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A B S T R A C T

Hydrogen is considered one of the leading candidates among all carbon-free (i.e., “green”) fuels. While the 
combustion of hydrogen does not produce any CO2 emissions, it results in high NOx emissions (i.e., NO and NO2) 
due to its high flame temperatures. Here, we report substantial improvements in the combustion of H2 under 
ultra-lean conditions using transient plasma ignition (TPI), which supports stable engine operation with minimal 
NOx emissions. The transient plasma-based ignition system was tested on a retrofitted natural gas engine using 
zero-carbon fuel (i.e., H2). The flame characterization was conducted in a canonical static combustion chamber 
together with a high-speed camera and a pressure sensor. Compared to conventional spark ignition (magneto 
type), the TPI enables a 2-fold improvement in engine stability (i.e., 52 % drop in coefficient of variation of 
indicated mean effective pressure (COVIMEP) at an engine speed of 1500 RPM) and a 4-fold reduction in NOx 
emissions at constant power at an engine speed of 2400 RPM. In this ultra-lean range, we also observe a 175 % 
increase in the maximum mechanical power produced by the engine using TPI (0.2 kW at an engine speed of 
1100 RPM) by achieving more complete combustion. We compare the results of engine performance (stability, 
power, and NOx emissions) with those using a conventional (magneto-type) spark ignition (CSI) over a wide 
range of equivalence ratios (ϕ) from 0.2 to 0.7. The transient plasma-based enhancement arises from hydro
dynamic effects, (i.e., ionic winds), which gives rise to turbulence and multi-scale mixing. This is supported by 
Schlieren imaging, which shows an augmented flame surface area and reduced ignition delays with TPI 
compared to that with CSI. This general approach enables hydrogen fuel to be burned in internal combustion 
engines, while maintaining low NOx emissions using a transient plasma ignition system that could serve as a 
drop-in replacement of conventional magneto-type ignition systems without requiring any further engine 
modifications.

1. Introduction

While rechargeable Li-ion batteries are capable of powering small 
passenger vehicles, they do not provide sufficient energy storage for 
large vehicles, such as long-haul trucking and locomotives, as reported 

by Giuliano et al. [1,2] As such, technologies addressing this wide scale 
need for clean combustion in larger engines are much needed particu
larly within the transportation sector, thus, meeting the demand for 
advanced vehicle technologies and sustainable freight. In the general 
public, there is a common misconception that electric vehicles will 
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eliminate all environmental concerns associated with transportation. 
However, “zero emissions” simply means zero “tailpipe” emissions, and 
the electricity used to power these vehicles is predominantly produced 
by burning fossil fuels. As such, electric vehicles can have relatively high 
CO2 equivalent emissions, and more advanced systems, approaches, and 
technologies for enabling clean combustion need to be explored.

Hydrogen (H2) is considered to be an excellent green-fuel candidate 
for spark ignition engines due to its ability to burn under ultra-lean 
conditions, as well as its high flame speeds and low ignition energies 
[3]. Research on H2 combustion in engines has been conducted by a 
variety of industries and research groups. In 2007, BMW built a 6-liter V- 
12 motor hydrogen combustion vehicle based on the BMW 7 Series 
(760Li) [4]. Ford developed the P2000 hydrogen engine to power Ford’s 
E-450 Shuttle Bus [3]. Along with a fuel transfer system, liquid H2 was 
used in internal combustion engines for improved performance with 
zero exhaust emissions [5]. Under optimal operating conditions, similar 
efficiencies compared to diesel engines can be achieved with high- 
pressure direct injection (HPDI) operation [6].

While H2 is a carbon-free fuel and does not produce any CO2 emis
sions, its utilization in engines is limited by knock, preignition, and low 
power densities. It is well established that the flammable and adiabatic 
flame temperature (Tad) ranges of H2 are much wider than those of 
hydrocarbons. One of the main challenges associated with hydrogen 
combustion is low engine stability. The COVIMEP ratio increases by more 
than twice when hydrogen is added to a conventional engine [7]. Luo et 
al. observed comparatively low engine stability (i.e., high COVIMEP) at 
lower hydrogen equivalence ratios [8]. Another challenge is high NOx 
emissions. For near-stoichiometric conditions, Tad ~ 2,300–2,400 K 
results in high thermal NOx production [9–12]. The maximum NO 

emission measured with hydrogen can be almost twice that of tradi
tional hydrocarbon fuels, e.g., isooctane [13]. The NOx emission in
creases rapidly when the equivalence ratio of hydrogen is larger than 0.5 
[14]. Jamrozik’s group observed an over 80 % increase in NOx emissions 
(from 476 ppm to 860 ppm) by adding hydrogen to a diesel engine [7]. 
However, under lean conditions (i.e., equivalence ratios ϕ < 1), Tad can 
be lower than the NOx formation threshold (~1700 K) while the 
laminar flame speed (So

u) is high enough to assure robust burning rates. 
Additionally, at ϕ < 1 H2/air flames develop thermo-diffusional in
stabilities that could compromise the overall combustion stability in 
internal combustion engines. It should be noted that H2 has high auto
ignition temperatures (i.e., high octane number), but low ignition en
ergy (i.e., increased preignition propensity) resulting in low preignition- 
limited ϕ and thus reduced energy density. While using the octane 
number to compare hydrogen’s anti-knocking characteristics might 
seem sufficient for describing its ability to withstand compression before 
ignition, the methane number offers a more accurate comparison of a 
gaseous fuel’s resistance to knocking. On a scale of 0–100, with pure 
methane at 100 (the most resistant to knocking) and pure hydrogen at 
0 (the least resistant), it is important to emphasize that the engine 
operating characteristics must match those required to run pure 
hydrogen fuel and equivalence ratios close to 1. Additionally, pre- 
ignition poses a constraint on an engine’s operation capability to run 
on pure hydrogen fuel at equivalence ratios close to 1. This is related to 
the minimum ignition energy required to ignite hydrogen [15]. As a 
result, the practical engine investigations were conducted within the 
leaner fuel mixture range to avoid making major engine modifications 
that would significantly alter the engine’s characteristics from those 

Fig. 1. (a) Photograph and schematic diagram of the multi-gas engine test platform with modified nanosecond pulse transient plasma ignition (TPI) system and 
exhaust gas characterization configuration. (b) Photograph of the customized TPI trigger system. (c) Schematic diagram of the constant volume combustion chamber 
system. Voltage waveform plots for (d) conventional spark ignition (CSI) and (e) transient plasma ignition (TPI). (f) Waveform plot for a plasma burst of 5 pulses 
discharged at 10 kHz.
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currently used for gasoline or methane. The limitations of H2-powered 
engines can potentially be addressed by ignition control, port-fuel- 
injection vs. direct injection, and fuel stratification, which are based 
on thermo-chemical principles. It was reported that ultra-lean combus
tion produces a low-temperature flame, which leads to lower NOx 
emissions and reduced heat transfer to the walls, resulting in higher 
engine efficiency [10]. Lean burns require higher starting pressures to 
achieve a low enough equivalence ratio to avoid unstable combustion 
and high NOx emissions while maintaining sufficient torque and power 
[16]. A potential method to achieve this is through advanced ignition 
systems. Work done by Singleton et al. revealed that a transient plasma 
discharge in a hydrocarbon fuel–air mixture created ignition sites at 
multiple spatially separated locations, particularly where the greatest 
production of active species occurred due to electron impact excitation, 
dissociation, and ionization [17]. Cathy et al. reported that transient 
plasma enabled stable lean combustion of hydrocarbon fuels at levels 
that were not otherwise realizable by spark ignition, and the 20-ns pulse 
was able to increase peak pressure by 20 % compared to conventional 
spark ignition [18]. Our work aims to explore the possibility of aug
menting the engine’s stable operational limits via a non-thermal Tran
sient Plasma (TP) and introduce an additional external control degree of 
freedom to complement the established aforementioned approaches.

This TP approach has been used previously to reduce CO2 emissions 
and improve the combustion of natural gas (NG), the main constituent of 
which is CH4. In previous research works, many alternative ignition 
methods have been used on hydrogen combustion engine. A coil-on-plug 
system was used to avoid induction ignition in an adjacent cable [19]. A 
higher voltage output ignition system was applied to provide enough 
secondary ignition voltage for the combustion of hydrogen mixtures 
[20–22]. Different spark plug gaps were tested for better engine per
formance of hydrogen combustion [23]. Recent studies using nano
second pulsed discharge [24], high-frequency streamer discharge [25], 
and filamentary discharge [26] have shown that plasma can improve 
fuel/air mixing, ignition, and flame stability by enhancement mecha
nisms involving thermal, chemical, and plasma-induced aerodynamic 
effects. For internal combustion engines, effective demonstrations of 
plasma-assisted ignition and combustion have been achieved using 
single and multi-spark discharges [27], nanosecond pulsed discharge 
[28], and radio frequency discharge [29]. In addition, plasma has also 
been used to control emissions, in which case effectively reduced NOx 
emission was achieved by using a pulsed discharge [30]. The role of 
hydrodynamic forces on the ignition of lean CH4-air mixtures has been 
discussed by Pineda et al. [31] High-speed Schlieren imaging revealed 
the significant role of hydrodynamics in the observed enhancement, 
including a more wrinkled flame kernel structure and increased burning 
rates from the increased flame surface area. Increasing the number of 
nanosecond pulses per ignition event (i.e., burst number) increases the 
expulsion of the flame kernel. In TPI, multiple pulses of transient plasma 
are discharged across the spark gap, resulting in properties that are very 
different from that of CSI. Here, TPI provides higher voltages (~20 kV) 
over an extremely short time scale (~20 ns), which can easily cause 
breakdown of molecular bonds, resulting in the formation of radicals, e. 
g., atomic H and atomic O, as illustrated in Figure S1 in the Supple
mental Document. These radicals or ions are accelerated by forces 
produced by the electric field, causing movement of the ions that 
eventually form ionic winds [32]. The hypothesis is that using multiple 
pulses in an already ionized medium allows for the creation of ionic 
winds and, thus, for a more effective ignition and enhancement of the 
combustion process through mixing and a transition to turbulence in its 
early stages and beyond. However, this phenomenon has yet to be 
observed in or applied to carbon-free fuels.

2. Experimental Details

The TP-based ignition system was tested on a retrofitted NG engine 
using zero-carbon fuel (i.e., H2) and compared to results obtained from 

the same engine with a conventional spark (i.e., magneto-type) ignition 
system. The tests performed involved measuring and quantifying the 
exhaust gas composition of CO2 and NOx, maximum power output, as 
well as the cylinder pressure. Fig. 1 depicts the experimental setup, 
which uses a 5.5 kW multi-fuel generator consisting of a 439 cc, 4- 
stroke engine with a 9.56:1 compression ratio (Firman T08071). The 1 
in. bore engine carburetor was left intact, and gaseous fuel was fed 
through the natural gas inlet port. The original ignition system, con
sisting of a permanent magnet attached to the flywheel with a magneto 
ignition coil rated at 80 mJ with integrated spark plug wire, was left in 
place and disabled during TPI testing using a coil grounding circuit. A 
manifold absolute pressure sensor was installed in the intake manifold to 
measure inlet pressure, and volumetric flow rate meters were used to 
measure control engine air and fuel entering the engine. In the com
parison between conventional spark ignition (CSI) and transient plasma 
ignition (TPI), the magneto-type ignition system on the engine has been 
replaced by a nanosecond high-voltage pulse generator (Transient 
Plasma System Inc., Model 20X) using an electromagnetic pickup (i.e., 
Hall-effect sensor, as shown in Figure S2 in the Supplemental Document) 
that provides a trigger signal for the nanosecond pulse generator. This 
high voltage nanosecond pulse generator is capable of producing peak 
pulse voltages up to 20 kV at pulse repetition rates up to 10 kHz. Each 
pulse has a duration (i.e., pulse lifetime) of ~ 20 ns and a peak voltage 
of ~ 25 kV, as plotted in Fig. 1e. The system can also be programmed to 
produce a short burst of pulses. For each combustion event, our TPI 
system produces a burst of 5 pulses separated 100 µs (i.e., 10 kHz), as 
shown in Fig. 1f. To first order, the peak voltages (within each burst) 
remain consistent even after the initiation of the flame kernel. While 
these peak voltages do not change, the reflected power can change with 
load impendence and the associated impedance mismatch. In the 
Schlieren imaging videos (in the Supporting Information), we see bright 
flashes corresponding to the 5 separate plasma discharges. Figure S2a 
shows the conventional ignition coil system, and Figure S2b shows the 
customized TPI system where a Hall sensor has been installed above the 
flywheel to pick up a trigger signal from a magnet mounted on the 
flywheel each time they align during the combustion cycle. A standard J- 
gap spark plug with a gap distance of 0.965 mm is used for CSI, whereas 
for TPI the flat tip of the spark plug has been removed for better ignition 
leaving a much larger gap of ~ 4 mm (see Figure S3 in the Supplemental 
Document). The increased spark gap distance plays an important role in 
the TPI process by enabling longer streamers to be produced, increasing 
ionization and hydrodynamic effects. The CSI could not generate a spark 
discharge with gaps larger than 0.965 mm. One of TPI’s primary ad
vantages is its ability to discharge plasma across gaps that are four times 
larger than those achievable with CSI. This is particularly important for 
promoting hydrodynamic effects (i.e., ionic winds). Since the flame is a 
weakly ionized gas, the 2nd – 5th pulses experience rapid acceleration 
from the applied high voltage pulses, which gives rise to turbulence and 
multi-scale mixing. The tests conducted here used a non-resistor-type 
spark plug to minimize the engine modifications. The only alteration 
was to enlarge the electrode gap by trimming the outer electrode (see 
Figure S3). This takes advantage of the transient pulsed plasma’s ability 
to create streamers across larger gaps and induce turbulence by inducing 
ionic movement. Also, we used a high voltage coaxial cable (instead of a 
standard spark plug cable) to minimize electromagnetic interference 
(EMI). Figures S3a and S3b in the Supplemental Document show pho
tographs of the standard J-gap and customized spark plugs. The engine 
exhaust then flows through our sampling manifold, which consists of a 
sample conditioner (ECM) and Horiba portable gas analyzer (PGA) 
enabling us to measure and quantify CO2, NOx, and O2, as illustrated in 
Fig. 1a. In addition, a pressure sensor has been installed in the engine 
cylinder that allows for the determination of the coefficient of variation 
of indicated mean effective pressure (COVIMEP), a key metric of engine 
stability. A load bank (Avtron LPH75) is connected to the engine genset, 
and the power output is controlled by a variable transformer. To 
determine the equivalence ratio of the engine, a gas analyzer with an 
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oxygen sensor was used, and the percentage of oxygen in the exhaust 
stream was measured. The measured percentage of oxygen was then 
used to calculate the exhaust-based equivalence ratio using the 
following: 

Φ =
1 −

4.76(%O2)
100

1 + %O2
100

(1) 

where no oxygen remaining in the exhaust would represent an equiva
lence ratio of Φ = 1 [33].

Fig. 1b shows our customized TPI trigger system where a magnet has 
been installed on the flywheel, which triggers the Hall-effect sensor 
when aligned with each other as the crankshaft spins. The Hall-effect 
signal served as both the TPI trigger signal and the RPM signal used 
for engine cycle calculations. The ignition timing for TPI can be adjusted 
by changing the magnet position. To directly compare the effects of 
flame propagation without the influence of ignition timing, the ignition 
timing was held at a constant 10 degrees before top dead center (BTDC) 
for both the CSI and TPI systems. The RPM was purposely prevented 
from going beyond 4000 RPM to focus on the engine’s power output and 
COV without the added advantage of a spark timing curve. When trig
gered by a digital signal from the Hall sensor, a function generator 
(Stanford Research Systems Model DG 645) outputs a burst of 5 digital 
signals at 10 kHz that are sent to the nanosecond pulse generator for 
each combustion stroke. The nanosecond pulse generator then produces 
a burst of 5 TP discharges at the tip of the customized spark plug. The 
Schlieren imaging system consisted of a Phantom V710 camera with 
focused LED light source, and an NI USB-6259 DAQ used in conjunction 
with LabVIEW to output the recording trigger signal and the pulse 
generator trigger signal and to collect dynamic pressure sensor data 
from a Kistler charge amplifier (603CAA) during combustion, as shown 
in Fig. 1c. The chamber was custom-designed with quartz glass win
dows, and curved mirrors were utilized to focus the reflected light 
image. The chamber was filled using needle valves, and the filling 
pressure was monitored via 5 psi, 15 psi, and 50 psi Omega PX309 
pressure sensors. The initial pressure of the unburned mixture in the 
combustion chamber is 1 atmosphere. The partial pressure of the re
actants was calculated by molar their fractions, and the gases were 
introduced one reactant at a time, starting with the lowest partial 
pressure reactant. To allow gas mixing and gas settling in the chamber, a 
5-minute waiting period was given before the gas mixture was ignited. 
During experimentation, frame recording was set to 13,000 fps. The 
discharge electrode gap was set to 1.5 mm.

Waveform plots of CSI and TPI are plotted in Fig. 1d and 1e. Here, the 
nanosecond pulse is 2–3 orders of magnitude faster than that of the 
conventional spark and reaches much higher peak voltages/electric 
fields. It has been firmly established in published studies that multiple 
nanosecond pulse discharges improve the combustion characteristics of 
hydrocarbon fuels [31,34–45]. However, the improvement in the com
bustion characteristics of this carbon-free fuel (i.e., H2) with multiple 
pulse discharges has yet to be fully understood. Our hypothesis is that, 
since the kernel/flame behaves as a weakly ionized plasma, it is likely 
that the 2nd − 5th pulses affect the shape of the kernel/flame by the 
strong applied electric fields. Previous studies using multiple pulse dis
charges have demonstrated hydrodynamic effects in mixtures of NG 
with air [31]. In the work presented here, in each combustion event, our 
TPI system produces a burst of 5 pulses at a frequency of 10 kHz, as 
illustrated in Fig. 1f. Each pulse has a duration (i.e., pulse lifetime) of ~ 
20 ns and a peak voltage of ~ 25 kV, as illustrated in Fig. 1e. We found 
that engine performance improved with an increased number of pulses 
(per burst) and higher frequencies (within each burst), as long as the 
total discharge time did not exceed the initial 2 ms of the combustion 
event. After testing various combinations of pulse numbers and fre
quencies, we found that 5 pulses at 10 kHz yielded the best results, 
representing the optimal condition we could achieve. This was accom
plished with an electrical energy expenditure of less than 20 mJ per 

pulse, which is less than 0.01 % of the power produced by the engine. 
The corresponding voltage waveforms of both ignition types are shown 
in Fig. 1d, 1e, and 1f. The CSI consumes 56 mJ per ignition event, which 
is roughly half that of the TPI, which consumes 100 mJ, so it is unlikely 
that the enhancement we were seeing is simply due to high ignition 
energies. The instantaneous power, on the other hand is quite different 
for these two ignition systems. The CSI delivers 56 mJ in 8 μsec 
(instantaneous power = 7 kW), whereas the TPI discharges 20 mJ/ 
20nsec (instantaneous power = 1 MW), which corresponds to an 
enhancement of 142X in instantaneous power.

The engine was disassembled to obtain the measurements of the bore 
(B), stroke (L), crank radius (a), and connecting rod length (l), which 
were then used to calculate the corresponding volume change (ΔV) with 
respect to different crank angles (θ). Table S1 in the Supplemental 
Document provides the engine mechanical specifications. The crank 
angle measurement used in the COV calculation utilized a 2500 pulse 
per rotation encoder mounted to the rear of the generator rotor spinning 
with the crankshaft. This setup provided a resolution of 0.114◦, with the 
TDC crankshaft position determined by the output signal of the Hall- 
effect sensor, which also triggered the function generator for the TPI 
pulser. The clearance volume (Vc) was also measured and, along with 
the calculated swept volume (Vs), the compression ratio was deter
mined. Equations (2) and (3) were used to calculate the cylinder volume 
at each crank angle measured [46]. 

Vj = Vc +
πB2

4
C (2) 

Fig. 2. Chamber pressure plots for (a) conventional spark ignition (CSI) and (b) 
transient plasma ignition (TPI) at ϕ ~ 0.3 under no-load conditions.
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C =
L
2
{R + 1 − cosθ −

[
R2 − (sinθ)2]

1
2} (3) 

where Vj is the cylinder volume at a particular crank angle, θ is the crank 
angle, and R is the ratio of the rod length to the crank radius, R = l/a. 
The output signals from both the pressure transducer and the Hall-effect 
sensor were collected using LabView software to determine the cylinder 
pressure and RPM, respectively. The indicated mean effective pressure 
(IMEP) was determined by using cylinder pressure measurements along 
with the calculated volume changes and discretizing the piston work 
performed relative to the number of samples obtained for each cycle by 
using Equation (4) [47]. 

IMEP =
1
Vs

∑n− 1

j=0

(
Pj+1 + Pj

)

2
(Vj+1 − Vj) (4) 

where Vs is the displacement (swept) volume, Pj+1,Pj is the j + 1st and jth 

combustion chamber pressures, Vj+1,Vj is the j + 1st and jth combustion 
chamber volumes and n is the number of sampling data taken per cycle. 
The coefficient of variance of the indicated mean effective pressure 
(COVIMEP) is calculated using the following equation: 

COVIMEP% =
σ

IMEPmean
(100) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
(IMEPi − IMEPmean)

2

N

√

IMEPmean
(100) (5) 

where σ is the standard deviation, IMEPmean is the mean of the IMEPs of 
all cycles recorded, IMEPi is the IMEP of each cycle, and N is the total 
number of cycles.

3. Results and Discussion

Fig. 2 shows the chamber pressure plots comparing CSI and TPI over 
100 combustion cycles for no-load conditions. Here, we observe signif
icantly more variability in the peak cylinder pressure with CSI than with 
TPI. This data shows that the engine was able to run more stably with 

TPI than with CSI, and the COVIMEP provides a quantitative metric of this 
improvement in combustion/engine stability. 5 % COVIMEP is consid
ered to be the highest percentage tolerable for production engines [25]
and, with TPI, we were able to substantially extend the stable H2 com
bustion range to ultra-lean conditions, where NOx emissions are mini
mal. The engine speeds are 1520 RPM for TPI and 1480 RPM for CSI, 
representing comparable engine conditions.

Fig. 3 shows the results for COVIMEP vs. ϕ with both CSI and TPI 
under no load and constant load conditions (Fig. 3a and 3b), along with 
the corresponding NO emissions (Fig. 3c and 3d). Under ultra-lean 
conditions (i.e., 0.2 ≤ ϕ ≤ 0.4), we were able to decrease the COVIMEP 
by as much as 52 % and 33 % under no load and load conditions, 
respectively, as illustrated in Fig. 3a and 3b. In Fig. 3c and 3d, a nearly 
50 % reduction in NO emission was achieved with TPI for 0.5 ≤ ϕ ≤ 0.6 
under both no load and load conditions. Minimal NO was observed 
under ϕ < 0.4 due to the low Tad values. Under both no load and load 
conditions, TPI enables stable engine operation (COVIMEP<5%) with 

Fig. 3. Coefficient of variation of the indicated mean effective pressure (COVIMEP) plotted as a function of equivalence ratio (ϕ) plots for (a) no-load conditions and 
(b) constant load conditions. Corresponding NO emissions plotted as a function of ϕ for (c) no-load and (d) load conditions.

Table 1 
Tables for engine RPM and power output at different ϕ under no-load and load 
conditions.

No-load Condition Load Condition

ϕ RPM±50 ϕ RPM±50 power

CSI 0.606 2352 CSI 0.507 1915 0.68
0.513 2236 0.403 2158 0.44
0.435 2038 0.324 2020 0.29
0.353 1773 0.242 1913 0.08
0.289 1480 TPI 0.606 1825 0.84

TPI 0.692 2450 0.553 1801 0.77
0.558 2287 0.455 1631 0.68
0.459 2044 0.402 1486 0.52
0.381 1860 0.267 1123 0.31
0.278 1520 0.205 1035 0.12
0.205 1011
0.195 802
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ultra-lean H2 (i.e., 0.2 ≤ ϕ ≤ 0.4) in order to mitigate NOx emission, 
which is not otherwise achievable with CSI. The ignition timing was held 
at 10 degrees BTDC for both CSI and TPI under all experimental con
ditions. Under no-load conditions, the engine speed increased as the fuel 
mixture became richer for both CSI and TPI. When applying loads, the 
engine speed increased proportionally with the equivalence ratio for 

TPI, whereas the engine speed stayed near 2000 RPM with CSI over the 
whole equivalence ratio range. The corresponding data is presented in 
Table 1.

Fig. 4 shows the maximum power output (Fig. 4a), COVIMEP with 
respect to various loads (Fig. 4b), and the corresponding NO emissions 
(Fig. 4c) under various load conditions with CSI and TPI. Here, we define 
the maximum power as when the power stopped increasing and the RPM 
started to decrease at the same time. Fig. 4a shows a minimum of 20 % 
increase in maximum power output with TPI measured when ϕ = 0.3 ~ 
0.5. More importantly, under ultra-lean conditions ϕ = 0.24 ~ 0.3, the 
maximum power output was elevated by up to 175 % with TPI indi
cating more complete combustion. Fig. 5 shows mass spectrometer (MS) 
measurements of the exhaust gas produced with both CSI and TPI at ϕ =
0.25. We observed a lower H2 (m/z = 2) signal with TPI than CSI, 
demonstrating more complete combustion with TPI. In addition, more 
H2O (m/z = 18) was detected with TPI as the main product of burning 
H2, confirming more complete H2 combustion. It is difficult to achieve 
complete H2 combustion under ultra-lean conditions. Here, TPI gives 
rise to more complete combustion compared to CSI due to the enhanced 
hydrodynamic effects and flame stability. In addition, the H2 combus
tion range was significantly extended from ϕ = 0.5 to ϕ = 0.6 with TPI. 
Under maximum load conditions (i.e., maximum power), up to 15 % 
reduction in COVIMEP was observed with TPI (Fig. 4b), which means that 
the engine was able to run more stably while outputting the same 
amount of power as with CSI. We also observe an 81 % reduction in NO 
emissions with TPI when measured under 0.7 kW load, as plotted in 
Fig. 4c. While the peak NO emissions obtained with TPI are shifted to 
higher ϕ, 40 % more power output was achieved with TPI than with CSI.

One of the key challenges in burning H2 in an internal combustion 
engine is the thermo-diffusional flame instabilities that develop under 
lean fuel conditions. The TPI enables more stable combustion by initi
ating a more robust ignition kernel. This arises due to the generation of 
highly reactive radical species such as atomic O, atomic H, and ozone 
(O3), as well as hydrodynamic effects which introduce turbulence and 
multiscale mixing in the early stage of the combustion process. This 
improved combustion enables robust and stable combustion at ultra- 
lean conditions under which the flame temperatures are substantially 
lowered below the threshold for N2 oxidation via the Zeldovich mech
anism [48]. While the plasma itself produces a small amount of NO due 
to atomic oxygen radicals [49], this is negligible compared to that 
produced by the H2 combustion processes via the Zeldovich mechanism 
(i.e., high flame temperatures) [48]. This can be seen in Fig. 3c and 3d. 
Over the range from ϕ = 0.2 – 0.6, the direct plasma-generated NO is 

Fig. 4. Plots comparing CSI and TPI for (a) maximum power vs. ϕ, (b) COVIMEP 
vs. maximum power, and (c) NO emissions vs. maximum power.

Fig. 5. Plot of mass spectrometry (MS) measurement results of the exhaust gas 
with both CSI and TPI at Φ = 0.25, showing more complete combustion 
with TPI.
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constant. The massive increase in NO observed above ϕ > 0.4 corre
sponds to NO generated by the high flame temperature-driven break
down of N2 in air.

To obtain a more fundamental understanding of the transient 
plasma-based enhancement mechanism, we performed high-speed im
aging of the flames in a constant volume combustion chamber with ϕ =
0.4 using both CSI and TPI, as shown in Fig. 6. The corresponding 
chamber pressure vs. time curves demonstrate substantially reduced 
ignition delays and faster pressure rise times (i.e., dP/dt) with TPI 
compared to that obtained with CSI (Fig. 6a). This data shows quanti
tative enhancement in the flame speed and reduction in the delay of 
flame propagation as shown by the difference in pressure rise delay 
under these ultra-lean conditions. The Schlieren imaging provides clear 
evidence of ionic winds and hydrodynamic effects, which give rise to 
turbulence and mixing, as demonstrated by the wrinkled flame struc
ture, resulting in elevated instabilities that ultimately contribute to 
increased flame surface area and flame stability. The full videos are 
available in the online Supporting Information. In addition, the pressure 

and crank position were recorded to determine the COV and to compare 
the heat release rate during the flame propagation period with respect to 
the crank angle (dQ/dθ). The ignition timing was held at 10 degrees 
BTDC for both CSI and TPI to allow for a direct comparison of the heat 
release rate. The heat release rate was calculated using 

(
dQ
dθ

)

=

(
VdP
dθ

)

+ γP
(

dV
dθ

)

γ − 1
−

PV
(γ − 1)2

(
dγ
dθ

)

(6) 

where dQ/dθ is the heat release, V is the cylinder volume, P is the cyl
inder pressure, θ is the crank position, and γ the specific heat ratio 
[46,50]. Here, γ was calculated from the mean temperature of the in- 
cylinder gas. The pressure and crank position data were analyzed at 
an equivalence ratio of ϕ = 0.26 at approximately 1800 RPM with no 
load for both CSI and TPI. The calculation shows a slightly higher energy 
output rate for TPI and that the peak pressure occurs earlier in the 
expansion stroke, as shown in Fig. 7. These observations indicate that 

Fig. 6. (a) Chamber pressure curves of the combustion events with ϕ = 0.4 using both CSI and TPI. Screenshots of the high-speed videos of the combustion events at 
different times with (b-d) CSI and (e-g) TPI.
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the transient plasma ignition gives rise to a reduced ignition delay 
(flame development period) and promotes an increased flame speed 
earlier in the combustion process during the rapid burning period. Both 
indicate that the increased radical formation and increased flame tur
bulence created by the TPI can increase the engine output compared to 
CSI under the same engine conditions.

We attribute the observed improvement in the engine performance 
to the new enhancement mechanism enabled by repetitive pulses. After 
initiating the flame kernel triggered by the 1st pulse, it is likely that the 
2nd – 5th pulses affect the shape of the kernel/flame by the strong 
applied electric fields since the kernel/flame behaves as a weakly 
ionized plasma. Specifically, such strong electric fields created by the 
repetitive pulses continuously apply forces to the ionized species in the 
initial flame kernel, which leads to the formation of ionic wind, resulting 
in turbulence and hydrodynamic effects. In addition, the reactive radi
cals (e.g., atomic H and atomic O, etc.) produced by plasma discharge 
further strengthen the enhancement effect discussed above due to the 
elevated thermodynamics and kinetics of the reaction. Such effects are 
reflected in the chamber pressure data and the corresponding Schlieren 
imaging, where significantly reduced ignition delays and faster pressure 
rise times (i.e., dP/dt), and increased flame surface area are demon
strated with TPI, which ultimately improves the flame stability and 
engine performance.

4. Conclusion

In conclusion, the enhanced combustion of H2 in an internal com
bustion engine with TPI provides higher output powers and more stable 
operation than CSI while lowering NO emissions under ultra-lean con
ditions. We observed 52 % and 33 % reduction in COVIMEP under no load 
and load conditions, respectively at ultra-lean conditions (i.e., 0.2 ≤ ϕ ≤
0.4), illustrating better engine stability with TPI. We observed a 50 % 
reduction in NO emissions with TPI for 0.5 ≤ ϕ ≤ 0.6 under both no load 
and load conditions. In addition, TPI substantially extends the stable H2 
combustion range. We also observe an up to 175 % increase in the 
maximum power output with TPI under ultra-lean conditions 0.24 ≤ ϕ 
≤ 0.3. The transient plasma-based enhancement arises from two key 
mechanisms: 1.) the formation of highly reactive radical species, 
including atomic H and atomic O, gives rise to accelerated reaction (i.e., 
burn) rates, and 2.) multi-pulse high voltage discharge gives rise to ionic 

winds, multiscale turbulence and mixing, and increased flame surface 
area of the flame kernel. This is supported by Schlieren imaging, which 
shows an augmented flame surface area and reduced ignition delays 
with TPI compared to CSI. Consequently, this results in significantly 
reduced ignition delays and faster pressure rise times (i.e., dP/dt) with 
TPI compared to those observed with CSI. Ultimately, TPI supports a 
more robust flame kernel that gives rise to lower COV values and NO 
emissions via hydrodynamic effects (i.e., ionic winds) and the formation 
of highly reactive radical species, e.g., atomic H and atomic O. These 
results could have important practical implications over a wide range of 
engines and combustion systems and can be used as the basis for in- 
depth fundamental studies in canonical laboratory configurations.
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[10] Stępień Z. A comprehensive overview of hydrogen-fueled internal combustion 
engines: Achievements and future challenges. Energies 2021;14(20):6504.

[11] El-Adawy M, Nemitallah MA, Abdelhafez A. Towards sustainable hydrogen and 
ammonia internal combustion engines: Challenges and opportunities. Fuel 2024; 
364:131090.

[12] Onorati A, Payri R, Vaglieco B, Agarwal A, Bae C, Bruneaux G, et al. The role of 
hydrogen for future internal combustion engines. SAGE Publications Sage UK: 
London, England 2022;23:529–40.

[13] De Boer PCT, McLean WJ, Homan HS. Performance and emissions of hydrogen 
fueled internal combustion engines. Int J Hydrogen Energy 1976;1(2):153–72.
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