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ARTICLE INFO ABSTRACT

Article history: The work involved a fundamental study of auto-ignition under
iigg“ﬁgii éa;:k?gaiozz% 20 unusually high knock intensities for an optical spark ignition engine.
prec: Y The single-cylinder research engine adopted included full bore

overhead optical access capable of withstanding continuous peak in-

ﬁ{gl-(i);giion Fylinder pressures of_ up to 150bar. A hgavy. knock.was dgliberately
Knock induced under relatively low loads using inlet air heating and a
Imaging primary reference fuel blend of reduced octane rating. High-speed
Optical chemiluminescence natural light imaging was used together with

simultaneous heat release analysis to evaluate the combustion events.
Multiple centered auto-ignition events were regularly observed to
lead into violent knocking events, with knock intensities above 140
bar observed. The ability to directly image the events associated with
such a high magnitude of knock is believed to be a world-first in an
optical engine. The multiple centered events were in good agreement
with the developing detonation theory proposed elsewhere to be the
key mechanism leading to heavy knock in modern downsized SI
engines. The accompanying thermodynamic analysis indicated a lack
of relation between knock intensity and the remaining unburned mass
fraction burned at the onset of the auto-ignition. Spatial analysis of the
full series of images captured demonstrated the random location of
the initial auto-ignition sites, with new flame kernels forming at these
sites and initially growing steadily and suppressing further growth of
the main flame front before violent detonation at speeds well over the
imaging frequency of the camera.

© Iranian Society of Engine (ISE), all rights reserved.
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1) Introduction

Over the past two decades, European automotive
CO; emissions targets have mainly been met
through increased diesel sales. However, the
distillation of crude oil results in high
proportions of both gasoline and diesel fuel and
ultimately this has resulted in Europe becoming
“diesel lean” at times. Also, the diesel engine has
recently become subject to intense scrutiny in
terms of adverse health implications of real-
world tailpipe emissions, particularly in urban
areas.

To meet future global emissions goals, in the
short-to-medium term it will be necessary to
improve the fuel consumption of the gasoline
engine and in the longer-term source sustainable
alternatives to crude oil. Substitutes such as
electric and hydrogen fuel cell vehicles are
among the alternatives being investigated.
Significant advancements in battery technologies
have been made, with full electric now
considered the lower-cost route compared to the
fuel cell [1], [2]. However, overall, current electric
powertrains remain insufficiently advanced to be
considered as the dominant source of vehicle
propulsion. The most recent annual energy
outlook publication compiled by BP suggests
electric and plug-in hybrid powertrains will
account for less than 10% of the global
automotive market in 2035 [3].

The internal combustion engine will, therefore,
remain widely used for several decades to come,
albeit operating in evolved forms with advanced
fuels and some cases as part of a hybrid
powertrain, as also acknowledged by the UK
automotive council [4].

Engine "downsizing" has been widely adopted
over the last decade as one promising method for
improving SI engine fuel consumption. The basic
principle is to reduce the capacity of the engine
and hence enforce a large proportion of
operation to higher loads, where under wider
open throttle conditions the pumping losses are
reduced for a given road load requirement.
Cylinder-specific friction may increase due to
higher in-cylinder gas pressures but net friction
savings can still be made when the number of
cylinders is reduced. To maintain adequate
vehicle acceleration and top speed the smaller
engine must be pressure-charged and still
produce an acceptable transient response.
Overall, for a large family-sized saloon car, it has
already been demonstrated that halving total
engine capacity from a V6 2.4 liter to a three-

cylinder 1.2-liter unit can reduce fuel
consumption by up to ~25% with vehicle
performance maintained via compound charging
[5]- Such downsizing yields significant part-load
fuel consumption benefits, but significant
challenges remain, including increased high load
engine operation under knock limited conditions
[6].

The term “right-sizing” has emerged in the last few
years [7], [8], which is reflective of the new real-
world drive cycles enforcing a much higher
proportion of engine operation to higher loads
where auto-ignition and knocking combustion
remains a key barrier to maximizing thermal
efficiency.

The problem of auto-ignition is almost as old as
the internal combustion engine itself [7] and still
ultimately caps peak thermal efficiency in modern
SI engines [8-10], being commonly avoided by
selecting a lower compression ratio, retarding the
spark timing and/or introducing excess fuel.

Such auto-ignition has been established to be the
result of exothermic centers, or "hot spots”,
leading to auto-ignition of the unburned charge
ahead of the developing flame [11-13]; so-called
end-gas auto-ignition. However, recent
aggressively downsized research engines of very
high specific output have additionally experienced
pre-ignition combustion at low engine speeds and
high loads (>15 bar BMEP).

Previously pre-ignition was most commonly
associated with higher engine speeds when the
components within the combustion chamber are
typically at their hottest. Hence such pre-ignition
was at first unexpected, arising below the auto-
ignition temperature of the charge and occurring
in a highly sporadic manner in short violent bursts
in an "on-off" pattern, with sometimes tens of
thousands of cycles in-between events [14].

This phenomenon widely referred to as Low-
Speed Pre-Ignition (LSPI) and "Super-Knock", has
been associated with low-to-moderate thermal
gradients within the unburned charge leading to
developing detonation events. Ultimately, this
may produce multiple high frequency and
intensity pressure waves within the cylinder that
may interact and ultimately destroy the engine.
The time to trigger the auto-ignition chemistry of
a given mixture under known physical conditions
provides a useful relative measure of the expected
onset and intensity of such events. This auto-
ignition delay period cannot be accurately
measured directly in real engines due to the
complex nature of the combustion process [10].
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The delay period is therefore typically estimated
using simplified chemical kinetic schemes [15-
18] and/or empirical measurements obtained in
idealized rapid compression machines or
combustion chambers [11] [19-22].

Researchers at the University of Leeds and Shell
[23] have recently postulated that such Super-
Knock events originate from a resonance
between acoustic waves emitted by an auto-
igniting hot spot and a reaction wave that
propagates along negative temperature
gradients in the fuel-air charge. The theory is
based upon the assumption that the temperature
gradient extends smoothly over sufficient length
across the turbulent flow field. Subsequently,
localized detonations may develop which are
then able to violently ignite the remaining
unburned charge in timescales of less than a
millisecond. Ultimately, this can lead to
catastrophic mechanical engine failure. Peters
and co-workers[13], [14] extended this theory
developed at Leeds/Shell to at least partially
attribute the random nature of the events to the
stochastic nature of the in-cylinder turbulence.
In the other study by Pan [15] the results show
that as the decreases of octane number, knocking
onset is significantly advanced due to the
enhancement of low-temperature chemical
reactivity.

Consequently, more auto-ignition centers appear
at the hot exhaust valve side and even cool intake
valve side at a very low octane number. But for
the knocking intensity, it does not always show a
proportional correlation with octane number
during super-knock. However, some uncertainty
remains around the triggering of these events.
The pre-ignition typically occurs well below the
auto-ignition temperature of the bulk charge,
considered to be indicative of a deflagration
caused by an exothermic center with the high-
temperature gradient across it [16]. It has also
been suggested that the auto-ignition might be
caused by a localized volume of charge with
particularly low auto-ignition temperature, such
as an evaporating droplet of lubricant (or
mixtures of fuel and oil due to wall impingement
of a directly injected fuel spray). Such droplets, of
relatively low octane number (and high cetane
number), have been suggested to cause the
formation of the deflagration site(s) leading to
pre-ignition and Super-Knock.

To this end, Dahnz et al. [17] produced a simple
pre-ignition model to qualify the effects of a low-
octane droplet within the main (high-octane)

charge. It was found that a region existed where,
given sufficient droplet temperature, ignition
could be initiated below the bulk auto-ignition
temperature of the main charge. When
developing their theory Kalghatghi and Bradley
[12] used pressure data from real engine Super-
Knock cycles to show that gas-phase pre-ignition
of an evaporating lubricant droplet could be
possible, assuming that the lubricant droplet was
substantially more reactive than n-heptane. In
recent work by South-west Research Institute
many lubricants were found to meet this
condition [18].

With the complex nature of cyclic variations in SI
engines influenced by varying turbulence, charge
homogeneity, wall temperatures, deposit
conditions, fuel and oil properties [14], [17]-[20]
it is quite probable that the stochastic pre-
ignition event is caused by a combination of
phenomena. However, the theory of an increased
likelihood of auto-ignition occurring due to
suspended oil droplets has widely gained
credibility. Amann et al. [21] found that, during a
sequence of Super-Knock events in a multi-
cylinder engine, the air-fuel ratio was
significantly reduced compared to the calibrated
air-fuel ratio. When extremely high intensity
knocking combustion was artificially induced by
intermittently advancing the spark timing, the
same trend in the air-fuel ratio was not observed.
This observation was therefore attributed to the
accumulation of lubricant during normal engine
running and its subsequent release from the
piston top-land crevice during Super-Knock
events. In other recent work by some of the
current authors [22], oil was deliberately directly
injected into the charge of a full bore optical
engine, with the transport properties of the
lubricant indicated to have some effect on the
likelihood of pre-ignition and knock occurring.
These observations were in good agreement with
those reported simultaneously elsewhere in a full
metal engine by Wellings and co-workers using
identical lubricant blends [23].

In existing spark-ignition engines the onset of
knock is sometimes avoided by running fuel-rich
[24], [25], where the charge cooling properties
and a reduced ratio of specific heats suppresses
the onset of knocking combustion. This is
undertaken at the expense of poor fuel
consumption and vastly increased tailpipe
emissions (given the three-way catalyst is no
longer effective). Nonetheless, the slightly rich
combustion may help maximize full load output.
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Also, excess fuel is commonly utilized at higher
speeds and loads to limit exhaust gas
temperatures and protect the exhaust
components. Such operation is not sustainable,
particularly in light of the real-world driving
cycles currently being proposed within the EU
and elsewhere to cover a wider area of engine
operation. Furthermore, questions remain over
the consequences of rich operation during Super-
Knock in downsized spark ignition engines,
where pre-ignition may lead to a sudden violent
knocking event and the presence of excess fuel
(and/or inappropriate fuel stratification) could
be detrimental. The complexity is arguably
further exacerbated by emerging future fuels,
where a fuel such as ethanol with high sensitivity
(i.e. relatively high RON but low MON) may help
reduce the onset of knock[26]-[28] but could
theoretically exacerbate sporadic pre-ignition
under certain conditions due to the increased
pre-ignition tendency as indicated by the lower
MON rating [29].

The currently reported work was concerned with
providing further insights into the events
associated with a severe knock. The well-cited
developing detonation theory suggests that the
most violent events in SI engines must be
associated with a chain of auto-ignition events,
with multiple centers occurring in such short
timescales that cannot be captured using existing
optical equipment. However, the ability to
monitor trends over several cycles should be
allowed some qualitative extraction of any
repetition within the events.

2) Materials and methods

2-1) Experimental engine

A custom-made research engine with a unique
optical arrangement was used for this research.
The engine was based on the bottom end from a
Lister-Petter TS1 and combined full-bore
overhead access with a semi-traditional poppet-
valve valvetrain. The engine has been designed
with a special window mounting, including a
large fused silica window mounted in a softer
aluminum sleeve (with a thin layer of special
high-temperature sealant between the silica and
metal). This special mounting has been
developed in-house to withstand continuous
peak in-cylinder pressures of up to 150bar, with
short-term transient deviations of up to 200bar
previously tolerated. The side-mounted poppet
intake valves allowed for intake boosting and
provided a forward tumble flow pattern that was

representative of a real production engine. The
original design composed of two exhaust valves,
but in the current study, only one exhaust valve
was used. A cross-sectional view of the cylinder
head is presented in Figure 1.
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Figure 1: Overhead schematic of the cylinder
head concept

Similar research engines exist, most notably at
Sandia National Laboratories. However, the
engine at Sandia featured intake and exhaust
valves that were flush with the cylinder wall. This
accommodated optical access to the entire
combustion chamber but limited the
compression ratio to approximately 5.3:1[30].
The engine used in this research featured a
compression ratio of 8.4:1. This was achieved by
recessing the intake and exhaust valves into the
side-wall of the cylinder. This created hidden
regions within the combustion chamber that
have been referred to as “valve-pockets”. While
the lack of optical access to these regions is not
ideal, it was accepted because the pockets
remained inaccessible during much of the
combustion period e[22].
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Figure 2: Schematic of the experimental setup
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In addition to the high level of optical access, the
engine was designed to withstand continuous
peak in-cylinder pressures of up to 150bar. On a
transient basis, knocking combustion with a
peak in-cylinder pressure of 204 bar has been
recorded without damage, with the associated
in-cylinder pressure data for this cycle shown in

Figure 3.
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Figure 3: In-cylinder pressure against crank angle
showing the heaviest recorded knocking cycle

Key geometric features of the engine are
presented in Table 1. The unit was coupled to an
eddy-current dynamometer with a maximum
power absorption/supply of 10 kW. The ignition
system comprised of an NGK ER9EH 8mm spark
plug supplied by a Bosch P100T ignition coil. In
terms of thermodynamic measurements, an AVL
GH14DK pressure transducer was fitted flush
within the cylinder head and a piezo-resistive
sensor was used to measure the intake plenum
pressure. These were both sampled at 4 samples
per crank angle degree via a digital shaft encoder
coupled to the intake camshaft. The signals were
logged using a high-speed USB data-logging card.
Engine operating temperatures were measured
via a separate low-speed card at 1 Hz. Being air-
cooled, the cylinder head and liner temperatures
were closely monitored throughout testing. The
head temperature was measured at two
locations: Firstly at the injector tip and secondly
at the exhaust valve bridge.

The measurements sampled by both cards were
logged and processed via an in-house Matlab
based system. The mass fraction burned and rate
of heat release data calculated using the well-
known Rassweiler and Withrow method [31].
Pre-ignition cycles were defined as cycles where
the rate of heat release had exceeded 1 J/CA
before the spark timing. Knock intensity
measurements were calculated by applying a

mean value filter to the cylinder pressure signal.
The maximum value of the filtered signal was
then taken to be the maximum knock intensity of
that cycle.

Table 1: Table of key engine geometric parameters

Parameter Value
Bore (mm) 95
Stroke (mm) 89
Swept Volume (cc) 631
Clearance Height (mm) 9
Geometric Compression Ratio 8.4:1
Exhaust Duration (deg. CA) 230
Exhaust MOP (°bTDC) 105
Exhaust Valve Lift (mm) 5
Standard Valve Overlap (deg. CA) 25
Intake Duration (deg. CA) 230
Inlet MOP (°aTDC) 100
Inlet Valve Lift (mm) 5
Con-Rod Length (mm) 165.16

2-2) Engine warm-up and test procedure

The engine was air-cooled, which was considered
acceptable given the limited time running
experienced in optical engines to avoid window
fouling. The engine was cooled down until the
cylinder head temperature reached 85°C(+2°C)
as measured at the DI tip and 90°C as measured
at the exhaust valve bridge.

Each test session started with the engine at this
temperature. The desired engine test conditions
were then set and the engine test procedure
started. The test procedure involved a 75second
warm-up followed immediately by a data capture
period of 100 cycles. Thermodynamic results
were averaged over 3 sets of 100 cycles for each
test condition.

The sump oil temperature remained relatively
low throughout testing and was typically
between 20 and 40°C. The sump lubricant
temperature was not found to influence the
frequency of the induced pre-ignition[22].
Before any further data acquisition, the engine
was stopped and allowed to cool until the initial
head temperatures of 85°C and 90°C was reached
(it was necessary to operate in such a manner
due to the lack of water cooling and the need to
maintain the same starting thermal conditions
when considering auto-ignition).

2-3) Optical Setup
Images of the visible light from combustion were

captured via the overhead window as shown in
Figure 4. An NAC MEMRECAM fx6000 high-speed
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video camera was used at 6000 frames per
second (fps), with a resolution of 512 x 384
pixels. All cycles presented in this paper were
imaged at 6000fps with an exposure time of
167us. The internal memory of the camera
allowed for a total of 10,000 frames to be
recorded before the data had to be downloaded
onto a laptop. At 1200rpm this allowed for 16
cycles to be recorded in a single test. Due to the
large variation in the intensity of the light
emission from combustion between cycles, the
gain was adjusted for each cycle to improve the
clarity of the images. In the second stage, a weight
factor should be specified for each significant
parameter defined by ANOVA. To do this, linear
regression analysis is carried out to obtain the
impact factor of each parameter at different
engine operation modes. Input parameters for
the models are given according to their
importance by applying the weight factors so that
the sum of weight factors of the parameters is
equal to 1.

Mirror - D High Speed Camera

L1 [ ] Engine

O ——7._

Laptop

Figure 4: Schematic of the experimental setup
for combustion imaging Performance

3) Baseline Heavy Engine Knock

The term “knock” refers to the heavy metallic
“pinging” noise that originates from acoustic
pressure waves initiated by the auto-ignition
events. These shockwaves are caused by
uncontrolled combustion of part or all of the
unburned charge. The problem of knock is almost
as old as the SI engine, with the associated limit
to engine output reported for over130 years[32].
Before extensive research on knock in the early
1990s [9], [16], [19], [33], there were two main
theories for the cause of end-gas knock; namely
homogenous auto-ignition and detonation
theory [16], [34]. The homogenous auto-ignition
theory was first reported by Ricardo [35] as a

direct limit to engine output and efficiency.
Elsewhere, the detonation theory [36] described
knocking as a result of the exponential
acceleration of the normal flame resulting in
detonation. However, such simplified theories
were unable to account for all of the observed
behavior of knocking combustion [32], [37]. In
the 1990s a theory of heterogeneous auto-
ignition, initiated at discrete points within the
end-gas (so-called “hot-spots”), was proposed by
Konig and Sheppard et al.[9], [19], [33], [37] .
These workers applied the three modes of
exothermic reaction propagation originally
described by Zel'dovich for one-dimensional
shock tubes to exothermic centers within a two-
dimensional combustion chamber end-gas
region. The three modes of reaction propagation
described by Zel'dovich are outlined in Table 2,
with the likelihood of occurrence of each mode
directly linked to the thermal gradient across the
hot spot.

Table 2: Overview of Zel'dovich's modes of
exothermic reaction propagation and modeled
knock intensities by Konig and Sheppard et al.

Flame Temperature Modeled
Propagation Gradient across Knock

Regime Exothermic Centre | Intensity
Deflagration ~125K/mm (High) Low to

Moderate

Thermal ~1.25K/mm (Low) | Moderate

Explosion
Developing ~12.5K/mm Heavy
Detonation (Intermediate)

Figure 5 shows the relation between the knock
intensity of a knocking combustion cycle and the
crank angle location of maximum heat realise
(knock onset for knocking cycles) for 100
consecutive cycles. From the data in this graph it
can be seen that on the right-hand-side of the
graph, where the knock intensity is lower and
heat release started after ignition, there is a link
between the timing of knock onset and the
resulting knock intensity. In this area, the main
reason for knock is normal flam propagation
after ignition followed by end gas deflagration.

It could be depicted from the graph when pre-
ignition and leading knock occur closer to the
TDC, corresponding KI value is higher due to the
higher temperature and in-cylinder pressure. For
instance, Cycles 54 and 74 were selected as
shown in the graph. In cycle 54, as the location of
the maximum average in-cylinder pressure
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gradient(~14°aTDC) is closer to TDC, related KI
value is significantly higher than cycle 74 which
has KI value of 0.7 at 26°aTDC. The lower graph
shows the rate of heat release for the same cycles.
These ROHR signals were used to detect pre-
ignition by setting a threshold that was above the
noise level of 5] /CA. Once the ROHR of a cycle had
reached this threshold it was considered to have
ignited. If a cycle reached this threshold before
the spark timing (-17°aTDC) then it assumed to
be a pre-ignition cycle. Therefore there is clear
evidence that all pre-ignition cycles have a KI
value of more than 4 bar.

The same result reported in the study by Konig
and Sheppard. They experimentally have shown,
for a given engine running condition, the knock
intensity of a knocking combustion cycle was
closely linked to the crank angle location of knock
onset[33]. The crank angle location of knock
onset may be approximated by the location of the
maximum average in-cylinder pressure gradient
(CA_dP/dCA_max).

20

Knocking Intensity
=)

Total R* = 0.47

10 15 |2 25 3
CA_dPdCA_max

3 Post-Ignition

Pre-Ignition |

Rate of Heat Release (JICA)

Crank Angle ("aTDC)

Figure 5: Knock intensity against the location of
the maximum rate of change of pressure

As reported in the previous study, knock
intensity is strongly influenced by the crank
angle at the onset of knock [33]. This theory is
completely in agreement with figure 5, where
cycles with higher knock intensity are closer to

TDC. So it could be concluded that knock
intensity is correlated strongly with the
temperature and pressure of the unburned gas at
the onset of the auto-ignition. This dominated the
effects of any other parameters. To this end,
Figure 6 shows the knock intensity of different
cycles with various conditions plotted versus
unburned mass fraction at the onset of auto-
ignition. From data presented in figure 6, heavy
knocking cycles with KI over 10 bar (29 cycles),
were selected. More investigation on these cycles
exposed the on-off behavior of knocking cycles. It
means 90% of heavy knocking cycles followed by
normal or light knocking cycles.

10 .

-
I

°

o

Knocking Intensity
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0.01 T T - T T T T T
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Figure 6: Knock intensity versus unburned mass
at the onset of auto-ignition

Figure 7(A) shows the relation between the knock
intensity of cycle i and next cycle i+1. As highlighted
on the graph, cycle with high KI value followed by
cycle with notably lower knock intensity.

Figure 7(B) demonstrates the KI for all selected
cycles. Shown in figure 8 is an optical analysis of
light and heavy knocking cycles in different crank
angles captured by using a fast speed camera at
6000 fps.

As it has been discussed previously, in the cycle
with higher knock intensity (37 bar), end gas auto-
ignition happened after 8.1 °aTDC. On the other
hand, the cycle with lower knock intensity (KI =
3.2) autoignition started considerably later
around 17°aTDC. Also, cycles with the same KI can
have different onset of pre-ignition as it is not a
dominant factor and all these shreds of evidence
show the stochastic nature of combustion and
cycle-by-cycle variation in the spark-ignition
engine [38]. Shown in figure 9, three cycles with KI
around 16 bar. In cycle A, detonation happened at
crank angle 8.1°aTDC while for cycles B and C it
happened at 13.5°aTDC and16.2°aTDC
respectively.
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Figure 9: Cycles with same KI but different
timing for onset of auto-ignition

4) Pre-ignition caused by Oil droplet in the
combustion chamber

During heavy knock tests, there was some optical
evidence shows burning oil could cause pre-
ignition in the combustion chamber. There are
many reasons for engine oil to come to the
combustion chamber naturally; the main reason
could be the mall function of piston rings. Also
overfilling the engine oil could result in a higher
level of oil in the engine oil reservoir which could
come to the combustion chamber by touching the
bottom part of the piston. Figure 10 shows both
thermodynamic and optical data for a cycle with
a huge amount of oil in the combustion chamber.
The photo has been taken exactly at spark timing
as it is shown in the top right corner of the
picture. Remarkably, pre-ignition has happened
far before the spark plug ignites and the flame
has been propagated almost one-third of the
combustion chamber by that time. High pressure
and temperature of this pre-ignition, later led to
heavy knock. As the graph shows both normal
and heavy knocking cycles, the cycles with oil
have higher in-cylinder pressure and knock
intensity of 27 bar.
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Figure 10: Heavy knock caused by oil in the
combustion chamber

In addition to the above discussion about
leaking the engine oil in the combustion
chamber, after considering more than 500
cycles with optical data another theory came up.
A more precise investigation shows a
considerable amount of engine oil in the
combustion chamber in the cycle after a heavy
knock. Figure 11 shows some optical shreds of
evidence of oil droplets present in the
combustion chamber after a heavy knock. As it
is clearly shown, all shining particles inside the
flame front are burning oil droplets.
Interestingly, all cycles after heavy knock which
have a huge amount of oil, have less knock
intensity in comparison to the previous cycle.
The reason could be the cooling effect of oil
droplets in the combustion chamber and lower
pressure and temperature of unburned gas. In
most samples, knock intensity reduced more
than 50% in the next cycle.

It has been proved that heavy knock would
make pressure waves traveling at the speed of
sound in the combustion chamber [39][40].
These pressure waves make a vibration in
piston and piston rings could not work properly
to seal the combustion chamber. In
consequence, loads of oil droplets would exist in
the next cycle. This observation is in agreement
with a recent study by Kawahara [41]. After
visualization of auto-ignition and pressure
waves that occurred during knocking, he noted
that the auto-ignition and pressure waves
caused the thermal boundary Ilayer to
breakdown near the cylinder wall and piston
head, therefore combustion of the lubricant oil
grease was visible inside the burned gas region.

KI=6,Previous-Cycle-KI=404

KI=15,-Previous-Cycle-KI=374

KI=10,Previous-CycleKI=204 Kl=4,-Previous-Cycle-KI=104

Figure 11: Optical evidence of oil existence in
the combustion chamber after a heavy knock

5) Locations of auto-ignition onset inside the
combustion chamber

In the experimental investigation, more than 500
cycles were captured using natural light
photography. Although the frame rate of the
camera was not adequate to determine the knock
inducing process, some indication of end-gas
auto-ignition before knock could be observed in
all knocking cycles. In most of the cycles, multiple
auto-ignition sites appeared as shown in figure
12.

Figure 12: Blown-up intensified view of the
multiple auto-ignition initiation sites observed
during the baseline heavy knock cycle
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Figure 13: multiple auto-ignition sites

Such multiple centers were regularly noted under
heavy knocking conditions, in good agreement with
prior developing detonation theory [9], [12], [19].
Also, Kawahara [41] noted that the explosive
detonation reaction may be composed of many
individual detonation reactions. Furthermore, the
end zone becomes sufficiently conditioned or
sensitive that many separate areas become centers
for starting the detonation reaction.

The locations of auto-ignition were found to vary
between cycles. All photos have been examined and
classified in terms of three auto-ignition site
locations:

a) Auto-ignition onset within the end-gas at a
location between the flame front and the cylinder
wall.

b) Auto-ignition onset close the cylinder wall (more
like end-gas auto-ignition).

c) Auto-ignition onset near the exhaust port.

The examples in figure 14 show the distribution of
auto-ignition onset locations for three different
cases.

Normal Flame Front Normal Flame Front Normal Flame Front

Auto-Ignition started from Auto-Ignition started Cylinder Auto-Ignition Started Ahead

exhaust side Wall of the Flame Front

Figure 14: Demonstration of different auto-
ignition site locations

Figure 15 illustrate the engine overhead
schematic and percentage of auto-ignition in
different locations. More than half of the auto-
ignitions happened ahead of flame front as
pressure and temperature of unburned gas are
continuously increasing. Also end-gas knock has
been counted in this section. Hot temperature of
exhaust port and the tendency of air-fuel mixture
to auto-ignite in higher temperatures is the
reason for third of the cycles (32%) to have onset
of auto-ignition close to exhaust port. The
occurrence of auto-ignition near the walls is less
likely. In the study by Gerhard Konig[42] he
noted this is possibly associated with a lessen
concentration of reactant, due to boundary layer
hydrocarbons and comparatively lower cylinder
wall temperature.

Sparkplug

E A
@
&
o
=

'\I
= /: :\'\ g;
Dc_ exhaust side, 32% g
© | A head of flame front, | 5
s | -4
= \Il J|/ g

‘ Pressure

I Transducer

Figure 15: Overhead schematic of the cylinder
head, auto-ignition locations.

6) Conclusion

A heavy knock was deliberately induced under
relatively low loads using inlet air heating and a
primary reference fuel blend of reduced octane
rating. High-speed chemiluminescence natural
light imaging was wused together with
simultaneous heat release analysis to evaluate
the combustion events.

It was observed that knock intensity is more
affected by the crank angle of auto-ignition onset.
Cycles with Pre-ignition (and/or auto-ignition)
onset closer to TDC have higher knock intensity
due to higher pressure and temperature. Analysis
of the unburned mass fraction at the beginning of
the pre-ignition showed no relation to knock
intensity under any of the conditions studied.
Naturally released lubricant droplets were
observed in cycles following a high knock and
appeared to initiate pre-ignition in subsequent
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cycles. The results showed that 90% of heavy
knocking cycles were followed by normal or light
knocking cycles which presented characteristics
of the previously reported “on-off-on” nature of
super-knock.

Full bore chemiluminescence imaging confirmed
multiple centered auto-ignition sites and the
relationships between the location of the auto-
ignition sites and knock intensity. The optical
analysis showed 54% of auto-ignition events
initiated ahead of the flame front due to higher
pressure and temperature in this zone, which is
favorable for auto-ignition. Also, 32% of auto
ignitions happened near the exhaust side due to
the higher temperature of this area.
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Fuel Properties

Property Iso-Octane | n-Heptane
Chemical Formula C8H18 C7H16
Boiling po;nt at 1 atm 99.2 98.4
(°c)
Enthalpy of
vaporisation at 298.15 35.14 36.63
K (M]/Kmol)
Density at 25°C
690.4 681.5
(Kg/m3)
Latent Heat of
Vaporisation(k]/kg) 308 318
Reid Vapour Pressure 0.52 012
(bar)
Oxygen Content by 0 0
Weight (%)
Volumetric Energy
Content (M]/]) 30.6 30.48
RON (MON) 100 (100) 0(0)
Nomenclature
Symbol Description
aTDC after Top Dead Centre
AFR Air-to-Fuel Ratio
bTDC before Top Dead Centre
BMEP Brake Mean Effective Pressure
BSFC Brake ' Specific Fuel
Consumption
CA Crank Angle

CCv Cycle-by-Cycle Variation

CO: Carbon (IV) Oxide

cov Coefficient of Variation

DI Direct Injection

EU European Union

ID Injection Duration

IMEP Indicated Mean  Effective

Pressure

MFB Mass Fraction Burned

NEDC New European Drive Cycle

PFI Port Fuel Injection

RON Research Octane Number

SOI Start of Injection

SI Spark Ignition

TDC Top Dead Centre

VVT Variable Valve Timing

WOT Wide Open Throttle

A Relative air-to-fuel ratio
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