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Abstract
Pre-ignition in SI engine is a critical issue that needs addressing as it
may lead to super knock event. It is widely accepted that pre-ignition
event emanates from hot spot(s) that can be anywhere inside the
combustion chamber. The location and timing of hotspot is expected to
influence the knock intensity from a pre-ignition event. In this study,
we study the effect of location and timing of hot spot inside the
combustion chamber using numerical simulations. The simulation is
performed using a three-dimensional computational fluid dynamics
(CFD) code, CONVERGE™. We simulate 3-D engine geometry
coupled with chemistry, turbulence and moving structures (valves,
piston). G-equation model for flame tracking coupled with multi-zone
model is utilized to capture auto-ignition (knock) and solve gas phase
kinetics. A parametric study on the effect of hot spot timing and
location inside the combustion chamber is performed. The hot spot
timing considered are -180 CAD, -90 CAD and -30 CAD and the
locations of the hot spots are in the center and two edges of the piston
surfaces. Simulation results for normal combustion cycle are validated
against the experimental data. The simulation results show great
sensitivity to the hot spot timing, and the influence of local temperature
gradient is noted to be significant. In case of early hot spot timing of
-180 CAD, the pre-ignition event did not lead to super knock.
Nevertheless, at late hot spot timing, super knock was realized. On the
other hand, the effect of hot spot location on pre-ignition event depends
on the geometry of the combustion chamber.

Introduction
In modern spark ignition (SI) engines, down sizing and boosting are
the means to achieve improved performance and reduced fuel
consumption [1, 2]. Nonetheless, the improved performance is
obstructed by engine knock, which is the auto-ignition of end gas that
results in an audible sound, called “knock” or “ping” [3, 4, 5, 6, 7].
Sustained knock damages the engine, given the pressure oscillation
with higher amplitude are transmitted through engine structure [8].
Various knock suppression methods [9, 10, 11, 12, 13] are developed
over the years, such as cooled exhaust gas recirculation, direct
injection of fuel into cylinder, multiple fuel injections and variable

valve timing [14, 15, 16]. Alternatively, one seeks fuels that are less
prone to auto-ignition. Thus, knock is a problem that is interrelated to
engine design, engine operation and fuel. Should a flame start before
the spark ignition, we have phenomena called “pre-ignition”. A
pre-ignition event produces end gas, just like a spark ignition event.
When pre-ignition is early, the end gas can explode near TDC
resulting in a knock event of greater pressure rise. The most
vulnerable part during pre-ignition event is the piston, piston rings
and valves that are more prone to damage due to excessive
momentary pressure buildup during the pre-ignition event that leads
to super-knock [17, 18].
The factors that influence development of pre-ignition during the
compression stroke are studied recently. Multiple auto-ignitions
inside cylinder may be observed during the pre-ignition event.
Pre-ignition in SI engines are well reported in literature [17, 18, 19,
20, 21, 22] and methods to suppress the pre-ignition that may lead to
super-knock is also suggested in literature [18]. Origin of pre-ignition
inside engines through optical measurements is also reported [19].
Engine oil droplets and oil composition play a major role in
influencing the pre-ignition and flame initiation [19]. Characterization
of pre-ignition due to engine oil droplets has been studied widely and
reported in literature [20, 21, 22]. Composition of the lubricity
additive in the engine oil is often identified as another major source
of pre-ignition.
There is a vast amount of literature, spanning 100 years, reporting the
findings of numerous experiments. Methods that model this interplay
are highly desirable; and example of such modeling is presented by
Kalghati et al. [20]. A recent review of the vast history of engine
knock is given by Chapman and Costanzo [21]. Based on genetic
algorithm, a model for knock onset was formulated recently,
considering multi-variable effects including pressure, temperature,
EGR ratio and excess air ratio (k) [22]. One dimensional simulation
shows that knock occurrence and amplitude of pressure oscillations
depend on the presence of negative temperature coefficient (NTC)
[23]. While there are models for one dimensional engine cycle
simulation, three-dimensional simulation on knock is also prevalent.
A study reports the prediction of knock onset, pressure oscillation and
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knock intensity by coupling a reduced chemical kinetic reaction
mechanism with 3D CFD code [24]. Theoretically, the auto ignition
that occurs in a pre-ignition event is attributed to the reaction centers
– “hot spots” caused by temperature gradient [25]. This study reports
that pre-ignition due to hot spots is not only due to end gas reaction,
but also due to thermodynamic conditions that couples acoustic
pressure waves with reaction front. The origin of hot spot through
dissipation of turbulent kinetic energy was studied [26] and the
parameter range in which detonation develops from secondary hot
spot was identified in the study. The auto ignitive activation energy
and temperature of hot spot was linked with detonation peninsula for
normal auto ignition event, mild knock and super knock.
In the present pioneering study, we build a model of a pre-ignition
cycle. The pre-ignition cycle is simulated systematically and results
are analyzed to obtain a better understanding of the phenomenon. It is
widely reported that engine oil from the liner, carbon deposits inside
the engine and trapped end gas from previous cycle could be
predominant reasons for pre-ignition in SI engines. In this paper, we
are not interested in determining the source that triggers pre-ignition
in engine, which is not completely understood; instead an insight of
events are explored after pre-ignition. It can happen anywhere inside
the combustion chamber and may or may not develop into a super
knock event. The factors that determine the transition of pre-ignition
to super knock are location of hot spots and timing at which hot spot
induces pre-ignition. Therefore, we have performed this simulation
study that investigates 1) the effect of hot spot location on preignition, 2) the effect of hot spot timing on pre-ignition. Hot spots
were used to represent the pre-ignition source that evolves into a
pre-ignition flame (PIF). The hot spots timings are -180 CAD
(aTDC), -90 CAD (aTDC) and -30 CAD (aTDC). The locations of
hot spots are at the center and two edges of the piston surfaces at
opposite sides. The simulation study is performed using three
dimensional computation code, CONVERGE™ and the results of the
analysis are presented.

Computational Methodology
Full cycle three-dimensional simulations were performed with
CONVERGE™, a commercial code that couples flow turbulence,
combustion chemistry with moving structures. The engine is the
KAUST AVL SI engine with GDI injection. The mesh is generated
during the run time in CONVERGE. A base grid of 4mm is used in
all directions with Adaptive Mesh Refinement (AMR) of level 5
which refines the cells locally to achieve a minimum cell size of
0.125mm [Minimum cell size = dx/2(level)] to capture the flame front.
A constant cell refinement of level 5 is used during the spray injection
to capture the entire spray event with higher resolution. CAD
geometry developed for the study is shown in Figure 1 (a) with
valves and Figure 1 (b) shows the mesh generated during the runtime
in CONVERGE with AMR. Simulations were initially performed to
match the experimental motoring cycle to match the peak pressure
reached at TDC and to obtain the initial and boundary conditions for
the pre-ignition simulations. The above said refinement level and
base grid provided grid independent results (not shown).

Figure 1. (a) AVL SI engine geometry developed for the pre-ignition
simulations (top), (b) Grid generated for the study (bottom).

Reynolds averaged Navier-Stokes (RANS) was used to represent time
averaged flow field. RNG k-epsilon model developed by Han and Reitz
et al. [27] was to represent the in-cylinder turbulence. Heat loss to the
cylinder walls was accounted using heat loss model developed by Han
and Reitz et al. [28]. Finite volume method was used to discretize the
computational domain with conservation of mass, momentum and
energy represented by conservation equations which were explained in
detail previously by Som et al. [29]. The valve profiles were
incorporated to the code to reproduce the valve lift in the experiments.
The spark plug was modeled using delta shape energy deposition
model to represent the arc discharge and glow phase.

Spray Modeling
Kelvin-Helmholtz Rayleigh Taylor (KH-RT) spray breakup model
[30, 31] was used model the gasoline direct injection (GDI) spray at
an injection pressure of 135 bar during intake valve opening (IVO)
event. The model assumes that liquid core is formed at exit of the
nozzle and the core breaks down due to the instability arising over the
surface of the liquid core providing larger droplets. These larger
droplets from core are governed by the KH-RT breakup model, which
calculates the wavelength and frequency over the droplet surface and
determines whether to further break the droplet into smaller droplets.
The evaporation of the droplet is governed by mass conservation and
heat transfer equations. The models for collision of droplets by Post
and Abraham et al. [32] and coalescence of droplets by O’rourke et
al. [33] was used. Rosslin-Rammler size distribution was used to
model the initial droplet size distribution and also it was assumed that
the droplet remains spherical throughout its lifetime. Uniform thermal
conductivity was assumed inside the droplet with effective liquid to
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gas diffusivity calculated on the fly with Newton- Raphson method.
Liquid property database was incorporated to the code for the fuel
used in the simulations. Detailed information of the entire model in
this paragraph can be found in the CONVERGE manual [34].

Combustion Modeling
The hotspot that leads to pre-ignition has a spherical patch region
with Gaussian temperature profile of 2000 K to ensure that preignition is introduced inside the cylinder at desired crank angles.
After some preliminary tests, it was found that a temperature of 2000
K and radius of 1 mm for the hotspot were suitable choices to
develop the PIF. The value 2000 K and size of the hot spot is an
ambiguous value and the results may be sensitive to these parameters,
which are not discussed, in the present work. The hot spot is present
at the edge of piston momentarily and is removed from the domain
due to movement of piston towards the TDC. Experimentally, the
source that induced the pre-ignition flame may be present throughout
the cycle but in this study the source is removed during the run time,
like it is said before that the focus will be on the events after the start
of pre-ignition event. Methods to avoid pre-ignition are most
interesting and are not part of this paper and is part of our research,
but not reported in this work. The chemical kinetic mechanism
developed by Liu et al. [35] is used to represent the iso-octane
chemistry while the g-equation model coupled with a multi-zone
model is used to solve the gas phase kinetics. The flame front
progress is governed by g-equation model [36] through flame
isosurface that differentiates the burnt and unburnt regions. These two
regions are governed by multi-zone model developed by
Babajipoulous et al. [37], which can capture the auto-ignition (knock)
inside the cylinder. Limitations of the combustion model are reported
in literature [36, 37]. A schematic representation of the modeling
approach is shown in Figure 2. AMR with a refinement level of 5 was
utilized in the flame front.

-15 CAD, the in-cylinder pressure increases. These experimental
results are used as the baseline data for comparing with simulation
results obtained in the current study. The normal combustion (NC)
cycles were first simulated, demonstrating the ability of the code to
reproduce the experimental result and validate the computational
approach. The chemical reaction mechanism for iso-octane is
incorporated and the simulation is performed in CONVERGE. Figure
3 shows the comparison of experimental and simulated in-cylinder
pressure. A good agreement between the simulation and experimental
results give confidence of the model fidelity.
Table 1. KAUST’s AVL engine specifications.

Table 2. Operating conditions for the present study

Figure 2. Schematic of combustion models used in simulations indicating the
regions of application of multi-zone and G-equation models.

Figure 3. In-cylinder pressure comparisons between experiments and
simulations results at various spark timing.

Numerical Case Setup

Knock Methodology

The specifications of the engine that is modeled in CONVERGE are
shown in Table 1. The engine runs at a compression ratio of 9.5 and
tested at low speed/full load conditions, wherein pre-ignition is
prevalent. The engine cycle simulations were performed for operating
conditions shown in Table 2. The results of normal combustion (NC)
cycle are first analyzed for better understanding of the operation of
engine in the above said operating conditions. To facilitate
computational ease, iso-octane is selected for experiment. At the
spark timing of -7 CAD (aTDC), the peak in-cylinder pressure for
iso-octane is 50 bar. As the spark timing is advanced from 0 CAD to

To increase the temporal resolution of the simulations and the ability
of the code to capture the pressure oscillations inside the cylinder due
to knock, the maximum allowed time step was further restricted from
-30 CAD onwards. The maximum CFL Mach number was set to 1.5
from -30 CAD since smaller values of CFL number increases the
ability of the code to capture the pressure oscillations inside the
cylinder as reported by Park et al. [38]. It has been demonstrated by
Park et al. that location of formation of in-cylinder H2O2 greater than
or equal to a value of 4e-04kg/kg indicates the location of knock
inside the cylinder by utilizing visio knock sensor. Figure A1 shows
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the simulated flame progress inside the cylinder at multiple crank
angles after spark. The production of H2O2 inside the cylinder is also
shown to use the species as an indicator of the region inside the
cylinder that is more favorable for auto-ignition. The H2O2 species
value greater than or equal to 4e-04kg/kg will be used as an indicator
to indicate the regions that are more prone to knock and will be called
“threshold limit” throughout this study. This methodology is adopted
in the current simulation study because pre-ignition is a stochastic
event and numerical method used to model pre-ignition is RANS,
which represent time averaged solution. The proper method to model
pre-ignition is by utilizing large eddy simulation (LES), which can
predict the cycle-to-cycle variations and capture the knock
phenomenon. Since LES is computationally expensive, RANS is used
to understand the events following the pre-ignition event.

is consumed before the piston reaches TDC and burnt gas was
compressed by the piston. The rate of heat release is zero around -70
CAD, implying end of combustion (EOC) and the second heat release
is due to spark discharge. From Figure 5(b), it can be observed that
maximum pressure is similar to the mean volume averaged pressure
and no oscillation in pressure trace is seen. It shows that pre-ignition
when induced at early crank angles will not lead to knock or
super-knock. This is because most of the fuel is burnt during the
compression stroke itself. The unburnt gas temperature is around 600
K at EOC, showing that there is no knock.

Case Study on Pre-Ignition by Hotspots
In the present study, pre-ignition is induced by creating hot spot in the
piston surface. Hot spot is placed either at the center or edge of the
piston, at different crank angles. Based on this, the following two
objectives are studied in the present simulation study 1) Effect of hot
spot timing on pre-ignition (CASE A, CASE B and CASE E), 2)
Effect of location of hot spot on pre-ignition (CASE D, CASE E and
CASE F). Figure 4 illustrates the cases with hotspots at various
locations and timings, which are studied in the present study. The
flame propagation from each hot spot is examined and the
temperature distribution of the pre-ignition event is presented.
Utilizing the mass profiles and mass fraction of H2O2 and CH2O,
knock and knock prone regions which favors auto-ignition are
investigated. The pressure oscillations from the in-cylinder pressure
curve, rate of heat release and un-burnt gas temperature are also
presented for different cases.

Figure 5. (a) In-cylinder mean pressure and heat release rate(top), (b) peak
pressure and endgas temperature for CASE A (bottom).

Figure 4. Representation of the location and timing of the hotspot at various
positions (edges or center) inside the cylinder

Results and Discussion
1. Effect of Hot Spot Timing on Pre-Ignition (CASE A,
CASE B and CASE E
Initially, the hot spot was placed at the center of the piston at a timing
of -180 CAD (CASE A) to induce a pre-ignition event and the effect
is analyzed. Figure 5(a) shows the in-cylinder pressure trace and rate
of heat release obtained for CASE A. A change in slope is observed in
the pressure trace at around -70 CAD due to combustion. All the fuel

Figure 6 shows the pre-ignition location and PIF evolution inside the
cylinder at various crank angles for CASE A. The PIF progressed as a
smooth flame front without any sudden acceleration and no
autoignition sites inside the cylinder is observed. The fuel mass
variation during the cycle, and CH2O and H2O2 mass profiles are
shown in Figure 7. It is clear form the figure that all the fuel is
consumed at around -70 CAD. Low values of H2O2 species indicate
that no region inside the cylinder is prone to knock due to the absence
of low temperature reactivity. The temperature and H2O2 species
formation at various crank angles are shown in Figure A2. The
location of the hotspot that initiates pre-ignition and PIF are shown in
two different views (bottom view and iso-metric view) to obtain a
better understanding of the distributions inside the cylinder. The
value of H2O2 mass fraction remains below the preset threshold limit,
which indicates that there was no auto-ignition or a region inside the
cylinder that exhibits reactive mixture. It could be noted that H2O2 is
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highly reactive in the NTC (negative temperature co-efficient) region,
which is similar to the temperature range at which the knock is
triggered inside the cylinder [39].

Figure 7. Time history of fuel (IC8H18) mass with CH2O and H2O2 formation
inside the cylinder for CASE A.

Figure 6. Y-slice showing the location of the pre-ignition and flame
propagation at various crank angles for CASE A.

Figure 8. Y-slice showing flame propagation from pre-ignition at center of piston at -90 CAD for CASE B (left) and CASE C (right) at various crank angles.
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Figure 9. (a) In-cylinder mean pressure and heat release rate (RoHR) (left), (b) Peak pressure and end gas temperature (right) for CASE B and CASE C.

At -90 CAD, the hot spot is at the center of the piston surface for
CASE B and near the cylinder wall over the piston surface for CASE
C. The flame front is initiated from the piston surface, which shows a
smooth propagation, until the piston reaches TDC for both the cases.
The Y-slice comparison reveals the location of pre-ignition and the
PIF initiated at the surface of the cylinder. Auto-ignited region for
CASE B near the cylinder head is marked and shown in Figure 8. The
auto-ignition (knock) of the mixture is due to the increase in
temperature of the unburnt mixture, caused by compression of the
mixture by the piston and flame front.
The auto-ignited spot can couple with pressure waves and lead to
high pressures as reported by Robert et.al. [40]. Formation of H2O2 is
observed at the flame front, which is a typical characteristics of
hydrocarbon flames but the mass fraction of H2O2 reveals that most
of the end gas region has started reacting and undergoes
decomposition phase, leading to knock as shown in Figure A3.
The in-cylinder mean volume averaged pressure is higher during the
compression stroke, as shown in Figure 9(a). Investigation of
maximum pressure indicates a sharp rise in pressure before the piston
reaches TDC, as illustrated in Figure 9(b). The heat release rate
shows that the fuel is consumed before the piston reaches TDC. This
implies that at later crank angles, the piston compresses only the
burnt end gas (as in CASE A). The pressure curve exhibits a change
in slope at the crank angle of -20 CAD, which is another indication of
compression of the burnt gas inside the cylinder. Peak pressure shows
some oscillations, which indicate knock near EOC but also resembles
the mean averaged pressure. The end gas temperature history shown
in Figure 9(b) indicates a temperature range of 600-800 K near EOC.
The study on effect of hot spot timing on pre-ignition clearly
identifies that a hot spot timing at -180 CAD doesn’t lead to knock.
This is attributed to the consumption of fuel during the compression
stroke. On the other hand, hotspot at -90 CAD showed signs of
auto-ignition in the end gas. Though the pressure oscillations are not
severe at -90 CAD, it is evident that pre-ignition could lead to knock,
heavy knock or super-knock for hot spot timing after -90 CAD.
Investigation of pressure from CASE E clearly exhibits super-knock,
which is discussed in detail later.

2. Effect of Location of Hot Spot on Pre-Ignition
(CASE D, CASE E and CASE F
The hotspot is placed at the center (CASE E) and two edges of the
piston surfaces at opposite sides (CASE D and CASE F). The
comparison is made at the same hot spot timing of -30 CAD so that
the effect of location of hot spot on pre-ignition can be
comprehended. The location of hotspot and the flame propagation
inside the cylinder is shown in Figure 10 at various crank angles. The
knock locations are marked in Figure 10; showing that flame
propagation in CASE F is faster when compared to CASE D. The
difference between CASE D and CASE F is due to the shape of the
piston, which is able to contain the flame for few CAD. From these
observations, it is clear that the geometry of the engine is also an
important factor for the pre-ignition cycle to result in super-knock.
Thus, besides the location and timing of hotspot, the engine geometry
also proves crucial during a pre-ignition event. In addition, the local
turbulence and mixture conditions also play a major role.
Flame acceleration is observed in CASE D, CASE E and CASE F as
the flame front approaches the end-wall. Strong formation of H2O2 is
detected in the end gas region, indicating the reactivity of end gas for
all the three cases. Thus, auto-ignition of end gas is observed for all
three cases, which is understood from the presence of H2O2 fractions
in Figure 11. It is noteworthy to point out that H2O2 fractions are seen
in the flame front for CASE D and CASE F. Since the hot spot is in
the center for CASE E, H2O2 mass fraction distribute widely on both
sides of combustion chamber which indicates that those regions are
more prone to auto-ignition.
For both CASE E and CASE F, the mean in-cylinder pressure is
around 90 bar whereas, the maximum pressure is higher than 250 bar
(Figure 12). This is an indication that these pre-ignition cycles may
lead to a super knock event. The rate of heat release indicates that all
fuel is consumed near TDC for CASE E and CASE F whereas fuel is
available until 26 CAD for CASE D. The heat release rate curve for
CASE E is sharper and shorter, which indicates that a large amount of
fuel is consumed in a very small period of time. Based on these
observations, it can be said that the probability of having a superknock cycle is higher when pre-ignition occurs at very late crank
angles, burning a large amount of fuel in a very short time. It can also
be noted that PIF that was initiated at side of the piston (CASE F)
exhibits higher maximum pressure when compared with other cases.
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Figure 10. Y-slice (2 mm above TDC) showing flame propagation from pre-ignition initiated at -30 CAD for CASE D, CASE E and CASE F at various representative crank angles.

The variation of unburnt gas temperature for CASE D, CASE E and
CASE F is plotted with respect to crank angle and shown in Figure
13. When the temperature of the unburnt gas is higher, fuel is
consumed faster and this gives an indication of a pre-ignition cycle
leading to super knock. It can be inferred that CASE E and CASE F
have the highest unburnt gas temperature when compared to other
cases. Unburnt gas at a high temperature near to TDC can cause bulk
ignition or auto-ignition (thermal explosion) of the mixture to
increase the in-cylinder pressure oscillations.

At late hot spot timing of -30 CAD, auto-ignition of end gas is
evident irrespective of the location of the hot spot. Abnormal
combustion event (super knock) is noticed for CASE E and CASE F,
while CASE D is a pre-ignition event with mild knock. Since the
combustion occurred late after TDC for CASE D, the event is not
disastrous. This is attributed to the geometry of the combustion
chamber, which forbids the transition of pre-ignition event to super
knock. For the current piston geometry the location of hot spot in
CASE E and CASE F is vulnerable in that it lead to super knock.
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Figure 11. Volume rendered temperature and H2O2 species formation at various crank angles for CASE D, CASE E and CASE F.

Figure 12. (a) In-cylinder volume averaged mean pressure and heat release rate (RoHR) (left), (b) maximum pressure (right) for CASE D, CASE E and CASE F
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Figure 13. End gas temperatures for various cases, Note NC-Normal
Combustion.

Conclusions
Previous studies show that pre-ignition is induced by hotspot
anywhere inside the combustion chamber. However, not all preignition event leads to super knock. Therefore, the location and
timing of hotspot inside the combustion chamber is critical in
determining the possibility of a pre-ignition event leading to super
knock. To ascertain this, a pre-ignition cycle was studied using a 3D
CFD software, CONVERGE, in a SI engine by initiating a preignition flame at various location and timings. Pre-ignition model was
developed utilizing economical RANS turbulence. In the present
study, the hot spot timings are chosen at -180 CAD, -90 CAD and -30
CAD. Further, the locations of the hot spots are in the center and two
edges of the piston surfaces at opposite sides. A good agreement
between the experimental data and simulation results is obtained for
normal combustion cycles, validating the computational approach
and sub models used in the simulations. The effect of hot spot timing
on pre-ignition identifies that pre-ignition could lead to super knock
at late hot spot timing. The hot spot placed at the early timing of -180
CAD shows that all the fuel is consumed before the piston reaches
TDC. When considering the location of hot spot, geometry of the
combustion chamber is important in ascertaining super knock cycle
during a pre-ignition event. In the hot spots located at edge of the
piston surface one lead to super knock (CASE F), while the other
showed only mild knock (CASE D). Thus, it can be concluded that
the pre-ignition event leading to super knock is possible for late hot
spot timing irrespective of hot spot locations. The effect of hot spot
location on pre-ignition event leading to super knock depends on
engine geometry.
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APPENDIX
APPENDIX-A

Figure A1. Volume rendered flame propagation and H2O2 mass fraction inside the cylinder at various crank angles for spark timing of -7 CAD.

Figure A2. Volume rendered temperature and H2O2 mass fraction for CASE A.
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Figure A3. Volume rendered temperature and H2O2 species formation at various crank angles for CASE B and CASE C.
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