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a b s t r a c t 

Lean-burn is an attractive concept for reasons of high thermal efficiency and low nitrogen oxide (NO x ) emissions, 

however, successful implementation in spark-ignition (SI) engines turned out to be challenging because of misfire 

or partial burn caused by attenuated flame propagation. In order to overcome this issue, microwave-assisted 

plasma ignition system (MAPIS) has been applied in combustion systems. The MAPIS consists of a conventional 

ignition coil, a non-resistor spark plug, a mixing unit, a waveguide, and a magnetron (2.45GHz, 3kW). A series of 

experiments was carried out to understand discharge characteristics and to validate its performance in a constant 

volume vessel as well as in a single-cylinder spark-ignition engine. The fundamental investigation based on optical 

emission spectroscopy and flame imaging showed that the ejection of the microwave was beneficial to produce 

more reactive species such as OH and O radicals thanks to higher electron temperature than conventional spark 

ignition. The lean limit was able to be extended up to an equivalence ratio of 0.5 based on a larger initial flame 

kernel size with MAPIS in the vessel test. Meanwhile, in the engine test, combustion stability was noticeably 

improved showing smaller cycle-to-cycle fluctuations in in-cylinder pressure. Improvement in fuel efficiency 

up to 6% could be achieved by stable operation under fuel-lean conditions. In terms of emissions, MAPIS was 

advantageous to reduce carbon monoxide (CO) emissions by promoting more complete combustion. 
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bbreviations 

bbreviations 

TDC After top dead center 

TDC Before top dead center 

AD Crank angle degree 

CD Charge coupled device 

O Carbon monoxide 

OV Coefficient of variation 

C Direct current 

GR Exhaust gas recirculation 

F Radio frequency 

DI Gasoline direct injection 

GBT Insulated gate bipolar transistor 

MEP Indicated mean effective pressure 

APIS Microwave-assisted plasma ignition system 

O x Nitrogen oxide 

CI transistorized coil ignition 
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. Introduction 

In the spark-ignition (SI) engines, combustion is initiated by the high-

emperature thermal plasma kernel between spark plug electrodes. Suf-

ciently high electrical potential induces breakdown followed by the arc

nd glow discharge. After spark started, electrons are accelerated by the

lectric field and highly active radicals/ionized gas molecules are cre-

ted. Then, the consecutive exothermic chemical reactions in the flame

ront allow self-sustaining flame propagation. There are different types

f standard ignition systems including coil ignition system, capacitive-

ischarge ignition (CDI) system, and magneto ignition system. Among

hem, the most prevailing ignition system in SI engines is the transis-

orized coil ignition (TCI) system because of its cost-effectiveness and

obustness. In modern gasoline direct injection (GDI) engine, advanced

 technologies such as turbocharger, high-tumble/swirl motion, exhaust

as recirculation (EGR), and lean-burn strategies have been adopted to

chieve high efficiency with low pollutant emissions [ 1 , 2 , 3 , 4 ]. How-

ver, the application of these concepts causes unfavorable ambient con-

itions for flame propagation. For example, in the lean-burn regime,

ame propagation is attenuated by flame quenching due to insufficient
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Nomenclature 

α Thermal diffusivity [m2/s] 

𝐸 Electric field [V/m] 

h c Heat of combustion [J/kg] 

ṁ 

′′′
F Product generation rate [kg/s •m3] 

N Gas density [m − 3] 

P In-cylinder pressure [MPa] 

Q Heat from the system [J] 

R crit Critical flame radius [m] 

𝛾 Ratio of specific heat [a.u.] 

S L Laminar flame speed [m/s] 

𝑡 Time [s] 

𝑉 In-cylinder volume [m3] 

eat generation in the flame, so it often results in a misfire or partial

urn. There have been advancements in standard ignition systems to re-

olve this issue by increasing stored electrical energy or applying multi-

ischarge [ 5 , 6 , 7 ]. 

In the meanwhile, another approach so-called volumetric ignition us-

ng a non-thermal plasma mechanism has gained attention as an alterna-

ive ignition method for future GDI engines. Different from the thermal

lasma, the heat losses and thermal loading on the ignition system are

o longer issues in the non-thermal plasma because only the electrons

re highly excited than ions and neutrals. In this way, chemical reactions

an be enhanced by more efficient energy transfer between electron and

eactive species. Even though the system cost is not comparable to the

CI system, it has been demonstrating a great potential for combustion

mprovement [ 8 , 9 ]. Thus many researchers have been developing non-

hermal ignition systems such as streamer discharge, surface ignition,

anosecond pulsed dielectric barrier discharge, and high-frequency res-

nance plasma ignition to combustion systems, however, the realization

f non-thermal plasma in real engine turned out to be challenging be-

ause of the often failures to generate stable non-thermal plasma under

igh ambient pressure condition [ 10 , 11 , 12 ]. Therefore, a hybrid con-

ept using both of the conventional TCI system and non-thermal plasma

as been developed by Ikeda at el [13] . It uses a microwave-assisted

lasma ignition system (MAPIS) that consists of conventional TCI sys-

em and microwave source. The ignition is initiated by TCI and then ex-

anded by microwave ejection in the discharge region. The application

f MAPIS system has been successful in the engine system by showing

xtended lean limit, lower fuel consumption, and lower emission charac-

eristics compared to TCI system [ 12 , 14 , 15 , 16 ]. The electron temper-

ture and reduced electric field ( E/N , electric field/molecular number

ensity) in plasma are known to have substantial effects on combustion

17] . The non-thermal plasma is known to have higher electron tem-

erature and is more kinetically active because of the rapid production

f active radicals and excited species by electron impact dissociation,

xcitation, and subsequent energy relaxation [18] . In terms of this as-

ect, since the MAPIS system is using TCI system for the ignition and

xpansion by microwave, the enhancement in electron temperature and

educed electric field is smaller than non-thermal plasma such as ra-

io frequency or nanosecond pulse systems, however, it has the better

ischarge stability that ensured by TCI system under entire engine con-

itions [19] . 

In this study, we aim to establish a comprehensive understanding

f microwave effects and electrode geometry on flame enhancement.

specially since the MAPIS system can be further combined with other

gnition concept, for instance flame jet ignitor and high-energy TCI sys-

em, the influence of electrode geometry on flame enhancement by mi-

rowave should be understood. The discharge characteristics for both

CI and MAPIS system were analyzed by optical emission spectroscopy

OES) to acquire temperature data in the discharge region. The investi-

ation was carried out with a MAPIS system based on an ignition system
2 
ntroduced by Ikeda at al [ 20 , 21 ]. Each single component in the MAPIS

as carefully designed based on efficiency and energy balance analysis.

he MAPIS was tested in a constant volume combustion vessel and a

ingle cylinder GDI engine. Initial flame was visualized by high-speed

hadowgraph and OH radical imaging. A series of comparison between

wo ignition systems; TCI and MAPIS was performed based on flame de-

elopment, combustion phase, fuel efficiency, and emission characteris-

ics under various engine speed, engine load, equivalence ratio, and mi-

rowave application energy. The remaining content of the manuscript is

rganized as follows: the experimental methods are described, detailing

he MAPIS component, the constant volume vessel, high-speed optical

maging, and single-cylinder SI engine. The results section presents en-

rgy flow, discharge characteristics, followed by the flame imaging and

ngine performance and emission characteristics. 

. Test setup and condition 

.1. MAPIS components 

The MAPIS can be categorized into four main sections: power source,

ransmission system, power monitoring system, and igniter. A schematic

iagram of the entire system is presented in Fig. 1 . Detailed specification

nd working mechanism are described in following section. 

.1.1. Power sources: magnetron and ignition coil 

A continuous-wave (CW) magnetron (National, NL 10250-1) was uti-

ized to generate a microwave with a frequency of 2.45 GHz. The inter-

al structure of the magnetron is illustrated in Fig. 2 [22] . The inset of

he figure indicates the trajectory of a free electron in the magnetron.

athode located at the center of a vacuum tube is surrounded by a spe-

ific cavity shape that determines the frequency of microwave. The cath-

de is at low potential (-5kV in this study) compared to the anode. Due

o this potential difference, free electrons are emitted from the cathode

y thermionic emission. The free electrons are then accelerated toward

he anode by the electric field. In this situation, the free electrons do not

ravel straight from cathode to anode, however, they travel in a spiral

irection because of a magnetic field applied by an external magnet. In

ther words, circumferential force (Lorentz force) was applied by the

ombination of electric and magnetic fields in the vacuum tube. The

piral movement of free electrons induces swirling electron clouds [23] .

hen the electron clouds pass the resonating cavities, they create a high-

requency electromagnetic field, and finally, this energy is transmitted

y an output coupling loop (antenna). The microwave source utilized in

his study was CW magnetron, however, a custom-made triggering cir-

uit controlled 5kV DC with an insulated gate bipolar transistor (IGBT)

as used to operate the magnetron in pulsed mode. To characterize the

lectric behavior of the magnetron, voltage, and current was monitored

s shown in Fig. 3 . It is emphasized that this measurement is for electric

nergy used to generate microwave, not the microwave energy deliv-

red to the igniter. The microwave energy was measured by a power

eter at each component and the measurement of microwave power

ill be described in the following section. Time after operating com-

and started is presented in the x-axis. A 5V TTL command with 20 𝜇s

ulse duration was delivered to the magnetron driving circuit and 5kV

f voltage was applied to the magnetron. Considering a few picosec-

nds response scale of IGBT, the increase of the voltage and current

ndicated a certain delay for microwave generation. A peak of a current

discharge) can be seen in 5 𝜇s after the command signal was applied. It

mplies that there was the time required to heat the filament and achieve

hermionic emission from the cathode. The sudden peak of the current

lso indicates there was discharge between the cathode and anode in

he vacuum tube. After 8 𝜇s, the voltage and current were stabilized for

he period of approximately 20 𝜇s. The time delay of 8 𝜇s shown by volt-

ge and current measurement was consistent with the power meter that

howed power generation after 8 𝜇s later than the start of the command

ignal. This is attributed to the rotating electron clouds in the resonant
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Fig. 1. Schematic diagram of MAPIS. 

Fig. 2. Internal structure of magnetron (reproduced from [22] ). 
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Fig. 3. Measured voltage and current of magnetron. 
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avities. An interesting feature in this voltage and current profile, they

ropped slowly, for example, the current was continued longer than the

nput command signal of 20 𝜇s. The possible reason for this is that the

otating electron clouds in the cavity had a certain momentum that kept

urrent even after the operating signal terminated. 

The igniter was not designed to initiate the flame propagation only

y the microwave however, the actual discharge was controlled by a

onventional spark ignition coil (Denso, 27300-3F100). It basically uses

lectrical energy stored in the inductance of a coil. There are two coils

xisted: primary winding has relatively few turns of heavy wire, mean-

hile, the secondary winding consists of thousands of turns of thinner

ire. Before the ignition event, the system switches current on the pri-

ary winding that builds magnetic field in the coil. When the current

tops at the primary winding, it produces high voltage across the sec-

ndary windings as the magnetic field is disappeared. This high voltage
3 
C was delivered to the igniter for the start of flame propagation. To

valuate spark energy, voltage and current were measured at the spark

lug. Fig. 4 shows the voltage and current profiles with a 1ms of coil

harging time. It is noted that the spark energy (in this case 60mJ) can

e acquired by integrating this voltage and current curve according to

ime. The electrical potential between the central and ground electrode

as initially increased until breakdown that is followed by arc phase

nd glow discharge. The duration of energy dissipation by discharge

rocess was kept to 1ms by input coil charging time. It is known that

he breakdown phase has the lowest heat loss approximately 5% of elec-

ric energy to heat losses, however, total energy taken by this period is

ess than 1% of total discharge energy [24] . Most of the discharge en-

rgy is dissipated by the arc and glow discharge that has 70% of heat

osses to electrodes since the flame is already far beyond the spark re-
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Fig. 4. Measured voltage and current of spark plug. 
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ion [24] . Therefore, an increase of discharge energy with a longer coil

harging time is not helpful to create a larger initial kernel. 

.1.2. Transmission system: waveguide, 3-stub tuner, and mixing unit 

To transfer microwave energy generated by the magnetron, a hol-

ow rectangular tube (commercial waveguide) was installed directly to

he magnetron. The waveguide was manufactured to have a transverse

lectric mode (TE 010 ) that has the strongest electric field long the center-

ine. In the middle of the waveguide, a 3-stub tuner (ASTeX, AX3041)

as installed to ensure the maximum transfer efficiency by matching

mpedance between the microwave source and the following compo-

ents. In the aspect of the microwave, the shape of the propagating space

etermines the circuit impedance, so the maximum transmitting power

as ensured by deforming the space in the waveguide using 3 rods in

he tuner. The procedure to match the impedance was to find maximum

ower (monitored by a power meter) by trying various combinations of

 rods settings. The microwave after the tuner was transmitted to the

ixing unit through an antenna installed 30mm away from the end of

he waveguide. 

Two different sources of the microwave and the high voltage DC by

he conventional ignition coil and the magnetron were properly mixed

y a custom-build mixing unit. The concept of the mixing unit is to pre-

ent leakage of each source but transmit mixed energy only to igniter.

or example, in Fig. 1 , if the high voltage DC is transferred to the mag-

etron system, it will create discharge somewhere in the system and

ail to ignite mixture in the combustion chamber. Similarly, if the mi-

rowave energy is transferred to the ignition coil, it will cause electric

ailure. Thus, the mixing unit was developed with a pair of parallel plate

apacitor and a coil (RF choke) to block the high voltage DC and the

icrowave, respectively. The components were mounted on a printed

ircuit board that has 2mm thickness. 

.1.3. Power monitoring system: directional coupler and attenuator 

The discharge energy by ignition coil can be measured by voltage and

urrent profiles, however, this method is not applicable for microwave

nergy measurement. This is because not only it is an electromagnetic

ave (not a simple DC) but also a contact of any measuring device com-

letely alters the impedance of the circuit. Therefore, a power meter

Agilent, E4417A) was utilized to measure microwave energy delivered

o each component. This power measurement was achieved through a

irectional coupler. Directional coupler enabled monitoring of transmit-

ed and reflected power. In principle, a perfect impedance matching be-

ween the component was challenging especially in the engine applica-

ion where the space is limited, a portion of applied microwave energy

lways reflected. By using the directional coupler, the final transmitted

icrowave power was calculated by subtracting reflected power from

he input power. To protect the power meter from accidentally applied
4 
igh power of the microwave, two attenuators ( − 55 dB) were installed

etween the directional coupler and the power meter. 

.1.4. Igniter 

A resistor in conventional spark plugs does not allow microwave

ransmission so non-resistor spark plugs were designed using an in-

ouse numerical simulation code. In each design step, the scattering

arameter (S-parameter) defined by eq-1, was carefully evaluated since

t determines energy transmission efficiency. For example, if the ratio

f the transmitted power to input power is 1 (transmission efficiency of

00%), S-parameter is 0. 

 − 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = 10 ⋅ log 
( 

𝑃 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 

𝑃 𝑖𝑛𝑝𝑢𝑡 

) 

(1)

here 𝑃 𝑖𝑛𝑝𝑢𝑡 is input microwave power to a component, 𝑃 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 is

icrowave power after the component. The S-parameter depends on

he frequency of the electromagnetic wave, material, channel size, and

hape. As there were inevitable constraints in the spark plug design such

s igniter size limited by spark plug thread on the engine cylinder head,

-parameter near 0 could not be achieved. In theory, the best scenario

as to utilize Teflon material for an insulator with 0.1mm diameter cen-

ral electrode, however, alumina with 1mm diameter electrode (Inconel

in) was utilized to prevent gas leakage through a gap between the cen-

ral electrode and the insulator. 

A combined high voltage DC and microwave energy were delivered

o the igniter. The high voltage DC was transmitted through the central

lectrode, meanwhile, the microwave was transmitted through a space

etween the central electrode and shield around the insulator. A con-

eptual mechanism for the ignition enhancement process is presented

n Fig. 5 . Before the spark was applied for the actual start of flame ker-

el formation, the microwave was ejected. Then, ignition is initiated by

sing a conventional ignition coil. In this situation, expansion of thermal

lasma could be enabled by the interaction between free electrons and

lternating electromagnetic wave (with the frequency of 2.45 GHz) so it

an create a larger initial ignition kernel [26] . After the spark is applied,

ame propagation occurs in the field that has an oscillating microwave.

In this study, five different igniters were designed to investigate the

nfluence of ground electrode shape on flame enhancement. Fig. 6 illus-

rates the schematics of igniters tested in the combustion vessel. The de-

igns were intended to have larger microwave energy deposition by en-

losing the discharge area with electrodes. In other words, the primary

oal was to minimize microwave leakage from the discharge region. As

tarting from the conventional spark configuration, the discharge region

ot enclosed more by installing more electrodes. In the experiment, the

nput spark energy and microwave energy were set as identical for all

he spark configurations. 

.2. Experimental setup 

.2.1. Constant volume vessel 

Two main experimental campaigns were carried out in the constant

olume combustion vessel: OES and high-speed flame imaging. A spec-

rometer (Ocean Optics, Maya2000) was used to analyze light intensity

ccording to wavelength in the discharge. The grating (HC-1) installed

n the spectrometer has blaze wavelengths at 300 and 600 nm with

00 grooves/mm density and it provides a measurement range of 200-

100 nm wavelength with 1.38 nm resolution. The spectrometer was

actory-calibrated with calibration light sources; a deuterium halogen

amp (Ocean Optics, DH-3P-CAL) for 200-1100 nm and a tungsten halo-

en lamp (Ocean Optics, HP-3plus-CAL) for 400-1100 nm additionally.

atural lights from surroundings were blocked to measure the light spec-

rum only from the discharge. The data was acquired with an exposure

ime of 200ms and 10 times of repetition. The light intensity for nitro-

en radical showed the maximum variation of 2.5% for 10 ignitions and

his was resulted in uncertainty of ± 150K and ± 100K for vibrational and

lectron temperature, respectively. The light intensity from the OES was
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Fig. 5. Conceptual process of microwave- 

assisted plasma ignition. 

Fig. 6. Schematics of igniter tested in constant 

volume vessel. 
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urther analyzed by a MATLAB based open-source SPARTAN. Using this

ode, the estimation of rotational (T rot ), vibrational (T vib ) and electron

emperature (T e ) was carried out based on light emission theory. The

pectroscopic temperature estimation code has been widely utilized in

he field of plasma sciences to acquire temperature information [ 25 , 26 ,

7 ]. The SPARTAN code can produce synthetic emission spectra with

 given instrumental broadening for various molecular transitions in-

luding N 2 , N 

+ 
2 , NO, OH, O 2 and also monoatomic transitions such as

, O. More details of spectroscopic models and validation can be found

n [28] . The excited species were identified based on the emission band

ystem given in [ 28 , 29 ]. 

In the meantime, flame imaging was carried out in a constant volume

essel focusing on initial flame development. A schematic diagram of the

xperimental setup is shown in Fig. 7 . The vessel is fabricated with car-

on steel (S45C) and has 1.4L of the cubical inner section. Three quartz

indows were installed at the front and two parallel side faces. A mix-

ure of acetylene (C 2 H 2 ) and the air was supplied with various ratios to

nvestigate the effects of the equivalence ratio on combustion enhance-

ent. It is known that the effect of the microwave with C 2 H 2 fuel is

ess profound than that of CH 4 due to higher flame speed and lower

ctivation energy [30] . However, since the autoignition and oxidation

f acetylene have been intensively studied, the established data set can

rovide an opportunity of validation for prospective numerical simula-

ion work [31] . The initial ambient equivalence ratio ( 𝜙) was controlled

y the partial pressures of C 2 H 2 and air with an error range of ± 10 − 4 

Pa. The shadowgraph imaging was performed using two concave mir-

ors and a tungsten lamp in a conventional z-type setup. A high-speed
 9  

5 
amera (Phantom v7.1) equipped with a zoom lens (80–200 mm f/2.8D,

ikkor) was utilized for shadowgraph imaging that was taken with a

amera setting of 20,000 frames per second (fps) in 304 by 304 pixel

esolution. The exposure time and aperture of the lens were set to 2 𝜇s

nd 2.8, respectively. At the same time, the combustion image was also

aptured by an intensified charge-coupled device (ICCD) camera (PI-

AX2, Princeton Instruments) with a bandpass filter (310 nm, 67886

V097-25), Edmund Optics) for OH radicals through the front window.

he OH radical image was taken at 4ms after the start of ignition. 

Images taken by high-speed shadowgraph was processed with the

ATLAB program. An example image of each step is indicated in Fig. 8 .

irst of all, the flame ( Fig. 8 (c)) was isolated in the image by subtract-

ng the flame image ( Fig. 8 (b)) from the background image ( Fig. 8 (a)).

hen the image was binarized ( Fig. 8 (d)) using a specific threshold in-

ensity to have ‘0’ or ‘1’ values in the frame. An identical threshold value

as applied for image analysis under every test condition. Finally, the

oundary of the flame was captured by the ‘boundary’ function in MAT-

AB as shown in Fig. 8 (e). 

.2.2. Single cylinder engine 

After the fundamental investigations in the constant volume vessel,

he ignition systems were implemented in a 0.5L single-cylinder GDI en-

ine to perform combustion and emission characterization. Engine spec-

fication and test setup are shown in Table 1 and Fig. 9 , respectively.

he engine was operated under homogeneous-charge combustion mode

hat has early fuel injection timing. An electronic engine controller (ZB-

013, Zenobalti) was used to control injection parameters such as in-
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Fig. 7. Constant volume vessel system for 

high-speed flame imaging. 

Fig. 8. Image processing for flame size mea- 

surement (a) background image, (b) flame im- 

age, (c) intensity difference (image (a)-image 

(b)), (d) binarization, and (e) flame size mea- 

surement 

Table 1 

Specifications of the test engine. 

Item Level 

Number of cylinder Single 

Engine type Spray guided direct injection, DOHC 

Injector type Piezo outward opening 

Injector mount Central mount 

Bore x stroke [mm] 85 × 88 

Compression ratio 12:1 

Intake valve opening 11 aTDC – 22 aBDC 

Exhaust valve opening 34 bBDC – 10 aTDC 

j  

I  

d  

w  

c  

p

 

w  

 

𝑝  

 

r  

E  

w  

a  

1

ection timing, injection duration, and an injection pressure of the fuel.

n-cylinder pressure was acquired using a piezoelectric pressure trans-

ucer (6052C, Kistler) coupled with a charge amplifier (5011, Kistler)

ith a resolution of 0.2 crank angle degree (CAD) provided by an en-
6 
oder (E40S, Autonics). Heat release rate (HRR) based on in-cylinder

ressure was calculated by the following equation [24] . 

𝑑 𝑄 𝑛 

𝑑𝑡 
= 

𝑑 𝑄 𝑐ℎ 

𝑑𝑡 
− 

𝑑 𝑄 ℎ𝑡 

𝑑𝑡 
= 

𝛾

𝛾 − 1 
𝑝 
𝑑𝑉 

𝑑𝑡 
+ 

1 
𝛾 − 1 

𝑉 
𝑑𝑝 

𝑑𝑡 
(2)

here 
𝑑 𝑄 𝑛 

𝑑𝑡 
is the net heat release rate, 

𝑑 𝑄 𝑐ℎ 

𝑑𝑡 
is the gross heat release rate,

𝑑 𝑄 ℎ𝑡 

𝑑𝑡 
is the heat-transfer rate to the walls, 𝛾 is the ratio of specific heats,

 is the in-cylinder pressure, 𝑉 is the cylinder volume, and 𝑡 is the time.

Air-fuel ratio was varied by an intake air throttling. The equivalence

atio was monitored by a lambda sensor installed in the exhaust pipe.

nsemble average of in-cylinder pressure data from 100 engine cycles

as used to calculate HRR and fuel efficiency. For the emissions, CO

nd NO x emissions were measured by an exhaust gas analyzer (MEXA

500D, Horiba). 
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Fig. 9. Schematic diagram for single cylinder 

spark ignition engine system. 
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.3. Test conditions 

The combustion test in a constant volume vessel was conducted un-

er a range of equivalence ratio (0.5 to 1.0) and ambient pressure (0.1

o 0.5MPa) conditions with five different spark igniters. The base spark

nergy and microwave application energy was set to 60mJ and 65mJ,

espectively. On the other hand, the engine experiment was performed

nder various engine speeds from 1100 rpm to 1500 rpm. The engine

oad was changed from indicated mean effective pressure (IMEP) of

.3MPa to 0.5MPa. Fuel and coolant temperatures were kept at 313K

nd 353K, respectively. Fuel was injected at 330CAD before top dead

enter (bTDC) with an injection pressure of 15MPa. The equivalence ra-

io was also varied from 0.63 to 1 by throttling in the intake manifold.

park energy was set as 60mJ identical to the vessel test, however, mi-

rowave energy was changed from 65mJ to 520mJ per ignition event.

park timing was set to have maximum brake torque (MBT) and the

icrowave application timing was set to 50 𝜇s earlier than the actual

park event. The summary of flame imaging and engine test conditions

s tabulated in Table 2 . 

. Results and discussion 

.1. Energy flow characteristics in ignition systems 

Energy flows in the ignition coil and microwave system were in-

estigated to compare system efficiency. It is noted that the voltage

nd current measurements were used to estimate energy flow for the

gnition coil system, and the power meter was employed for the mi-

rowave system. The measurement of voltage and current in the first

nd second coils in the ignition coil was not feasible thus a measure-

ent data from Bosch was used to estimate losses in each coil [32] . The

esult is presented in Fig. 10 . In the conventional ignition system pre-

ented in Fig. 10 (a), major energy losses (~34%) occurred at primary

nd secondary coils. Coupling losses between primary and secondary

ook a minor portion (~6%) [32] . Meanwhile, in MAPIS ( Fig. 10 (b)),

ost of the energy losses were from coupling issues in each component.

his indicates that optimization of mixer and spark plug design (which

as limited due to engine head design) can improve energy transfer ef-

ciency. In terms of microwave generation, a long-term suggestion is

hat to modify the microwave source from magnetron to solid-state mi-
7 
rowave generator that has ~99% efficiency. The system efficiencies

f TCI and MAPIS were calculated as 53% and 13%. The estimation of

nergy deposition from discharge energy to flame itself is beyond the

cope of this study, however, enhancement of electron temperature was

nvestigated as in the following section. 

.2. Plasma temperature estimation from OES 

The emission spectra of TCI and MAPIS is presented in Fig. 11 .

n Fig. 11 (a), it is shown that the vibrational transitions of nitrogen

olecule (N 2 ), nitrogen molecule ion ( N 

+ 
2 ), and atomic oxygen (O1)

ere dominant on the emission spectrum of conventional arc discharge

n ambient air condition. With microwave ejection presented Fig. 11 (b),

he global intensity of emission spectrum increased approximately 8

imes. Between the N2 band system, Additional reactive species were

etected such as OH band at 310 nm, O2 + band at 342.1-385.9 nm and

2 Herzberg system at 345.3 nm. The emission of O1, which plays an im-

ortant role in the chain-initiation process of hydrocarbon combustion,

as almost doubled in intensity. The considerable increment of NO 𝛾

ystem emission at 231 nm also indicates the effect of microwave ejec-

ion on the excitation processes. This indicates excited electrons with

icrowave ejection acted as a catalyst in promoting the reaction that

ould not be achieved with only TCI mode. 

From the measured emission spectra, the gas and electron tempera-

ures were determined by comparing the measured spectrum with the

imulated spectrum of radiative transitions. The temperature measure-

ent technique requires a process to find a simulated spectrum with

he temperatures, which shows the best match the measured spectrum.

he simulated spectrum was then constructed by calculating the Boltz-

ann function and line broadening of selected radiative transitions with

iven rotational, vibrational and electronic temperature values [ 26 , 27 ,

8 , 33 ]. The dotted line in Figs. 11 (c) and (d) is experimental result and

he solid line is simulation result. The solid simulation line is sum of N2 +
- and N2 2 + as presented in fine dotted line in the figure. The temper-

ture estimation by SPARTAN for TCI ignition in Fig. 11 (c) indicated

he rotational temperature (T rot ) of 3,500 K, the vibrational tempera-

ure (T vib ) of 3,500 K and the electron temperature (T e ) of 18,000 K for

CI case. On the other hand, it showed same level of T rot and T vib , how-

ver, the T e was increased to 23,000K. for MAPIS case. Distinct feature

n the emission spectrum with MAPIS is that it does not follow theo-
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Table 2 

Experimental conditions in (a) constant volume combustion chamber, and (b) single cylinder spark 

ignition engine. 

Item Level 

Equivalence ratio [a.u] 0.5-1.0 

Initial ambient pressure [MPa] 0.1-0.5 

Initial in-chamber temperature [K] 300 

Spark energizing time [ms] 1 

Spark energy [mJ] 60 

Microwave application duration [ μs] 100 

Microwave application energy [mJ] 65 

Microwave application timing according to spark event [ μs ] -50 

(a) 

Item Level 

Engine speed [r/min] 1100, 1300, 1500 

Fuel injection quantity [mg/cycle] 18 

Equivalence ratio [a/u.] 0.625-1 

Fuel injection pressure [MPa] 15 

Fuel injection timing [bTDC] 330 

Spark timing MBT 

Spark energy [mJ] 60 

Microwave application energy [mJ] 65-520 (0.1-0.8ms pulse duration) 

Microwave application timing according to spark event [ μs ] -50 

Fuel temperature [K] 313 

Coolant temperature [K] 353 

(b) 

Fig. 10. Energy flow analysis on (a) conven- 

tional spark ignition, and (b) MAPIS [32] . 

Fig. 11. Emission spectrum from (a) TCI ex- 

periment, (b) MAPIS experiment, and emission 

comparison by experiment and SPARTAN sim- 

ulation (c) TCI, and (d) MAPIS under 0.1 MPa 

and air condition (results are from Spark 1). 

8 
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Fig. 12. Comparison of flame propagation between (a) conventional spark ig- 

nition, and (b) microwave-assisted plasma ignition under equivalence ratio of 

0.8 and initial ambient pressure of 0.5 MPa. 
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etical Boltzmann distribution showing a high peak at 385.9 nm (O2 +
mission). This implies that the plasma expansion by non-thermal mech-

nism was enabled by microwave ejection. 

.3. Enhancement of flame propagation with microwave ejection 

Images of flame propagation using both ignition methods under a

ase with an ambient pressure of 0.5 MPa and an equivalence ratio of

.8 conditions with baseline spark plug are shown in Fig. 12 . As the size

f the reactive plasma channel was got much greater than the conven-

ional spark ignition case, the initial flame kernel size with microwave

pplication got larger than conventional ignition. One interesting thing

n this flame image is that the flame surface with microwave application

as more wrinkled than the TCI case. One possible reason is that there

ould be local temperature increase or pressure gradient by electron-

eutral collisions with alternating electromagnetic wave [34] . Previous

esearches showed that the wrinkling effect with electro-magnetic wave

ot intense under leaner mixture conditions [ 35 , 36 ]. 

In terms of lean limit, the MAPIS also showed an extended lean limit

n this study. As the equivalence ratio got lowered from 1.0 to 0.5, flame

peed was sharply decreased, and finally, TCI showed misfire. In lean

uel-air mixture condition such as 0.5, flame propagation is not stable

ince it heat generation in the flame front is usually dissipated by heat

ow to surroundings. A relationship between heat generation in flame

ront and heat loss to the surrounding is presented in the following equa-

ion [37] . 

̇
 

′′′
F Δh c (4 𝜋R 

3 
crit ∕3) = k (4 𝜋R 

2 
crit ) 

dT 
dr 

|||R crit (3)

 crit = 

√
6 α
S L 

(4)

here, ṁ 

′′′
F is product generation rate per unit volume, h c is heat of

ombustion, R crit is critical radius, T is flame temperature, r is radius, α
s thermal diffusivity, and S L is laminar flame speed. 

The correlation indicates that if the flame size is not larger than the

ritical flame radius, it will be dissipated as heat and finally resulted in a

isfire. As presented in eq-4, the critical flame radius also can be written

n a function of thermal diffusivity and laminar flame speed. The critical

ame radius calculated by the correlation shows the initial flame radius

hould be larger than 0.12 mm, 0.54 mm for an equivalence ratio of 1.0

nd 0.6, respectively. This implies that a larger size of the initial ignition

ernel is required to achieve successful flame propagation under lean

onditions. The TCI had misfire under the equivalence ratio of 0.5, the

ame kernel could not propagate but disappeared by quenching. On the

ther hand, the initial flame kernel size with the microwave was much

arger than the conventional ignition case and it exceeded critical flame

adius so successful flame propagation was confirmed even under an

quivalence ratio of 0.5. This is attributed to highly reactive radicals and

lectrons that were excited by an alternating electromagnetic wave. In

he meanwhile, a new approach for the critical flame radius estimation

an be found in the previous research of Chen et al [38] . They confirmed
9 
he correlation between critical radius/minimum ignition energy and

ewis number ( Le ) by numerical simulations showing that the critical

ame radius and the minimum ignition energy increase significantly

ith Le because the positive stretch rate of the outwardly propagating

ame makes the flame weaker at higher Le . This study suggested having

ower Le but higher ignition energy to achieve stable flame propagation.

The OH radial distribution and intensity at the centerline are shown

n Fig. 13 . The color map on the right side indicated a normalized OH

ntensity based on the maximum OH intensity under MAPIS. The in-

ensity at the centerline was also normalized with the maximum OH

ntensity with MAPIS condition. It is noted that the image was taken

n the front window, so the periphery of the flame has higher inten-

ity by the overlapping flame surfaces. The image shows an averaged

ame image (from 5 ignitions) at 4ms after the actual spark event. It can

e clearly seen that the OH intensity with microwave application was

igher than in conventional spark case. This result is consistent with

revious research that showed 6.5% higher OH-number density with

icrowave application [39] . This implies that chemical reactions were

nhanced by electromagnetic interaction between microwave and free

lectrons in the flame front. The electron density of acetylene-oxygen

ame at an equivalence ratio of 0.8 is known to have ~10 16 /m 

3 , elec-

rons could be activated by ohmic heating [40] . Many different chem-

cal kinetics that was absent under only spark-ignition case could also

e achieved by high energy electrons. In this study, the flame imaging

as conducted in the quiescent initial ambient condition and fixed mi-

rowave frequency, however, the previous experimental results of Ue-

ugi et al., using nanosecond repetitively pulsed discharge system under

n ambient flow of ~10ms indicated the increase both ignition energy

nd discharging frequency was beneficial to achieve successful flame

ropagation under extreme engine-like condition [41] . 

.4. Effects of electrode shape on flame development 

The influence of ground electrode shape on flame enhancement un-

er an ambient pressure of 0.5 MPa and an equivalence ratio of 0.8 con-

itions is presented in Fig. 14 . In Fig. 14 (a), the dotted and solid lines

epresent an outline of flame for the TCI and MAPIS system, respec-

ively. To evaluate igniter performance, averaged flame enhancement

rom entire experimental conditions was calculated based on the flame

ropagation speed compared to the TCI case by the following equation.

he flame propagation speed was acquired by dividing the difference in

ame size by the time interval for the flame image. 

lame enhancement = 

Flame propagation speed with microwave 

Flame propagation speed without microwave 
⋅100 ( % ) 

(5) 

The flame image of TCI (dotted) according to igniter geometry

howed that the flame speed was enhanced with more enclosed type

park plug, for instance faster flame propagation with Spark 5 compared

o Spark 1. However, it also indicated that the magnitude of flame en-

ancement got decreased for Spark 5 than Spark 1 based on Fig. 14 (a)

nd Fig. 14 (b). A possible reason is that as the discharge region enclosed

y electrodes, flame propagation speed got higher so the actual time du-

ation for microwave energy deposition got shorter. In other words, the

ffectiveness of microwave ejection was deteriorated as the flame stays

horter duration in the discharge region. The hypothesis of weaker flame

nhancement with a faster flame propagation can be supported by pre-

ious work of Wolk et al., which showed an attenuation of microwave

ffects under fuel rich condition (fast flame propagation) than fuel lean

ondition (slow flame propagation) [15] . In the meanwhile, Fig. 14 (c)

hows the surface area of the ground electrode estimated from 3D mod-

ling. The electrode surface area got larger as the discharge region en-

losed so it can be regarded that the flame propagation of Spark 5 would

e slower than Spark 1 due to greater heat losses to the ground electrode,

owever, in this case the structural effect played a dominant role in the

ame propagation. On the other hand, the greatest improvement for
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Fig. 13. Comparison of OH radical imaging 

from the front side under equivalence ratio of 

0.8 and initial ambient pressure of 0.5 MPa us- 

ing Spark 1 (a) conventional spark ignition and 

(b) microwave-assisted plasma ignition. The 

color contour was normalized by maximum OH 

intensity with microwave-assisted plasma igni- 

tion case. Normalized OH intensity at center- 

line of flame is presented in (c). 
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park 2 might be attributed to the slower flame propagation (showing

mallest flame size in TCI combustion) compared to Spark 1 and larger

icrowave energy deposition. For further analysis of microwave influ-

nce on engine performance and emission characteristics, igniter 2 was

mplanted in the engine experiment. 

.5. Engine performance and emissions 

The TCI and MAPIS system were applied to a single-cylinder GDI en-

ine for performance and emission characterization. As a performance

arameter, consecutive IMEP values from 100 engine cycles under an

quivalence ratio of 0.75 is indicated in Fig. 15 . It can be seen that the

uctuations of IMEP with microwave application was less than conven-

ional spark case that had a misfire or partial burn showing lower IMEP

han normal cycles. In the engine test, the lean limit was extended to an

quivalence ratio of 0.64 whereas conventional spark ignition had mis-

res under an equivalence ratio of 0.8. This is because of the stronger

mbient flow and more sources of heat loss in the engine system than

onstant volume vessel [42] . The accomplishment of stable combustion

nder fuel-lean condition can bring many advantages such as high fuel

fficiency and low emissions that will be discussed below. 

In-cylinder pressure and HRR according to microwave application

nergy under engine speed of 1500 rpm and engine load of 0.5 MPa

s presented in Fig. 16 . It is noted that the combustion phase with mi-

rowave application was earlier showing faster pressure rise and higher

eak of in-cylinder pressure than TCI. The enhancement was more ev-

dent as microwave input energy increased. This is mainly due to the

reater energy deposition on flame with higher microwave application

ases [43] . The HRR curve, similarly to the in-cylinder pressure trace,

howed a higher peak with advanced combustion phasing. The start of
10 
gnition called CA10 when cumulative heat release rate reaches 10% of

otal net heat release rate was approximately 3 CAD earlier with MAPIS

ompared to TCI. The improvement ratio of fuel efficiency compared to

onventional spark ignition case is shown in Fig. 17 (a). The figure shows

ll of the operating points over various engine speeds (1100rpm-1500

pm), engine load (0.3-0.5MPa), and microwave application energy (65-

20mJ) conditions. As expected, based on the higher peak of in-cylinder

ressure and HRR, MAPIS created more positive work so fuel efficiency

as improved up to ~15% compared to conventional spark case, how-

ver, if we consider the fact of the narrow lean limit of conventional

park ignition case, the improvement was up to 6% within stable oper-

ting conditions. Based on the previous study of Wu et al., under engine

ondition where the Le is greater than quiescent condition like vessel

nvironment, the larger gap between the electrode was beneficial for

ombustion stability since it can create larger initial flame kernel [44] .

his result suggests a potential enhancement of MAPIS system by in-

reasing spark plug gap. 

In terms of emissions, the MAPIS took advantage of the reduction

f CO emissions by ~30% compared to conventional spark conditions

s shown in Fig. 17 (b). CO emissions are mainly caused by incomplete

ombustion or misfire during engine cycles. With microwave applica-

ion, oxidation of CO emissions would be facilitated due to sufficient

eactive radical pool on the flame front [45] . Based on the in-cylinder

ressure and HRR, ambient gas temperature with microwave-assisted

lasma ignition is expected to be higher so this also can promote faster

xidation of species from incomplete combustion. On the other hand,

ecause of higher temperature, NO x emissions (thermal NO x ) were in-

reased as indicated in Fig. 17 (c). The large amount of OH or O radicals

ith microwave application case attributed to increase in NO x emissions

ased on Zeldovich mechanism [46] . The percentage of NO x emissions
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Fig. 14. Effects of electrode geometry on (a) 

flame propagation, (b) flame enhancement, 

and (c) electrode surface area. 
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ncreased under fuel-lean condition up to 2.7 times more than conven-

ional spark case. However, even though the ratio of NO x increase is

igh, the absolute level of NO x emissions under lean condition is sig-

ificantly lower than stoichiometric condition. To achieve further mit-

gation of NOx emissions under lean condition, a lean-NO x trap (LNT)

an be considered for microwave-assisted plasma ignition application in

eal vehicles [47] . 

onclusions 

A comprehensive assessment of flame and engine performance im-

rovement with microwave ejection was carried out in a constant vol-

me combustion vessel and a single-cylinder direct-injection gasoline

ngine. First of all, the energy balance analysis indicated that the current

APIS has low energy transfer efficiency than TCI due to limitations

n magnetron source and component design. However, the potential of

ame enhancement by MAPIS was confirmed by optical emission spec-
 a

11 
roscopy (OES) and high-speed imaging. The OES result showed that

he discharge with microwave does not follow theoretical Boltzmann

istribution and the electron temperature was increased by 5,000K. The

mprovement of electron temperature and initial radical pool resulted

n lean limit extension showing successful flame propagation under an

quivalence ratio of 0.5. The greater initial flame kernel size and higher

H radicals were also measured with microwave application by high-

peed imaging results. Based on this flame enhancement, the new ig-

ition system took advantages of combustion stability showing much

maller variation of COV of IMEP. Stable operation under lean burn

ondition finally resulted in higher fuel efficiency (~6%), and reduction

f CO emissions (~30%). The improvement was confirmed under vari-

us engine speed, engine load, and equivalence ratio conditions. On the

ther hand, NO x emissions were higher than TCI because of elevated in-

ylinder temperature. Under lean conditions, it showed 2.7 times larger

O x emissions compared to conventional spark conditions, however, the
bsolute level of the emission was not considerable. 
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Fig. 15. Variation of IMEP during 100 cycles for conventional spark ignition 

and microwave-assisted plasma ignition cases at engine speed of 1500 rpm, 

equivalence ratio of 0.75, and IMEP of 0.5 MPa. 

Fig. 16. Comparisons of (a) in-cylinder pressure and (b) heat release rate at 

engine speed of 1500 rpm, equivalence ratio of 0.75, and IMEP of 0.5 MPa. 
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Fig. 17. Comparisons of (a) fuel efficiency improvement, (b) CO emissions, and 

(c) NO x emissions according to microwave energy. Figures (b) and (c) shows 

ratio of microwave-assisted plasma ignition compared to conventional spark 

ignition case. 
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