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Abstract: The spark energy transferred under the highly stratified conditions during late injection
in a spray-guided spark-ignition direct-injection (SG-SIDI) engine is not well characterized. The
impact of high pressures, temperatures, velocities, and variations in local fuel concentration along
with temporal and/or spatial variations on spark performance must be better characterized.
Previous spark ignition studies have not addressed the full range of conditions that are present in
SG-SIDI engines. Therefore, high-speed particle image velocimetry (PIV) experiments are
conducted to characterize the spark energy dependence for a wide range of well-defined ho-
mogeneous fuel–air equivalence ratios (W 5 0–2.9) and average air velocities (0–8 m/s) in an optical
SG-SIDI engine. A moderate dependence of spark energy on equivalence ratio is shown to exist with
average values of spark energy increasing by 21 per cent for the equivalence ratio range of W 5 0–
2.3. Air injection into the motored engine is used to prepare well-defined flow conditions without
the complications of fuel concentration gradients that are present during fuel injection. This allows
the study of the effects of velocity, shear strain rate, and vorticity on spark energy. The spark energy
increases with velocity at the spark plug. This observation is consistent with findings reported in the
literature for low-pressure conditions. A linear increase is shown between shear strain rate and
spark energy, while vorticity and spark energy are only weakly correlated. Simultaneous high-speed
PIV, planar laser-induced fluorescence, and spark-discharge electrical measurements are also
performed in the optical SG-SIDI engine to measure flow properties and fuel concentrations under
late injection. Operating parameters are chosen to be near peak indicated mean effective pressure
performance, but they occasionally provide a random misfired or partial burned cycle. Misfired
cycles occur under stoichiometric-to-lean mixtures and low velocities near the spark plug. The
lower spark energies observed under these conditions are in agreement with the observations made
under well-controlled mixture and flow conditions reported in this study. All mixture conditions
found in misfiring and partially burning cycles are within the ignitability range and fall within the
general population of all, predominantly well-burning, cycles. There is no predominant impact of
shear strain rate and vorticity under late injection operation on misfires and partial burns.
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1 INTRODUCTION

The port-fuelled injection (PFI) spark-ignition engine

is an intensively studied conventional gasoline engine

configuration [1]. The PFI strategy provides a reliable

yet inefficient engine load control by primarily using a

throttle to adjust the amount of fuel–air mixture that

enters each cylinder. The fuel–air mixtures inside the

cylinder are homogeneous since the fuel and air are

well mixed before entering each cylinder and are near

stoichiometric as is required for after treatment of

engine emissions. Ignition of the fuel–air mixture by

the spark plasma is reliable since the homogeneous
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mixtures are within the flammability limits, turbulence

levels are typically not strong enough to extinguish a

flame kernel, and because exhaust gas recirculation

(EGR) is limited in practical calibration to ensure

stable combustion, especially at idle.

The conventional PFI gasoline engine has reached

its limits with respect to fuel economy improvement.

The introduction of the spray-guided spark-ignited

direct-injection (SG-SIDI) strategy provides further

fuel economy improvement in gasoline engines by

operating with unthrottled air and restricting the

amount of fuel to lower the load (i.e. overall lean).

The limited need of the throttle plate reduces pum-

ping losses and increases fuel economy. For stable

operation at idle and low-to-moderate loads, a stra-

tified charge is required to maintain a flammable

mixture, which is achieved by injecting fuel directly

into the cylinder. Here, fuel is injected late within the

compression stroke directly at the spark plug, con-

centrating an ignitable mixture near the spark plug.

The spray and spark events are highly coupled in the

SG strategy with the spark event occurring during or

directly after the spray event. As a result, the spark

plasma is exposed to a wide variety of fuel–air mix-

tures, high velocity magnitudes, and velocity gradi-

ents. These conditions can lead to spark extinction,

shortened spark durations, and unfavourable spark

motion, which can lead to misfires [2–4]. To better

understand the conditions that are required for

reliable ignition, there is a need to study the spark

behaviour under strong velocity fields and a wide

range of fuel–air mixtures as seen under stratified

operation in an SG-SIDI engine at relevant pressures

and temperatures.

The fundamental physics of spark ignition and its

use in internal combustion engines has been re-

viewed by Maly [5]. Most spark ignition studies have

been conducted in enclosed chambers [6–9], con-

stant volume combustion vessels [10–12], and SI

engines [4, 13, 14]. Studies conducted in enclosed

chambers and performed under moderate pressures

(, 4 bar) and temperatures (, 400 K) and do not re-

present the environment as seen in today’s engines.

Most experiments performed in SI engines focus on

the ability of the spark plasma to ignite a given

mixture and do not concentrate on the spark be-

haviour. These studies concentrate on obtaining the

minimum ignition energy [12, 15], extending the

lean misfire limit [16–18], and reducing cycle-to-cycle

variation in SI engines [16, 19].

A few investigations have studied spark ignition

under strong flow fields. Maly [20] studied spark

discharges in air for velocities up to 45 m/s to describe

the effect of turbulence on minimum ignition criteria.

Ballal and Lefebvre [7] obtained the minimum ignition

energy for fuel–air mixtures under several velocity

magnitudes (0–15 m/s) in a closed-circuit wind tunnel.

However, this study was conducted at sub-atmo-

spheric pressures and ambient temperatures that do

not match operating conditions seen in engines. Var-

ious spark plug orientations [16] and different intake

port configurations [18] have been used to study spark

ignition for appreciable velocities (5–10 m/s). How-

ever, these studies do not focus on spark behaviour,

but rather lean ignition and engine performance.

Fansler et al. [3] and Fansler et al. [4] studied spark

plasma location, spark–plasma stretching speed, and

spark restrike phenomena in an SG-SIDI engine under

late injection.

There have been a few studies that investigate spark

behaviour under various levels of fuel concentration

[7, 8, 10, 12, 21]. However, the majority of these

studies were conducted under lean-to-stoichiometric

mixtures and do not study spark behaviour in overly

rich mixtures. Merer and Wallace [8] demonstrated

that spark properties, such as breakdown voltage,

were affected by fuel concentration. While their study

only concentrates on lean and slightly rich fuel

concentrations (W 5 0.7–1.2), their findings suggest

the need to continue to study spark behaviour under a

wider range of rich mixtures.

There are a limited number of investigations that

study spark behaviour for a wide range of well-

defined fuel concentrations. Ballal and Lefebvre [7]

obtained minimum ignition energies for a wide range

of fuel–air equivalence ratios (W 5 0.5–2) in a closed-

circuit wind tunnel. However, this study was con-

ducted under sub-atmospheric pressures and ambi-

ent temperatures, neither which mimic conditions

within an engine during spark timing. Fansler et al.

[14] used a wide range of fuel–air equivalence ratios

(W 5 0–3) to develop a diagnostic tool for equivalence

ratio measurements based on the emission intensity

of the CN radical at 388 nm. They applied this

technique systematically to study ignition and com-

bustion stability in a wall-guided stratified charge

engine [22].

Despite previous spark ignition investigations, spark

behaviour under the extreme high-velocity and multi-

phase fuel concentrations that are seen in SG-SIDI

engines under stratified operation are not well under-

stood. First, this investigation addresses the spark

energy released under well-defined homogeneous,

gas phase, fuel–air equivalence ratios and velocity

values typically found under stratified charge opera-

tion in SG-SIDI engines. The spark energy is obtained
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for a wide range of homogeneous equivalence ratios

(W 5 0–2.9) in an SG-SIDI engine under identical flow

conditions. Furthermore, spark energy is measured

for a wide range of average velocities at the spark gap

ranging between 0 and 8 m/s in air to eliminate any

influence of equivalence ratio. Second, the data

obtained for well-controlled conditions is used to

interpret spark events under stratified operation.

High-speed particle image velocimetry (PIV), high-

speed planar laser-induced fluorescence (PLIF) ima-

ging, and spark-discharge electrical measurements

are used for this investigation. Velocity mag-

nitude, shear strain rate magnitude, vorticity magni-

tude, and normalized fuel concentration are extracted

in a 464 mm region directly downstream of the spark

plug, where the spark plasma is typically located, and

correlations with spark energy are examined.

2 EXPERIMENTAL

2.1 Optical engine

Experiments were conducted on the single-cylinder

optical SG-SIDI engine shown in Fig. 1(a). This engine

features a twin cam, overhead valve, central injection,

pentroof cylinder head, a full quartz glass cylinder,

and a quartz glass Bowditch piston (Fig. 1(b)). The

quartz glass windows in the cylinder head allow

optical access to the fire-deck. Additionally, the piston

is equipped with side windows to allow optical access

within the piston bowl as the piston moves up toward

top dead centre (TDC). The engine has a geometric

compression ratio of 9:1, with an 86 mm bore and

stroke. A schematic of the side view of the combus-

tion chamber is shown in Fig. 1(c) to illustrate the

main components within the combustion chamber.

A double-pinned spark plug with a 4.6 kV internal re-

sistance and 1.3 mm gap spacing is positioned slightly

off the cylinder axis on one side, while an eight–hole

injector sits on the opposite side of the cylinder axis.

The inductive ignition system delivered an average

energy of 45 mJ per discharge.

2.2 Diagnostics tools

2.2.1 Optical setup

The optical setup used for this investigation is shown

in Fig. 2. This setup was used to simultaneously

obtain PIV and PLIF measurements under stratified

operation. Here, only a brief summary of the optical

setup is provided to highlight its main features. More

details are given in [23].

A frequency-doubled circularly polarized Nd:YLF

dual cavity laser (Quantronix Darwin Duo, 527 nm)

was used as the light source for Mie scattering. At

4.8 kHz, each laser beam provided 5.9 mJ per pulse. A

frequency-tripled linearly polarized Nd:YAG laser

(Quantronix Hawk II, 355 nm) was used for fuel fluo-

rescence measurements. At 4.8 kHz, the laser provided

1.4 mJ per pulse. The 4.8 kHz pulse rate corresponds to

one pulse per engine crank angle at 800 rpm.

The green and UV laser beams were combined

using a high-reflectivity 355 nm, high-transmissivity

532 nm turning mirror. Laser light was sent through

a set of focusing optics to form overlapping light

sheets of 1 mm thickness. The laser sheets entered an

opening in the extended crankcase and were reflected

off a 45u UV coated mirror and aligned in the tumble

plane, bisecting the tip of the fuel injector and the

spark plug centre electrode.

Fig. 1 (a) Single-cylinder optical engine, (b) Bowditch piston with quartz glass bottom and
quartz glass side windows, and (c) schematic of side view of combustion chamber that
highlights the main features inside the engine
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A 12-bit CMOS camera (Vision Research Phantom

V7.1) was used to capture Mie scattering of green laser

light off of silicone oil droplets (, 1mm in diameter)

which were seeded into the intake air [24], while a 14-

bit CMOS camera (Vision Research Phantom V7.3)

equipped with a lens-coupled image intensifier

(LaVision HS-IRO) was used to capture fluorescence

of the biacetyl fluorescence tracer in the fuel. A

dielectric mirror that reflected light at 527 nm (Mie

scattering) but transmitted below 510 nm (LIF sig-

nals) was placed between the engine and the PLIF

camera at a 45u angle. This reflected Mie scattering to

the PIV camera and allowed both cameras to image

perpendicular to the laser sheet in the tumble plane.

A high-speed controller (LaVision) was used in

conjunction with the imaging system (LaVision

DaVis) to control the timing of the cameras and

lasers and their synchronization with the engine.

Each laser fired once during every crank angle giving

three laser pulses per crank angle degree (CAD), i.e. at

a frequency of 4.8 kHz. The PIV camera operated in

frame-straddling mode at 9.6 kHz, splitting each CAD

into two temporally equal frames of 104ms. The UV

laser fired 24ms after the second green laser pulse; the

intensifier gate was opened for 300 ns and the PLIF

camera captured the fluorescence image with an

exposure time of 200ms The time delay between the

two laser pulses depended on the ability to capture

the flow field inside the engine and is described in

more detail for each set of experiments. For experi-

ments solely requiring flow field images, only the PIV

camera and green lasers were used, with the PIV

camera positioned perpendicular to the light sheet in

the tumble plane.

Vector fields and normalized fuel distribution

images were determined as described in Peterson

and Sick [23]. A commercial imaging software pro-

gram (LaVision DaVis 7.2) was used for processing

the PIV and PLIF images.

The two Mie scattering images per CAD were cross-

correlated with decreasing size multi-pass iterations

from 1286128 pixels to a final window size of 32632

pixels with 50 per cent overlap and two passes for each

reduction in window size. The 32632 interrogation

window corresponds to a 1.7 mm61.7 mm region for

the controlled experiments and a 2.85 mm62.85 mm

region for the late injection experiments. With 50 per

cent overlap, vectors are shown every one-half of the

interrogation window region. A 363 Gaussian smooth-

ing filter was applied to the vector field to remove noise

at spatial scales near the resolution limit of PIV

measurements [24].

The stratified charge fluorescence images were

normalized by homogenous fuel distribution fluores-

cence images to portray the fuel fluorescence sig-

nal as a normalized fuel concentration (equivalence

ratio). A non-linear sliding average filter of size 5

pixels was applied to the fluorescence images to

smooth the fuel concentration with the region of 565

pixels (0.375 mm60.375 mm). The vector field was

overlaid onto the processed PLIF images and an

overlay was used to clarify the position of significant

features such as the spark plug and injector. The un-

certainty associated with PLIF measurements using

this optical setup has been estimated to be ¡17 per

cent, as characterized in detail by Smith and Sick [25].

2.2.2 Spark measurement diagnostics

The spark voltage was measured at the top of the

double-pinned spark plug by a high-voltage probe

Fig. 2 Optical setup for combined PIV-PLIF experiments
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(Tektronix model P6015A), while the spark current

was measured using a current monitor (Pearson

Model 110). Spark voltage and current signals were

digitized with a high-speed digitizer (National Instru-

ments PXI/PCI-5105) at a sampling rate of 500 kHz.

The spark current signal was sent through an amplifier

(1506, 860 kHz bandwidth) before digitization.

The spark energy delivered to spark gap was cal-

culated as

ESpark~

ð
Spark duration

VProbe{I|RPlug

� �
|I

� �
dt ð1Þ

where VProbe is the voltage recorded from the high-

voltage probe at the top of the spark plug, RPlug is the

internal resistance of the spark plug, and I is the spark

current. The internal resistance of the spark plug,

4.6 kV, was measured with an ohmmeter. The spark

energy was calculated throughout the duration of the

spark event. The onset of a spark began when the spark

voltage and current values both became negative and

the duration of the spark event lasted until the spark

current value was no longer negative.

2.3 Homogeneous fuel concentration
experiments

The spark energy was measured under a wide range of

well-defined fuel–air equivalence ratios in the gas

phase. Fuel was injected into the cylinder during the

intake stroke (end-of-injection (EOI) at 300u before

top dead centre (BTDC)) allowing adequate time for

fuel–air mixing to provide a homogeneous fuel–air

mixture during the compression stroke and at spark

timing. The fuel injector operated at a fuel pressure of

110 bar and was calibrated to provide an accurate

amount of fuel at a specified injection duration. The

intake air flow was controlled by a critical orifice

system. An atomizer (TSI 9306) was used to seed the

intake air with silicone oil droplets for PIV measure-

ments. The atomizer air was introduced downstream

of the critical orifice system and a flow meter was

used to measure the additional air flow rate into the

engine. Controlling and measuring the fuel and air

into the cylinder gave a reliable means to calculate the

equivalence ratio with an accuracy of W 5 ¡0.05.

It was desired to have a well-defined fuel–air mixture

without the presence of residual combustion products

within the cylinder at the time of spark. Especially for

very lean and rich mixtures, high cycle variability may

occur leading to variations in residual gas composi-

tion. Combustion products such as CO2 and H2O can

influence spark behaviour [8] and their presence could

interfere with the goal of these experiments. Therefore,

the engine ran under skip-fired operation (fire one-in-

three cycles) allowing two motored cycles in-between

each fired cycle to scavenge residual gases and reduce

the presence of combustion products within the

cylinder during fired cycles.

Operating parameters for the fuel concentration

experiments are shown in Table 1. Intake air was

throttled to an inlet manifold absolute pressure (MAP)

of 50 kPa in order to avoid window damage from

high peak cylinder pressures (. 4000 kPa) that result

from combustion of stoichiometric and rich mixtures

at wide-open throttle (MAP , 95 kPa). To match in-

cylinder pressures (10 bar) and temperatures (725 K)

at spark timing for throttled operation to that of

unthrottled operation (i.e. stratified operation in an

SG-SIDI engine), the onset of the spark was triggered

at 5u BTDC. Thus, the spark timing was chosen strictly

to create a similar operating environment during

spark timing to that of unthrottled operation and not

to optimize combustion performance.

The fuel used in this experiment was 90 per cent

iso-octane, 10 per cent biacetyl by volume. This is

the standard fuel mixture used in this engine for fuel

fluorescence experiments. Even though LIF techni-

ques were not applied in these experiments, it was

Table 1 Operating parameters of the experiments performed in the optical SG-SIDI engine

Parameters Fuel concentration experiments Velocity field experiments Stratified charge operation

Engine speed (rpm) 800 800 800
Manifold absolute pressure (kPa) 50 95 95
Spark timing 5u BTDC 30u BTDC 30u BTDC
Spark dwell time (ms) 3.5 3.5 3.5
Injection timing (physical EOI) 300u BTDC 31u BTDC 32u BTDC
Injection duration (ms) 0, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25,

2.5, 2.75, 3.0, 3.25, 3.5, 3.75, 4.0
1.5 1.13 (7.2 mg fuel/cycle)

Injection pressure (bar) 110 0, 14, 28, 55, 80, 110, 140 110
Fuel 90% iso-octane, 10% biacetyl None 90% iso-octane, 10% biacetyl
Intake temperature (uC) 45 45 45
Oil and coolant temperature (uC) 90 90 90
Image timing 10u BTDC–19u ATDC 44u BTDC–5u ATDC 44u BTDC–5u ATDC
PIV time delay (ms) 62.5 20 20
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important to keep the fuel mixture consistent for

comparison with the late injection measurements

described later in this paper.

Experiments consisted of 100 fired cycles (300 total

cycles) and each experiment was repeated twice to

give a total of 300 cycles of spark events at a given

fuel–air equivalence ratio, for W 5 0–2.9. The PIV

camera acquired two Mie scattering images per CAD

from 10u BTDC to 19u ATDC (after top dead centre).

The time delay between each laser pulse was set to

62.5ms to adequately capture the flow field when the

piston is near TDC and provided a maximum pixel

shift that was within one-quater of the final inter-

rogation window size (32632 pixels) [26].

2.4 Defined air flow experiments

The spark energy was measured under a range of

velocities (0–12 m/s). This range is typically seen near

the spark plug gap during the late stage of injection

events in SG-SIDI engines [23]. Experiments were

conducted in an unfuelled (air only) charge to isolate

the effects of velocity. A high-pressure fuel injector

was used to inject dry compressed air and to produce

high velocities at the spark plug while maintaining the

air-only charge.

As shown in Fig. 3, an eight-hole fuel injector with a

270u hole pattern was used, rather than the 360u hole

pattern as in the fuelled experiments. This injector was

used to eliminate the risk of overheating and possibly

damaging the regular fuel injector used in the fuelled

experiments. This injector used for air injection is

referred to as the air injector throughout this inves-

tigation. One of the holes of the air injector was

aligned with the centre electrode of the spark plug to

provide a jet that impacted the spark plug. This

exposed the spark plug to the highest velocities from

the injection event. A range of injector air pressures

from zero (no injection) to 140 bar was used to vary

the velocity at the spark gap.

Operating parameters for the velocity field experi-

ments are shown in Table 1. Experiments were per-

formed for multiple injection pressures, ranging

between 0 and 140 bar, to give a wide range of veloc-

ities at the spark gap. The EOI was set to 31u BTDC

with an injection duration of 1.5 ms. The onset of the

spark was set to 30u BTDC and was chosen to match

that used under stratified charge operation.

Here, each experiment consisted of 150 consecu-

tive cycles with injection and spark. Each experiment

was repeated once to provide 300 spark events under

a specific flow field from a given injection pressure.

Since no fuel was injected, PIV was the only optical

diagnostic technique utilized for these experiments.

Mie scattering images were acquired from 44u BTDC

to 5u ATDC for each cycle. The time delay between

the two laser pulses was shortened to 20 ms in order

to resolve the higher velocities from the air injection.

2.5 Stratified charge combustion experiments

High-speed PIV, PLIF, and spark-discharge measure-

ments were conducted simultaneously during fired,

stratified charge operation to measure flow fields

and fuel concentrations near the spark plug.

The operating conditions shown in Table 1 were

chosen to produce low-load idle conditions in an SG-

SIDI engine at 800 rpm. The engine operated un-

throttled (95 kPa MAP) with 7.2 mg fuel injected per

cycle. The EOI was fixed at 32u BTDC and spark

timing was set to 30u BTDC. The fuel used in these

experiments was a mixture of 90 per cent iso-octane,

10 per cent biacetyl (percentage by volume). Best

engine performance, measured in terms of the co-

efficient of variation (COV) of the indicated mean

effective pressure (IMEP), was found within a very

narrow spark timing window (32u230u BTDC). At a

spark timing of 31u and 32u BTDC, no misfires or

partial burns were recorded. When spark timing was

retarded to 30u BTDC, the COV of the IMEP began to

increase but overall, IMEP values for combustion

cycles are similar. The spark timing of 30u (with EOI of

32u BTDC) provided an opportunity to study the rare

occurrence of ignition instabilities with no external

dilution (EGR), achieving a misfire (IMEP , 0) rate of

0.6 per cent and a partial burn (mass fraction burned

, 50 per cent) rate of 0.4 per cent.

Fig. 3 (a) The fuel injector used for fuel injection exper-
iments was an eight-hole injector with a 360u
hole pattern, and (b) the air injector used for the
flow field experiments used an eight-hole in-
jector with a 270u hole pattern. Injector nozzles
were aligned with the spark plug centre electrode
to provide an impacting spray configuration
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Experiments consisted of 348 consecutive fired

engine cycles and multiple experiments were per-

formed to obtain 1392 fired cycles. Of these 1392

cycles, nine cycles were misfire cycles and five cycles

were partial burn cycles. PIV and PLIF images were

acquired from 44u BTDC to 5u ATDC. The time delay

between the two green laser pulses was 20ms in order

to resolve the high velocities induced by the fuel

injection.

3 RESULTS

3.1 Selection of measurement location

Throughout this study the impact of fuel concentra-

tion, velocity, shear strain rate, and vorticity on

available spark energy was investigated. Ideally, these

quantities should be measured directly along the

three-dimensional extension of the plasma channel.

However, since this is experimentally not feasible,

the option was explored to spatially average named

quantities in an area where the spark plasma typically

is found. Due to both the directed tumble flow and the

impact of the fuel spray onto the spark plug electro-

des, there is a strong preferred direction for the spray-

induced flow after the spray ends; the spark plasma

either stays between the electrodes or gets extended

along the original direction of the spray plume (Fig. 1).

Based on observations of the spark plasma extension,

the data were measured in a 464 mm area directly

downstream and adjacent to the spark plug electrodes

as shown in Fig. 1. The sensitivity of the extracted

spatially averaged magnitudes of velocity, shear strain

rate, and vorticity was investigated by varying of the

size of this extraction window. Differences were

significantly lower than the cycle-to-cycle variations,

confirming the validity of the selected 4 mm64 mm

area.

3.2 Controlled experiment: homogeneous fuel–
air operation

The goal of this experiment was to measure the

spark energy for a wide range of well-defined fuel–air

equivalence ratios (W 5 0–2.9). Values presented in

this section are ensemble averages of 300 spark

events. Bars indicate one standard deviation of the

300 measurements. Baseline experiments in quies-

cent, ambient air show a combined repeatability of

the ignition system performance and the voltage and

current measurement as one standard deviation of 4

per cent for the spark energy and 3.2 per cent for

spark duration.

Figure 4 shows the influence of fuel concentration

on the available spark energy. A moderate trend exists

between spark energy and equivalence ratio, with

averaged values of spark energy showing a linear

increase with equivalence ratio. The spark energy

shows a 21 per cent increase in averaged values as the

equivalence ratio increases from W 5 0 to W 5 2.3, but

also exhibits an average standard deviation of 11 per

cent. Beyond an equivalence ratio of 2.3, the spark

energy begins to decrease and exhibits a smaller

cycle-to-cycle variability. At these richer mixtures

(W 5 2.5–2.9), an appreciable amount of soot deposits

existed in the cylinder, which may influence the spark

behaviour shown for these mixtures. Additional stu-

dies are necessary to further examine spark behaviour

in the presence of soot deposits in the combustion

chamber.

It was important to ensure that the flow field

near the spark plug remained constant during these

measurements. As expected, the PIV measurements

showed that the different fuel injection durations

during the intake stroke had no influence on the flow

field near the spark plug at the time of spark. Thus, the

average velocity seen during spark timing was mea-

sured as 1–2 m/s and was consistent among all ex-

periments. Due to the narrow range of low velocities,

no correlation was found between the velocity near the

spark plug and the electrical behaviour of the spark

discharge for these experiments. This suggests that all

trends shown here are strictly due to mixture compo-

sition near the spark plug and not velocities. However,

the increase in the standard deviation of the spark

Fig. 4 A moderate trend exists between spark energy
and equivalence ratio with averaged values of
spark energy showing a linear increase with
equivalence ratio. This relation ends beyond
W , 2.3, where substantial soot was present in
the combustion chamber
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energy at W 5 0 compared to the measurements in

quiescent ambient air is attributed to velocity fluctua-

tions in the motored engine.

3.3 Controlled experiments: air injection

The goal of these experiments was to measure the

spark energy released under a variety of velocities

seen from an air injection event. To isolate the impact

of flow on spark energy, experiments were conducted

in an unfuelled (air only) charge and injection velo-

cities were produced from an air injector. Several

velocity strengths were studied next to the spark plug

by conducting experiments under a variety of air

injection pressures (0–140 bar).

It is important to note that the data with air in-

jection and without air injection (0 bar injection

pressure) were collected under the same fundamental

conditions and the only difference was the flow

velocity. As shown in Table 1, the spark event occurs

after the injection event. The spark is not exposed to a

direct jet of ‘fresh’ air, but instead exposed to the

residual flow field from the injection event. Mie

scattering images reveal that the seeding is homo-

geneous during the spark event for air injection cases

and thus would have no difference in mixture between

air injection and non-injection cycles. Furthermore,

seeding was shown to have no impact on the spark

event (i.e. the difference in spark energy and duration

with and without seeding was negligible). In-cylinder

pressure was higher by 0.06 bar for maximum air

injection (140 bar) at a peak pressure of , 19 bar. This

difference is minimal and would not drastically affect

the spark energy released. Local in-cylinder tempera-

ture differences from injecting air at temperatures

lower than the in-cylinder temperature can be as-

sumed negligible as inferred from the minute pressure

difference. The only other difference between the air

injection and non-injection cycles is the residual

velocity from the injection event. Therefore, it is

argued that differences in spark energy between air

injection and non-injection experiments are solely

due to flow velocity.

Figure 5 shows flow field examples for two con-

ditions. First, a sequence of velocity fields for an

instantaneous cycle without air injection is shown

Figs 5(a) to (c). Second, selected images from an in-

stantaneous air injection cycle highlight flow features

at the highest injection pressure (140 bar) during

spark timing. The velocity field for the non-injection

cycle illustrates the flow evolution that is determined

by the piston motion and residual tumble from the

intake flow. The edge of a vortex borders the spark

plug resulting in a moderate velocity magnitude up-

stream of the spark plug (, 2–3 m/s). The spark plug

obstructs the flow beyond the spark plug leaving a

wake region with a relatively stagnant flow (, 0.5 m/s)

on the right side of the spark plug (downstream). The

difference in the flow field on each side of the spark

plug can lead to stretching and deformation of the

spark plasma. Figure 5 shows that the spark plasma

primarily remains between the spark electrodes for

cycles without air injection. At 25u BTDC the spark

shows a mild stretch beyond the spark electrodes.

The velocity field for an air injection cycle is shown

in more detail in Figs 5(d) to (i). Figure 5(d) shows

the flow field one CAD prior to spark and at the end of

the air injection (31u BTDC) to illustrate the flow field

during the air injection event. During the air injec-

tion, an air jet travels from the injector towards the

spark plug and impacts the spark plug. Fluid in this

region is dispersed and creates two recirculating

regions downstream of the spark plug. As the air jet

impacts the spark plug, a portion of the plume is

deflected horizontally while the remaining portion of

the plume passes through the spark gap and impacts

the side of the piston bowl. The piston is not within

the field of view for flow field images, but can be seen

in Fig. 1(c). The flow deflected off the spark plug

interacts with nearby boundaries (top of piston and

cylinder wall) to create the circulating flow to the right

of the spark plug. The flow impacting the piston bowl

Fig. 5 Flow fields without air injection are modest
providing minimal spark stretch, whereas flow
fields with air injection provide higher velo-
cities and significant spark stretch and re-strike
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is reflected back towards the spark plug [23] creating

the circulating region downstream of the spark plug

and strong flow upward at the bottom of the viewing

plane. During the spark event, a strong shear flow

exists downstream of the spark plug, while the flow

upstream the spark plug resembles that of the expired

air jet. A high vertical velocity (, 6 m/s) at the bottom

right of the images exists throughout spark timing and

is primarily due to the fluid that impacts the piston

bowl and is re-directed towards the cylinder head.

For air injection cycles, the high velocity near the

spark plug significantly stretches and deforms the

spark plasma. In comparison to the non-injection

cycle, the spark plasma in the air injection cycle shows

more deformation one CAD after the onset of spark

(29u BTDC) than during the entire spark duration

in the non-injection cycle. At 28u BTDC the spark

channel continues to lengthen and is shown to stretch

well beyond the spark gap. The image at 27u BTDC

captures a re-strike event and shows two distinct

plasma channels – one channel is well beyond the

spark gap while another exists directly between the

spark electrodes. Here, the spark discharge length

reaches a limit where the plasma channel stretches

well beyond the spark gap and the spark discharge

cannot sustain enough new electrons and ions along

the lengthening plasma channel. The elongated plas-

ma channel ceases to exist, but a sufficient number of

electrons and ions remain available at the cathode

before the available electrical energy in the secondary

coil is completely dissipated [5]. At this time, a new

breakdown event occurs with a new plasma channel

shown directly between the electrodes. Once the new

plasma channel is established, the flow is still strong

enough to stretch and deform the new plasma

channel before the end of the spark event.

The spark voltage and current for the non-injection

and air injection cycle in Fig. 5 are shown in Fig. 6.

The breakdown phase of the spark discharge occurs

in the order of nanoseconds and is not resolved. After

the peak voltage value, the voltage drops to a level

in the order of 200 V, indicating the discharge has

transitioned to either the arc or glow discharge phase

[10]. As demonstrated by Lee et al. [9] at the 12 bar

pressure attained here, a transition from the arc to

glow phase cannot always be resolved.

For the non-injection cycle, the glow voltage pri-

marily remains below 1000 V and exhibits fewer

changes in voltage magnitude in comparison to the

air injection cycle. This is indicative of the plasma

channel undergoing minimal stretch and deformation

during the spark event. The spark voltage trace for the

air injection cycle shows a continual voltage increase

during the arc and glow phase and is associated with

the lengthening of the plasma channel. The voltage

increases to a value in which the available coil voltage

can no longer sustain the plasma channel, resulting in

the re-strike shown at 27u BTDC in Fig. 6. This re-

strike is associated with a new breakdown event and is

indicated by a sharp increase in voltage magnitude.

The flow field was analysed in the 4 mm64 mm

region downstream of the spark plug, as shown in

Fig. 1(c), and is presumed representative of the con-

ditions surrounding the spark plasma, especially in

the region where the plasma extends. Spatial aver-

ages of velocity magnitude Vj j
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Fig. 6 Spark voltage and current traces for the non-
injection and air injection cycles shown in Fig. 5.
The higher voltages during the arc and glow
phase for the air injection cycle indicates the
lengthening of the spark channel. The break-
down event associated with re-strike shown at
27u BTDC in Fig. 5(h) is indicated by the sharp
increase in voltage magnitude at 0.7 ms in
Fig 6(b)
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were all extracted from this region. Results presented in
this section depict the ensemble-spatial average S:::Tð Þ
over 300 cycles. Bars shown for data at 110 bar injection

pressure indicate one standard deviation of the 300

measurements to demonstrate cyclic variability.

Figure 7(a) shows the crank-angle-resolved velocity

magnitude downstream of the spark plug for each

air injection pressure. The maximum velocity during

spark timing occurs at the onset of the spark (30u
BTDC) right after the end of the injection. Velocities

decay throughout the spark event and throughout the

remainder of the compression stroke when velocities

approach those seen under no injection. The rate of

decay increases as the injection pressure increases.

Similar velocities are seen for injection pressures of

140, 110, and 80 bar despite the differences in in-

jection pressure. A likely explanation is that the air jet

impacts the spark plug and velocities are significantly

altered, possibly limiting the air velocity downstream

of the spark plug.

Figure 7(b) shows the crank-angle-resolved shear

strain rate downstream of the spark plug for each air

injection pressure. Peak shear strain rates increase

monotonically with injection pressure. During the

spark discharge, shear strain rates decrease at a similar

rate for all injection pressures and are significantly

greater than the shear strain rates for non-injection

operation. Values of shear strain rate from the injection

event continue to decay throughout the remainder of

the compression stroke and approach the values seen

for no injection.

Figure 7(c) shows the crank-angle-resolved vorticity

downstream of the spark plug for each air injection

pressure. In contrast to velocity magnitude and shear

strain rate, vorticity does not vary monotonically with

injection pressure in the investigated area. Further-

more, at the onset of the spark the vorticity is higher for

lower injection pressures and decreases as injection

pressure increases. This trend along with those seen

for shear strain rate and velocity indicates that the flow

after the injection event is stronger with greater fluid

deformation at the higher injection pressures, but

shows greater fluid rotation at the measurement

location for lower injection pressures. The vorticity is

largest during the injection event and rapidly de-

creases at the conclusion of the injection event.

At the time of spark, averaged values of velocity

magnitude (8 m/s), shear strain rate (1000 s21), and

vorticity (1200 s21) under the highest air injection

pressures (140 and 110 bar) are similar to averaged

values seen under stratified operation in an SG-SIDI

engine [23]. Thus, similar flow conditions have been

achieved with the air injection but any complications

Fig. 7 (a) Ensemble-spatial average of velocity mag-
nitude, (b) shear strain rate magnitude, and
(c) vorticity magnitude during the air injection
and spark event for various air injection pre-
ssures. Bars indicate one standard deviation of
the 300 measurements at 110 bar to demon-
strate the cycle-to-cycle variability
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due to multi-phase flow or high stratification have

been avoided for the analysis of spark behaviour as a

function of local velocity.

Relationships between flow properties and spark

energy released to the fuel–air mixture are of high

interest to build predictive models for internal com-

bustion engine simulations. Therefore, the spark en-

ergy was correlated with velocity magnitude, shear

strain rate, and vorticity measured in the 4 mm64 mm

region downstream of the spark plug. Integrated

quantities for the duration of the spark discharge as

well as values at the onset of the spark were examined.

The onset of the spark was chosen to correlate time-

specific quantities to compare results to cases of

combustion in which flow field quantities beyond the

onset of the spark are biased due to disappearing PIV

seeding and combustion luminosity in the 4 mm6
4 mm region.

This discussion presents both cycle-resolved quan-

tities of the entire data set for all air injection pre-

ssures and ensemble averages computed for the 300

cycles recorded for each air injection pressure. Ave-

raged flow field quantities throughout the entire spark

event are the ensemble-temporal-spatial average re-

presented as S:::Tf g, while quantities at the onset of

spark are ensemble-spatial averages and represented

as S:::T.

Figure 8 shows the influence of velocity magnitude

on spark energy. The cycle-resolved data exhibits

large scatter but a positive correlation exists for a

linear relationship between total spark energy and

averaged velocity seen during the spark event. This is

more evident when the data are ensemble averaged

for each air injection pressure. As the velocity near the

spark plug increases, the energy delivered to the spark

plasma increases. This is primarily due to the stre-

tching of the spark plasma (see Fig. 5) that increases

the voltage between the electrodes [11, 13, 18]. In

addition, with higher velocities near the spark plug,

re-strikes are more common which further increase

the spark energy due to additional breakdown events.

A linear relationship is also found for averaged quan-

tities at the onset of the spark, but shows a weaker

correlation. The weaker correlation is not too surpris-

ing since the spark plasma has not had sufficient time

to stretch and is primarily located between the spark

electrodes as opposed to the 4 mm64 mm region.

Time-specific data during the second and third CAD

after the onset of the spark have higher correlation

coefficients (not shown), most likely due to the fact

that the spark plasma is within the 4 mm64 mm

region at this time. However, as previously stated this

work focuses on the first CAD after onset of the spark

to be compatible with measurement restrictions

under fired conditions.

Cycle-resolved data (for all injection pressures) over-

laid with the injection-pressure-specific ensemble-

averaged data show the cycle-to-cycle variability in

the flow and shows a lower correlation. The lower

correlation for the cycle-resolved data arguably reflects

that the recorded velocities are not directly measured

along the spark plasma channel. On average the spark

plasma lies in the 4 mm64 mm extraction region, but

velocities vary across this region and the plasma

channel might move out of plane since the light sheets

are only 1 mm thick. Thus, the expected linear rela-

tionship between spark energy and velocity [5–7, 13,

20] is observed, albeit with low correlation coefficients

even close to zero for measurements during the first

spark CAD.

Fig. 8 A linear relationship exists between spark energy
and velocity during the entire spark duration (a)
and at the onset of spark (b). The spread in cycle-
resolved data yields lower correlations. Spark
energy at the first spark CAD excludes the
breakdown. Bars indicate one standard deviation
of the 300 measurements. Cycle-resolved data
are presented for all injection pressures
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The total spark energy is also closely correlated with

averaged shear strain rate as shown in Fig. 9. The spark

energy released between the electrodes increases

linearly with increasing strain rates. It is likely that

the fluid deformation within the region downstream of

the spark plug is similar to deformation of the actual

plasma channel. This is consistent with the view that

the spark plasma is transported passively by the local

fluid motion [11]. The spark energy increases with

plasma deformation and is consequently strongly

correlated with the nearby fluid deformation. The

temporal–spatial averaged shear strain rate and the

strain rate at 30u BTDC both correlate well with total

spark energy and spark energy seen throughout the

first spark CAD. Similar to cycle-resolved velocity mea-

surements, cycle-resolved data between spark energy

and shear strain rate exhibit a lower correlation com-

pared to ensemble-averaged quantities. This lower

correlation again indicates that the 4 mm64 mm

region does not always contain the spark plasma

channel.

The impact of vorticity near the spark plug on

available spark energy is shown in Fig. 10. The total

spark energy does not show an apparent, simple

relationship with averaged vorticity in contrast to

averaged velocity and shear strain rate. From the

cycle-resolved data it is indicated that increasing

vorticity does lead to an increase in spark energy but

the spread in the data is very large and hence the

correlation is weak. The analysis of the impact of

vorticity on spark plasma stretching and in turn on

spark energy will require further assessment.

Fig. 9 A linear relationship exists between spark energy
and shear strain rate magnitude during the entire
spark duration (a) and the onset of spark (b).
Cycle-resolved data have a large spread yielding
lower correlations. Spark energy at the first spark
CAD excludes the breakdown. Bars indicate one
standard deviation of the 300 measurements.
Cycle-resolved data are presented for all injec-
tion pressures

Fig. 10 (a) A linear relationship does not exist between
total spark energy and averaged vorticity mag-
nitude during the spark event, and (b) a weak
positive linear relationship is shown between
spark energy and vorticity magnitude at the
onset of spark. Spark energy at the first spark
CAD excludes the breakdown. Bars indicate one
standard deviation of the 300 measurements.
Cycle-resolved data are presented for all injec-
tion pressures
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3.4 Spark energy transfer under stratified
operation

The engine was operated with late fuel injection to

quantify the spark energy released under stratified low

load, idle conditions. Flow field and fuel concentration

near the spark plug as well as spark voltage and current

measurements were used to evaluate the conditions

for firing, partial burning, and misfiring cycles.

Figure 11 shows the flow field and fuel concentra-

tion of an individual cycle to demonstrate the condi-

tions that exist within the 4 mm64 mm region down-

stream of the spark plug during the spark event.

Images show the flow field and fuel concentration at

the EOI (32u BTDC), at the onset of the spark (30u
BTDC), and shortly after the onset of the spark when a

flame kernel exists (27u BTDC). The dotted line at the

bottom of each image indicates the position of the

bottom of the piston bowl. Rich conditions exist near

the spark plug at the EOI and quickly lean out to near-

stoichiometric mixtures at the time of spark. A flame

kernel is often present within 1–2 CAD after the onset

of the spark and continues to grow by finding a

mixture suitable for subsequent combustion. The

short time interval between the onset of the spark

and presence of the flame kernel limits the ability to

capture accurate flow field and fuel fluorescence

information beyond the time of spark onset. PIV seed

droplets are burned and the LIF signal overlaps with

combustion luminosity. Therefore, reliable velocity

and fuel concentration data extracted from the

4 mm64 mm region downstream of the spark plug

are limited to times just until the first crank angle after

the onset of spark.

The spark energy for the first spark CAD was

correlated with spatially averaged quantities of equi-

valence ratio, velocity magnitude, shear strain rate

magnitude, and vorticity magnitude measured in the

4 mm64 mm region (shown in Fig. 1) at the onset of

the spark (30u BTDC). Cycle-resolved data were used

in the anticipation of finding correlations between

spark energy, fuel–air equivalence ratios, and flow

properties for misfired and partial burn cycles in re-

lation to successful combustion cycles.

As previously mentioned, the breakdown event was

not resolved in the spark measurements; therefore the

spark energy presented here begins at the onset of the

arc phase once the voltage stabilizes after the initial

voltage peak. Measurements shown are for 1392

combustion cycles and highlight the misfired and

partial burn cycles. Out of the 1392 cycles, nine cycles

were misfire cycles (IMEP , 0) and five cycles were

partial burns (mass fraction burned , 50 per cent).

Figure 12 shows spark energy, equivalence ratio,

and velocity measurements for the 1392 combustion

cycles. Measurements of equivalence ratio are scat-

tered around stoichiometric mixtures with data

points spanning the ignitability limits [1]. Measure-

ments of spark energy and fuel–air equivalence ratio

do not show a significant correlation, while measure-

ments of spark energy and velocity show a positive

weak relationship. However, the data does clearly

show that misfired and partial burn cycles occurred

for near-stoichiometric-to-lean mixtures and low

velocities at the spark plug. It is also shown that these

misfires and partial burns had lower spark energies

during the first CAD. These results are in agreement

with the results shown from the controlled experi-

ments – available spark energy is less for leaner

mixtures and lower velocities.

It was shown recently [27] that for the conditions

discussed above a flame kernel is always formed, re-

gardless of mixture and flow conditions. However, in

some cases the combination of the low velocities, lean

mixtures, and low spark energies does not provide

Fig. 11 Simultaneously acquired PIV and PLIF images of an instantaneous cycle show the flow
field and fuel concentration at EOI (32u BTDC), spark timing (30u BTDC), and when a
flame kernel is established (27u BTDC)
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favourable conditions for developing a flame kernel into

a self-sustained flame. Under low velocities, the spark

plasma channel undergoes less stretch, which can limit

its exposure to ignitable mixtures. As represented in

Fig. 11, the tail end of the flammable mixture is located

near the edge of the spark plug at the spark timing and

is quickly moving away. This is consistent for all engine

cycles. Mixtures near the spark plug become leaner with

time and this can lead to a slowly developing flame

kernel (flame speeds are lower for leaner mixtures) that

cannot catch up to the flammable mixture for subse-

quent combustion. Furthermore, with less spark energy

available to the mixture, flame kernel development is

prolonged [5], creating yet another situation where the

flame kernel lags behind the flammable mixture.

Figure 13 shows spark energy, shear strain rate

magnitude, and vorticity magnitude for the 1392 fired

cycles highlighting the misfired and partial burn cycles.

Similar to equivalence ratio, cycle-resolved measure-

ments between spark energy, shear strain rate, and vor-

ticity do not show any significant correlation (R2 , 0.05

but positive). Values of shear strain rate primarily lie

below 1000 s21 with misfired and partial burn cycles

spanning this range. Vorticity values for misfired and

partial burn cycles primarily fall within the lower

vorticity values measured, with the exception of one

misfire at a vorticity of v5 2600 s21. This demonstrates

that initial shear strain rates and vorticities are not

indicators of deficient cycles.

Overall, the range of values for velocity, shear strain

rate, and vorticity in the air injection experiments are

similar to values revealed under stratified operation.

However, despite similar or even higher injection pre-

ssures for air injection cycles, the velocity ranges under

stratified operation with fuel injection (2–15 m/s) are

larger than what was seen under air injection (3–9 m/s).

This is expected, given that the jet penetration is a

function of the density ratio between injected fluid

and the in-cylinder air. This ratio is lower for the air

injection thus the penetration towards the spark plug

is reduced and lower velocities are expected behind

the spark plug. The inclusion of non-injection cycles

provides spark energy characterization in the lower

velocity regime (1–2 m/s).

Fig. 12 Misfired and partial burn cycles occurred under
near-stoichiometric-to-lean mixtures and low
velocities

Fig. 13 Misfires and partial burns are not sensitive to
initial values of shear strain rate (top) and
vorticity (bottom) near the spark plug
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4 CONCLUSIONS

Spark ignition under highly stratified conditions in SG

direct-injection engines is difficult to predict numeri-

cally since the underlying specifics for energy transfer

from the spark plasma to the fuel–air mixture are not

well characterized for conditions that are present in

such engines. The impact of high pressures, tempera-

tures, velocities, and variations in local fuel concen-

tration along with temporal and/or spatial variations

on spark performance must be known. Even though

high-speed imaging techniques have already allowed

unique insights into the transient nature of in-cylinder

processes there is still a lack of fundamental under-

standing of ignition properties under stratified, high-

pressure conditions. Past work has primarily ad-

dressed minimum ignition energies and their depen-

dence on a range of variables. In many cases these

studies were conducted under non-engine-like con-

ditions, mostly low pressures and homogeneous

mixture conditions.

High-speed PIV experiments were conducted to

characterize the spark energy dependence on equiva-

lence ratio as well as flow velocity, shear strain rate,

and vorticity at the spark plasma. Data were extracted

from the images in a 464 mm2 region just down-

stream of the spark plug. On average, this is the region

where the spark plasma extends. For fixed flow

conditions the amount of energy transferred to the

fuel–air mixture of equivalence ratios ranging between

0 and 2.9 was determined for direct-injection engine

pressures and temperatures. A moderate linear de-

pendence of spark energy on equivalence ratio was

noted with averaged values increasing by 21 per cent

in the equivalence ratio range W 5 0–2.3. It was also

observed that spark energy is affected substantially by

the presence of soot in the combustion chamber, but

additional experiments are needed for further valida-

tion and characterization.

The impact of velocity, shear strain rate, and vor-

ticity on the amount of energy transferred is much

stronger under the applicable range of flow fields in an

SG-SIDI engine. Variations in excess of 40 per cent

were observed over the investigated range. Experi-

ments were conducted in a motored engine to provide

pressure and temperature conditions that are com-

mensurate with spark ignition direct injection. Fuel

was not injected to eliminate the effects of fuel strati-

fication on spark energy. Instead, operating a fuel

injector as an air injector induced flow conditions at

the spark plug that are typical for SG engine operation.

The air jet velocity was adjusted by varying the air

injection pressure. Measured flow data were then

analysed in two ways. First, averages and their cycle-

to-cycle fluctuations were correlated with spark en-

ergy data. Second, cycle-resolved data were corre-

lated with individual spark energy measurements for

the entire data set from all injection pressures. In

contrast to the spark energy dependence on equiva-

lence ratio the relationships obtained for flow proper-

ties should be interpreted as trends only, given that

the flow measurements were performed such that

only in a statistical sense the plasma was contained in

the measurement volume. The amount of transferred

spark energy increased linearly with velocity at the

spark plug; this is in agreement with previous findings

reported in the literature for low-pressure conditions.

In addition, it was observed that increasing the shear

strain rate also leads to a linear increase in spark

energy. A linear increase of spark energy with in-

creasing vorticity was only confirmed with very low

correlation. The spread of individual data is much

larger than what was observed for velocity and shear

strain rate influence on spark energy. Cycle-resolved

data show significantly lower correlations and this

arguably reflects that the recorded velocities are not

directly measured along the spark plasma channel.

On average the spark plasma lies in the 4 mm64 mm

extraction region, but velocities vary across this

region and the plasma channel might move out of

plane since the light sheets are only 1 mm thick.

Simultaneous high-speed PIV and PLIF measure-

ments were performed in the optical SG-SIDI engine

under late injection, stratified operation. Operating

conditions were chosen to be near peak IMEP to

provide near-optimum engine performance yet pro-

duce misfire and partial burn cycles on occasion.

Images show the velocities and fuel concentrations

around the spark plug as well as their gradients during

the time of spark. As a result, it can be concluded that

modelling approaches to the determination of the

spark energy must include spatially and temporally

resolved information on local equivalence ratio and

flow conditions since both vary and have an impact

on the amount of available spark energy as shown in

this work. Images also show the short time duration

between the onset of spark and the presence of a

flame kernel. The onset of combustion limits the

application of liquid droplet PIV and biacetyl PLIF in

this application. Therefore, the analysis of spark

energy transfer and its relation to misfires and partial

burns focused on the assessment and correlations of

mixture and flow conditions at the beginning of the

spark event.

Spark energy was correlated with equivalence

ratio, velocity magnitude, shear strain rate magni-

tude, and vorticity magnitude for 1392 combustion
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cycles. Misfired and partial burn cycles occurred for

conditions where near-stoichiometric-to-lean mix-

tures and low velocities were observed downstream

of the spark plug to where the spark plasma was

convected. A lower energy transfer under these lean

mixtures and low velocities shortly after spark

breakdown are in agreement with the observations

made under well-controlled mixture and flow con-

ditions that are reported in this study. It is important

to note that mixture conditions found in misfiring

and partially burning cycles are within the ignit-

ability range and fall within the general population

of all, predominantly well-burning, cycles. There was

no predominant grouping of the values for shear

strain rate and vorticity at the onset of spark for the

misfired and partial burned cycles compared to

successful cycles.
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