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ABSTRACT

Relight of jet engines at high altitude is very difficult due to the relatively low pressure and temperature
of inlet air. Currently, advanced ignition technology for high-altitude relight in jet engines is urgently
needed. Successful ignition is achieved only when the ignition kernel can propagate outwardly beyond
the so-called critical flame initiation radius. At high altitude with low pressure, the critical flame initi-
ation radius becomes large and it cannot be easily reached by the ignition kernel. Therefore, in order
to achieve successful ignition at low pressure conditions, large ignition kernel should be generated. In
this study, plasma assisted ignition using multi-channel nanosecond discharge (MND) is proposed to in-
duce a large ignition kernel and to achieve successful ignition at low pressures. Ignition experiments for
propane/air mixtures at different equivalence ratios (® = 0.8~1.6) and under normal and sub-atmospheric
pressures (P=0.3~1.0 bar) were conducted in a constant volume combustion chamber. The performance
of three ignition methods, spark discharge, single-channel nanosecond discharge (SND) and MND, were
assessed; and the advantages of MND for ignition at sub-atmospheric pressures were demonstrated. The
ignition kernel development, ignition probability, minimum ignition energy, and flame development for
these three ignition methods (spark, SND and MND) were measured and compared. It was found that
compared to spark and SND, MND can generate a much larger ignition kernel with stronger flame wrin-
kling and has much higher ignition probability, especially at low pressures. Therefore, MND has the ad-
vantage in achieving successful ignition at low pressure. Besides, it was shown that though the igni-
tion kernel evolution and ignition probability strongly depend on ignition methods, the subsequent flame
propagation is not greatly affected by ignition and there is little change in the flame rise time for differ-
ent ignition methods.

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

kernel eventually decays and it cannot reach the so-called critical
flame initiation radius [11-13]. The critical flame initiation radius

Reliable high-altitude relight is crucial for safety and perfor-
mance of jet engines [1,2]. At high altitude, the pressure and tem-
perature of inlet air to the combustor are relatively low, which re-
sults in slow fuel vaporization and chemical reaction [2,3]. Conse-
quently, high-altitude relight become extremely difficult, especially
at altitude above 10 km [2,4-7]. Currently, advanced ignition tech-
nology for high-altitude relight in jet engines is urgently needed
[8,9].

To achieve successful ignition, the amount of energy deposited
into the combustible mixture should to be larger than the mini-
mum ignition energy (MIE) [10], otherwise, the resulting ignition
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depends on the Lewis number of the deficient reactant and is pro-
portional to the flame thickness [13]. At higher altitude with lower
pressure, the flame thickness becomes larger and so does the crit-
ical flame initiation radius. In order to achieve successful ignition,
large ignition kernel should be generated at low pressure condi-
tions.

Non-equilibrium plasma is a promising technology for ignition
and combustion control [14]. Among different plasma technologies,
the nanosecond discharge plasma has recently received great at-
tention and it has been shown to greatly enhance ignition and
combustion [14-17]. For examples, Xu et al. [18,19] investigated the
development of the ignition kernel induced by nanosecond dis-
charge in lean propane/air mixture. They found that nanosecond
discharge with higher frequency or larger number of pulses can
effectively reduce the MIE. Sun et al. [20,21] demonstrated that

0010-2180/© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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the nanosecond discharge can make the classical S-curve with sep-
arated ignition and extinction limits degenerate to the stretched
S-curve without ignition or extinction limit. Starikovskiy et al.
[22,23] used nanosecond discharge to control ignition in a rapid
compression machine and achieved two-order of magnitude reduc-
tion in ignition delay. Lefkowitz et al. [24] examined the effects of
nanosecond discharge on ignition using both flame-development
visualization and pulsed detonation engine testing platforms. They
found that at higher pulse-repetition frequencies (>10 kHz), multi-
ple pulses promote the transition from a ignition kernel to a self-
propagating flame and thereby enhance ignition. Besides, though it
is not considered in the present study, microwave was also demon-
strated to be able to enhance the ignition (e.g., [25-28]). Other ex-
amples can be found in the recent review paper by Ju and Sun
[14].

However, previous studies mainly focused on single-channel
nanosecond discharge (SND) and volumetric nanosecond discharge.
Although SND is useful for ignition and combustion enhancement,
it is not effective to increase the ignition kernel size at low pres-
sure. The multi-electrode geometries for ignition were investigated
in previous studies. Schenk et al. [29] used the multiple tips to
distribute the corona directly in a larger ignition volume and thus
have better ignition performance. Yu et al [30] used multi-coil
power supply to generate distributed spark discharge, which pro-
duces faster early flame kernel growth than that of a single high
energy spark. Briggs et al. [31] compared several ignition methods
including multi-electrode ignition, which shows that a large effec-
tive flame kernel and/or a long kernel lifetime is very important
for ignition at lean condition.

For nanosecond discharge plasma ignition, the transient
nanosecond plasma [32,33] and the nanosecond surface dielec-
tric barrier discharge plasma [34-36] can generate several ran-
dom discharge channels, which is very useful for ignition. Com-
parison of transient nanosecond plasma ignition with spark igni-
tion was done, and the effect of electrode geometry (needle to
needle, needle to semicircle and rod to ring) on transient plasma
induced ignition performance was studied [32,33]. Several fuel-air
mixtures ignition using nanosecond surface dielectric barrier dis-
charge plasma was investigated [34-36]. Ignition delay times, ener-
gies deposited in the gaseous mixtures and other parameters were
analyzed. Three regimes of multi-point ignition were observed: ig-
nition with a few kernels, quasi-uniform ignition along the edge of
high voltage electrodes and ignition along the plasma channels.

In this study, a novel method of multi-channel nanosecond dis-
charge (MND) is introduced to increase the ignition kernel size
and to achieve successful ignition at low pressure. To the authors’
knowledge, MND has not been used for ignition in previous stud-
ies. The objectives of this study are to assess the performance of
three ignition methods, spark, SND and MND, and to demonstrate
the advantages of MND for ignition at sub-atmospheric pressures.
Ignition experiments of premixed propane/air mixture at different
equivalence ratios and pressures were conducted in a constant vol-
ume combustion chamber. The ignition kernel development, igni-
tion probability, minimum ignition energy, and flame development
for different ignition methods were measured and compared.

2. Experimental methods

The experimental setup is shown schematically in Fig. 1. Igni-
tion experiments were conducted in a closed cylindrical combus-
tion chamber whose inner diameter is 5 cm and length is 6 cm. The
combustion chamber is made of stainless steel. A pair of quartz
windows is mounted at the ends of the cylindrical combustion
chamber to allow optical access. Propane/air mixture at specified
equivalence ratio was first prepared in a premixing chamber and
then filled into the combustion chamber. A broad range of the

equivalence ratio, ® =0.8—1.6, was considered. In all experiments,
the initial temperature was fixed to be 300 K. Different initial pres-
sures in the range of 0.3-1.0 bar were considered. A 20-kHz pres-
sure transducer (Jcsensor CYG-1102) was used to record the pres-
sure evolution inside the combustion chamber.

As indicated by in Fig. 2(a), a replaceable electrode and its
base are placed in the middle of the cylindrical combustion cham-
ber. The electrode holder is made of a nylon insulating material
and it separates the electrode from the metal combustion cham-
ber. Figure 2(b) and (c) show two types of electrode assembly
which were used to investigate the performance of different ig-
nition methods. The electrode assembly in Fig. 2(b) is referred to
as the single-channel nanosecond discharge (SND), which adopts
the single channel discharge actuator. For SND, nanosecond dis-
charge is generated between two electrodes with a gap distance
of 1mm. The multi-channel nanosecond discharge (MND) shown
in Fig. 2(c) adopts multiple channel discharge actuator. For MND,
all the electrodes are on the same vertical plane and the gap dis-
tance is 4 mm. Reliable multi-channel nanosecond discharge was
obtained through circuit optimization.

Two types of power supply were used respectively for the
nanosecond discharge and spark discharge. The nanosecond dis-
charge generator is a FID Technology FPG 20-20NK with input
impedance in the range of 200-500 2. The discharge frequency
is in the range of 0-20 kHz, and its voltage can be varied continu-
ously from 0 to 20 kV. For spark discharge, the electrode assembly
is the same as that of SND shown in Fig. 2(b). In order to make
SND and MND comparable, the same voltage output control of FID
power supply is adopted. The comparison between the SND and
MND is done with the same position of voltage regulation knob.
The electrical circuit for spark discharge is shown in Fig. 3. It con-
sists of a DC power supply, a resistor, a capacitor and a trigger
module. The output voltage range of the DC power supply is 0-
10kV. The capacitor is 10 nF and the resistor is 167 MSQ.

To quantify the ignition energy, the voltage and current sig-
nals were measured by a 75-MHz high-voltage probe (Tektronix
P6015A) and a 120-MHz current probe (Pearson 6600), respec-
tively. A 1-GHz oscilloscope (Tektronix DPO4014) was used to
record these two signals. The ignition kernel propagation was im-
aged by high-speed schlieren photography. A high-speed CCD cam-
era operated at the frame rate of 40,000 fps and exposure time of
15 us was used to record these images.

3. Results and discussion
3.1. Comparison between spark and nanosecond discharge in air

Figure 4 shows the voltage and current profiles during a spark
discharge in air. It is well known that the spark discharge process
consists of three stages: the breakdown stage, the arc stage and
the glow stage [37]. During the breakdown stage, the voltage is
shown to be around 4.7 kV. A narrow plasma channel appears and
the gap impedance decreases rapidly. Consequently, the current in-
creases rapidly and it goes through the channel with little energy
loss. During the arc stage, the plasma channel expands rapidly and
transforms into a current channel. As shown in Fig. 4, the current
reaches the peak value of 318 A at the time around t=0.145 s,
which is followed by oscillating attenuation. The mixture around
the plasma channel reaches very high temperature and thereby an
ignition kernel is generated. During the glow stage, most of the
discharge energy is released though the current and voltage both
decrease. The energy loss at the glow stage is much larger than
that at the arc stage, which leads to low energy availability for ig-
nition. The total energy of the spark discharge shown in Fig. 4 is
61.6 m].
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Fig. 3. Electrical circuit for spark discharge.

A fully developed spark channel will transform into an arc with
large electrical current. It consumes a large amount of energy and
has a weaker kinetic enhancement effect on ignition than nanosec-
ond discharges because of high neutral gas temperature, high elec-
tron number density and low electron temperature. To improve the
energy efficiency for ignition, the pulse duration can be reduced
to a few nanoseconds [37-39]. Consequently, a nanosecond dis-
charge can be used to prevent the streamer-to-arc transition since
its energy deposition duration is shorter than the transition time
[40,41].

In order to accurately quantify the nanosecond discharge en-
ergy, the voltage and current signals need to be synchronized. The

conduction current is used to calculate the ignition energy:

lcond = Itotal - Idisp (1)

E= /0 V(£)  Logna (0t (2)

The synchronization process is carried out at low voltage to en-
sure that there is no breakdown between the electrodes, thus I .4
=0 at low voltage. Consequently, the electrodes can be consid-
ered as a pure capacitor, whose displacement current, Iy, can be



B.-x. Lin et al./Combustion and Flame 182 (2017) 102-113 105

6 500
—— Voltage
57 - - Current 1400
4+ 300
Z 37 200 <
o 2. c
g ) 100 g
35 11 =
=) R
> 4l 0 o
-100
-1
-200
-2
T T T T T T -300
00 05 10 15 20 25 3.0
Time (ps)
Fig. 4. Voltage and current profiles during a spark discharge in air.
6
= 2.8ns - - -Measured current
g 4 —>: l— Calculated current
[}
83
-~ 2-
Qe
g
2 501
s 0
[T}
8 27
©
(8]
=44

0 5 10 15 20 25 30 35 40
Time (ns)

Fig. 5. The time delay between the measured and calculated capacitance displace-
ment currents.

calculated according to the following equation:

dv
Idisp = CE (3)

where C is the capacitance of the electrode gap and V is the volt-
age. The capacitance displacement currents from measurement and
calculation are compared in Fig. 5. The capacitance of the electrode
gap was estimated to be 7.3 pF by matching the measured and cal-
culated currents. The time delay between the measured and cal-
culated currents is shown to be 2.8 ns, which is about 50% of the
current rising edge. This time delay was used in all nanosecond
discharge experiments.

The FID generator was used to output voltage and current pro-
files as shown in Fig. 6. The voltage of nanosecond discharge is
shown to rise abruptly: it reaches the peak value of 14.3 kV within
about 3 ns. The pulse duration is about 10 ns. For high frequency
nanosecond discharge, the air plasma impedance during the first
pulse is larger than that during the subsequent pulses [18]. The en-
ergy of SND discharge is 0.97 m] for the first breakdown pulse and
0.57 m] for the subsequent pulses. Similarly, the energy of MND
discharge is 1.10 mJ for the first breakdown pulse and 0.64 m] for
the subsequent pulses.

3.2. Ignition kernel development

The ignition kernel development at ambient pressure ranging
from 0.3 to 1bar was investigated for propane/air mixtures. The

20
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Fig. 6. Synchronized voltage and current profiles during the nanosecond discharge
in air.

schlieren images for the ignition kernel development induced by
spark, SND (a train of 75 consecutive pulses) and MND (a train of
75 consecutive pulses) are compared in Fig. 7. The ignition ker-
nel is first generated at the center of the discharge channel, and
then it evolves into a self-sustained propagating flame under fa-
vorable conditions. The evolution of the ignition kernel induced by
spark is shown to be similar to that induced by SND. For SND ig-
nition, the kernel growth is mainly induced by the energy deposi-
tion during subsequent pulses. since the plasma kernel can sustain
about 100 us [18,42], 67 us for 15 kHz, the initial weak plasma ker-
nel is not cooled down and is greatly enhanced by the subsequent
pulses (i.e., synergetic effects can be induced by multiple pulses).
Besides, Fig. 7 also shows that the spherical ignition kernel induced
by spark ignition is much smoother that that induced by SND igni-
tion. The flame wrinkling induced by SND can accelerate the prop-
agation of the ignition kernel. Therefore, nanosecond discharge can
induce a quickly growing ignition kernel.

Compared to spark and SND ignition, the MND ignition gen-
erates a much larger ignition kernel in the early stage as shown
in Fig. 7. Besides, compared to SND, MND induces stronger flame
wrinkling, resulting faster ignition kernel propagation. Therefore,
MND can greatly enhance ignition by generating large and quickly
growing ignition kernel.

The above conclusions are further demonstrated by the results
in Fig. 8, which shows the ignition kernel development induced by
spark, SND and MND in propane/air mixture at sub-atmospheric
pressures (® = 0.8, P=0.75bar; and ® = 1.0, P= 0.5 bar). Compari-
son between Figs. 7 and 8 indicates that MND can further enhance
the ignition in leaner propane/air mixture and at lower ambi-
ent pressure. Leaner propane/air mixture has larger Lewis number
[43]; and flame thickness becomes larger at lower pressure. Con-
sequently, for leaner propane/air mixture at lower pressure, much
larger critical flame initiation radius is required and it is much
more difficult to generate an ignition kernel which can propagate
outwardly beyond the critical flame initiation radius. Since MND is
able to create a much larger ignition kernel than spark and SND,
it has the advantage in achieving successful ignition more easily in
fuel lean propane/air mixture at sub-atmospheric pressures.

3.3. Ignition probability and MIE

The ignition probability, P, is popularly used to quantify the ig-
nition capabilities of different types of discharge. It is defined as
the ratio between the number of successful ignition events and
the total number of trials. Based on this definition, the total num-
ber of trials should be large enough so that it has little influence
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Fig. 7. Development of ignition kernel induced by spark ignition (61.6 mJ, top), SND ignition (15 kHz, 43.15 mJ, middle) and MND ignition (15 kHz, 48.46 m], bottom) in

stoichiometric propane/air mixture at 1 bar.
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Fig. 8. Ignition kernel development in propane/air: (a), ®=0.8 and P=0.75 bar;
and (b), ®=1.0 and P= 0.5 bar, with spark ignition (61.6 mJ), SND ignition (15 kHz,
43.15 mJ) and MND ignition (15 kHz, 48.46 m]).

on the value of ignition probability. Figure 9 shows the ignition
probability as a function of trial number. The mixture is stoichio-
metric propane/air at 1 bar. SND discharge with a train of 20 pulses
(15kHz, 11.8 mJ in total) was used. It is seen that the ignition prob-
ability converges when the number of trials is above 30. In this
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e
o
_E 0.4
= .
= - h %op"® W
2 0.2 ° ../0.,.\. X
Oo-m L] L] L] L] L]
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Number of trials

Fig. 9. Ignition probability versus number of trials for SND in stoichiometric
propane/air mixture at 1 bar.

study, 40 trials were conducted for each condition so that reliable
value of ignition probability was reached.

To determine the MIE, the ignition probability P as a function
of ignition energy E was fitted by the following equation [44]:

P(E) = (4)

1 + e—(BotBiE)
where Sy and f; are fitting parameters. Figure 10 shows the re-
sults for stoichiometric propane/air at different pressures. Each
experimental data point represents a minimum of 40 trials for
SND with the ignition energy in the range from 11.8 mJ (15 kHz,
20 pulses) to 1714 m] (15kHz, 300 pulses). The results in
Fig. 10 demonstrate that the experimental data (symbols) at dif-
ferent pressures are well fitted by Eq. (4) (lines).

Similar to previous studies (e.g., [45]), the minimum ignition
energy (MIE), Epye, is defined as the energy corresponding to



B.-x. Lin et al./Combustion and Flame 182 (2017) 102-113 107

Ignition probability
o o o -
> o ® °

o
[\

=3
S

L]
10 100
Energy (mJ)
Fig. 10. Ignition probability as a function of SND discharge energy for stoichiomet-

ric propane/air mixture at different pressures. The symbols are experimental data
and the lines are fitting curves according to Eq. (4).

N

25 - ]

05 06 07 08 09 1.0
Pressure (bar)

Fig. 11. Minimum ignition energy as a function of the pressure for stoichiometric
propane/air mixture ignited by SND.

ignition probability of 50%. Figure 11 shows the change of the MIE
with the ambient pressure for stoichiometric propane/air mixture
ignited by SND. As expected, the MIE is shown to increase greatly
as the pressure decreases. The MIE at 1.0 bar is 25.2 mJ; while that
at 0.5 bar is 53.6 m]. Therefore, the MIE is increased by more than
100% at sub-atmospheric pressure of 0.5 bar. Similar trend was ob-
served by Zhang et al. [46].

The ignition probability of different ignition methods, spark,
SND and MSD, is compared in Fig. 12 for lean, stoichiometric
and rich propane/air mixtures at different pressures ranging from
0.3 bar to 1.0 bar. The discharge energy of the spark ignition was
fixed to be 61.6 mJ. The FID power supply was controlled to out-
put 75 pulses at 15kHz. The total ignition energy for SND and
MND was 43.15 m] and 48.46 m]J, respectively. It is observed in
Fig. 12 that the ignition probability of both spark and SND igni-
tion drops quickly as the pressure decreases. This is due to the fact
mentioned before that ignition becomes more difficult at lower
pressure. The ignition probability of SND ignition is higher than
that of spark ignition at the same pressure. This indicates that
nanosecond discharge helps to achieve successful ignition.
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Fig. 12. Ignition probability as a function of pressure for propane/air mixture with
the equivalent ratio of 0.8 (a), 1.0 (b) and 1.6 (c). The results are presented for
three ignition methods: spark (61.6 mJ), SND (15 kHz, 43.15 m]) and MND (15 kHz,
48.46 m]).

Compared to spark and SND ignition, MND ignition is shown
to have the highest ignition probability. Bedsides, it is observed
that ignition probability of MND remains nearly constant (close
to unity) as the pressure decreases. Figure 12(a) and (b) indicates
that at low pressure of 0.3 bar and for fuel lean and stoichiomet-
ric mixtures, successful ignition cannot be achieved through spark
and SND. However, MND ignition can still maintain nearly 100%
ignition probability. Therefore, compared to spark and SND, MND
has the advantage of achieving successful ignition at low pressures.
Figure 12 also indicates that fuel-lean propane/air mixture is much
more difficult to be ignited than fuel-rich mixture at the same low
initial pressure. This is due to the facts that the leaner propane/air
mixture has larger Lewis number [43] and that the critical ignition
radius and MIE both increase monotonically with the Lewis num-
ber [11,13].

3.4. Flame development

The effects of different ignition methods on flame development
were examined in this subsection. The pressure history inside the
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combustion chamber, Pj,;_chgmper» Was recorded and an example is
shown in Fig. 13(a) for stoichiometric propane/air initially at 1 bar.
For each condition, we conducted three trials, based on which
the averaged in-chamber pressure history was obtained. Following
Hwang et al. [28], we calculated the representative heat release
rate (RHRR) and the normalized cumulative heat release (NCHR)
according to the following equations:

RHRR = dPin—(;l;amber (5)
/. RHRR dt

NCHR= - (6)
Jier RHRR dt

where ¢y is the time of discharge, and t,,4 is the end of combustion
where the measured pressure reaches its peak [28].

To quantify the time duration for the ignition and combustion
phases, we used the flame development time (FDT) and flame rise
time (FRT) introduced by Hwang et al. [28]. The FDT was defined
as the time duration from the start of the ignition command to 10%
of the total NCHR [28]; and the FRT was defined as the time du-
ration from 10% to 90% of the NCHR [28]. The schematic of NCHR
is presented in Fig. 13(b), which shows that the FDT and FRT are
11.5+ 0.7 ms and 12.7 + 0.3 ms, respectively.

The above analysis was conducted for spark, SND and MND
ignition; and the combustion phases for different ignition meth-
ods were compared. Figure 14 shows the results for stoichiometric

o 1.0-. _____________ FRT N

§ :% 0.8/ J:—'12.710.3ms
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Fig. 14. The NCHR corresponding to by spark ignition (61.6 m]), SND igni-
tion (15kHz, 43.15 mJ) and MND ignition (15kHz, 48.46 m]) in stoichiometric
propane/air initially at 1 bar.

propane/air initially at 1bar. The FDT and FRT for different igni-
tion methods are presented in Fig. 14. It is observed that the FDT
of spark ignition is the largest while that of MND ignition is the
smallest. Compared to spark ignition, MND ignition can reduce the
FDT by 24%. This confirms the conclusion drawn in Section 3.2 that
MND can generate more quickly growing ignition kernel than spark
and SND. However, Fig. 14 indicates that there is little change
(within 5%) in FRT for different ignition methods. Therefore, the
ignition methods only strongly affect the initial ignition kernel de-
velopment and have little influence on subsequent flame propa-
gation. This is consistent with the conclusion in [47] that ignition
has little influence on spherical flame propagation speed when the
flame radius reaches some critical value and this conclusion was
also obtained by Pancheshnyi et al. [48].

The FDT and FRT results for propane/air at different equivalence
ratios (® = 0.8~1.6) and initial pressure of 1 bar are summarized in
Fig. 15. It is seen that SND and MND always have lower FDT than
spark ignition. Besides, Fig. 15(a) shows that at ®=0.8, FDT can
be greatly reduced by using SND and MND instead of spark igni-
tion. Since leaner mixture has lower flame propagation speed (due
to large Lewis number and high positive stretch rate) and larger
critical flame initiation radius, longer FDT is observed in Fig. 15(a)
for ® = 0.8. Richer mixture also has lower flame propagation speed
compared to stoichiometric mixture. However, its critical flame ra-
dius becomes smaller due to lower Lewis number [47]. Therefore,
Fig. 15(a) shows that for fuel-rich mixture, FDT is nearly indepen-
dent of the equivalence ratio and the influence of ignition meth-
ods on FDT becomes relatively weak. This observation is consistent
with previous studies about the effect of nanosecond discharge on
ignition characteristics [49]. Although SND and MND can reduce
the FDT, Fig. 15(b) shows that they have little influence on the FRT
except for the case of ® = 0.8. Similar observation was reported in
previous studies by Xu [18], Wolk et al. [27] and Hwang et al. [28],
which showed that small energy addition has little influence on
subsequent flame propagation. Therefore, the results in Fig. 15 fur-
ther demonstrate that the ignition methods only strongly affect
the initial ignition development and have little influence on sub-
sequent flame propagation.

Figure 16 shows the FDT and FRT for stoichiometric propane/air
at different initial pressures (P=0.5—1 bar). At the same pressure,
the FDT decreases in the order of spark, SND and MND ignition.
It is observed that the FDT by MND ignition is about two-thirds
of that by spark ignition and that the difference increases as the
pressure decreases. Therefore, MND can enhance the ignition by
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Fig. 15. Change of FDT (a) and FRT (b) by spark (61.6 m]), SND (15 kHz, 43.15 mJ)
and MND (15 kHz, 48.46 m]) with the equivalence ratio. The ambient pressure is
1.0 bar.

reducing the FDT at various ambient pressures. As for the FRT, it
becomes shorter at lower ambient pressure since the flame propa-
gation speed becomes larger at lower pressure. Figure 16(b) shows
that only for P=0.5 and 0.75 bar does MND obviously reduce the
FRT. This is due to the facts that the stronger flame wrinkling can
induced by MND at lower pressure and that flame wrinkling can
also accelerate the subsequent spherical flame propagation.

3.5. Discussion

3.5.1. Comparison of MND with multi-channel spark discharge (MSD)

In order to investigate the advantage of the MND over the same
electrode assembly of spark, the experiments of MND and MSD
are compared. The ignition kernel development in stoichiometric
propane/air mixture at 1 bar is shown in the Fig. 17. Similarly, MSD
discharge ignition has a smoother kernel than that of MND dis-
charge. The flame wrinkling induced by nanosecond discharge can
accelerate the propagation of the ignition kernel. Thus, the ignition
kernel driven by MND increases quickly and catches up the size of
flame kernel by MSD within 700 ps.

Compared to MSD discharge, MND discharge combines the ad-
vantages of multi-channel and nanosecond discharge. The MND
discharge can induce a quickly growing ignition kernel owing to
its consecutive pulses and higher energy efficiency. Moreover, the
flame wrinkling induced by nanosecond discharge can accelerate
the propagation of the ignition kernel. Therefore, MDN can greatly
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Fig. 16. Change of FDT (a) and FRT (b) by spark (61.6 mJ), SND (15 kHz, 43.15 mJ)
and MND (15 kHz, 48.46 m]) with the ambient pressure.

enhance ignition by generating large and quickly growing ignition
kernel. Since MND is able to create a much larger ignition ker-
nel than spark SND and MND, it has the advantage in achieving
successful ignition more easily in fuel lean propane/air mixture at
sub-atmospheric pressures.

Under low pressure, the ignition capability of MSD is lower
than that of MND, as shown in Fig. 18. The reason for the ignition
capability difference is still unknown, which needs further investi-
gation.

3.5.2. Relevance of measurements at different energies

The calculation of discharge energy of SND and MND is ob-
tained by integrating the voltage and current recorded by the oscil-
loscope. Due to the extremely steep rising edge, the characteristic
of nanosecond discharge is more unstable. Thus, the energy given
in this manuscript is the average of multiple measurements. In or-
der to make SND and MND comparable, the same output control
of FID power supply is adopted. The comparison between the SND
and MND is done with the same knob position, constant output
frequency of 15 kHz and the same pulse number of 75.

With the same output control of FID power supply, the MND
pulses are 10% more energetic than SND pulses owing to differ-
ent electrode assemblies. In order to justify the relevance of mea-
surements at different energies, the ignition probabilities of MND
using 66 pulses (15 kHz, 42.7 m]) at 1bar and 0.5 bar are investi-
gated with stoichiometric propane/air mixture. The result is shown
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Fig. 17. Development of ignition kernel (a) and ignition kernel size (b) extent vs. time induced by spark (61.6 m]), SND ignition (15 kHz, 43.15 m]), MSD (62.23 m]), and
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Fig. 18. Ignition probability for stoichiometric propane/air mixture induced by
spark (61.6 mJ), SND (15kHz, 4315 mJ), MSD (62.23 mJ), and MND (15kHz,
48.46 m)).

in Fig. 19, it can be seen that the ignition probabilities of MND us-
ing 66 pulses still keep 100% at 1 bar and 0.5 bar.

The ignition kernel development of MND using 66 pulses
(15kHz, 42.7m]) is presented in Fig. 20 with stoichiometric
propane/air mixture at 1bar and 0.5bar. The ignition kernels
driven by MND using 66 pulses are similar to those using 75 pulses
at both 1bar and 0.5 bar. For MND ignition at 1bar and 0.5 bar,

vV—Vv

Ignition probability

0.4
—v— MND
0.2 —e— SND
—=— Spark

0.0 - % MND (66 pulses)

02 03 04 05 06 07 0.8 09 1.0
Pressure(bar)

Fig. 19. Ignition probability of four ignition methods: Spark (61.6 m]), SND (15 kHz,
75 pulses, 43.15 mJ), MND (15kHz, 75 pulses, 48.46 m]) and MND (15kHz, 66
pulses, 42.7 m]) for stoichiometric propane/air mixture.

there’s almost no obvious influence of the pulses between 66th
(4.4ms) and 75th (5ms) on the ignition.

3.5.3. Comparison of MND and SND with 4 mm gap
The ignition driven by SND with a 4mm gap has been
done to compare with MND. The ignition probability of different
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Fig. 20. Ignition kernel development in stoichiometric propane/air mixture: (a),
P=1bar; and (b) P=0.5bar, with Spark (61.6 mJ), SND (15kHz, 75 pulses,
43.15mJ), MND (15 kHz, 75 pulses, 48.46 m]) and MND (15 kHz, 66 pulses, 42.7 m]).
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Fig. 21. Ignition probability of four ignition methods: Spark (61.6 m]J), SND (1 mm,

15 kHz, 75 pulses, 43.15 m]), SND (4 mm, 15kHz, 75 pulses, 46.62 m]) and MND
(15 kHz, 75 pulses, 48.46 m]) for stoichiometric propane/air mixture.

ignition methods, spark, SND (1 mm), SND (4 mm) and MND is
compared in Fig. 21 for stoichiometric propane/air mixtures at dif-
ferent pressures. The energy of SND (4 mm) discharge is 1.48 m] for
the first breakdown pulse and 0.61 m] for the subsequent pulses
and 46.62 mJ in total. It is observed in Fig. 21 that the ignition
probability of SND (4 mm) ignition is higher than that of SND
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Fig. 22. Ignition kernel development in stoichiometric propane/air mixture: (a),
P=1bar; (b) P=0.5bar; and (c) P=0.3bar, with Spark (61.6 m]), SND (1 mm,
15 kHz, 43.15 m]), SND (4 mm, 15 kHz, 46.62 m]) and MND (15 kHz, 48.46 m]).



112 B.-x. Lin et al./Combustion and Flame 182 (2017) 102-113

(1 mm) at the same pressure. The ignition probability of SND with
both 4 mm gap and 1 mm gap drops as the pressure decreases.

The ignition kernel development of Spark (61.6 mJ), SND (1 mm,
15 kHz, 43.15m]), SND (4 mm, 15 kHz, 46.62 m]) and MND (15 kHz,
48.46 m]) is presented in Fig. 22 with stoichiometric propane/air
mixture at 1bar, 0.5bar and 0.3 bar. The ignition kernel driven by
SND with a 4mm gap is much larger than that of SND with a
1 mm gap at the same time. A larger initial flame kernel is formed
among the long discharge channel. Compared to SND with a 4 mm
gap, the MND ignition still generates a larger ignition kernel in the
early stage especially at low pressure. As shown in Fig. 22(c), a
smaller ignition kernel induced by SND with a 4 mm gap leads to
failed ignition. Besides, MND induces much stronger flame wrin-
kling than SND with a 4 mm gap owing to flow turbulence.

The experimental results indicate that longer gap discharge
means larger plasma volume which helps to achieve successful ig-
nition. However, ignition of SND with a 4 mm gap still becomes
more difficult at lower pressure. The intricate geometry of MND
produces flow turbulence which causes flame wrinkling and ac-
celerates flame propagation at early stage. Moreover, isolation of
breakdown stage from discharge process for MND seems to im-
prove the energy utilization efficiency. It should be noted that
the breakdown voltage of SND with a 4 mm gap become higher
than that with 1 mm gap. It means that successful discharge at
low pressure maybe not easily obtained at high pressure especially
for engine combustor. The advantage of MND is achieving larger
plasma volume with relatively lower breakdown voltage compared
to the voltage for single long gap discharge.

4. Conclusions

Multi-channel nanosecond discharge (MND) is proposed to in-
crease the ignition kernel size and to achieve successful ignition
at low pressure. Ignition experiments for propane/air mixture at
different equivalence ratios (® =0.8-1.6) and pressures (P=0.3-
1.0 bar) were conducted. The performance of three ignition meth-
ods, spark, SND and MND, were compared and the advantages
of MND for ignition at sub-atmospheric pressures were demon-
strated. The main conclusions are:

(1) Compared to fully developed spark discharge, the nanosec-
ond discharge has higher energy efficiency for ignition since
it releases energy over a few nanoseconds (which is shorter
than the transition time to arc) and prevents the streamer-
to-arc transition. Compared to spark and SND ignition, the
MND ignition generates a much larger ignition kernel. Be-
sides, the ignition kernel induced by MND has strong flame
wrinkling which accelerates its propagation. Since MND is
able to create a much larger ignition kernel than the spark
and SND, it helps to achieve successful ignition more easily,
especially at low pressures.

(2) At lower pressure and for leaner propane/air mixture, the
critical flame initiation radius becomes larger and thereby
ignition becomes more difficult. The ignition probabilities of
spark discharge and SND drop quickly with the decrease of
pressure and equivalence ratio. Compared to spark and SND
ignition, MND ignition has much higher ignition probabil-
ity, which remains nearly constant as the pressure decreases.
Therefore, MND has the advantage in achieving successful
ignition in fuel-lean mixture at low pressure.

(3) The influence of different ignition methods on flame devel-
opment time (FDT) and the flame rise time (FRT) were ex-
amined. The FDT of spark ignition is the largest while that of
MND ignition is the smallest. This is because MND can gen-
erate larger and more quickly growing ignition kernel than
spark and SND. However, there is litter change in FRT for

different ignition methods, indicating the subsequent flame
propagation is not strongly influenced by ignition.
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