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Abstract: 

Pre-ignition in modern engines is largely attributed to oil-fuel mixture 

droplets igniting before the spark timing. Researchers have also found 

pre-ignition events to be triggered by high hydrocarbon emissions 

from the previous cycle as well as late spark timing in the previous 

cycle. Additionally, an ideally scavenged engine was not found to be 

limited by pre-ignition. These observations point to a significant role 

of residuals in triggering pre-ignition events. Current work studies pre-

ignition in a probabilistic approach. The effect of residuals and in-

cylinder thermodynamic state is studied by varying the exhaust back 

pressure and intake air temperature respectively. Experiments were 

performed with a fixed mass flow rate of air + fuel and intake air 

temperature while the exhaust back pressure was varied. Intake air 

pressure varied in response to fixed intake temperature. Pre-ignition 

and super-knock count increased with increasing exhaust back 

pressure. In the next set of experiments, mass flow rate of air + fuel 

and intake air pressure were fixed, while the exhaust back pressure was 

varied. Intake air temperature was varied to fix the intake air pressure 

constant. Pre-ignition counts generally increased with increasing 

intake temperature, although the exhaust back pressure decreased. 

Number of super-knock cycles correlated directly with intake air 

temperature. Conclusively, the current study shows that probability of 

a pre-ignition event relies on (a) the likelihood of precursor generation 

(from fuel impinging the liner), (b) the likelihood of precursors being 

held back in cylinder (related to exhaust back pressure) and (c) the 

reactivity of bulk mixture (related to in-cylinder temperature).  

Introduction: 

Downsizing of engines is one of the strategies to reduce the global CO2 

footprint from passenger cars. Downsizing displays a high CO2 

reduction-to-cost ratio compared to other alternative strategies [1-3]. 

Researchers report high-efficiency gains from downsizing a six-

cylinder engine to a two-cylinder engine [4]. Maintaining the same 

power in downsized engines would require burning more charge (fuel-

air mixture) per cylinder than naturally aspirated bigger engines.. This 

is often achieved by utilizing exhaust enthalpy to increase the intake 

air density, known as turbocharging or boosting.  

Turbocharging results in a higher tendency of end-gas to auto-ignite, 

leading to knock [5]. Apart from knock there is another abnormal 

combustion phenomenon called pre-ignition. Increasingly boosted 

conditions may give rise to pre-ignition sporadically. The exact source 

of pre-ignition events continues to be debatable. However, researchers 

identify the role of lubricant oil-fuel mixture droplets and cylinder 

deposits, as precursors of pre-ignition events [6].  

Pre-ignition, a highly stochastic phenomenon, has troubled engine 

developers over a century [7]. The modern form of pre-ignition is 

triggered more often by in-cylinder mobile hotspots. A mobile hotspot 

could be an oil-fuel mixture droplet or deposit particle that ignites the 

rest of the premixed fuel-air mixture, before a spark event [8, 9]. Pre-

ignition in itself would not be problematic, apart from the trouble in 

controlling the combustion phasing. However, an advanced ignition 

timing on a knock limited operating cycle, results in very high knock 

intensities (an order of magnitude or more compared to knock intensity 

observed under normal operation). This phenomenon is referred to as 

super-knock or mega-knock. A super-knock event may lead to engine 

damage such as: broken connecting rod or hole in the piston crown, 

due to mechanical and thermal stresses [10]. It should be noted that 

pre-ignition and super-knock are phenomenologically different [11, 

12]. While pre-ignition is a hot-spot induced ignition phenomenon 

(more frequent at low speeds), super-knock is auto-ignition of end-gas 

[13]. In general, super-knock is always preceded by a pre-ignition 

event, but a pre-ignition event does not guarantee a super-knock event. 

A connection between pre-ignition events and combustion events in 

previous cycles has been observed. Haenel et al. (2017) provided 

evidence of elevated hydrocarbon emissions in the exhaust from the 

cycle before a pre-ignition cycle [13]. Consecutively, Ford Motors 

were able to trigger pre-ignition in cycles after a highly retarded spark 

timing cycle. Late ignition timing led to a large fraction of unburnt 

fuel-air mixture initiating pre-ignition in the next cycle [14]. Recently, 

we have investigated the effect of adding enrichment fuel to suppress 

knock intensity. Spontaneous pre-ignition events, marked with 

relatively high frequency and high amplitude knock intensities were 

observed when large quantity of enrichment fuel was injected [15]. 

These studies point to a connection between hydrocarbon emissions in 

the previous cycle and pre-ignition events in the current cycle.  

Dahnz et al. demonstrated that the droplet and the premixed mixture 

around it should be hotter than a critical temperature for a successful 

droplet ignition [9, 16]. Optical studies were performed by researchers 

at Toyota Motors in a rapid compression expansion machine (RCEM) 

using controlled droplet diameter and number [17]. Due to low 

temperature of the oil droplets, the initiation of flame in the same cycle 

was found to be highly unlikely. Nonetheless, if some droplets escape 

the scavenging process and are held back in the chamber, they may 

eventually be hot enough to initiate a pre-ignition event in the next 

cycle. The prospect of such an event was explored in [18] and 

evidently, droplets could be held back in the combustion chamber 

through the course of scavenging process (EVO to EVC). Another 

study used CFD to indicate that around 20% of the particles would be 

flushed out during a scavenging process [19-23]. A recent study from 

Toyota used a fully flexible valve control system achieving an ideal 

scavenging phenomenon (by partially opening the intake valve during 

exhaust valve opening duration). By doing so, the researchers were 

able to suppress pre-ignition completely [24].  

https://www.sae.org/servlets/techpapers/paperHome.do?evtSchedGenNum=282339&evtName=19PFL-0674&prodGrpCd=PPRES&idTyp=paper
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Zaccardi et al. [25] and Dahnz et al. [9, 16] explored several probable 

sources that may lead to pre-ignition, including auto-ignition of bulk 

gas. In all the cases studied, thermodynamic conditions must be 

amenable for ignition to take place. Krieck et al. observed increasing 

pre-ignition count with increasing in-cylinder temperature using LPG 

as fuel [26]. Singh et al. [15] used different injection strategies and 

found varying pre-ignition count. Additionally, thermodynamic 

condition close to TDC correlated with pre-ignition count. Splitter et 

al. investigated varying levels of intake temperature and exhaust back 

pressure, thereby varying the thermodynamic state near TDC, and 

observed corresponding variation in pre-ignition count [27]. Overall, a 

higher gas temperature tends to ignite the charge, in the presence of a 

glowing particle (lubricant-fuel droplet or deposit), more easily [28].  

From the above reported literature, residuals and the thermodynamic 

state of the mixture play an important role in determining pre-ignition 

count of an engine. In this context, varying exhaust back pressure, 

which essentially changes the mass of trapped residuals in the engine 

should affect the pre-ignition frequency of an operating point. Engine 

experiments were carried out to this end using a throttle valve in the 

exhaust side. This allowed full control over the exhaust back pressure, 

while the bulk mixture temperature was varied using an in-line heater. 

This study uncovers that the probability of a pre-ignition event depends 

on number/amount of precursors present in the cylinder that are 

potential triggers for pre-ignition and the reactivity of the bulk mixture. 

A sequence leading to pre-ignition event is suggested based on 

experimental observations. Finally, this study explains the effect of 

physical parameters on pre-ignition observed in existing literature and 

current work.  

Methodology: 

An AVL single-cylinder research engine is used in current study. The 

engine is equipped with two direct injectors, located centrally and 

laterally in the cylinder head. Details of the engine is provided in Table 

1.  

Table 1. Single cylinder engine specifications. 

Displaced volume 454 cm3 

Stroke 86 mm  

Bore 82 mm  

Compression ratio 9.7 

Valvetrain 4 valve DOHC  

Cylinder head Pent-roof chamber 

Fuel tank supplies to the fuel-mass flow meter based on Coriolis force. 

Then fuel goes through a conditioning unit that maintains the supply 

pressure to the fuel pump and a constant temperature of 20 oC. Fuel is 

pumped to 130 bar, into the centrally mounted direct injection system. 

A mass flow controller and a fast-acting heater is used to maintain the 

intake air pressure at 1.9 bar (unless otherwise stated). Stoichiometric 

operation (λ=1) is maintained throughout with feedback from oxygen-

based Lambda sensor mounted ~10 cm downstream of exhaust valves. 

Further downstream is a butterfly valve, manually controlling the 

exhaust back pressure. The valve timings are fixed for the current study 

(the valve lift profile is shown later in figure 6 of methodology). 

The centrally mounted injector was used for fuel injection. The central 

injector is a Bosch injector with 6 holes with a diameter of 0.18 mm 

each. A water injection strategy was also tried using the laterally (side) 

located injector. Bosch injector with 7 holes and 0.17 mm hole 

diameter was used for side injection setup. The injection pressure was 

130 bar for both injectors.       

A Euro V Certified Gasoline was used for the study. Details of the fuel, 

relevant to pre-ignition, are shown in Table 2. Figure 1 also shows the 

distillation curve for the fuel, in accordance to ASTM D-86 standard 

[29]. An SAE 5E30 lubricant was used in this study. Common 

operating conditions of the engine are shown in Table 3.  

Table 2. Properties of the Coryton Gasoline used in this study. 

Research octane number (RON) 97.5 

86.6 

0.7485 

 

 

30.5 

8.2 

5.0 

1.776 

0.015 

 

 

42.4 

 

2.88 

65.78 

Motor octane number (MON) 86.6 

Specific Gravity (SG) 0.7485 

Lower heating value (MJ/kg) 42.4 

Energy density (MJ/L) 31.7 

Aromatics (% v/v) 30.5 

Olefins (% v/v) 8.2 

Ethanol (% v/v) 5.0 

H/C ratio 1.776 

O/C ratio 0.015 

 

Table 3. Test conditions used in this study. 

Engine speed (rpm) 2,000 

Fuel Temperature (ºC) 20 

Coolant temperature (ºC) 80 

Oil temperature (ºC) 80 

Relative air-fuel ratio (λ) 1.00 

Three different methodologies were followed in the current work, and 

these are detailed as follows:  

Methodology 1: 

The initial intake air pressure was maintained at 1.9 bar, while the 

exhaust throttle valve remained fully open to atmospheric pressure. 

The air mass flow rate was fixed such that intake pressure was equal 

to 1.9 bar, and the fuel flow rate was fixed to run stoichiometrically 

(λ=1) for this case. Thereafter, the throttle was parametrically closed 

achieving a varying level of exhaust back pressure. For a given mass 

flow rate of air (and hence the mass of fuel injected), the intake air 

pressure increased with increasing exhaust back pressure. Hence, for 

an exhaust pressure Pexh ~2.88 bar, an intake pressure Pin ~2.45 bar was 

recorded. The mass flow rates of fuel and air were maintained the same 

as the baseline case throughout. In this methodology, the intake 

temperature was kept constant. Spark timing was adjusted to the knock 

limited timing (knock intensity KI ~ 0.5 bar was chosen as threshold). 

Figure 2 presents the variation in the intake and exhaust pressure using 

this methodology. This methodology will be referred to as 

methodology 1 in the results and discussion section.  



 

3 
 

0 20 40 60 80 100

40

60

80

100

120

140

160

T
e
m

p
e

ra
tu

re
 (
C

)

Recovered fraction (% v/v)  

Figure 1. Measured distillation properties for Coryton gasoline. 
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Figure 2: Instantaneous intake and exhaust pressure in methodology 1. 

Methodology 2: 

Intake air pressure was kept constant for this case. Initially the intake 

air pressure Pin was fixed at 1.9 bar and exhaust pressure at Pexh ~2.5 

bar. The air flow rate was fixed such that Pin was equal to 1.9 bar and 

Pexh ~2.5 bar and fuel flow rate was matched to achieve stoichiometry 

(λ=1) for this case. As expected, the air (and fuel) mass flow rate was 

much lower than in methodology 1 due to different baseline cases (~70 

mg per cycle in methodology 1 compared to ~54.5 mg per cycle in 

methodology 2). From here, the exhaust throttle was parametrically 

opened. This naturally led to lower intake pressure. Then, the intake 

temperature was increased using a fast-response heater, upstream of 

the intake air pressure sensor. The mass flow rate of air and fuel was 

fixed (λ=1) throughout the methodology. The intake temperature was 

raised to keep the intake pressure constant at 1.9 bar. Figure 3 shows 

the variation of Pexh and Pin in this methodology. Figure 4 shows the 

corresponding intake temperature Tin needed to maintain constant Pin. 

This methodology will be referred to as methodology 2 in the results 

and discussion section.  

The choice of Pin 1.9 bar was made after conducting several survey 

experiments with other values of intake pressure. We found that Pin = 

1.9 bar was the maximum intake pressure that would allow ‘safe’ 

recording of 45,000 cycles used in current work, while also providing 

repeatable and reliable results.   

-360 -300 -240 -180 -120 -60 0 60 120 180 240 300 360

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Pexh

P
re

s
s
u
re

 (
b
a

r)

CAD (aTDC)

 2.55 bar

 2.12 bar

 1.83 bar

 1.51 bar

 1.26 bar

 0.97 bar
Pin constant

Average Exhaust Pressure

Increasing Tin

 

Figure 3: Instantaneous Intake and exhaust pressure in methodology 2. 

Overall, methodology 1 shows the effect of residuals, largely 

independent of bulk mixture temperature, while methodology 2 shows 

the effect of residuals and bulk mixture temperature together, which 

allows isolating the two parameters and their effect on pre-ignition 

count.  
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Figure 4: Tin is plotted for varying Pexh to achieve constant Pin. 
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Methodology 3: 

A pre-ignition suppression method was tested by selectively cooling 

the residuals, thereby reducing the potential of particles in residuals to 

trigger a pre-ignition event in the next cycle. To this end, water was 

injected right before the start of intake valve opening, and at the time 

of exhaust valve closing. These experiments used a standard operation 

with an intake pressure Pin 2.1 bar, used by the authors in previous 

works [15]. Spark timing was adjusted to the knock limit. For each set 

of experiments, the DoI of water was varied for a given SoI. Two 

different SoI, 330 and 350 CAD aTDC were used in this study. The 

DoI was varied from 0 to 2.3 ms (the corresponding mass flow rate of 

water is given in figure 5). Three repeats of 15,000 cycles each were 

performed for each DoI-SoI of water injection. To reduce systematic 

errors in the observations and ensure repeatability, the order of each 

DoI was randomly varied, and average data is reported. The respective 

valve lift and minimum water duration of injection (DoI) is shown in 

figure 6. The valve lift profile was same for all methodologies in the 

current study. 

Modeling methodology: 

A 1-D GT-Power model using a two-zone combustion analysis was 

used to calculate trapped mass and residual mass fraction in the current 

study. To do so, a three-pressure analysis was conducted. Pressure 

values with respect to CAD averaged over 45,000 cycles, at each Pexh 

case in methodology 1 and 2 was calculated. Intake, exhaust and in-

cylinder pressure were then provided as an input boundary condition. 

In case of methodology 1, Pin was varied, while in methodology 2, Tin 

was varied, which are accounted for, in the simulated results. Trapped 

mass (total mass of fuel+air+residual mixture) is presented under 

results and discussion section. A fraction of the total mass remains in 

the cylinder for the next cycle, which is shown as burned mass fraction 

under results and discussion section.  
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Figure 5: Water injection mass flow rate corresponding to the DoI used in 
methodology 3. 

 

Analysis of pre-ignition and super-knock events: 

Pre-ignition events heavily skew the mean and standard deviation of 

the data, when large in number. The current study used CA05 as a 

marker for the start of ignition, and for identification of pre-ignition 

event relative to a normal combustion cycle. Zaccardi et al. proposed 

using robust statistical methods for calculating mean and standard 

deviation for pre-ignition detection and counting [30]. The same 

strategy has been used in the current work, shown in Eq. (1) below. 

Previous work by the authors showed qualitative agreement of 

different data reduction methods [15].  

𝐶𝐴05 (𝑃𝐼) < 𝑅𝜃(𝐶𝐴05̅̅ ̅̅ ̅̅ ̅) − 4.7 × 𝑅𝜎(𝐶𝐴05) … … … … (1) 

where CA05(PI) refers to CA05 of pre-ignition event, 𝑅𝜃(𝐶𝐴05̅̅ ̅̅ ̅̅ ̅) is 

the robust mean value of the complete sample and 𝑅𝜎(𝐶𝐴05) refers to 

standard deviation of the complete sample by robust method. 

-300 -200 -100 0 100 200 300

CAD (aTDC) 

 SOI Water 330 CAD aTDC

 SOI Water 350 CAD aTDC

Fuel Injection

 

Figure 6: Water injection is done in the exhaust stroke. The blue curve refers 
to intake valve life, and red curve refers to exhaust valve lift profile.  

Pre-ignition events often occur in alternate sequences, whereby a pre-

ignition cycle is followed by a seemingly normal cycle, which is again 

followed by pre-ignition cycle, and so on. Such sequential events are 

counted as only one event. Hence, if the pre-ignition events occur 

within 3 cycles, this sequence of pre-ignition events is counted as one. 

Super-knock event often (but not always) follows the start of a pre-

ignition event in the same cycle. Cycles having a knock intensity 

higher than 10 bar were treated as super-knock cycle. Although the 

criterion was arbitrarily chosen, a twenty times higher (KI>10 bar) 

value than normal operation (KI~0.5 bar) gave confidence in the 

selection of criterion.   
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Results and Discussion: 

Effect of varying back pressure with constant intake 

temperature 

In the first set of experiments, Pexh is varied parametrically without 

adjusting the intake temperature Tin. As expected, the increased back 

pressure Pexh resulted in an increase in the intake pressure Pin. Several 

studies have demonstrated the pre-ignition count to increase with 

increase in Pin [31, 32]. Figure 7 gives the percent residual (burned 

mass) present at the time of start of combustion (spark timing). 

Trapped mass in the exhaust stroke is shown in inset of the figure 7. 

As estimated, increasing Pexh led to higher trapped residual mass.  

Figure 8 shows the effect of Pexh on pre-ignition count. Pre-ignition 

count increased with increase in Pexh. Pin in this case was not kept 

constant (Tin is constant) to prevent  reducing mass flow rate of air (and 

fuel), which is more critical to pre-ignition [15]. The constant mass 

flow rate of the fuel (and air) ensured relatively similar fuel-wall 

impingement effects or similar number of pre-ignition precursor 

formation. Pexh up to 2.88 bar is shown in figure 8. The operation at 

Pexh = 2.88 bar showed extremely high number of pre-ignition events, 

and hence the recording was terminated at 993 cycles (compared to 

45,000 cycles for the rest of the Pexh cases). The value reported for Pexh 

= 2.88 bar is pre-ignition count for 993 cycles scaled to 45,000 

hypothetical cycles. 

The number of super-knock cycles (cycles having knock intensity 

greater than 10 bar) is presented in fig. 9. It displays a similar trend as 

the pre-ignition count. This was anticipated as the pre-ignition results 

in an advanced ignition timing, leading to high knock intensity, in 

general. The same results can also be observed for cycles with a higher 

value of peak pressure Pmax. Two different threshold values of Pmax, 

100 and 150 bar were used for the current analysis (as shown in figure 

10). These values too, follow the same trend as pre-ignition and super-

knock count. 

Our previous study shows pre-ignition count of a given operating point 

to be related to the in-cylinder temperature at -5 CAD aTDC [33]. A 

similar analysis was carried out in this work, depicted in figure 11. The 

observations agree with previous results, and pre-ignition count is seen 

to increase with increasing in-cylinder temperature near TDC. The 

rationale behind these observations, in our previous work, was: only 

those precursors will lead to a successful flame front propagation, 

which are exposed to amenable environment (high temperature), 

assuming similar number of pre-ignition precursors are formed 

(resulting from same mass of fuel injected). Our previous study 

assumed a similar number of precursors to survive each cycle (due to 

fixed Pexh and exhaust valve timing). Hence, the observations in figure 

8 can be attributed dominantly to the changes in Pexh. The number of 

precursors held back in the cylinder after the scavenging process, 

should also increase with increasing Pexh, which is not accounted for, 

in figure 11. The observations in figure 8 are a composite of increased 

temperature (shown in figure 11), as well as residual mass carrying 

precursors of pre-ignition (shown in figure 7). This could be the reason 

that the pre-ignition trend in figure 8 is a lot steeper, compared to 

temperature variations seen in figure 11.    
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Figure 7: Percentage of burned mass at the start of combustion for varying Pexh 

in methodology 1. Inset shows the trapped mass in the exhaust stroke. 
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Figure 8: Pre-ignition count with varying Pexh, when Tin is kept constant. 
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Figure 9: Number of super-knock cycles (KI > 10 bar) with varying Pexh, when 
Tin is kept constant.  
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Figure 10: Number of cycle with peak pressure exceeding 100 bar (blue) or 

150 bar (red) with varying Pexh, when Tin is kept constant.  

Effect of varying back pressure with constant intake 

pressure 

In the second set of experiments, Tin was varied to keep Pin constant, 

while maintaining constant mass flow rate of fuel and air (λ=1). The 

experiments were started with the maximum Pexh (~2.55 bar) and Pin 

of 1.9 bar. Thereafter, with a decrease in Pexh, the Pin decreased, which 

was then increased by increasing Tin. Thus, the average Tin for Pexh ~ 1 

bar, is ~127 C. Notably, reducing Pexh increases the reactivity of the 

bulk mixture and reduces the knock resistance of the bulk mixture (and 

of the end-gas).  

Figure 12 shows the percentage burned mass fraction at the time of 

combustion initiation with varying Pexh for methodology 2. The 

trapped mass in the exhaust stroke is also specified in the inset of figure 

12.  
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Figure 11: Calculated average In-cylinder temperature at -5 CAD aTDC with 
varying Pexh, for methodology 1.  
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Figure 12: Burned mass fraction remaining in the cylinder at the time of start 

of combustion is plotted with respect to change in Pexh, while keeping Pin 
constant at 1.9 bar. Inset shows the trapped mass in the exhaust stroke. 

Figure 13 demonstrates the variation of pre-ignition count with 

increasing Pexh. Largely, we see a trend that differs from methodology 

1. With increasing Pexh, the pre-ignition count ‘generally’ tends to 

decrease! In methodology 2, two opposing phenomenon are at play: a 

higher residual mass fraction from previous cycles at maximum Pexh, 

while higher charge temperature at minimum Pexh. The net effect 

implies the charge temperature to be more critical for pre-ignition. 

Super-knock cycles are shown in figure 14. With increasing Pexh, the 

super-knock event is less frequent. This is quite the opposite of 

observations in methodology 1. Infrequent super-knock events can be 
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attributed to the higher reactivity of the bulk charge due to increase in 

Tin. Tin leads to auto-ignition of end-gas more readily, leading to high 

knock intensity in the engine [34]. Figure 4 (showing Tin for each 

operating point) and figure 14 appear to follow a similar trend, 

depicting a qualitative agreement. Similar trend was observed upon 

considering peak pressure as a criterion, as shown in figure 15. Cycles 

exhibiting peak pressures greater than 100 bar and 150 bar, decrease 

with increasing Pexh. The trends in figures 14 and 15 emphasize the 

knocking tendency of a given operating condition to depend on the 

bulk mixture reactivity, which increases with increasing intake 

temperature. As opposed to figure 13, number of super-knock cycles 

and cycles exceeding peak pressures 100 and 150 bar monotonically 

decreased (in figures 14 and 15). 
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Figure 13: Number of pre-ignition events with varying Pexh, when Pin is kept 
constant.  
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Figure 14: Number of super-knock events (KI > 10 bar) with varying Pexh, 
when Pin is kept constant.  

The pre-ignition count initially increased slightly at Pexh of 1.26 bar, 

later decreasing for Pexh of 1.51 bar. With increasing Pexh, the Tin is 

lowered, which led to lower reactivity of end gas, and the charge 

remained less knock limited. This is the dominant effect when 

compared to the temperature changes that occur with an increase in 

Pexh alone (indicated in figure 11).  
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Figure 15: Number of cycle with peak pressure exceeding 100 bar (blue) or 

150 bar (red) with varying Pexh, when Pin is kept constant.  

The in-cylinder temperature near TDC, for methodology 2, is 

presented in figure 16. These values corroborate with the pre-ignition 

count, shown in figure 13. Methodology 2 demonstrates pre-ignition 

count to be promoted due to more residuals (as shown in figure 12) and 

a more reactive environment around a precursor (as shown in figure 

16). It remains unclear which factor is dominant, as the number of pre-

ignition events at maximum Pexh is still considerable. Nevertheless, the 

temperature hypothesis proposed in [15] still holds true, in general. 

Figure 16 also considers the temperature increase due to presence of 

residuals in intake and compression stroke, thus capturing the 

thermodynamic state well. The residual fraction on the other hand, is 

also an indicator of particles that survive the scavenging process after 

the exhaust valve closes (EVC). 
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Figure 16: Calculated average in-cylinder temperature at -5 CAD aTDC with 

varying Pexh, for methodology 2. 



 

9 
 

-360 -240 -120 0 120 240 360

0

20

40

60

80

100

P
re

s
s
u
re

 (
b
a

r)

CAD (aTDC)

 In-Cylinder

 Exhaust

 Intake
 Trapped mass

Pexh 0.97 bar

-360 -240 -120 0 120 240 360

0

20

40

60

80

100

P
re

s
s
u
re

 (
b
a
r)

CAD (aTDC)

 In-Cylinder

 Exhaust

 Intake
 Trapped mass

Pexh 1.26 bar

-360 -240 -120 0 120 240 360

0

10

20

30

40

50

60

70

80

90

100

P
re

s
s
u
re

 (
b
a
r)

CAD (aTDC)

 In-Cylinder

 Exhaust

 Intake
 Trapped mass

Pexh 1.51 bar

-360 -240 -120 0 120 240 360

0

10

20

30

40

50

60

70

80

90

100

P
re

s
s
u
re

 (
b
a
r)

CAD (aTDC)

 In-Cylinder

 Exhaust

 Intake
 Trapped mass

Pexh 1.83 bar

-360 -240 -120 0 120 240 360

0

10

20

30

40

50

60

70

80

90

100

P
re

s
s
u
re

 (
b
a
r)

CAD (aTDC)

 In-cylinder

 Exhaust

 Intake
 Trapped mass

Pexh 2.12 bar

-360 -240 -120 0 120 240 360

0

10

20

30

40

50

60

70

80

90

100

 In-Cylinder

 Exhaust

 Intake

P
re

s
s
u
re

 (
b

a
r)

CAD (aTDC)

 Trapped Mass

Pexh 2.55 bar

 

Figure 17: Intake pressure (blue), In-cylinder pressure (black), exhaust pressure (red) and trapped mass (green) shown for different Pexh, while Pin is kept constant. Blue 

curve refers to intake valve lift while red curve refers to exhaust valve lift profile. 
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Combustion analysis for the six cases with varying Pexh considered in 

methodology 2 has been presented. Crank angle resolved Pin, in-

cylinder pressure and Pexh are averaged for 45,000 cycles and shown in 

figure 17. The peak average pressure increases with increasing Pexh, 

which is expected as the spark timing advances. The trapped mass is 

also shown in green in all the figures. The effects of exhaust wave on 

trapped mass in the exhaust stroke is noticeable.  

 

The rate of heat release for the two methodologies used in the current 

study is depicted in figure 18. For methodology 1, when Tin was kept 

constant, it showed a conventional heat release curve (figure 18a). For 

methodology 2, at a lower Pexh, Tin was raised to a point where pre-

spark heat release (PSHR) can be observed (figure 18b). 

Corresponding spark timing for each operating point is also denoted in 

respective colors. Upon relating pre-ignition count of an operating 

point with the magnitude of PSHR, researchers discovered 

fundamental fuel reactivity could be critical to pre-ignition count [27]. 

According to Splitter et al., PSHR increases with increasing Pexh or Tin. 

In our study, both these variables were varied inversely; a higher Pexh 

corresponded to a lower Tin and vice versa. For Pexh ~ 1.5 bar and less, 

PSHR was observed. The magnitude of PSHR was similar in all three 

cases. As opposed to the previous study, no PSHR was observed with 

increasing Pexh in either methodology 1 or 2. PSHR can push the charge 

into a more reactive zone when overlaid against ignition delay time 

calculations [27]. The three cases showing PSHR were further 

analyzed on a P-T diagram, up to the stage of spark timing in figure 

19. Temperature values can be treated as qualitatively correct (an ideal 

gas-law approximation with fixed molecular weight was used for 

calculations). Observations similar to [27] were noted, whereby the 

temperature continued to increase beyond TDC, rendering the charge  

predisposed to any pre-ignition trigger. Interestingly, the final 

temperature detected in figure 19 correlated significantly with the pre-

ignition count observed in figure 14. Pexh of 2.12 showed maximum 

pre-ignition count followed by Pexh of 1.51 and 0.97 bar respectively, 

like the trend observed in figure 14 and 16.  

 

Comparing methodology 1 and methodology 2: 
Figure 20 provides a comparison between the two methodologies.  The 

x-axis represents the difference in pressure from exhaust to intake (ΔP 

= Pexh-Pin). With increasing ΔP, pre-ignition count increased in 

methodology 1, while it ‘generally’ decreased for methodology 2. A 

contrasting trend between the two were uncovered before and after 

Pexh=Pin (ΔP=0). The green zone refers to ΔP < 0, while the yellow 

zone represents ΔP > 0. For green zone (ΔP < 0), the probability of 

pre-ignition precursors escaping the scavenging process is low. Under 

these conditions, triggering a pre-ignition event requires a relatively 

more favorable thermodynamic state of the bulk mixture. The few 

particles remaining in the cylinder would need a considerably high 

temperature to sustain a successful flame growth. In line with this 

supposition, low intake temperatures (blue values in green zone, ΔP < 

0) showed negligible pre-ignition count, while high intake 

temperatures (red values in green zone, ΔP < 0) displayed high pre-

ignition count. A parametric sweep on intake temperature was 

previously demonstrated in [27], to which the current data conforms 

with.   

 

Now considering the state in yellow zone (wherein ΔP > 0), which 

results in relatively high residual mass: none of the cases resulted in 

negligible pre-ignition, confirming the role of residuals and particles 

in eliciting pre-ignition. Due to intake air temperature Tin being 

relatively low, the thermodynamic effects are relatively milder in the 

yellow zone (ΔP > 0), compared to that in green zone (ΔP < 0). 

Conditions with higher intake pressure led to higher pre-ignition 

events in this case (blue values in yellow zone, ΔP > 0). This was 

expected as the mass of fuel injected in methodology 1 at baseline 

condition (corresponding to air inducted at Pin 1.9 bar and Pexh 1 bar) 

is a lot more than mass of fuel injected in methodology 2 at baseline 

condition (corresponding to air inducted at Pin 1.9 bar and Pexh 2.5 bar).  

Around ~28% more fuel was injected in methodology 1 to maintain 

stoichiometry (λ=1), compared to methodology 2. This led to a much 

higher fuel-oil interaction on the cylinder liner and pre-ignition 

precursor generation. Considering that relatively more pre-ignition 

precursors were formed with methodology 1, the number of precursors 

held in the cylinder after the scavenging process was also higher, 

leading to more potential trigger particles remaining in the cylinder 

after exhaust valves close.  

This points to an essential dependency of pre-ignition phenomenon: 

(a) For a comparatively good scavenging case (green zone, ΔP < 0), if 

most of the pre-ignition precursors are removed, the probability of the 

few leftover precursors triggering a pre-ignition event becomes more 

reliant on thermodynamic state of the bulk mixture. (b) For a poor 

scavenging case (yellow zone, ΔP > 0), the residuals (and associated 

particles) will be high, thus increasing the probability of any one of 

them triggering a pre-ignition event (merely by virtue of their number). 

Therefore, the strategies preventing the formation of precursors will be 

effective in suppressing pre-ignition. Reducing spray-wall interaction 

can be one of the strategies, as suggested in [15, 35]. On comparing 

peak values in both green and yellow zone, we observed almost similar 

numbers (pre-ignition count ~200), which highlights the fact that both 

the thermodynamic state and the scavenging process are equally potent 

to initiate a pre-ignition event. 

 

To summarize, it is possible to have no pre-ignition cycle if (i) there 

are no residuals carrying pre-ignition precursors from the previous 

cycle (shown previously by [24]) or (ii) reducing the intake 

temperature to be very low, hence preventing precursors from 

triggering pre-ignition. These two cases represent two extremes. For a 

reasonably good exhaust scavenging there are fewer precursors 

remaining from previous cycle. Naturally, the probability of pre-

ignition cycle will be low. If the bulk mixture temperature increases, it 

might enhance the probability of pre-ignition. Thermodynamic state of 

the bulk mixture is the dominant factor in this case. High pre-ignition 

count may also be observed by generating high number of precursors. 

For a fixed Pexh, increasing Pin leads to larger oil-dilution (due to higher 

fuel mass injected to maintain λ=1), creating more precursors. This 

also explains why pre-ignition count rises with increasing Pin. For a 

comparatively poor exhaust scavenging, there are many precursors 

from previous cycle. Certainly the probability of pre-ignition cycle will 

be high, and it will decrease as the engine operation produces lower 

number of particles in every cycle. Residual mass (and the 

accompanying pre-ignition precursors) play a dominant role in this 

case.   

A hypothetical figure 21 summarizes the mechanism suggested in this 

work. The pre-ignition count is plotted against mass of fuel injected in 
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a single injection pulse (mf) and ΔP for four different bulk mixture 

temperatures (or bulk mixture reactivity). Increasing mf (increasing Pin 

for a fixed Pexh) leads to further dilution of oil film, causing more 

precursor generation. If ΔP is very low (~ -1 bar), most of these 

precursors will be exhausted out of the cylinder. As mf keeps 

increasing, the probability of precursor generation increases. As ΔP 

increases, the probability of the precursors remaining in the cylinder 

increases. Once a potent precursor is in the cylinder, increasing the 

bulk mixture temperature increases the probability of ignition of the 

bulk mixture from the precursor. The effect of mf and ΔP is amplified 

as the bulk mixture becomes more reactive (higher in-cylinder 

temperature around TDC).   

T1 (blue surface) represents a very low reactivity atmosphere 

(temperature around TDC is very low), which would not allow any pre-

ignition event, irrespective of precursor generation (mf) or the number 

of precursors held back in the cylinder (ΔP). As the bulk reactivity 

increases, the probability of ignition from the precursor increases (T2: 

yellow surface < T3: orange surface < T4: red surface). Alternatively, 

if the scavenging is ideal, there will be no precursors to allow any 

trigger. It should be noted that mf (and not Pin) is used on x-axis of the 

graph. It might be possible that for the same number of precursors 

generated (same mass of fuel impinging the liner), Pin will change upon 

varying Pexh (as seen in methodology 1). However, for a fixed Pexh, Pin 

and mf are interchangeable on x-axis.  
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Figure 18: Heat release rate for two methodologies considered a) methodology 
1, varying Pexh, while keeping Tin constant (spark timing was almost constant 

within 0.5 CAD, shown in black dotted line). b) methodology 2, varying Pexh, 

while Pin was kept constant at 1.9 bar. The spark timing for various cases are 
shown in their respective color of heat release rate profile.  
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Figure 19: Temperature-Pressure for cases showing PSHR in methodology 2. 
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Figure 20: Pre-ignition count is plotted against the pressure difference 
between exhaust and intake. Blue values refer to methodology 1 and red 

values are representative of methodology 2. The green region represents ΔP < 

0 while yellow region represents ΔP > 0. 

 

 

Figure 21: Summary of suggested mechanism in current work. 

Effect of injecting water late in the exhaust stroke 

The last set of experiments attempted to selectively cool the residual 

combustion products that remained inside the cylinder. Water was 

injected late into the exhaust stroke to provide a cooling effect to the 

burned residual mixture. The word ‘selectively’ is used because water 

was roughly injected before the exhaust valve closed and intake valve 

opened. This ensured that the water injection did not affect the next 

cycle in any way, other than reducing the potential of the residuals in 

triggering pre-ignition. Residuals from a normal combustion cycle are 

usually hot, having plenty of particles that may trigger a pre-ignition 

event if they manage to escape the scavenging process. Thereby 

selective cooling of the residuals might reduce the number of 

precursors that could have enough energy (high-temperature particles) 

to trigger a pre-ignition event in next cycle. Two different SOIs were 

studied for water injection, 330 and 350 CAD aTDC and DOI was 

swept from 0 to 2.3 ms. The results from this investigation is presented 

in figure 22. Evidently, a slight amount of water injection resulted in a 

substantial reduction in pre-ignition count. This experiment was done 

to provide further assurance in our hypothesis that cooling residuals 

can help reduce pre-ignition. It also appears to confirm the link 

between the previous cycle and pre-ignition event, which has been the 

subject of some debate within the research community. More details 

on the experiment are part of [36]. 
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Figure 22: Pre-ignition count (red) for varying water injection duration. Solid 

lines refer to values for SoI of 350 CAD aTDC, while dashed lines refer to SoI 

of 330 CAD aTDC. 

Conclusions: 
This investigation used a probabilistic approach, focusing on 

identifying sources of pre-ignition from the previous cycle. Various 

recent literature reports that residuals in cycle ‘n’ could have a role in 

initiating pre-ignition in the next ‘n+1’ cycle. In this regard, exhaust 

back pressure was varied for constant intake air temperature and 

constant intake pressure separately. Both cases showed different pre-

ignition and knocking tendency. Key observations can be summarized 

as follows: 

 When intake air temperature was kept constant, pre-ignition count 

increased with increasing back pressure. This points to role of 

residuals in triggering pre-ignition. Super-knock events increased 

in proportion to pre-ignition cycles, which is an expected trend.  

 To keep intake pressure constant, the intake temperature was 

raised while decreasing exhaust pressure. Pre-ignition count did 

not follow a specific trend, but in general, pre-ignition count 

decreased as the intake temperature decreased (although exhaust 

pressure increased simultaneously). Number of super-knock 

cycles correlated well with the intake temperature.  

 Pre-spark heat release was observed for high intake temperature 

cases, which also showed remarkably high pre-ignition count. 

The pre-ignition count correlated significantly with the in-

cylinder temperature at -5 CAD aTDC.  

 Injecting water in the late exhaust stroke reduced the potential of 

exhaust residuals. It was found to be highly effective at reducing 
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pre-ignition, which further supports the hypothesis for the role of 

residuals in triggering pre-ignition.   

A comparison between the two methodologies used in the current work 

provides a novel insight into pre-ignition. Probability of the presence 

of a precursor and a thermodynamic state supporting ignition around 

the precursor are critical to a pre-ignition event. In case of proper 

scavenging, fewer residuals remain in the cylinder, consequently a 

higher in-cylinder temperature is needed to trigger many pre-ignition 

events. Whereas, for cases with large residual fraction, relatively lower 

in-cylinder temperature may suffice to trigger many pre-ignition 

events. A pre-ignition suppression strategy in latter case would be to 

ensure lesser pre-ignition precursors are formed in the process. 
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Definitions/Abbreviations 

aTDC After top dead center 

CA05 Crank angle at which 5% of the fuel mass has 

been burned 

CA10 Crank angle at which 10% of the fuel mass has 

been burned 

CA50 Crank angle at which 50% of the fuel mass has 

been burned 

CA90 Crank angle at which 90% of the fuel mass has 

been burned 

CAD Crank angle degrees 

CaO Calcium oxide 

Pexh Exhaust back pressure 

Pin Intake air pressure 

Tin Intake air temperature 

CoV Coefficient of Variation 

CO2 Carbon dioxide 

DI Direct injection 

DOHC Double overhead camshaft 

KI Knock Intensity 

θ Average value 

σ Standard Deviation  

R Robust algorithm 

PFI Port-fuel injection 

PI Pre-ignition 

SK Super-knock 

Pmax Maximum cylinder pressure 

IVO Intake Valves Open 

IVC Intake Valves Close 

EVO Exhaust Valves Close 

EVC Exhaust Valves Close 

PSHR Pre-spark Heat Release 

mf Mass of fuel injected in one injection pulse 

SoI Start of Injection 

DoI Duration of Injection 
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