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ABSTRACT
The extension of the lean stability limits of gasoline-air mixtures using a microwave-assisted spark plug has been investigated.
Experiments are conducted on a 1200 RPM single-cylinder Waukesha Cooperative Fuel Research (CFR) engine at two compression
ratios: 7:1 and 9:1; and four different levels of microwave energy input per cycle (prior to accounting for transmission losses): 0 mJ
(spark only), 130 mJ, 900 mJ, and 1640 mJ. For various microwave energy inputs, the effects upon stability limits are explored by
gradually moving from stoichiometric conditions to increasingly lean mixtures. The coefficient of variation (COV IMEP ) of the
indicated mean effective pressure (IMEP) is used as an indication of the stability limits.
Specific characteristics of microwave-assisted ignition are identified. Microwave enhancement extends stability limits into
increasingly lean regions, but slow and partial burning at the leanest mixtures curb efficiency gains. Microwave assistance decreases
occurrence of misfire and partial-burn by increasing early heat release in very lean mixtures, but engine operation is unaffected at
closer-to-stoichiometric conditions. Increasing microwave energy input can improve combustion characteristics as compared to lowenergy microwave enhancement, but a point is observed beyond which increased microwave energy input provides limited benefits.
Microwave-enhanced ignition technology could provide an effective means of enabling increasingly lean combustion in spark-ignited
engines, allowing reduced throttling losses and improved efficiency. Unfortunately, in the slow-burning CFR engine setup, reduction
in emissions of oxides of nitrogen (NOx) through lean burn is not sufficient for compliance with current regulations, making exhaust
aftertreatment a necessity.

INTRODUCTION
Future high-efficiency engines may require the ability to ignite a mixture under conditions where current spark ignition systems are
insufficient. It has long been known that up to a certain point, dilution of the fuel-air mixture with excess air (lean-burn) or exhaust
gas recirculation (EGR) increases an engine's fuel efficiency and decreases emissions[1]. It is also well-documented, however, that
with further dilution, combustion eventually destabilizes such that cycle-to-cycle variations make engine operation impractical. Much
effort has been made towards expanding these limits of stable operation over the years. This paper will examine the ability of a novel
ignition technology, the microwave-assisted spark plug, in expanding operating limits in a lean-burn engine.
The enhanced fuel efficiency of engines with air or exhaust gas dilution has a multitude of sources. A dilute mixture will burn at lower
temperatures, thus reducing heat losses. Mixture dilution can potentially be used for load control, reducing the pumping losses
associated with throttled engine operation. Slower chemical reaction rates make diluted mixtures less susceptible to unwanted
autoignition (knock), allowing engine operation at higher compression ratios (CR) than would be possible with stoichiometric
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mixtures. Additionally, the ratio of specific heats, γ = Cp/Cν of a lean mixture is higher than that of a stoichiometric mixture. A higher
compression ratio and higher γ improve theoretical thermodynamic efficiency as described by (1).
𝜂!!!"#$% ~ 1 −

!
!! !!!

(1)

An unfortunate characteristic of diluted charge engines is their inconsistent operation at increasingly high air-fuel ratios or EGR levels
[1]. Destabilization occurs because flame propagation speeds and mixture ignitability decline, leading to the onset of partial-burn and
misfire [2]. Thus, at the lean operation limit of a spark-ignited engine, advancing ignition timing will increase occurrence of misfire
while retarding ignition timing will increase occurrence of partial-burn. Partial-burn occurrence can be reduced by enhancing flame
propagation speed or decreasing flame travel distance. Turbulence can enhance flame speeds within the combustion chamber, but can
adversely affect the ignitability of mixtures [3]. Fuel mixture blending with hydrogen enhances flame propagation rates in lean
methane-air mixtures [4], but blending hydrogen with liquid fuels such as gasoline presents its own commercial feasibility challenges.
Flame-travel distance can be decreased by employing multiple spark plugs or centrally mounting the spark plug [5]. Dale et al. review
high-energy ignition strategies that have been investigated for their capability to reduce burn duration and misfire [6]. The authors
note that in most production engines, the standard transistor-switched coil spark discharge ignition (spark ignited) systems provide
sufficient energy for the ignition of stoichiometric engine mixtures with moderate EGR levels. Durability, cost, and efficiency
concerns of novel ignition technologies have prevented their widespread adoption.
Plasma-assisted combustion research, which investigates combustion enhancement through electromagnetic interactions in gases, has
the potential to bring new ignition technologies to market. Generation or enhancement of plasma in a combustion environment
through the use of microwaves (MW), radio frequency waves (RF), dielectric barrier discharges (DBD), nanosecond discharges, and
other electric discharges has been shown to improve ignition characteristics and flame speeds under a variety of conditions and is thus
an active area of research [7]. Applications include high-speed scramjet combustion for aerospace applications [8,9] and automotive
internal combustion engines [10, 11, 12, 13]. Plasmas are commonly categorized as either “thermal” or “non-thermal.” In thermal
plasmas, the electron energy is in equilibrium with the energy of the heavy particles, thus characterizing thermal plasmas with high
gas temperatures and high levels of ionization. In non-thermal plasmas, energy transferred to electrons enhances reaction kinetics
without causing large increases in gas temperatures. Collision theory dictates that at higher pressures, non-thermal plasma effects are
diminished because high collision frequencies cause rapid energy transfer from electrons to the gas molecules.
Theory suggests that electromagnetic waves transfer energy to free electrons in gases so that inelastic electron collisions with heavy
particles have sufficient energy for initiating electronic activation, molecular dissociation, and ionization reactions [14]. Reactions
!
involving electronically-activated molecules such as singlet-delta oxygen, O2(a1Δg), and singlet-sigma oxygen, O2(b! Σ! ), require
lower activation energies than those involving their ground-state counterparts; accordingly, plasma-activation of oxygen has been
shown to enhance flame properties [15,16]. Electron impact can also cause dissociation of gas molecules [17] into more-reactive
radicals that accelerate combustion reaction rates [18]. Electron-impact ionization reactions expand the pool of free electrons in the
plasma, increasing the possibility of chemistry enhancement by energetic electrons.
One method of delivering energy to electrons in gases that has seen considerable research attention is through microwaves. Previous
research concerning microwave enhancement of hydrocarbon flame speed has offered an inconsistent range of observations and
explanations for those observations, however. Groff et al. measured flame speed enhancements that they attributed primarily to local
microwave heating of gases [19]. Clements et al. also measured significant flame speed enhancement of hydrocarbon flames, but only
at the lean limit and under electrical breakdown conditions, concluding that microwave enhancement of flames is impractical due to
the high energy requirements [20]. Recently, Stockman et al. employed a pulsed microwave delivery strategy that reduced the energy
requirement and measured up to 20% enhancement of flame speed in hydrocarbon flames, with measurements suggesting that
chemical effects were likely responsible for this enhancement [9,21].
The microwave-assisted spark plug under development by Imagineering Inc. initiates plasma using a standard spark discharge from an
ignition coil, then enhances electron energy and expands the plasma by emitting microwaves into the combustion chamber.
Microwaves generated by a magnetron at a frequency of 2.45 GHz are transmitted through the spark plug insulator into the
combustion chamber. In the combustion chamber, the microwaves are absorbed by the free electrons in the spark discharge,
generating non-thermal plasma. The Imagineering Inc. microwave-assisted spark plug cannot generate plasma without first initiating a
spark discharge, indicating that microwaves do not create plasma simply by a coronal discharge between the conducting spark plug
electrode and the ground [22]. Electric field simulations of the microwave spark plug system in a 75 mm diameter × 130mm
cylindrical chamber estimate the maximum electric field strength, concentrated at the electrode, as approximately 2000 V/m, with
field strength attenuating by the third power of distance from the spark plug electrode [23]. The calculated attenuation of microwave
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power with the third power of distance from the electrode implies that as the flame front grows away from the electrode, there is little
microwave energy coupled into the flame front. The benefits of the microwave thus are only realized in the early stages of combustion
when the flame kernel is near the spark electrode. High levels of OH radicals measured spectroscopically during the microwave
discharge event suggest that electron-impact reactions with water molecules in the microwave plasma increase the pool of oxidizing
radicals, allowing enhancement of the early stages of combustion through chemical effects [22]. This paper will report the
performance of the Imagineering Inc. microwave- assisted spark plug technology in a Cooperative Fuel Research Engine (CFR) over a
range of air-fuel ratios, microwave energies, and compression ratios.

SPECIFIC OBJECTIVES
This study evaluates a microwave-assisted spark plug technology operating in a lean-burning gasoline-air engine. In the present work,
we evaluate the lean stability limits at two compression ratios, CR = 7:1 and CR = 9:1 and with several different levels of microwave
energy input, 0, 130, 900, and 1640 mJ/cycle. From in-cylinder pressure we calculate indicated mean effective pressure (IMEP) to
measure power output, coefficient of variation (COVIMEP) of IMEP to measure stability, indicated specific fuel consumption (ISFC)
to measure thermal efficiency, and heat release rate to measure the combustion rate. Engine emissions, including unburned
hydrocarbons, oxygen, carbon monoxide, carbon dioxide and nitric oxides, are also measured.
Although this study uses a similar microwave spark plug technology as previous research [10,22-23], the engine operating conditions
are very different from previous studies. First, the present research evaluates the impact of varying levels of microwave energy input.
Second, the present work evaluates the pressure effects of the microwave spark plug by using operating points that include different
compression ratios. Finally, the CFR engine used in the present research provides a lower-turbulence combustion environment than
used in the previous work.

EXPERIMENTAL SETUP AND DATA ACQUISITION
ENGINE APPARATUS
Experiments are carried out on a single-cylinder Waukesha ASTM-Cooperative Fuel Research engine. Figure 1 shows a schematic of
the engine system and sensors. Table 1 lists the engine specifications. The engine is naturally aspirated, with intake manifold air
pressure 99±0.5 kPa and intake temperatures recorded from 27.2±0.4°C at CR=7:1 and from 26.1°±0.3C at CR=9:1. Engine speed is
maintained at 1200 rpm for all tests. Engine coolant temperature is controlled at 75°C. A MoTeC M4 Engine Control Unit (ECU)
controls ignition timing, fuel injection pulse width, and fuel injection duty cycle. The engine is run using California commercial- grade
91 Octane Gasoline. The large, low-turbulence combustion chamber of the CFR engine was designed for fuel autoignition tests and
thus burns slower than modern production engines. Also, the combustion chamber is not optimized for any sort of microwave
constructive interference that could promote stronger plasma generation near the spark plug. Though not optimized for performance,
the adjustable compression ratio of the CFR engine makes it a valuable research platform for examining the effects of microwave
energy on the combustion process.

Figure 1 - Schematic showing engine with intake and exhaust configurations, and location of sensors
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Table 1 - Engine specifications
Displacement
Stroke
Bore
Connecting Rod
Compression ratio
Number of Valves
IVO @ 0.15 mm lift
IVC @ 0.15 mm lift
EVO @ 0.15 mm lift
EVC @ 0.15 mm lift
Engine Speed
Fuel

0.616 L
114.3 mm
82.804 mm
254 mm
7:1, 9:1
2
-343 °CA ATDCcompression
-153 °CA ATDCcompression
148 °CA ATDCcompression
-353 °CA ATDCcompression
1200 RPM
Commercial-grade
gasoline (California) – 91
Octane

IGNITION SYSTEM
The spark plug on the engine is connected to a microwave energy delivery system as seen in Figure 1. A schematic of the microwaveassisted spark plug system is shown in Figure 2. A tuner and mixer unit is connected to a non-resistive NGK BP6ES spark plug. The
mixer unit directs the microwave power towards the spark electrode gap through the ceramic portion of the spark plug. Resistance in
the high- voltage line of the mixing unit reduces electromagnetic interference in the circuit. The microwave power originates from a
magnetron at a frequency of 2.45 GHz and is directed through a directional coupler, which enables the measurement of the power of
reflection for quantification of the losses. The reflected microwave power (which does not enter the combustion cylinder) is measured
using a microwave power meter. In an engine system, the pulse generator shown in Figure 2 would be replaced with an ECU which
produces a transistor-transistor logic (TTL) signal that activates the spark and microwave. A TTL low transition triggers the AC Delco
D580 ignition coil to conventionally fire the spark plug, and the same signal (with a slight phase shift) also triggers the 2.6 kW power
supply for the magnetron. The power output supplied to the magnetron can be monitored using an oscilloscope. The power supply
allows variation of the duty cycle and duration of power supplied to the magnetron, thus allowing variability in the actual microwave
energy provided to the engine cylinder. Figure 3 shows a timing diagram which demonstrates the signals that control spark timing and
microwave power input.
MW cable
Mixer unit

Tuner

Attenator(-30dB)
Directional
Coupler(-50dB)
Compact
applicator

Non-resistive
sparkplug

Magnetron
Power supply
for SP
Waveform
generator

MW Power meter
Oscilloscope

Power supply
for magnetron

Pulse generator

Waveform generator need when magnetron power supply is variable duty type.

Figure 2 - Schematic of microwave-assisted sparkplug system provided by Imagineering, Inc.
The spark plug is triggered by the falling edge of a TTL signal, as shown in Figure 3, with discharge lasting about 1 millisecond.
Shortly before the spark-ignition system is triggered, a control signal activates the microwave power supply. The advanced phasing of
the microwave power supply compensates for an output delay time, such that the beginning of microwave energy input to the vicinity
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of the spark electrode gap coincides with the formation of the arc from the spark plug. The bottom diagram in Figure 3 shows the
output signal from the microwave power supply which can be varied in its duty cycle and duration to control the overall energy
supplied.
Spark control
signal
Spark
MW control
signal
Over lap for output delay time

MW out
20µsec
Figure 3 - Timing diagram
for triggering of the sparkplug and microwave power supply
Pulse shape of fixed duty type power supply

The microwave-assisted spark plug system schematic in Figure 2 shows a directional coupler and power meter as part of the overall
system. These 6µsec
components measure reflected microwaves that do not enter the combustion chamber. Waves can be reflected by
medium changes (for example, from the copper coaxial cables in the mixer unit to the ceramic layer of the spark plug). The total
microwave energy supplied to the combustion chamber, Eentering cyl, can be estimated according to equation (2), where Psupply is
the power supplied by the power supply, 2.6 kW, and ηmagnetron is the efficiency of the magnetron:
𝐸!"#!$%"& !"#. = 𝜂!"#$%&'($ ×𝐸!"#$%&'($ − 𝐸!"#$"%&"'
𝐸!"#$%&'($ = 𝑃!"##$% ×𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 ×𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (2)

Magnetron Power [kW], Reflected Power [mW]

The timing diagram in Figure 4 shows a 90-µs window of the microwave power supply pulse train. The integral of the “Supplied
Power” pulse train (over the full duration of pulses) is the energy supplied to the magnetron per cycle, Emagnetron, which is
equivalent to the product of the supplied power, duty cycle, and duration. Emagnetron is the value reported for microwave energy
throughout this paper. Figure 4 also shows the pulse train for reflected waves as measured by the power meter connected to the
directional coupler, and Ereflected is equal to the integral of the “Reflected Power” pulse train. As shown in Figure 4, the supplied
power is on the order of kilowatts and the reflected power is on the order of milliwatts, thus losses due to wave reflection should not
significantly impact the system.
4.5
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Reflected
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Figure 4 – 90-microsecond window of power supplied to magnetron and power of reflected waves. Note that the supplied power has
units of kilowatts, whereas the reflected power has units of milliwatts
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Figure 5 - Variation of igntion timing with air-fuel ratio and microwave energy input. Timing was typically tuned for MBT.
Spark and microwave timing were controlled by a signal from the ECU. Maintaining maximum brake torque required spark timing
advance as leaner air-fuel mixtures were used, compensating for the slower flame speeds resulting from dilution. The slow-burning
nature of the CFR engine is apparent when examining Figure 5, as sparks were fired as early as 81° before top-dead-center.

DATA ACQUISITION AND ANALYSIS
Engine performance is evaluated based upon in-cylinder pressure readings and exhaust gas measurements. Cylinder pressure is
measured using a 6052B Kistler piezoelectric pressure transducer, with signals amplified by a 5044A Kistler charge amplifier. The
cylinder pressure transducer is mounted in an extra spark plug hole in the cylinder head. For each operating condition, 300 cycles of
in-cylinder pressure data are recorded, with data measured every 0.1 crank angle degree (°CA). Intake pressure is measured using a
4045A5 Kistler piezoresistive pressure transducer in conjunction with a 4643 Kistler amplifier module. Crank angle position is
determined using an optical encoder, while an electric motor controlled by an ABB variable speed frequency drive controls the engine
speed.
Exhaust gas composition was also recorded. Figure 1 shows the sample line that connects the engine exhaust to a gas analyzer
(Horiba). The analyzer enables measurement of unburned hydrocarbons (ppm Carbon), oxygen fraction, carbon monoxide (ppm),
carbon dioxide fraction, and nitric oxides (ppm). Each analyzer is calibrated with a zero gas (nitrogen), and span gas of known
concentration prior to the start of engine experiments. Table 2 lists the type of analyzer used in measuring the concentration of the
different exhaust gas components.
Table 2 - Analyzers used for exhaust gas composition measurements
Unburned HCs
O2
CO / CO2
NOx

Flame ionization
Magneto-pneumatic
Infrared
Chemiluminescent

For the sake of consistent reporting under unstable operating conditions, normalized air-fuel ratio, λ, is calculated based upon the mass
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of fuel injected per cycle. This method of calculation requires the assumption that the engine's volumetric efficiency is unaffected by
fuel-air ratio. At each compression ratio, stoichiometric conditions were found using a lambda sensor connected to the ECU. At lean
conditions, λ is then calculated by equation (3), with mass of fuel injected per cycle set using the ECU.
𝜆=

!"#$%!!"#$%&!' !"## !" !"#$ !"#$%&$' !"# !"!#$
!"## !" !"#$ !"#$%&$' !"# !"!#$,

(3)

Analysis of heat release during the early stages of combustion provides insight into the benefit of microwave enhancement at the lean
stability limit. Heat release rates are calculated from the measured pressure (P) history and known volume (V) history for each engine
cycle using equation (4). Qnet is the difference between heat released from combustion and wall heat losses, γ is the ratio of specific
heats (here assumed constant, γ = 1.3), and θ is the crank angle position. Integration of the heat release rate gives a cumulative net heat
release for each engine cycle.
!!!"#
!"

!

!"

!

!"

= !!! 𝑃 !" + !!! 𝑉 !" (4)

RESULTS AND DISCUSSION
Several parameters are adjusted in evaluating the enhancement of lean stability limits through microwave energy deposition.
Independent parameters include the amount of microwave energy input per cycle (spark-only to 1640 mJ/cycle), the engine
compression ratio (CR = 7:1 and CR = 9:1), spark timing (−95° ATDC to −10.5° ATDC), and normalized air-fuel ratio (λ = 1.0 to λ =
1.49.) A limited amount of time available for testing with the microwave apparatus prevented a full sweep of all possible conditions,
so data was collected in such a manner that trends and relations could be analyzed. For the conditions tested, the effects upon stability
limits, combustion characteristics (such as heat release, efficiency, and power output), and emissions are analyzed. The following
subsections will examine the extension of the lean limits, the impact of microwave on burning behavior, and the effects upon
emissions.

EXTENSION OF STABILITY LIMIT
Coefficient of variation of Indicated Mean Effective Pressure (COVIMEP) measures engine stability. Here, Gross IMEP is calculated
from the recorded pressure trace for each of 300 consecutive cycles using equation (5). Gross IMEP includes work during
compression and power strokes [24].
𝐼𝑀𝐸𝑃 =

!"#$
!"#$% !"#$%&

=

!∙!"
!"#$% !"#$%!

(5)

COVIMEP is the standard deviation of the set of calculated IMEPs, normalized by the mean IMEP over those 300 cycles. Lower
COVIMEP is therefore indicative of a more stable combustion process. Empirically, COVIMEP greater than 10% is considered above
the stability limit [24]. Figure 6 and Figure 7 plot the COVIMEP for different air-fuel ratios at different amounts of microwave energy
input at compression ratios of 7:1 and 9:1 respectively.
In Figure 6 (CR=7:1) there is little difference between spark- only and microwave-enhanced ignition for air-fuel ratios closer to
stoichiometric. As the mixture is made lean and spark-ignited operation becomes unstable, introduction of microwave energy in
addition to the spark returns COVIMEP into the range of stable operation. There is some benefit observed between 0 mJ to 130 mJ of
microwave energy, and significantly more benefit between 130 and 900 mJ of microwave energy. Beyond 900 mJ, however, there are
diminishing returns, and the data point for 1640 mJ shows little additional benefit. Figure 7 (CR=9:1) shows similar trends as Figure
6, however in-cylinder conditions at the time of spark with the higher compression ratio are more favorable for ignition, thus, a leaner
air-fuel ratio can be achieved at CR=9:1 than at CR=7:1.
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Figure 6 - COVIMEP vs. λ for CR=7:1 and different microwave energy inputs. Results show that combustion is more stable at lean
conditions using the microwave-assisted sparkplug, however there are diminishing returns for increased energy input

Figure 7 - COVIMEP vs. λ for CR=9:1 and different microwave energy inputs. Combustion at lean conditions is more stable when
microwave-assist is applied
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Lean engine operation presents an alternative to throttling for engine load control. In Figure 8 at CR =7:1 without microwave leanlimit extension, the engine can stably operate at an IMEP as low as 7.9 bar, or 88% of stoichiometric load. With lean-limit extension
by microwave ignition, the engine can stably operate at 7.2 bar, which is 80% of stoichiometric load. Similarly, at CR =9:1, without
microwave lean-limit extension, the engine can stably operate at an IMEP of 7.4 bar, or 80% of stoichiometric load. With lean-limit
extension by microwave ignition, the engine can stably operate at 6.91 bar, which is 75% of stoichiometric load.

Figure 8 - Power output decreases as mass of fuel injected per cycle is decreased, presenting a possible method of load control. 900
mJ/cycle of microwave input allows stable operation at slightly lower-output conditions than is possible with standard spark.
With a goal of engine efficiency improvement, it is helpful to consider the fuel consumption per unit of work output, Indicated
Specific Fuel Consumption (ISFC). Figure 9 shows that before the onset of instability, fuel efficiency increases as conditions become
leaner for all ignition methods, reaching a minimum near λ=1.19 when CR = 7:1 and near λ = 1.31 when CR = 9:1. At increasingly
lean conditions, instability causes a sharp increase in ISFC as more fuel goes unburned when igniting with a standard spark or when
only applying 130 mJ/cycle of microwave enhancement. At both CR = 7:1 and CR =9:1, addition of 900 mJ of microwave energy per
cycle improves efficiency at otherwise unstable conditions by reducing the amount of fuel left unburned. Since partial-burn behavior
persists at the leanest conditions (λ > 1.19 at CR=7:1 and λ > 1.31 at CR=9:1) even with microwave assistance, the extension of the
lean limit does not translate to a direct fuel savings as compared to operation at more-stable conditions closer to stoichiometric. In this
analysis, the additional energy required to power the microwave is not factored into the efficiency calculations, but it is important to
note that energy supplied to the magnetron is on the order of 0.1% of the net heat release at lean-stability-limit conditions: 900
mJ/cycle of input energy to the magnetron allows stable lean combustion producing about 1000 J/cycle of net heat release. Efficiency
gains in ISFC from lean combustion are on the order of 10% as compared to stoichiometric conditions, so in an optimized system
where lean-limit extension translates to fuel savings, it is reasonable to expect that the efficiency gains could offset the energy cost of
operating the microwave system. Additional fuel savings may be realized by microwave lean limit extension if lean burn can be used
for load control instead of throttling.
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Figure 9 - Indicated Specific Fuel Consumption plotted vs. λ shows greater efficiency for leaner mixtures and higher compression
ratios but that lean instabilites eventually reduce efficiency. Microwave enhancement improves stability, improving lean efficiency.

BURN CHARACTERISTICS
An examination of combustion behavior gives a better understanding of how microwave energy addition affects combustion. Figure
10 compares cumulative net heat release traces from typical stable operating conditions with those from lean-limit operating
conditions. At CR =9:1 and λ = 1.31, addition of microwave energy has little effect on burn, as COVIMEP decreases from 3.7%
without microwave to 3.1% with 900 mJ/cycle of microwave input. All cycles burn completely, and only one of 300 cycles in SI mode
is characterized as a “slow burn.” No slow burns are recorded with microwave assistance. In the bottom of Figure 10, cumulative heat
release curves are shown at an air-fuel ratio of λ = 1.49, which is well past the stability limit for spark- only ignition and right at the
lean stability limit with microwave enhancement. With spark ignition, COVIMEP is 47%, 9% of cycles show misfire, and 25% of
cycles are slow burns or partial burns. With 900 mJ/cycle of microwave enhancement, COVIMEP decreases to 11.5%, 0% of cycles
show misfire, and 13% of cycles are slow or partial burns. For the sake of consistency with previously published work, slow burning
cycles are defined as having IMEP between 46% and 85% of average, partial burn cycles are defined as having IMEP less than 46% of
average, and misfires are defined as having IMEP less than zero [24].
Since partial burning is strongly to blame for the instability and lost efficiency observed at lean conditions, it is helpful to examine the
effects of microwave on heat release. “Flame development time,” defined as the time elapsed between spark and 10% of cumulative
heat release [24], provides insight into the early stages of combustion. A faster- developing flame kernel in the early stages of
combustion promotes earlier onset of the “rapid-burning” stage of heat release, defined as the time between 10% of cumulative heat
release and 90% of cumulative heat release [24]. An earlier “rapid-burning” period will burn faster and more completely than one
beginning later, since decreases in cylinder pressure and temperature during the expansion stroke can slow reaction rates. The effect of
microwave on early heat release thus has important impact on the entire combustion process, despite the fact that the microwaves only
directly interact with the flame during the early stages of combustion. Flame development time is plotted in Figure 11 at engine
conditions near the lean stability limit with varying levels of microwave enhancement. Ignition timing is constant at each air-fuel ratio.
At compression ratios of 7:1 and 9:1, microwave energy enhancement decreases the average flame development time more
significantly at increasingly lean conditions.
At slightly richer than the lean-stability limit (CR=7:1; λ=1.28,) increasing microwave input from 130 mJ/cycle to 1640 mJ/cycle
decreases average flame development time by 6.7%, from 7.5 ms (54.2°CA) to 7.0 ms (50.7°CA). At slightly leaner conditions
(CR=7:1; λ=1.34) increasing microwave input from 130 mJ/cycle to 1640 mJ/cycle decreases average flame development time by
10.6%, from 9.1 ms (65.8°CA) to 8.2 ms (58.8°CA).
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Similar trends are observed at a compression ratio of 9:1. At stable conditions (CR=9:1; λ=1.31,) increasing microwave input from 0
mJ/cycle (spark only) to 900 mJ/cycle decreases flame development time by just 1.4%, from 4.89 ms (35.2°CA) with 0 mJ/cycle to
4.82 ms (34.7°CA) with 900 mJ/cycle. Just inside stability-limit conditions (CR=9:1; λ=1.42,) increasing microwave input from 130
mJ/cycle to 900 mJ/cycle decreases the average flame development time just 1.4%, from 6.98 ms (50.3°CA) to 6.88 ms (49.5°CA.) At
the lean stability limit (CR=9:1; λ=1.49,) increasing the microwave energy per cycle from 130 mJ to 900 mJ decreases average flame
development time by 9.6%, from 9.72 ms (70°CA) to 8.79 ms (63.3°CA.) The stronger enhancement of flame development at the
leanest conditions parallels the observation that the microwave assistance most significantly affects combustion at the leanest
conditions. The diminished benefit of microwave ignition as compared to spark ignition under stable operating conditions could be
caused in part by the higher pressures at time of ignition, since spark timing was later when mixtures were closer to stoichiometric as
seen in Figure 5. Current data is not sufficient for conclusions on the mechanisms responsible for diminished microwave effects at
stable conditions.

Figure 10 – Cumulative heat release curves plotted for 100 consecutive cycles at varying engine and microwave input condtions. At
already-stable operating conditions, microwave energy input does not drastically affect combustion (Top.) At the lean stability
limit, microwave ignition eliminates misfire and reduces the frequency of partial-burn (Bottom.)
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Figure 11: At compression ratios CR=9:1 and CR=7:1, average flame development is not strongly affected by microwave input
when conditions are within stability limits (λ=1.28 for CR=7:1; λ=1.42 for CR=9:1). At slightly leaner conditions (λ=1.34 for
CR=7:1; λ=1.49 for CR=9:1), microwave input causes stronger enhancement of flame development.

MICROWAVE EFFECTS UPON NOX EMISSIONS
As shown in the preceding sections, lean-burn engine operation can improve efficiency. For successful adoption of lean-burn
technology into transportation applications, the power system must comply with emissions regulations. Lower flame temperatures
associated with lean engine operation decrease NOx production in-cylinder, but excess oxygen present in the exhaust stream renders
the catalytic converter ineffective at reducing NOx. To meet the goal of improved efficiency while maintaining emissions compliance,
two strategies appear viable: 1) Extending lean stability limits to conditions that allow sufficiently low NOx levels without the use of a
catalyst (this is the strategy explored in the present research), or 2) Maintaining overall stoichiometric conditions while exploring
whether microwave input enables higher EGR fractions for improved efficiency in an engine that can use a catalyst.
Figure 12 shows the NOx emissions for a range of λ at CR = 9:1 using different amounts of microwave energy compared with the US
2010 NOx emission regulations. As expected, the NOx levels decrease with leaner fuel-air mixtures. Leaner conditions are achievable
with microwave ignition, allowing lower NOx levels. Microwave interactions do not significantly affect the production of in-cylinder
NOx at a
given air-fuel ratio. Figure 12 shows that under the conditions explored in the present research, even the lowest NOx levels achieved
exceed US 2010 emissions regulations. Even if the leanest conditions in a production engine can achieve compliance with regulation,
conditions closer to stoichiometric will still exceed regulations and require exhaust aftertreatment. As a result, controlling engine
power output simply through air dilution control (without throttling) may not comply with regulations. Due to the challenges in
balancing power output control with acceptable NOx levels discussed above, it will be helpful to explore the potential for using
variable EGR fractions to control power output while maintaining a stoichiometric air-fuel ratio. We expect that the microwaveassisted spark plug will be an attractive technology in enabling EGR load control if it can allow stable combustion under higher EGR
fractions than would be possible with a standard spark ignition system.
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Figure 12 - NOx emissions (pre-catalyst) at CR=9:1 decrease as air-fuel ratio is made increasingly lean. Microwave ignition does
not appear to contribute significantly to NOx formation at a given air-fuel ratio. NOx reductions do not meet US standards, so a
catalyst would be required with an engine configuration similar to the CFR.
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SUMMARY AND CONCLUSIONS
1) Lean stability limit tests were conducted at two different compression ratios in a single-cylinder Cooperative Fuel Research Engine,
using varying levels of microwave energy input from a microwave-assisted spark plug system.
2) At compression ratios CR = 7:1 and CR =9:1, the lean stability limit was extended by applying microwave energy input during the
spark event in a gasoline engine. Microwave energy input eliminated misfire and increased the average burn rate at the leanest
conditions, but had little effect at conditions closer to stoichiometric. A strong pressure dependence of plasma ignition effectiveness
was not observed in the regimes tested, as lean limit extension was similar at both compression ratios. Lean operation improved
efficiency as compared to stoichiometric operation, but lean limit extension did not directly improve efficiency because partial burn
cycles left fuel unburned. In a practical application, however, the lean-limit extension could translate to improved efficiency if mixture
dilution can be used for load control instead of throttling.
3) Increasing the level of microwave energy input improved ignition performance, but “diminishing returns” behavior was observed.
Increasing the microwave input energy from 0 mJ/ cycle (spark only) to 900 mJ/cycle drastically improved lean combustion
characteristics at the stability limit. Increasing input energy from 900 mJ/cycle to 1640 mJ/cycle showed little further improvement,
however. Since energy was increased from 900 mJ/cycle to 1640 mJ/cycle by extending the duration of microwave emission from
1.32 ms to 2.64 ms, the observed plateau of microwave benefit could be due in part to the fact that the plasma-initiating spark
breakdown event ends after about 1 ms. Without a strong source of electrons, the microwave is likely less-effective during the final
millisecond of operation when electrons recombine with heavier particles. The attenuation of microwave strength with the cube of
distance from the electrode also means that less energy is coupled into the flame front as the flame grows away from the electrode
following the initial spark event.
4) Burning lean reduced NOx emissions, and microwave ignition allows stable operation with increasingly lean mixtures. At a given
equivalence ratio, microwave input did not significantly affect NOx emissions as compared to standard spark ignition. Reductions in
NOx by lean burn were not sufficient to eliminate the need for a catalytic converter while conforming to US 2010 emissions standards.
5) The elimination of misfire and was a promising result of the microwave-assisted spark tests. This current round of tests was
conducted in a slow-burn CFR engine with minimal swirl, thus partial-burn remained a concern even when microwave enhancement
could reliably ignite the air-fuel mixture. Further lean limit extension with the microwave spark plug will likely be possible in a
production engine with higher levels of swirl and correspondingly higher burn rates.
6) Future tests at boosted pressures, throttled conditions, and with exhaust gas recirculation will better demonstrate the potential
applications of the microwave spark plug technology in future high performance engines. A full sweep of operating conditions varying
the aforementioned parameters will also provide insight into the mechanisms responsible for enhanced ignition with microwave
discharge at lean equivalence ratios. If electron collisions with water molecules are indeed responsible for generating combustionpromoting OH radicals in the microwave plasma, then the additional water present in recirculated exhaust gas should promote the
effectiveness of the microwave spark plug system in extending the dilution stability limits of an engine running with exhaust gas
recirculation.
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DEFINITIONS/ABBREVIATIONS
γ

Ratio of Specific Heats, CP/CV [-]

λ

Normalized Air/Fuel ratio (mass of
fuelstoichiometric/mass of fuelcurrent cycle) [-]

ATDC

After Top-Dead Center

°CA

Crank Angle Degrees [°]

CFR

Cooperative Fuel Research engine

COVIMEP

Coefficient of Variation of IMEP [%]

CR

Compression Ratio [-]

Eentering cyl

Microwave Energy Entering Cylinder
per cycle

ECU

Engine Control Unit

EGR

Exhaust Gas Recirculation

IMEP

Gross Indicated
Pressure [bar]

ISFC

Indicated Specific Fuel Consumption
[g/kWh]

NOx
P

Oxides of Nitrogen Emissions
(i.e. NO, NO2)
abbreviations
Pressure
[bar]

Qnet

Cumulative Net Heat Release [J]

SI

Spark Ignited

TTL

Transistor-Transistor Logic signal

V

Volume [m3]
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Mean

Effective
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