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Plasma sustained ignition systems are promising alternatives to conventional spark plugs for those appli-

cations where the conditions inside the combustion chamber are more severe for spark plug operation,

like internal combustion engines with high compression ratio values or intake charge dilution.

This paper shows the results of an experimental activity performed on a spark ignition internal com-

bustion engine equipped with a Radio Frequency sustained Plasma Ignition System (RFSI). Results

showed that the RFSI improved engine efficiency, extended the lean limit of combustion and reduced

the cycle-by-cycle variability, compared with the conventional spark plug for all test conditions. The

adoption of the RFSI also had a positive impact on carbon monoxide and unburned hydrocarbon emis-

sions, whereas nitrogen oxide emissions increased due to higher temperatures in the combustion cham-

ber. Therefore, RFSI represents an innovative ignition device for modern internal combustion engines and

overcomes the compatibility problems of other non-conventional ignition systems.

1. Introduction

Ignition systems in internal combustion engines are fundamen-

tal for engine efficiency and pollutant emissions. Conventional

spark ignition systems store the electrical energy in a magnetic coil

and discharge it through the electrode gap of the spark plug, lo-

cated in the combustion chamber. It is necessary to have a proper

air–fuel mixture composition around the spark plug gap at the

ignition timing in order to generate a flame kernel that can propa-

gate through the combustion chamber. The energy transfer to the

in-cylinder air–fuel mixture is not optimal as just a small amount

of the electrical energy is absorbed.

Although the adoption of high compression ratio values, charge

dilution and lean air–fuel mixtures in spark ignition engines im-

proves engine efficiency and exhaust emissions [1–3], it limits

the use of conventional spark plugs. In fact, lean air–fuel mixture

reduces the probability of having a flammable composition at the

ignition timing between the spark plug electrodes; the dilution re-

duces the combustion speed and highly diluted mixtures are diffi-

cult to ignite [4–6]; higher compression ratios cause higher in-

cylinder pressure values at the end of the compression stroke, with

an impact on the breakdown characteristics [7–9]. Consequently,

the spark plug operates under more severe combustion chamber

conditions and the adoption of conventional ignition systems can

result in incomplete combustion or misfires.

Efforts have been focused on the improvement of conventional

ignition systems or on the development of alternative methods for

initiating combustion.

High energy ignition systems are usually extensions of the basic

ignition systems [10]. Enhanced designs attempt to increase and

improve the delivery of ignition energy to the air–fuel mixture.⇑ Corresponding author. Tel.: +33 (0) 2 38 49 24 57; fax: +33 (0) 2 38 41 73 83.
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The spark plug electrode geometry can be designed in order to re-

duce heat loss from the flame kernel and speed up the kernel

growth [11]. The electrode material is also important to improve

service life, ignitability, pre-ignition protection and fouling resis-

tance [12]. Multiple spark plugs in one cylinder have also been

used. The advantages are a reduced flame travel distance, increased

tolerance to EGR, possible use of higher compression ratios with a

given fuel and improvements in fuel efficiency [13]. Other solu-

tions have been explored, like increasing the number of electrodes

on the plug [14] or the adoption of pre-combustion swirl chambers

[15]. Though these methods shows some improvement in the

effectiveness of delivering energy to the air–fuel mixture, they

are still subjected to the problems of conventional spark plugs, like

electrode erosion, fouling and small spark volume. Laser ignition

has also been the subject of a number of research efforts but it is

still far from being a practical solution for internal combustion en-

gines [16]. Laser-induced spark ignition of methane–air mixtures

has been investigated in [17], demonstrating that the system fails

to ignite methane–air mixtures close to the lower flammability

limit.

The plasma sustained ignition systems are a promising alterna-

tive to conventional spark plugs. Several solutions have been pro-

posed for plasma generation. Plasma jet igniters and rail plug

igniters use electrical discharges inside small volume cavities.

The ionized spark kernel is immediately moved away from the

housing where it is created, to a location within the combustion

chamber where the thermodynamic conditions are more favorable

for rapid flame growth. Experiments performed applying plasma

jet igniters to production and research engines [18–22] show the

extensions of lean operation and the improvements in engine effi-

ciency at all engine loads. Exhaust emission measurements show

no differences for CO and HC emissions, while NOx levels are high-

er with the plasma jet systems due to faster combustion. The high

electrical current discharge in this device tends to cause high ero-

sion of the electrodes. The rail plug gives similar results and does

not overcome the metal erosion problems [23,24].

[25] describes the results obtained with a high frequency igni-

tion system (HFIS) which generates high voltage using the princi-

ple of the resonator in a RLC circuit. The HFIS has been compared

with a Delphi multi-spark ignition system. Both ignition systems

have been tested on a single cylinder engine at various engine

loads, speeds and exhaust gas recirculation rates, with both

homogenous and stratified air–fuel mixtures. Results show compa-

rable combustion characteristics during the homogenous combus-

tion mode whereas, during the stratified operation, the combustion

is more stable and the tolerance to EGR increases with the HFSI.

Microwaves have been adopted to enhance the plasma gener-

ated by a spark plug [26–28]. The microwaves are transmitted

using different configurations for the antenna. Test demonstrated

that the ignition limits extend and the combustion stability in-

creases at diluted conditions using the microwave-assisted spark

plug compared to the spark-only mode. In [29] microwaves have

been used to enhance the plasma generated with a capacitive dis-

charge spark. The tests, performed in a constant volume combus-

tion chamber for various methane–air mixtures, demonstrated

that the flame kernel growth rate and size increase using the

microwave-assisted spark plug compared to the spark-only mode,

whereas the flame rise time does not change, indicating that the

microwave system only affects early heat release rates and flame

kernel growth.

Other studies investigated the corona generated plasma [30,31],

where the energy is transferred to the gases through the electric

field, carried out by electrons and stored in molecules as internal

energy. High-energy electrons collide with the molecules of fuel

and oxygen, generating highly reactive radicals that promote oxi-

dation chain reactions. The discharge takes a multi-channel pattern

and heats up if sustained with high voltage, reaching ignition tem-

peratures. The mechanisms of non-equilibrium plasma for ignition

and combustion have been examined in depth in [32,33]. In [34]

high-speed pulsed plasma is generated in a coaxial electrode sys-

tem producing a volumetric discharge. Authors found that, adopt-

ing the high-speed pulsed plasma ignition system, the flame

development angle reduces and the mixture ignitability improves,

in particular under lean combustion conditions, compared with the

conventional spark plug.

This paper shows the results of an experimental activity

performed on a spark ignition engine equipped alternatively with

a conventional spark plug and a Radio Frequency Ignition System

(RFSI) developed by Renault [35]. The RFSI sustains and heats

up a multi-channel discharge [36–38]. The application of an

alternative radio frequency voltage keeps the electrons close to

the spark plug electrode, impeding the formation of the electric

arc. A resonant RLC circuit is required, including an inductance

inside the spark plug. The RFSI ignites a volume bigger than stan-

dard spark plugs due to the absence of the ground electrode, has

a higher efficiency of the ignition energy delivery and ability to

vary the spark duration depending on engine operating conditions.

The RFSI has been designed to assure integration in actual

internal combustion engines, in terms of compatibility and energy

consumption. Results show that the adoption of the RFSI improves

engine efficiency at all test conditions, extends the lean limit of

combustion and reduces CO and HC emissions compared with

the standard spark plug.

2. Experimental setup

The test engine, whose main characteristics are reported in

Table 1, was modified in the admission and exhaust manifolds

for allowing single cylinder operation. It was coupled with a per-

manent magnet servomotor manufactured by Parvex.

An Environment S.A. multi-range gas analyzer was employed to

measure carbon monoxide (CO), carbon dioxide (CO2), unburnt

hydrocarbons (HC), nitrogen oxides (NOx) and oxygen (O2). A

Nomenclature

CO carbon monoxide
CO2 carbon dioxide
COV coefficient of variation
deg degree
EGR exhaust gas recirculation
HFIS high frequency ignition system
HC hydrocarbon
imep indicated mean effective pressure

isfc indicated specific fuel consumption
N2 nitrogen
NOx nitrogen oxides
RFSI Radio Frequency Ignition System
RLC resistance inductance capacitance
rpm rotations per minute
TDC top dead center
/ equivalence ratio
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non-dispersive infrared analyzer was used for CO and CO2, a para-

magnetic detector for O2, a flame ionization detector analyzer for

HC, and a chemiluminescence analyzer for NOx. Their accuracy is

in the range ±1% of reading. The carbon balance method was used

for the fuel consumption determination.

In-cylinder pressure was measured by means of an AVL water

cooled piezoelectric pressure sensor. Its measuring range is 0-

250 bar with a sensitivity of 19 pC/bar. In-cylinder pressure data

were acquired over 100 consecutive engine cycles with a resolu-

tion of 0.1 crank angle (CA) degree at all operating conditions.

The overall uncertainty on the pressure measurement is below

2% of the measured value. A Kistler crankshaft encoder provided

crank position data and was dynamically aligned with engine

TDC using an AVL TDC probe.

A heat release analysis was performed on the basis of the in-cyl-

inder pressure data. The algorithm developed for data processing is

based on a single zone model which determines the heat release

using the first law of thermodynamics. The model assumes that

the pressure is homogeneous inside the combustion chamber,

the specific heat a function of the temperature only. The in-cylin-

der mass takes into account the intake air, the internal exhaust

gas recirculation and mass of fuel. The chemical species considered

are: CO2, H2O, O2, CO, H2 and N2. The heat transfer through the cyl-

inder walls is calculated with the Woschni model [39]. The equiv-

alence ratio is determined using the ‘‘five gas exhaust analysis’’

[40] and depends on exhaust composition. The uncertainty on

the heat release rate determination is largely dominated by the

accuracy of the pressure transducer and the angle encoder.

The test conditions were 1400 rpm with engine loads of 4 bar,

6 bar, 8 bar and 10 bar of indicated mean effective pressure (imep).

The spark timing was adjusted to maximize the imep (max imep

spark advance), [41]. The equivalence ratio was reduced from

/ = 1 untill the condition where the coefficient of variation of imep

was 5%. Intake air was also diluted with 10%, 20% and 30% nitrogen.

Dilution of the intake charge is usually realized by means of ex-

haust gas recirculation. In order to estimate the difference between

EGR and nitrogen dilution in terms of impact on the in-cylinder gas

temperature, the heat capacity of the diluents is calculated and

plotted versus the equivalence ratio, Fig. 1(a), and versus the dilu-

tion rate, Fig. 1(b).

The intake gas composition and properties in the case of dilu-

tion with EGR are determined according to Eq. (1), where s is the

EGR rate and e the excess of air:
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Test operating conditions are summarized in Table 2. The en-

gine was equipped alternatively with the RFSI and the standard

spark plug and fuelled with isooctane.

3. Spark plugs

In a standard spark plug, the ignition takes place between the

central electrode and the ground electrode, Fig. 2(a), and receives

the high voltage from the secondary circuit of a conventional igni-

tion coil.

In the RFSI an alternating, high voltage, electrostatic field

generates excitation of high-energetic electronic states and ioniza-

tion, increasing the number of free radicals. These radicals are

Table 1

Engine characteristics.

Engine type L4 turbocharged spark ignition

Injection type Direct injection

Displacement 1598 cm3

Bore � stroke 77 mm � 85.8 mm

Compression ratio 10.5

Rated power 110 kW at 5800 rpm

Torque 240 Nm at 1400 rpm

Fig. 1. Variation of diluents heat capacity in case of dilution with exhaust gas recirculation and nitrogen.

Table 2

Experimental conditions.

Imep (bar) 4, 6, 8, 10

Engine speed (rpm) 1400

Dilution with N2 (%) 0, 10, 20, 30

Equivalence ratio 0.6 6 / 6 1
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responsible for chemical reactions in the air–fuel mixture which

proceed exothermically, activating the combustion process. A rela-

tively large amount of ionizing energy, up to an order of magnitude

greater than conventional ignition systems, can be delivered to the

combustion chamber. The electrostatic low intensity current

characteristic of the spark does not require the second electrode.

The RFSI is composed of a resonant transformer circuit, Fig. 3,

which amplifies the input voltage delivered by an external supply

unit. At the resonance frequency, which is 4.97 MHz for the tested

spark plug, the voltage amplitude reaches its maximum. Depend-

ing on the in-cylinder thermodynamic conditions, the breakdown

voltage can be reached and the ignition initiated. The supply of

the input voltage is driven by a function generator which allows

the control of the RFSI operating parameters which are reported

in Table 3. The electrode voltage increases during the initial tran-

sient, Fig. 4(a), as the excitation signal is supplied at the resonant

frequency of the RLC circuit. If the breakdown conditions are at-

tained, the discharge is formed and the electrode voltage drops

as in Fig. 4(b). The spark takes a multi-channel structure, with fil-

ament lengths proportional to the applied voltage and in-cylinder

gas density, allowing the ignition of a volume bigger than that of a

standard spark plug. The electrode voltage envelope changes if one

of the filaments reaches a metallic ground. In this case, the arc is

formed and the voltage falls instantaneously to zero. This operating

condition should be identified rapidly and avoided.

The energy transferred to the in-cylinder gases can be deter-

mined with Eq. (2) where U is the input voltage, I the current flow-

ing through the spark plug and R its equivalent resistance.

Espark ¼

Z t

0

UIdt � R

Z t

0

I2 dt ð2Þ

The resistance R can be determined when Espark = 0 under mis-

fire conditions, where the ignition energy is completely dissipated

by the Joule effect, Eq. (3).

R ¼

R t

0
UIdt

R t

0 I
2 dt

ð3Þ

Measurements performed on the RFSI returned a value of the

equivalent resistance of 14.7X. A detailed description of the RFSI

and the analysis of the RFSI’s ignition energy are available in

[35,38].

4. RFSI electrode configuration

Tests were initially performed with two electrode configura-

tions for the RFSI: the single electrode (RFSI A) and the five elec-

trodes (RFSI B), Fig. 5. The results obtained with the engine

equipped alternatively with the RFSI A and B are reported in this

section.

The flame development angle (the interval between the spark

discharge and 10% mass fraction burned crank angle) is plotted

in Fig. 6 versus the equivalence ratio, for the two RFSI electrode

configurations, without dilution (solid lines) and with 20% intake

air dilution with nitrogen (dashed lines), in order to evaluate the

effect of the electrode geometry on the early stages of the combus-

tion process. Without dilution, the RFSI B promotes faster flame

development than the RFSI A at equivalence ratio values between

1 and 0.7. At equivalence ratio values lower than 0.6, the flame

development is faster with the RFSI A. With 20% nitrogen dilution,

the flame development angle is smaller with the RFSI A compared

with the RFSI B at equivalence ratio values lower than 0.9. The RFSI

A also shows a more stable combustion than the RFSI B as shown in

Fig. 7 where the coefficient of variation of imep (COVimep) [40] is

plotted versus the equivalence ratio. In fact, at low equivalence ra-

tio values and with 20% nitrogen dilution, the cyclic variability is

lower with the RFSI A than for RFSI B.

The comparison performed in this section allows understanding

the effect of the electrode configuration on the development of the

combustion process. Increasing the number of the electrodes of the

RFSI causes an increase of heat losses. As a consequence, the engine

is less stable with the RFSI B compared to the RFSI A at low equiv-

alence ratio values and with dilution, where the energy required

for igniting the mixture increases and the energy transfer process

becomes more important.

Fig. 2. Standard (a) and radio frequency (b) spark plugs.

Fig. 3. RFSI electric circuit.

Table 3

RFSI operating parameters.

Ignition events per engine cycle 1

Spark duration 500 ls

Frequency 4.967 MHz

Input voltage 100–150 V
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5. RFSI and standard spark plug

This section compares the results obtained with the RFSI A and

the standard spark plug.

5.1. Combustion analysis

The analysis of in-cylinder pressure data characterized the ef-

fects of the ignition system on the combustion process.

Fig. 4. RFSI’s electrode voltage versus time at 6 bar imep and / = 0.6. RFSI input voltage 100 V; Excitation signal frequency 4.967 MHz.

Fig. 5. Radio frequency ignition system with one electrode and 5 electrodes.

Fig. 6. Flame development angle (0–10% burned) versus the equivalence ratio, at 0%

and 20% intake air dilution with nitrogen, with the RFSI A and RFSI B.

Fig. 7. Coefficient of variation of indicated mean effective pressure versus the

equivalence ratio, at 0% and 20% intake air dilution with nitrogen, with the RFSI A

and RFSI B.

Fig. 8. Spark timing for maximum imep versus the equivalence ratio, with 0% and

20% intake air dilution with nitrogen.
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Fig. 8 shows the spark timing for the maximum imep versus the

equivalence ratio, without dilution (solid lines) and with 20% in-

take air dilution with nitrogen (dashed lines), for both the RFSI

and the standard spark plug. The advance required for the max

imep increases as the equivalence ratio is reduced. The max imep

spark timing with RFSI is always delayed compared with the stan-

dard spark plug due to the impact of the radio frequency ignition

system on the combustion speed.

Fig. 9 shows the effects of the ignition system on the flame

development angle, here defined as the angle between the ignition

and 10% of heat release. RFSI promotes a more rapid initial flame

growth compared to the standard spark plug, with a reduction of

the flame development angle at all operating conditions. The flame

development is enhanced with use of the RFSI as more energy can

be transferred to the plasma, generating highly reactive radicals

which promote oxidation chain reactions. With the standard spark

plug, under thermal ignition conditions, the ignition delay depends

upon the rate of the dissociation reactions, which are endothermic,

and the induction delay time is greatly affected by temperature.

Furthermore, the multi-channel structure of the RFSI discharge

ignites a volume bigger than a standard spark plug which is limited

by the inter-electrode distance. The dilution with nitrogen in-

creases the heat capacity of the air–fuel mixture and decreases

the heat release rate causing a reduction of the combustion speed

[40]. As a consequence, the flame development angle increases,

with variations between 45% and 65% compared to the case with-

out dilution, when the engine is equipped with the conventional

spark plug. With the RFSI the effect of dilution on combustion

speed is attenuated, with an increase of the flame development an-

gle ranging between 30% and 46% compared to tests without

dilution.

Fig. 10 shows the effect of the engine load variation on the

flame development angle at / = 1 with 0% and 30% intake air dilu-

tion with nitrogen. As imep is reduced, the residual burned gas

fraction increases, and the flame development angle as well. This

trend is more evident when the standard spark plug is used, in par-

ticular with 30% nitrogen dilution.

The impact of the RFSI on the combustion speed is also shown

in Fig. 11, where the heat release rate is plotted versus the crank

angle. The maximum value of heat release rate increases, the com-

bustion duration reduces and the angular position of the maximum

heat release rate advances with the RFSI compared to the standard

spark plug. The increment of heat release rate peak caused by the

RFSI is about 8% compared with the standard spark plug at

Fig. 9. Flame development angle (0–10% burned) versus the equivalence ratio, with

0% and 20% intake air dilution with nitrogen.

Fig. 10. Flame development angle (0–10% burned) versus imep, at 0% and 30%

intake air dilution with nitrogen.

Fig. 11. Heat release rate versus crank angle.
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stoichiometric conditions without dilution, Fig. 11(a). The effect is

more evident with dilution, as shown in Fig. 11(b), with an

increment of the heat release rate peak of 10% when the RFSI is

used. In fact, as dilution reduces the burning speed, the impact of

a fast flame development promoted by the RFSI becomes more

important.

The coefficient of variation of indicated mean effective pressure,

COVimep, is reported in Fig. 12 versus the equivalence ratio. At 8 bar

imep, Fig. 12(a), without dilution, the COVimep is reduced with the

RFSI compared with the standard spark plug for equivalence ratio

values lower than 0.8. With 20% nitrogen dilution, the positive ef-

fect of the RFSI on combustion stability is important for equiva-

lence ratio values lower than 0.9. The improvement of

combustion stability caused by the plasma ignition is also evident

at lower engine loads, as shown in Fig. 12(b).

Fig. 13 shows the effect of the engine load on the combustion

stability at / = 1, without dilution and with 30% nitrogen dilution.

Without dilution the COVimep values are low with both ignition

systems at all engine loads. With 30% nitrogen dilution, the com-

bustion stability reduces at low engine loads when the standard

spark plug is used whereas the RFSI promotes better stability as

it limits the appearance of slow burning engine cycles. Fig. 14

shows the COVimep versus the dilution rate with nitrogen, at /

= 1 and / = 0.9. At stoichiometric conditions, the stability is good

with both ignition systems at all dilution rates. At / = 0.9, the

COVimep sharply increases with the standard spark plug at 30%

dilution, attaining a value of 3.5% whereas good combustion stabil-

ity is observed at all dilution rates when the RFSI is adopted. Re-

sults demonstrate that the plasma ignition promotes a stable

combustion under highly diluted conditions.

5.2. CO2 emissions and fuel consumption

This section describes the indicated specific CO2 emissions and

fuel consumption.

Fig. 15 shows indicated specific CO2 emissions versus the equiv-

alence ratio / at 8 bar (a) and 4 bar (b) of indicated mean effective

pressure (imep), without dilution (solid lines) and with 20% intake

air dilution with nitrogen (dashed lines). At 8 bar imep, / = 1, with-

out dilution, CO2 emissions are 679 g/kW h and 664 g/kW h with

Fig. 12. Coefficient of variation of indicated mean effective pressure versus the equivalence ratio, with 0% and 20% intake air dilution with nitrogen.

Fig. 13. Coefficient of variation of indicated mean effective pressure versus imep, at

0% and 30% intake air dilution with nitrogen.

Fig. 14. Coefficient of variation of indicated mean effective pressure versus the

dilution rate with nitrogen at equivalence ratios / = 1 and / = 0.9.
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the standard spark plug and the Radio Frequency Spark Plug (RFSI)

respectively. At lower equivalence ratio values, the gap between

the ignition systems increases, as at / = 0.6, where CO2 emissions

are 630 g/kW h and 596 g/kW h with the standard spark plug and

RFSI respectively. The dilution with nitrogen reduces fuel con-

sumption and, as a consequence, CO2 emissions. At lower engine

loads, Fig. 15(b), carbon dioxide emissions increase due to the in-

crease of fuel consumption.

The indicated specific fuel consumption (isfc) is plotted in

Fig. 16 versus the equivalence ratio for the two spark plugs, for

0% and 20% intake air dilution with nitrogen, to evaluate the im-

pact of the ignition systems on the engine efficiency. At 8 bar imep,

Fig. 16(a), the isfc is 233 g/kW h with the standard spark plug and

228 g/kW h with RFSI at / = 1 without dilution, with an increase of

the engine efficiency of 2.3%. The minimum isfc with the RFSI is at

/ � 0.6, with 5% reduction of the fuel consumption compared with

the standard spark plug. The minimum isfc is 210 g/kW h at /

� 0.65 with the standard spark plug and 200 g/kWh at u � 0.6

with the RFSI. With 20% nitrogen dilution, the engine efficiency in-

creases due to lower in-cylinder temperature, reduced burned

gases dissociation and decreased heat losses to the walls of the

combustion chamber. In this case, the stability limit is at

u � 0.75 with the standard spark plug and at / � 0.65 with the

RFSI. The reduction of the engine load at constant speed causes

an increase of the isfc, Fig. 16(b), due to the increased pumping

work and the increased importance of heat transfer.

The difference between the trends of carbon dioxide emissions

and fuel consumption at very low equivalence ratio values is the

consequence of a reduction of the combustion efficiency. In fact,

at very low equivalence ratio values, slow burning cycles become

more frequent and cycle-by-cycle variation increases, causing an

increase of CO and HC emissions.

The RFSI shows lower isfc than the standard spark plug due to

higher engine efficiency promoted by the faster combustion.

5.3. Exhaust emissions

This section summarizes the results obtained with the two igni-

tion systems in terms of indicated specific CO, HC and NOx

emissions.

CO emissions are plotted in Fig. 17 versus the equivalence ratio.

At 8 bar imep, Fig. 17(a), the RFSI provides a substantial benefit to

CO emissions, particularly near / = 0.6. With dilution, the positive

effect of the RFSI is important over the whole range of equivalence

Fig. 15. Indicated specific CO2 emissions versus the equivalence ratio, with 0% and 20% intake air dilution with nitrogen.

Fig. 16. Indicated specific fuel consumption versus the equivalence ratio, with 0% and 20% intake air dilution with nitrogen.
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ratio values. Similar results have been observed at different engine

loads, as described in Fig. 17(b) at 4 bar imep.

Fig. 18 shows the HC emissions obtained with the two ignition

systems. At 8 bar imep, Fig. 18(a), the RFSI provides a reduction of

HC emissions near / = 0.6 when the intake charge is not diluted.

When the intake charge is diluted with nitrogen, hydrocarbon

emissions increase due to the reduction in burn rate and the higher

cycle-by-cycle combustion variation. For equivalence ratio values

between 0.8 and 1.0, the HC increment is probably the conse-

quence of a decreased HC burn-up due to lower expansion and ex-

haust stroke temperatures [40]. Further reduction of the

equivalence ratio, / < 0.8, causes slow burning cycles, partial burn-

ing and even misfire occurring with increasing frequency, with a

rapid increase of HC emissions. In these conditions, HC emissions

are reduced with the RFSI due to its positive impact on combustion

stability. At low engine loads, the positive effects of the RFSI on HC

emissions are clearer, as shown in Fig. 18(b) at 4 bar imep.

Indicated specific NOx emissions are plotted in Fig. 19 versus

the equivalence ratio. RFSI shows higher NOx emissions than the

standard spark plug. In fact, combustion duration is shortened by

the adoption of the RFSI, compared with the standard spark plug

and, as a consequence, higher peak temperatures are attained,

affecting NOx formation. At 8 bar imep, Fig. 19(a), NOx emission

values without dilution are 1.5 g/kW h with the standard spark

plug and 3.2 g/kW h with the RFSI at / = 0.6. A NOx emission value

of 1.5 g/kW h is achieved with the RFSI at / = 0.58. Intake charge

dilution considerably reduced NOx emissions for a given equiva-

lence ratio. In this case, the minimum NOx emission value with

the standard spark plug is 1.8 g/kW h at / = 0.74 and 2 g/kW h at

/ = 0.67 with the RFSI. NOx emissions reduce as the engine load re-

duces at constant speed, as shown in Fig. 19(b) at 4 bar imep.

6. Conclusion

A spark ignition internal combustion engine, equipped alterna-

tively with a conventional spark plug and a radio frequency igni-

tion system, was tested at different engine loads, equivalence

ratio values and nitrogen dilution rates.

Initially, the RFSI electrode configuration was investigated,

comparing the single and five electrodes RFSI. The 5 electrodes RFSI

increased the heat losses, reducing the energy transfer efficiency

Fig. 17. Indicated specific CO emissions versus the equivalence ratio, with 0% and 20% intake air dilution with nitrogen.

Fig. 18. Indicated specific HC emissions versus the equivalence ratio, with 0% and 20% intake air dilution with nitrogen.
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from the spark to the gases, with lower performances compared to

the single electrode RFSI at low equivalence ratio values and with

dilution. The single electrode RFSI was finally chosen for the com-

parison with the standard spark plug.

The combustion duration was reduced by the adoption of the

RFSI compared with the standard spark plug, with an increase of

the engine efficiency ranging between 2% and 5% without dilution

and between 1% and 4% with 20% nitrogen dilution. The RFSI ex-

tended the lean limit of combustion compared to the conventional

spark plug at all test conditions and reduced the coefficient of var-

iation of the indicated mean effective pressure, particularly at low

equivalence ratio values and with nitrogen dilution.

RFSI provided a substantial benefit to CO and HC emissions, in

particular when the intake charge was diluted. However, RFSI

showed higher NOx emissions than the standard spark plug due

to higher in-cylinder peak temperatures. It was possible to achieve

the NOx emission values obtained with the standard spark plug

also with the RFSI, exploiting its potential of extending the lean

limit of combustion and the improved tolerance to dilution.

Results finally demonstrated that RFSI is an innovative ignition

system that allows stable internal combustion engine operation

with high dilution rates. RFSI also overcomes the compatibility

problems of other non-conventional ignition systems.
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