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Abstract

A novel ignition strategy using multi-channel sparks was developed in this paper.
Compared with the typical single spark, the three-channel spark ignition technique
enables three spatially separated and temporally synchronized discharges to increase
the ignition kernel size while maintaining the same total ignition energy. The three-
channel discharge characteristics, ignition kernel development, and ignition probability

of lean n-pentane/air mixtures were studied and compared with those of single-channel



spark in a spherical combustion chamber with different discharge distances, pressures,
and CO> dilution levels. The experimental results show that the three-channel sparks
increase the ignition probability and dramatically extend the fuel-lean ignition limits
compared to the single-channel discharge under all tested conditions. Moreover,
ignition enhancement effects of multi-channel sparks increase with the decrease of
pressure, reduction of discharge gap, and increase of CO» dilution. One-dimensional
numerical simulation was performed by using a detailed n-pentane kinetic model
(Bugler, et al. 2017) and the results revealed that the increase of fuel lean ignition
probability and the decrease of the minimum ignition energy by using multi-channel
sparks were the outcome of increased ignition kernel size compared to the minimum
critical ignition radius. This present study confirms the advantages of using multi-

channel sparks on advanced fuel-lean combustion engines.
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ignition; Minimum ignition energy



1. Introduction

Due to the needs of high efficiency and low emission in combustion engines, gas
engines, and power plants [ 1-5], many advanced clean combustion techniques, such as
twin annular premixing swirler (TAPS) [6], lean direct injection (LDI) [7], lean
premixed prevaporized (LPP) [8], trapped vortex combustion (TVC) [9], flameless
combustion (FC) [10, 11], ultralean gas engines, spark assisted homogenous charged
compression ignition (SA-HCCI) engines, and exhaust gas recirculation (EGR) [12-14],
have been studied in recent years. Particularly, the fuel-lean combustion strategy has
gained increasing attention for its lower combustion temperature, higher combustion
efficiency, and knocking resistance. However, reliable ignition is very challenging at
the fuel-lean conditions due to the rapid increase of ignition energy [15]. Although
multi-coil ignition techniques [16] have been developed to increase the ignition energy,
reliability of ignition coils and erosion of electrodes at high spark energy remain be
challenging issues.

The initial ignition kernel formation, ignition kernel growth, and flame
acceleration after the ignition kernel size passing the critical ignition radius are three
main phases of the spark ignition process [17-21]. In most spark-ignition combustors,
the initial kernel is formed through a spark discharge between a pair of electrodes, and
the initial energy deposited into the combustible mixture must be larger than the
minimum ignition energy (MIE), which is governed by the critical ignition radius [19-

23], to achieve a successful ignition. The effect of MIE on combustion ignition has been



studied in experiments [19-21, 24-27], theory [19], and simulations [20, 28, 29], where
flame can only propagate when the flame kernel radius passes through the critical flame
radius. However, compared to the fuel-rich conditions, at the fuel-lean conditions close
to the ignition limit, the MIE grows dramatically due to the increase of Lewis number,
and the increase of the discharge voltage has little effect on the ignition [30]. Moreover,
the high discharge voltage shortens the lifetime of igniters significantly [31]. Therefore,
many efforts have been made to reduce the MIE in combustors by using optimized
electrode configurations that increase the ignition kernel size [32-34] such as radio
frequency spark [30, 35], laser-induced spark [36-38], high frequency microwave [39-
42], and nanosecond repetitively pulsed plasma [43- 45]. All of the above studies
confirmed that the spark kernel volume affected the MIE dramatically, and the increased
spark kernel volume could extend the ignition limit and improve the operating stability
of engines. Meanwhile, the detailed experimental analysis in Yu. et al. [30] showed that
under the same operating condition, the increase of discharge energy had limited effect
on enhancing the initial flame growth and extending the ignition limits, while the
multiple spark strategy had significant influence on the ignition process. Besides, by
using the repetitive nanosecond pulsed discharge, Lefkowitz et al. [43-44]
experimentally investigated the impact of the initial ignition radius on flame initiation
in a high-speed turbulent flow. They observed that multiple overlapping pulse
discharges enhanced the ignition probability with constant discharge energy. In addition,
Lin et al. [45] compared the ignition behaviors of three discharge modes (spark, single-

channel nanosecond discharge, and multi-channel nanosecond discharge) for premixed



propane/air mixture under sub-atmospheric pressures. Their results demonstrated that
compared to spark and single-channel nanosecond discharge, multi-channel
nanosecond discharge could generate a much larger ignition kernel with stronger flame
wrinkling, and thus had a higher ignition probability. However, the fundamental
experiments demonstrating the mechanism of ignition enhancement through increasing
the spark volume remain scarce for the following reasons: (1) the spark volume and the
total ignition energy are varied at the same time and the electrode distance and the
ignition energy are not isolated in the ignition process. For most of the existing
experiments, multiple ignition kernels are usually obtained by increasing the number of
spark plugs with independent power sources. Therefore, it is very difficult to isolate the
contribution of the initial ignition kernel volume on ignition due to the variation of
ignition energy. (2) As to the plasma-based approaches, such as radio frequency, laser,
high frequency microwave and nanosecond repetitively pulsed discharge, the
contribution of plasma on thermodynamics, kinetics and transportation cannot be
separated from the effect on ignition kernel volume.

Therefore, the goal of this study is to understand the role of the spark kernel
volume in affecting combustion ignition with fixed total ignition energy by using multi-
channel sparks. Firstly, a novel multi-channel spark system is designed to increase the
spark kernel volume while maintaining constant discharge energy. The characteristics
of discharge are compared between single-channel and multi-channel spark system.
Secondly, the ignition kernel development and the ignition probability of lean n-

pentane/air mixtures are studied between single-channel and multi-channel spark



system in a spherical combustion chamber under varied electrode distances, pressures,
and COz dilution levels. Finally, one-dimensional numerical simulations are performed
to examine the mechanism of ignition enhancement by using the multi-channel spark

system.

2. Experimental and numerical methods

2.1 Experimental setup

The experiments are conducted in a high-pressure constant-volume spherical
chamber which has been successfully used and validated in previous studies [21, 25,
46-48]. As shown in Fig. 1 (a), it consists of a spherical chamber, an ignition system,
and a pressure release system. At first, the chamber is evacuated and filled with a small
amount of N> (99.9%) to avoid the trapping of fuel in crevices and pressure gauge lines.
Then, the unburned gas reactant mixture is prepared by using the partial pressure
method [21, 46, 49], and the pressure is measured by using a pressure gauge (Kulite

XTEL-190) with 4 digit accuracy.
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Fig. 1 Schematics of (a) experimental platform, (b) two configurations of spark
discharge (single vs. multi-channel), and (c) schlieren imaging

For the ignition system, Fig. 1 (b) shows two types of electrode configurations
which are used to investigate the effects of the initial ignition kernel volume and
ignition geometry on the ignition process. One is the conventional single-channel

configuration which includes a pair of electrodes, respectively, installed at the top and



bottom of the chamber. The diameter of electrodes is about 1mm. The upper electrode
i1s mounted with a linear translation stage to control the distance between the electrodes.
Another is the newly designed multi-channel configuration which has three discharge
channels in a triangle ignition geometry to increase the ignition kernel size. The multi-
channel discharge only has one power supply and three simultaneous discharges are
triggered by a special circuit. All the electrodes are on the same vertical plane and are
symmetric along the X-Y plane, and three spark discharges are generated between two
electrodes with the same predetermined constant gap distance. The single-channel and
multi-channel configurations can be easily switched by controlling the position of the
upper electrode. During the discharge process, the voltage and current traces are
measured by using a high voltage probe (LeCroy, PPE20KV) and a Pearson Coil
(Model 6585), respectively. The waveforms are recorded by a digital phosphor
oscilloscope (Tektronix DPO7104C).

After the central ignition of the quiescent combustible mixture, the unsteady flame
propagation is recorded by using a high-speed schlieren imaging method (Fig. 1 (c)) at
a frame rate of 10,000/s and image resolution of 1024x1024. The major source of the
ignition and flame speed uncertainty is the fuel concentration at fuel lean conditions
due to the partial pressure method. Calculated from the root-mean-square sum of the
uncertainties from different sources, the total uncertainty of this study is within 5%.
More details of the experimental uncertainties are described elsewhere [21].

As shown in Table 1, the ignition experiments of n-pentane/air mixtures in the

single-channel and the multi-channel electrode configurations are conducted under
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varied electrode separation distances, pressures, and CO» dilution levels.

Table 1 Experimental conditions for n-pentane/air mixtures.

Case Electrode gap Pressure Equivalence  CO dilution
distance (mm) (atm) ratio (% in mole)
1 2.5 1 0.60-0.80 0
2 2.5 0.5 0.60-0.80 0
3 2.5 1 0.60-0.80 20
4 1 1 0.60-0.80 20
5 1 3 0.60-0.80 20

2.2 Numerical model

A one-dimensional transient compressible flow solver for Adaptive Simulation of

Unsteady Reactive Flow (ASURF+) is utilized to simulate the ignition and flame

propagation processes. ASURF+ has been validated in a series of studies on ignition,

unsteady flame propagation, and detonation [19, 20, 28, 29, 50]. The details of

ASURF+ solver and the governing equations, numerical methods, boundary conditions,

and code validations can be found in [19]. The computation is conducted in the

spherical coordinate system and the domain size ranges from 1 to 4cm. Multi-level

adaptive grids are used near the flame front. The smallest grid size is 20um, and the

timestep is 10ns. The ignition kernel is initialized by a high temperature kernel. The

reduced n-pentane/air combustion reaction mechanism developed by Bugler et al. [51]

is employed in the simulation.

3. Results and discussions

3.1 Discharge characteristics in air for different electrode configurations
9



The measured voltage and current profiles in the single-channel and the multi-
channel electrode discharges in air are shown in Fig. 2 (a) and (b), respectively, with a
data sampling interval of Ins. It is clearly seen that under the same experimental
condition, the single- and multi-channel electrode configurations exhibit very similar
voltage and current time dependence, and the total integrated discharge energies for
both systems are around 0.35mJ. Besides, according to Fig. 2 (a) and (b), the discharges
of the single- and multi-channel electrode systems mainly consist of three stages:
electrical breakdown stage, arc stage, and glow stage [52]. In the breakdown stage
(about 1-5ns in Fig. 2), the narrow plasma channel between the electrode gap results in
a rapid decrease of resistance and an increase of current with little energy loss. During
the subsequent arc formation stage (6-400ns in Fig. 2), with the enhancement of plasma
strength, the plasma channel rapidly transforms to an arc [45]. As a result, both of the
electrical currents of the single-channel and the multi-channel electrode configurations
reach the first peak value at the same time (around t = 16ns in Fig. 2), while the peak
value of the latter is slightly smaller than the former due to the higher resistance with
more electrode pairs in the multi-channel discharge configuration. At the glow stage
(400-500ns in Fig. 2), most of the discharge energy is dissipated though the oscillating
attenuation of current and voltage [52, 53]. The comparison between Fig. 2 (a) and (b)
confirms that the both electrode configurations maintain the same total discharge energy
and similar discharge voltage and current time histories, which enables the present

study to isolate the effect of the spark kernel volume on the ignition process.

10
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Fig. 2 The measured voltages and currents of (a) the single-channel and (b) the multi-

channel electrode configurations as a function of time.

3.2 Effect of electrode configurations on ignition kernel evolution

Fig. 3 shows the high-speed shadowgraphs of the single-channel and multi-
channel spark evolutions of an n-pentane/air mixture at equivalence ratio (ER) of 0.68.
Pressure (P) is 0.5 atm, and discharge gap (L) between one pair of the electrodes in both
the single-channel and the multi-channel spark configurations is 2.5mm. The time
history of flame radius data and the burning velocity with stretch are collected with an
automatic flame-edge detection and circle-fitting program of MATLAB, and are plotted
in Fig. 4 (a) and (b), respectively. Both figures show that, at the same ignition energy
(IE) and operating conditions, the multi-channel electrode configuration ignites the n-
pentane/air lean mixture successfully, while the single-channel configuration fails due
to the smaller ignition kernel size. It is also noticed from Fig. 3 (c) and Fig. 4 that for
the single-channel ignition, the same n-pentane/air mixture still fails to be ignited with
2 times of ignition energy (0.7mJ) or longer discharge time, which is corresponding
with Yu, et al. [30]. The comparison in Fig. 3 and 4 clearly indicates that the increase

of the ignition kernel volume extends the ignition limit at the given ignition energy,
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where the enhancement of ignition energy has limited effects.
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(b)

Fig. 3 Schlieren images of ignition kernel induced by (a) single-channel (0.35mJ) and
(b) multi-channel (0.35mJ), and (c) single-channel (0.7mJ) electrode configurations for

n-pentane/air mixture at ER = 0.68, P = 0.5 atm, and L = 2.5mm.
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Fig. 4 (a) The measured flame radius as a function of time (a) and the burning velocity

as a function of stretch (b) in single-channel (0.35mlJ, 0.7mJ) and multi-channel (0.35mJ)
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spark ignitions for n-pentane/air mixture at ER = 0.68, P = 0.5 atm, and L = 2.5mm.

3.3 Ignition probability enhancement by multi-channel electrode configuration under

various experimental conditions

In order to comprehensively understand the effect of the spark kernel volume on
ignition, many ignition experiments at different equivalence ratios, pressures, electrode
gap distance and CO, additions levels (Table 1) are performed and compared. In
addition, the ignition probability [44] is used to quantify the ignition performance of
the single-channel and the multi-channel electrode configurations. The ignition
probability is defined as the ratio between the number of the successful ignitions and
the total number of trials. Ten trials are performed for each condition in the present
experiments.

Fig. 5 depicts the ignition probabilities of the single-channel and the multi-channel
ignition systems for n-pentane/air mixtures at different pressures (case 1 and 2 in Table
1). It is seen that, as is expected, the ignition probabilities of both of single-channel and
the multi-channel discharges reduce quickly as the equivalence ratio decreases in Fig.
5 (a) and (b). Moreover, at the same equivalence ratio, the ignition probability of the
multi-channel discharge is obviously higher than that of the single-channel one at the
same ignition energy. The results show that the leaner the mixture is, the larger ignition
enhancement the multi-channel ignition system has. As a result, the lean ignition limit
is effectively extended with the multi-channel spark ignition system. For example, at
0.5 atm in Fig. 5 (b), the lean ignition limit for 100% successful ignition (the ignition

probability = 1) is extended from ER of 0.76 to 0.68. In addition, an evaluation

13



parameter, ignition enhancement, is used to assess the ignition improvement of the
multi-channel discharge over the single-channel discharge. It is defined as the area
between the two ignition probability curves of multi-channel discharge and the single-
channel discharge in Fig. 5 (a) and (b). It is seen that the ignition enhancement at 0.5
atm in Fig. 5 (b) is larger than at 1 atm in Fig. 5 (a). In another word, the ignition
enhancement of multi-channel sparks is more obvious at lower pressures. That is
because the critical ignition radius increases with the decrease of the pressure. As a

result, the mixture requires a larger spark kernel volume for successful ignition at lower

pressurcs.
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Fig. 5 Ignition probability as a function of equivalence ratio for the n-pentane/air

mixture at L =2.5 mm: (a) P=1 atm and (b) P = 0.5 atm.

Fig. 6 shows the ignition probability profile of the lean n-pentane/air/20%CO>
mixture using the two different ignition systems under different pressures and electrode
separation distances. All of the experimental results in Fig. 5 (a-b) and 6 (a-c) show that
the multi-channel spark has a higher ignition probability and extends the ignition limit

of the single-channel spark at different pressures, electrode separation distances, and

CO; addition levels.
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Compared with Fig. 5 (a), 20% COz is added in Fig. 6 (a) to study the effect of the
two electrode separation distances with/without CO, additions from EGR on the
ignition probabilities, while maintaining the same adiabatic flame temperature. Note
that the addition of CO; dilution significantly deteriorates the ignition process of both
the single-channel and the multi-channel discharges mainly due to the increase of
activation energy and slowdown of chain-branching reactions with CO; dilution. For
example, by adding 20% CO., the lean ignition limit for completely successful ignition
(the ignition probability = 1) changes from equivalence ratio of 0.66 to 0.7 in the multi-
channel discharge. Nevertheless, the ignition enhancement in Fig. 6 (a) is larger than
that in Fig. 5 (a), indicating an improved effect of the multi-channel spark ignition
system on the ignition when EGR is included.

It is seen from Fig. 6 (a) and (b) that the decrease of electrode separation distance
reduces the ignition probability for both ignition systems. Also, the results show that
there is an improved effect of the multi-channel spark system on the ignition with a
smaller discharge gap (ignition enhancement in Fig. 6 (b) is larger than that in Fig. 6
(a)).

The comparison between Fig. 6 (b) and (c) further demonstrates the effectiveness
of the multi-channel sparks at different pressures. It is seen that the ignition
enhancement at 1 atm in Fig. 6 (b) is larger than that at 3atm in Fig. 6 (c), which
confirms that the multi-channel sparks is more effective at lower pressures and fuel lean

conditions where the critical ignition radius is larger [19, 28].
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3.4 Simulations of ignition enhancement mechanism

In order to better understand the effect of the initial ignition kernel size on

successful ignition of fuel lean mixtures by using the multi-channel spark system,

several numerical simulations were performed to simulate one-dimensional outwardly

propagating spherical flames initiated by different types of

volume for n-pentane/air mixture at ER =0.68 and P = 0.5 atm.

16
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Fig. 7 Summary of ignition success and failure of single-channel spark ignition at
different ignition kernel radiuses and initial ignition kernel temperature (ignition
energy).

Fig. 7 shows the summary of the simulation results for the single-channel spark
ignitions with different ignition kernel radiuses and initial kernel temperatures. The
model assumes the ignition spark creates a high temperature sphere in the center of the
combustion chamber and ignites the mixture. An ignition failure means that the initial
ignition kernel will extinguish as the flame radius increase and fails to produce a quasi-
steady outwardly propagating spherical flame. It can be clearly seen in Fig.7 that both
low ignition temperature (ignition energy) and small ignition kernel size affect the
failure of ignition. At a large electrode separation distance, ignition energy plays an
important role. However, at a small electrode separation distance, the ignition energy
required for successful ignition increases dramatically. Therefore, for very lean
mixtures where the critical radius is large, increasing the ignition kernel size using a
multi-spark ignition system is more effective than increasing the ignition energy using
a single spark ignition system. This is consistent with our experimental observations.
From our experimental observation in the multi-channel spark cases, the three ignition

kernels merge with each other and form a much larger ignition kernel size at a very

17



early ignition stage (~0.5ms) to enhance the ignition.

To demonstrate the mechanism of increased ignition kernel size using the multi-
channel spark ignition system and simplify the simulations, the three-dimensional
multi-channel ignition kernels are modeled as a one-dimensional spherical shell. The
initial condition of the multi-channel spark modeling is as followed. The inner radius
of the merged shell is 3mm in corresponding with the observed shell in the experiment,
and the shell thickness is 0.5mm. The initial temperature is 1800K. For the single-
channel spark case, a solid sphere is employed with the spark radius of 1.5mm and
temperature of 2500K, which keeps the same ignition energy with the multi-channel
spark case. Note that the single-channel spark at this condition fails to ignite the mixture,
while the multi-spark ignition shell with increased ignition volume at the same ignition
energy (Fig. 8) ignites the mixture and results in an outwardly propagating spherical
flame at time of 20ms. The present simplified simulation confirms that with a fixed
ignition energy, a larger ignition kernel size by the multi-spark ignition system helps to
drive the flame kernel to exceed the critical ignition radius and thus extends the lean

ignition limits of a fuel lean mixture.
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Fig. 8 Simulation results of the temporal evolution of temperature distribution for the
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multi-channel ignition system using an ignition shell. The initial inner radius of the
ignition shell is 3mm, the shell thickness 0.5mm, the initial temperature 1800K,

pressure P = 0.5 atm, and equivalence ratio @ = 0.68.

4. Conclusions

In this paper, a novel multi-channel spark ignition system has been developed. It
enables three spatially separated and temporally synchronized discharges to increase
the ignition kernel size while maintaining the same total ignition energy. Experiments
and numerical simulations were carried out to understand the role of the increased initial
spark kernel volume by the multi-channel spark ignition system in affecting the ignition
probability of lean n-pentane/air mixture at varied electrode separation distances,
pressures, and CO: dilution levels, compared to the single channel ignition system.
From this work, the following conclusions nay be drawn:

(1) The novel multi-channel spark ignition technique can generate a larger ignition
kernel than the traditional single-channel discharge at the same total ignition energy.
The increased ignition kernel size significantly extends the lean ignition limits of n-
pentane/air mixtures.

(2) At lower pressures, leaner fuel mixtures, and higher CO: dilution levels in
which the critical ignition radius increases, the effectiveness of the multi-channel spark
ignition system in enhancing ignition increases. Moreover, the results show that the
smaller the electrode separation distance is, the more effective the multi-channel spark

ignition system is in increasing the ignition probability.
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(3) One-dimensional simulations show that both ignition energy and initial ignition
kernel size affect ignition probability. At a large electrode separation distance, ignition
energy plays an important role. However, at a small electrode separation distance, the
ignition energy required for successful ignition increases dramatically. Therefore, for
very lean mixtures with large critical ignition radius, increasing the ignition kernel size
using a multi-spark ignition system is more effective than increasing the ignition energy
using a single spark ignition system. This result is consistent with the present
experimental observations.

The present study reveals a great potential of applying the multi-channel spark

technique on advanced fuel-lean combustion engines.
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