental data sets.

Unlike the previous cases so far, the inductive phase electrical current
in Fig. 13 (a), starts at around 90 mA and decreases steadily until end
of discharge around 1.9 ms. The current here shows good agreement
with experimental data at all times. Like other reacting flow cases so
far, the voltage and power in Figs. 13 (b) and (c) are also
underestimated at time earlier than 0.5 ms but show proper agreement
with experimental results after that. The flame front location is well
predicted at all times as can be seen in Fig. 13 (d).
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Figure 13: LESI model output for Case 6. The experiment numbers are
different experimental iterations of the same operating condition.

Spark channel
elongation

Similar to Cases 4 and 5, the spark channel elongates smoothly out of
the spark gap with no short-circuits or significant spark channel
folding. However, the arc exhibits an angular shape which is in line
with experimental observations. For this case, this enhanced LESI
model accurately predicts spark channel shape and elongation at all
times, even if no short-circuiting or blowouts occur. Blowout and end
of discharge are correctly predicted at around 1.9 ms.

Case 7

15 0.0 0.5 10 15
Time (ms)

0.0 0.5 1.0
Time {ms)

(a) Current (mA) (b) Voltage (kV)

; 00 05 10 15 20 2.5
Time (ms) Time (ms}

(d) Flame Location (mm)

(c) Power (W)

Figure 15: LESI model output for Case 7. The experiment numbers are
different experimental iterations of the same operating condition.

The ambient pressure in Case 7 is 30 bar and the fan speed is set to
10000 rpm. Like previous figures, Fig. 15 shows the electrical
current, voltage, power, and flame front location compared to four
experimental data sets.

Similar to Case 6, the inductive phase electrical current in Fig. 15 (a)
starts at around 90 mA and decreases steadily until end of discharge
around 1.3 ms. Here, the current shows good agreement with
experimental data at all times and falls within the experimental
envelope. The voltage and power in Figs. 15 (b) and (c) are also
underestimated at times earlier than 0.25 ms but show proper
agreement with experimental results after that. The flame front
location is slightly overestimated as shown in Fig. 15 (d), which is
likely due to combustion modeling and/or grid effects as the flame
front location is in agreement with experimental data at times earlier
than 0.4 ms.

As shown in Fig. 16, the arc at early times is similar in shape to the
experiment. The LESI model correctly predicts the occurrence of one
short-circuit, but at a later time (0.35-0.52 ms) than observed in
experiment (0.17-0.35 ms). At 0.35 ms, the tip of the spark channel
starts folding on itself and at 0.52 ms, the LESI model has short-
circuited it to smooth out the spark channel shape. However, short
circuiting is done just enough to avoid implausible folding while
maintaining realistic spark channel elongation and overall shape
without over-smoothing. The spark channel maintains accurate
elongation throughout ignition with end of discharge occurring at

Figure 14: Spark channel elongation: simulation versus experiment Case 6.
No short-circuits or restrikes observed in experiments or predicted by the
model.

around 1.3 ms in both simulation and experiment.
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Figure 16: Spark channel elongation: simulation versus experiment for Case 7:

Short-circuit observed in experiment between 0.17 and 0.35 ms. Short-circuit
predicted by the model between 0.35 and 0.52 ms.

Case 8

The ambient pressure in Case 8 is 45 bar and the fan speed is set to
5000 rpm. Like previous figures, Fig. 17 shows the electrical current,
voltage, power, and flame front location compared to five
experimental data sets.

Unlike previous cases, here in Case 8, the inductive phase electrical
current in Fig. 17 (a), starts at around 80 mA and decreases steadily
until end of discharge around 0.8 ms. The current is overestimated
between 0.1 and 0.6 ms. On the other hand, the voltage and power in
Figs. 17 (b) and (c) are well predicted at all times and fall within the
experimental envelope. The flame front location matches experiment
as shown in Fig. 17 (d).

Figure 18 shows the spark channel elongation for Case 8. Despite a
retarded lower end point movement, the spark channel maintains
good agreement with the experiments in terms of shape and
elongation. A short-circuit is observed in the experiment and
predicted by the model between 0.52 ms and 0.7 ms. Finally, the
discharge ends with a blowout event at around 0.8 ms.
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Figure 17: LESI model output for Case 8. The experiment numbers are
different experimental iterations of the same operating condition.
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Figure 18: Spark channel elongation: simulation versus experiment for Case 8:
Short-circuit observed in experiment and predicted by LESI between 0.52 and
0.7 ms. Blowout/end of discharge correctly predicted between 0.7 and 0.87 ms



Case 9

The ambient pressure in Case 9 is 45 bar and the fan speed is set to
10000 rpm. Like previous cases, Fig. 19 shows the electrical current,
voltage, power, and flame front location compared to two
experimental data sets.
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Figure 19: LESI model output for Case 9. The experiment numbers are
different experimental iterations of the same operating condition.

Similar to Case 8, the inductive phase electrical current in Fig. 19 (a),
starts at around 80 mA and decreases steadily until end of discharge
around 0.7 ms. The current is overestimated between 0.1 and 0.4 ms.
On the other hand, the voltage and power in Figs. 19 (b) and (c) are
well predicted at all times and fall within the experimental envelope.
The flame front location is overestimated here as shown in Fig. 19
(d), which, similar to Case 7, could be related grid-related,
combustion, or flow field errors.

In a similar manner to all previous cases, Fig. 20 shows the spark
channel elongation for Case 9 compared to experimental Schlieren
images. Similar to Case 8, a retarded lower end point movement is
observed. However, despite this fact, the spark channel maintains
good agreement with the experiments in terms of shape and
elongation. The model replicates the shape of the arc quite well at
0.35 ms with a “folded and angular” leading edge, which then short
circuits between 0.35 ms and 0.52 ms in both simulation and
experiment. Finally, blowout occurs at around 0.7 ms, in both
simulation and experiment.

The results shown in Figs. 9-20 emphasize that the LESI model with
the additional sub-models can maintain and predict the spark channel
elongation while handling the on-line secondary circuit, short-circuit,
and blowout/restrike sub-models to simulate spark shortening events.
A summary of these predictions for Cases 4-9 (dilute reacting flow)
is shown in Table 3 and visualized in Fig. 21. While for these cases
Eqg. 1 was not tuned against experimental data, the model was still
able to predict the overall discharge behavior, spark channel

elongation, the occurrence of shortening events, and end of discharge.
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Figure 20: Spark channel elongation: simulation versus experiment for Case 9:
Short-circuit observed in experiment and predicted by LESI between 0.35 and
0.52 ms. Blowout/end of discharge correctly predicted between 0.7 and 0.87
ms

Table 3: Short-circuit and end of discharge time of occurrence predictions
made by the LESI model, compared to experiment for cases 4-9. No restrike
was observed in experiments or simulations for these cases.

Case Short Circuit (ms) End of Discharge (ms)
4-SIM - 2.3
4—-EXP | - 24
5-SIM | - 2.0
5-EXP | - 2.0
6—-SIM | - 19
6-EXP | - 1.8
7-SIM 0.52 13
7-EXP | 035 13
8- SIM 0.7 0.8
8-EXP | 0.7 0.8
9-SIM 0.52 0.7
9-EXP | 052 0.7
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Figure 21: Summary of Table 3 in bar plot format. The solid bars represent
results from the LESI simulations and the dashed bars refer to results from
experiments.

Conclusions and Next Steps

In this paper, a hybrid Langrangian-Eulerian Spark-Ignition (LESI)
model with additional spark shortening capabilities [36] was used in a
constant volume combustion vessel to simulate electrical discharge in
three inert flow operating conditions and ignition in six dilute
reacting flow operating conditions. The LESI model enhanced with
the added sub-models accurately predicted and reproduced the
following parameters:

1. the secondary circuit output including the voltage, current, and
power

2. the spark channel elongation and arc shape

3. the occurrence of spark shortening events such as short-circuits,
restrikes, and blowouts

4. the end of electrical discharge

The added sub-models were able to maintain a realistic arc shape
despite excessive folding in certain conditions. Qualitatively, the arc
retained its angular characteristics, which were observed in
experiment, while spark shortening events were triggered were
necessary. It is important to note that the most important parameter in
the model is the secondary circuit voltage empirical expression. The
coefficients of this empirical expression are vital for the overall
accuracy of the model.

Possible future additions to the LESI model include:

1. improvements to the spark channel voltage expression to include
spark channel length dependence

2. improvements to the spark channel initialization schemes to
account for the stochasticity observed in experiment.
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