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Abstract 

Increasing compression ratio is essential for developing future high-

efficiency engines due to the intrinsic characteristics of spark-ignited 

engines. However, it also causes the unfavorable, abnormal knocking 

phenomena which is the auto-ignition in the unburned end-gas 

region. To cope with regulations, many researchers have been 

experimenting with various methods to suppress knock occurrence. 

In this paper, it is shown that cooling the combustion chamber using 

coolants, which is one of the most practical methods, has a strong 

effect on knock mitigation. Furthermore, the relationship between 

thermal boundary and coolant temperatures is shown. 

In the beginning of this paper, knock metrics using an in-cylinder 

pressure sensor are explained for readers, even though entire research 

studies cannot be listed due to the innumerableness. The coolant 

passages for the cylinder head and the liner were separated to 

examine independent cooling strategies. In addition, piston surface 

temperature was changed through the oil supply to the piston oil 

gallery. To investigate the effects on the thermal boundary 

temperature under knocking conditions, temperatures were measured. 

Knock mitigation effects were quantified while the coolant 

temperatures were varied. Quantification in this study consists of two 

methods: The advancement of the crank angle ignition timing and the 

expansion of the borderline knock (detonation border line). The 

different impacts of cooling between PFI (port fuel injection) and 

GDI (gasoline direct injection) engines and the differences under 

various S/B (stroke-to-bore) ratios are also shown in this study. 

After implementation, it was shown that decreasing the coolant 

temperature in the cylinder head has a greater effect than that of the 

liner. Furthermore, 4.2 CA and 5 CA of ignition timing advance and 

10% and 6.8% of knock load limit expansion were achieved while the 

coolant temperature was decreased from 85°C to 60°C under 1500 

rpm and 2000 rpm, respectively. GDI engine also showed knock 

mitigation effects by the coolant temperature decrease. Higher stroke-

to-bore ratio led to expanded load limit due to increased knock 

suppression. However, there was no significant difference in the 

effect of coolant temperature decrease for various stroke-to-bore 

ratios.  

Introduction 

The most important development in spark-ignited engines is the 

increase of the compression ratio [1]. Because fuel economy 

regulation is becoming more stringent, industrial automotive makers 

and researchers are focused on increasing the efficiency of spark-

ignited engines. Accordingly, the future development of higher 

compression ratio engines is now more active than ever before in the 

spark-ignited engine field. The compression ratio has a direct 

relationship with the efficiency in an ideal engine. Its theoretical 

characteristic is shown in Equation 1, where η is the efficiency, rc is 

compression ratio, and γ is the polytropic coefficient. 

η = 1 −
1

𝑟𝑐
γ−1  

(1) 

However, a higher compression ratio increases the occurrence of 

knock in-cylinder conditions because of the increased pressure and 

temperature in the unburned end-gas region.  

Knock is auto-ignition in the unburned end-gas zone, as the flame 

propagation in the unburned end-gas zone is non-uniform and can be 

classified as three modes: deflagration, thermal explosion, or 

developing detonation [2, 3]. From the numerical study of Zeldovich 

et al. [4], König et al. [5] identified these modes and showed that 

auto-ignition of the hot-spot can lead to pressure spikes. Knock 

occurrence in spark-ignited engine must be avoided during operation 

because it can cause serious engine failure and damage [5, 6, 7]. An 

overview and the principle of knock is described by Wang et al. [8].  

For knock mitigation or control during operation, car manufacturers 

previously utilized spark timing strategies. However, this method 

decreases efficiency and increases the exhaust temperature 

excessively, which may deteriorate the durability of downstream 

components. To solve this problem, exhaust cooling strategies such 

as over-fueling are frequently adapted. However, this also decreases 

the engine efficiency and increases CO and THC emissions [9].  

In this chapter, more practical and fundamental methods of reducing 

knock occurrence are introduced. One is the enhancement of flame 

speed during the combustion process. Under the enhanced flame 

speed, the air-fuel mixture in the unburned end-gas area can be 

consumed before the in-cylinder condition reaches the auto-ignition 

point. Use of advanced ignition systems not only can increase the 

efficiency but also has an effect of knock suppression [10, 11, 12, 13, 

14]. Introducing a high-tumble port design is also one of the most 

effective ways to produce fast combustion, which can produce higher 

turbulent intensity to increase flame speed [15, 16, 17, 18, 19].  
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Another method of improvement uses an EGR system. EGR is a very 

promising method for knock mitigation that reduces the in-cylinder 

temperature and reactivity of unburned end-gas. [19, 20] Companies 

put a great deal of effort into EGR systems because of its potential. 

Matsuo et al. [21] improved the manifold design to enhance the EGR 

distribution of each cylinder. Cooled EGR [10] and improved EGR 

cooling units [20] have recently been adapted to mass production 

engines. 

The third method is the engine cooling strategy. Knock suppression 

with this method is achieved by decreasing the temperature of the air-

fuel mixture in the cylinder by decreasing the wall temperatures. 

Lowering the coolant temperature reduces the amount of initial heat 

transfer to the mixture from the wall before the start of combustion 

and increases the heat transfer to the cylinder wall during the 

expansion stroke (heat loss). This eventually leads to the end-gas 

temperature decreasing, which can allow the unburned end-gas to be 

consumed before auto-ignition occurs. Improving the temperature 

distribution by structural changes using a water jacket [20, 21], 

enhancement of combustion chamber cooling such as the introduction 

of hollow valves [10], split cooling or dual-loop cooling system have 

been shown in recent studies [21].  

Kobayashi et al. [22] introduced a dual circuit cooling system 

(referred as cooling segregation in authors’ study) into a four-

cylinder compression ratio of 9.0 1.3L engine and showed that the 

operating condition was affected more by the cylinder head coolant 

temperature than the block coolant temperature. The effect by 

lowering head coolant temperature was twice as much as that by 

lowering the cylinder block coolant temperature. Authors in the study 

explained that it is due to the lowering of cylinder head coolant 

temperature leading to a larger decrease of unburnt gas temperature 

during the combustion process caused by the larger wall temperature 

decrease. 

Finlay et al. [23] demonstrated a precision cooling system to small 

automotive engines. Higher velocities of coolant showed higher heat 

flux through the combustion chamber wall, which resulted in up to 

50°C decrease of surface temperatures. Iwashita et al. [24] also 

investigated the effect of coolant flow. Their research showed higher 

velocities of the coolants can effectively reduce the wall temperatures 

which derived 2~4 CA additional advance of ignition timing. 

Kubozuka et al. [25] developed an evaporative cooling system which 

has a superior cooling effect than a conventional liquid cooling 

system. Wall temperature could be controlled accurately by 

controlling the vapor pressure in the system. Using this system, 1 CA 

KLSA (knock limit spark advance) advance was achieved for every 

10°C drop in coolant temperature. (corresponding to 0.1 CA / °C) 

Knocking characteristics for liquid cooling of 85°C were similar to 

those for evaporative cooling at 90 to 100 °C. 

Russ [26] investigated the effect of various engine operating 

conditions on borderline knock including the coolant temperature. In 

this study, the effect of each operating parameter was quantified as a 

function of octane number. In terms of coolant, effects of coolant 

temperature variation were investigated and 10 K decrease of coolant 

temperature led to the corresponding effect of increasing one octane 

number of fuel. Independent cooling effect of the cylinder head and 

liner were also observed. It was found that volumetric efficiency was 

slightly more affected by the cylinder head temperature while the 

KLSA was more sensitive to the block temperature. It was shown the 

effects of head coolant and liner coolant were almost similar. The 

author explained the effect of engine block temperature on the 

unburned charge temperature by the end of compression is similar to 

the larger effect on the heat transfer of head to the charge during air 

induction. Furthermore, the effect of lowering the coolant 

temperature was more significant at the lower engine speed due to 

dilated time for heat transfer to the charge.  

Fukuda et al. [27] employed a dual control direct cooling system with 

individual thermostats for cylinder head and block to 2.4 L DOHC 

engine. As a result, the temperature of cooling water in water jacket 

was lowered 23°C average under similar conditions at WOT (wide 

open throttle), 6000 rpm. Knock limit was evaluated by using the 

system and showed an improvement of 6.3 CA advance compared to 

the baseline of single control cooling system at 6,000 rpm. 

Dakahashi et al. [28], in their 3-D CFD simulation work, showed the 

potential of the liner temperature distribution affecting the auto-

ignition in the cylinder. In their paper, they explained that the in-

cylinder air mixture temperature is affected by the exhaust side of the 

cylinder liner rather than the intake side due to intake air flow motion 

at the beginning of the intake process. Therefore, to reduce the ring 

friction loss of the piston, they proposed strategic cooling that 

increases the liner temperature on the intake side and decreases the 

exhaust side temperature. 

Imaoka et al. [29] investigated the effect of wall temperature on 

knocking combustion under high compression ratio conditions. 

Through extensive experimental and computational approaches, it has 

been shown that the heat transfer towards the intake air charge from 

the intake port is dominant in the temperature increase. Furthermore, 

a few independent coolant passages were designed for the test, and as 

a result, ignition timing could be advanced by decreasing the coolant 

temperature. Furthermore, the authors introduced the optical method 

and, through CFD work, found the squish in the chamber has an 

effect on knock mitigation due to its large heat transfer effect to the 

wall from the unburned gas. 

Asif et al. [9] investigated the effect of coolant on KLSA using a 

multi-cylinder DISI engine with dual CVVT (continuous variable 

valve timing) system. They showed in their recent study that the 

temperature between the exhaust valve bridge decreases by only 1°C, 

while the coolant flow decreases by 20%. KLSA was not 

significantly affected by the reduction of the flow. Moreover, they 

observed KLSA was retarded from approximately 0.5 CA to 1 CA 

while the coolant temperature increased from 90°C to 100°C. They 

explained this variation cannot be considered a significant change in 

the paper. 

Cho et al. [30], the authors of this study, have observed the effect of 

coolant experimentally in a wider temperature range. With a steady-

state experiment using a single-cylinder SI engine, it was shown that 

by decreasing the coolant temperature, knock can be mitigated during 

operation effectively. Using a segregated cooling system for the 

cylinder head and the liner, and maintaining MBT (maximum brake 

torque) timing at every operating condition, the expansion of the 

maximum operable load was achieved. While maintaining the same 

load, it was shown that approximately 0.2 CA of ignition timing 

advance was achieved for every 1°C decrease of the coolant 

temperature. Furthermore, using the optical method and a PCB 

(printed circuit board) flame ionization gasket, location search of the 

knock occurrence spot was facilitated. As a result, under the 

operating conditions, the intake and exhaust side in the cylinder were 

found to be the main locations where auto-ignition occurs. It was also 

shown that coolant temperature variation does not have a significant 

influence on knock location. 
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This study verifies the influence of coolant temperature variation on 

each wall temperature of the combustion chamber. In addition, the 

knock suppression effect of reduced coolant temperature was 

quantified in two ways: ignition timing advance and maximum load 

expansion in certain operating conditions. The effects under different 

engine types are also investigated: PFI and GDI, and under various 

stroke-to-bore ratios: 1.0, 1.2, 1.47. 

Knock Metrics: in-cylinder pressure sensor 

There are various approaches for knock detection and analysis that 

highly depend on the tester. This was already described as a dilemma 

in the knock research field by Kalghatgi et al. [31] in a recent study. 

This chapter describes the metrics commonly used in knock research 

and testing field.  

Knock detection method 

In this study, the method with an in-cylinder pressure sensor was 

adapted. This is the most versatile [9] and direct method among the 

various methods to detect knocking behavior. However, this type of 

measurement highly depends on the mounting position of the in-

cylinder pressure sensor [32, 33]. Therefore, the sensor was mounted 

flush and bias positioned to one side of the cylinder head. This has 

already been shown as the most proper way to observe the in-cylinder 

pressure oscillation in previous studies. There are other methods to 

detect knock as well: vibration signal, ion current signal and exhaust 

temperature, etc. [34]. 

Many researchers have normally used high-pass (band-pass) filters 

for signal processing. There are a few ways to filter the signal; 

usually, Butterworth or median filtering methods are adopted. The 

former has the advantage of its characteristic for noise reduction but 

generates a bias after filtering so that the knock onset is determined 

incorrectly [35]. Under the condition of weak knocking combustion, 

this would be worse. This will be further discussed later in this 

chapter. Accordingly, during the experiments in this study, the 

Butterworth band-pass filter was adapted, and the MAPO (maximum 

amplitude of pressure oscillation) TVE (threshold value exceed) 

method was used to detect knock occurrence [30]. In addition, for 

more sophisticated analysis for knock onset determination, to prevent 

the aforementioned bias after band-pass filtering, a 9-point 

(corresponding to 0.9 CA) median filter with Savitzky-Golay 

smooth-filtering was adapted. This will be shown later in this paper. 

Draper [36] solved the wave equation and suggested the in-cylinder 

pressure oscillation mode that has been widely used in knock studies. 

Millo et al. [37] and Eng. et al. [38] also introduced the equation and 

showed the relationship between cylinder bore, sound speed and the 

radius of the cylinder bore. Gaeta et al. [39] showed advanced 

modeling of in-cylinder pressure oscillation under knocking 

condition including the damping mechanism, which can be from 

friction, heat transfer and expansion of the fluid. The solution and 

principle of the wave equation is well-written in many studies [36, 

37, 38, 39, 40, 41]. The frequency of pressure oscillation can be 

expressed as Equation 2 [39].  

𝑓 =
ā

2𝜋
∙ √(

𝜇∗
𝜆𝑚

𝐵/2
)

2

+ (
𝜋𝑔

𝑍0
)

2

     [𝐻𝑧] 

(2) 

μ*
λm is the mth

 root of the first derivative of Bessel’s equation 

(J’λ(μ*
λm)=0 ), where (m = 1, 2, ...) and (λ = 0, 1, ...). λ is the number 

of the circumferential mode, m is radial mode number and g is the 

axial mode number. ā is the speed of sound, B is the radius of the 

cylinder bore and Z0 is the height assuming the volume between the 

piston top and engine head at knock onset is cylindrical, Z0 = V0 / πB2. 

The first six pressure oscillation modes of the used engine in this 

study is shown in Table 1 and Fig. 1 under a cylinder bore radius 

equal to 81 mm, assuming there is no axial mode, and the gas 

temperature is 2500 K and the polytropic coefficient is 1.4. (note: 

speed of sound ā = square root of γRT) Therefore, from this 

background, a 4~28 kHz 5th order Butterworth band-pass filter was 

used for the test in this study. 

Table 1. Theoretical frequency of pressure oscillation mode (B = 81 mm) 

λ, m 1, 1 2, 1 0, 1 3, 1 4, 1 1, 2 

𝜇∗
𝜆𝑚

 1.841 3.054 3.832 4.201 5.318 5.332 

Frequency 

[kHz] 
7.26 12.03 15.11 16.55 20.95 21.0 

 

 

Figure 1. Schematic diagram of first six pressure oscillation modes (λ, m) by 

Draper [36] 

Ando et al. [42] showed a good representativeness for the auto-

ignition phase of the time interval between 50% to 10% of maximum 

heat release during the decay. Sjöberg et al. [43] defined ‘strong end-

gas auto-ignition’ if the heat release of auto-ignition exceeds 75% of 

maximum heat release through the 1st law heat release calculation 

method. Very fast decay of heat release at the end of combustion was 

shown in the strong auto-ignition condition. From this observation, 

using ignition timing shaking method (maximum 5 CA), the auto-

ignition combustion was clearly separated from the normal 

combustion under various fuel types. Kirsten et al. [44] proposed a 

new detection method and dimensionless indices for dual fuel 

combustion (Diesel/natural gas) using SOC (start of combustion) 

determination from heat release calculation, which showed good 

agreement. 

However, knock detection with heat release calculation is not 

sensitive for especially weak knock detection and must rely on post-

processing. This paper focuses on the thermal boundary condition, 
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which obviously has a strong relationship with auto-ignition and 

knock. Thus, a longer experiment time was essential to achieve the 

steady state condition, especially for the temperature. Longer 

experiment times can cause engine failure under knocking 

combustion, so every operating point was under weak knock 

condition, i.e., the method to detect the knock occurrence had to be 

sensitive enough to perform the correct statistics. Therefore, instead 

of the heat release calculation, in this study, the MAPO TVE method 

was used and it was determined as a knocking cycle if the maximum 

amplitude of the 4~28 kHz 5th order Butterworth band-pass filtered 

pressure signal exceeded the 0.5 bar of threshold. The 0.5 bar 

threshold of MAPO TVE is able to detect the knock at a lower 

intensity than a normal acoustic knock. (Brunt et al. [32] determined 

the acoustic knock for a knock intensity greater than two) This 

sensitive MAPO method still requires a high signal-to-noise ratio but 

can secure the engine durability during operation and results in more 

precise steady-state data. In most recent studies, McKenzie et al. [3] 

defined if the MAPO derived knock intensity exceeded 1 bar of 

threshold. Kalghatgi [31] used a 0.5 bar threshold of knock intensity, 

defined as twice the maximum amplitude of the pressure pulse.  

Knock onset determination 

There are two general ways to locate the knock onset during testing; 

one is the threshold value exceed method (TVE), and the other one is 

the signal energy ratio method (SER). The TVE method defines the 

knock onset as the crank angle when the amplitude of the high-pass 

filtered pressure signal exceeds the set threshold. Generally, this 

method has an error of 0.5 CA if the threshold is properly set [35]. 

Shahlari and Ghandhi [45] presented the SER method using SEPO 

(signal energy pressure oscillation), as shown in Equation 3, to 

compensate for the limitations of the TVE method. In their research, 

knock onset was defined as the timing when SER has the highest 

value, while a proper window size was suggested as 5 CA, and 

various filters were used for comparison. 

SER =
𝑆𝐸𝑃𝑂𝑓𝑤𝑑

2

𝑆𝐸𝑃𝑂𝑏𝑤𝑑
0.5 =

(∫ 𝑃𝑓𝑖𝑙𝑡
2𝑑𝜃

𝜃0+∆𝜃

𝜃0
)2

(∫ 𝑃𝑓𝑖𝑙𝑡
2𝑑𝜃

𝜃0

𝜃0−∆𝜃
)0.5

  

(3) 

Researchers have found that the simple TVE method can possibly 

determine knock onset later than the actual onset [46]. To mitigate 

this defect, Lee et al. [47] compensated for a few crank angles earlier 

to reduce the difference. On the other hand, Kim [46] had found that 

the SER method can possibly determine knock onset earlier than the 

actual onset. Under these circumstances, Kim conducted an 

investigation on the TVE method to increase the accuracy of 

determining knock onset in the research. With the introduction of the 

standard deviation of median-smoothing high-pass filter, the knock 

onset was determined with more accuracy. In this paper, this method 

is referred to as the modified TVE method and was used to determine 

the knock onset with the pressure data from the experiment. For 

reference, in a recent study, Shahlari et al. [41] developed a new 

algorithm for determining the knock onset using an iteration method 

with very high accuracy.  

The determination of knock onset is a critical aspect of knock 

analysis because a small error in knock onset can lead to a 

misunderstanding of combustion. For example, it is known that a 1 

CA late determination of knock onset can result in an error of 5 bar 

for in-cylinder pressure and 5% of unburned mass fraction. Kim’s 

[46] modified TVE method for knock onset determination seems to 

be outstanding when adapted to engine testing field without any 

modeling and simulation. It is simple, easy to calculate, and can be 

directly derived from the pressure data. In addition, it is well written 

in the reference because normal high-pass filters, such as 

Butterworth, result in a bias (observed as a dip in high-pass filtered 

signal) before the pressure oscillation spikes, and there is a possibility 

for incorrect detection. Thus, median-smoothing high-pass filtering 

was used. 

 

Figure 2. Comparison of modified [35] and normal TVE method for knock 

onset determination 

In this study, based on Kim’s modified TVE method, 9 data points 

were initially averaged (median filtering) from the raw in-cylinder 

pressure signal and trimmed using a Savitzky-Golay smoothing filter. 

(7 points, 2nd order) Then, a filtered signal was obtained by 

subtracting the trimmed signal from the original signal. The 

difference between the modified TVE method and normal MAPO 

TVE method is shown in Fig. 2. This is not extreme case but still 

shows a misdetection with approximately 3 CA and 3 bar discrepancy 

if a simple TVE method is used, considering that a 0.5 bar threshold 

value is already really small. Additionally, the greatest advantage of 

this method is its reliability under weak knock conditions. 

Knock intensity calculation 

For knock intensity calculations, the method also largely depends on 

the individual and operating conditions such as load, speed and shape 

of the engine. Borg et al. [48] showed a good comparison of various 

methods of knock intensity calculation. (MAPO, IMPO, ISPO, 

ringing intensity, etc.) It has been shown that time-domain 

calculations and frequency-domain calculations do not differ thanks 

to Parseval’s identity [45].  

Generally, researchers have investigated knock behavior using their 

own methods. It is generally accepted to use IMPO (integral of 

modulus of pressure oscillation), MAPO and ISPO methods for 

intensity calculations due to their simplicity and intuitiveness. (shown 

in Equation 4) Among the various methods, MAPO is the most 

commonly used. MAPO has the advantage of being able to be used in 

both software and hardware [48].  

𝐼𝑀𝑃𝑂 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
1

𝑁
∑ ∫ |𝑃𝑓𝑖𝑙𝑡|𝑑𝜃      [𝑏𝑎𝑟 ∙ 𝑑𝑒𝑔]

𝜃0+∆𝜃

𝜃0
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𝑀𝐴𝑃𝑂 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑚𝑎𝑥|𝑃𝑓𝑖𝑙𝑡|
𝜃0

𝜃0+∆𝜃
                           [𝑏𝑎𝑟] 

𝐼𝑆𝑃𝑂 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = ∫ 𝑃𝑓𝑖𝑙𝑡
2𝑑𝜃               [𝑏𝑎𝑟2 ∙ 𝑑𝑒𝑔]

𝜃0+∆𝜃

𝜃0

 

(4) 

Brunt et al. [32] defined KI (knock intensity) as in Equation 5. A one-

bar offset is applied so a knock pressure less than 1.0 bar does not 

contribute to the intensity calculation. This offset also has the 

advantage of zero being achievable when the ignition timing is 

retarded. (Nc = number or knocking cycle) 

𝐾𝐼 =
20

𝑁𝑐
∑(𝑃𝑘 − 1) 

(5) 

Amann et al. [49] used IMPO to calculate knock intensity in their 

study.  Brecq et al. [50] established a new index, DKI (dimensionless 

knock indicator), which is a combination of IMPO and MAPO, as 

shown in Equation 6. (W = window size)  

𝐷𝐾𝐼 =
𝐼𝑀𝑃𝑂

𝑀𝐴𝑃𝑂 × 𝑊
 

(6) 

Hudson et al. [51] introduced a new index called LKI (logarithmic 

knock intensity) using the energy concept as shown in Equation 7 

(where C is a constant determined by trials). Then, a 6~25 kHZ band-

pass filtered data was used for the average energy (which is ISPO) 

calculation. This was verified in the time and frequency domains. 

Additionally, it was shown that an analysis for knock intensity needs 

more than 1,000 units of cycle data. 

𝐿𝐾𝐼 = 𝑙𝑛 (𝐶 ×
1

𝑁
∑ 𝑥2(𝑛)

𝑁−1

𝑛=0

) 

(7) 

In very recent studies, Sjöberg et al. [43] calculated knock intensity 

using a 4~28 kHz frequency range of the signal to quantify the auto-

ignition level. This filter range can include multiple modes of the 

acoustic waves. In the study, an average of 500 cycles was used. 

Bradley et al. [52] and Kalghatgi et al. [31] established knock 

intensity as twice the maximum amplitude of the pressure pulse. 

McKenzie et al. [3] used MAPO-calculated knock intensity. Mutzke 

et al. [53] validated MAPO, IMPO and LKI with measured heat flux. 

Shahlari et al. [41] developed a new method for determining knock 

intensity that can eliminate the potential bias from the transducer 

shock period, which is derived from a new method for knock onset 

determination. This seems to be the most progressive method for 

intensity calculation to date. However, this also requires post-

processing after the experiment. 

Knock incidence for engine test 

Knock phenomena accompany cyclic variations and exhibit 

stochastic behavior [54]. For example, even if the same ignition 

timing is maintained, due to the variation of in-cylinder conditions, 

there is a considerable cyclic change on the occurrence timing (knock 

onset), frequency and intensity. For that reason, sometimes results of 

knock research are frequently shown with PDF (power density 

function) or other probabilistic terms, and it is important to decide 

how to measure and analyze the knocking phenomena precisely. In 

this study, to achieve precise steady-state conditions, the engine was 

operated in the long term under weak knock conditions. This also 

facilitated the calculation of knock intensity using 1,000 consecutive 

cycles. This is proposed by previous studies for less error considering 

the stochastic behavior of knock [32, 51]. For example, Brunt et al. 

[32] showed that approximately 50% of error was possibly made if 

300 cycle data were used for the intensity calculation under weak 

knock conditions. 

Because the occurrence and intensity of knocking phenomena is 

highly stochastic, to quantify the level of knock occurrence under a 

certain steady state condition, a representative index value is needed 

such as mean knock intensity. Furthermore, simpler logic leads to 

reduction of time and cost for installing system for tester. Therefore, 

in this study, MAPO knock incidence method (shown in Equation 8) 

was proposed and its validity was verified. This method can be easily 

adapted to any engine test facility with simple electronic circuit or 

computational code. The correlation was verified with a simple and 

fast ISPO (shown in Equation 8) method.  

𝑀𝐴𝑃𝑂 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 =
𝑁𝑘𝑛𝑜𝑐𝑘

𝑁𝑡𝑜𝑡𝑎𝑙
 × 100   [%] 

(8) 

Knock intensity calculation under weak knock condition has a large 

error due to its stochastic characteristics (not enough samples) if 

knocking cycles are the only calculated measurement. Thus, For 

ISPO knock intensity calculation, 1,000 cycle overall value of the 

entire operating cycles was calculated. A 40 CA calculation window 

(Δθ) was chosen, resulting in good performance. As previously 

mentioned, for validity of ISPO method, a correlation between ISPO 

method and other methods are thoroughly investigated and organized 

by Borg et al. [48], which showed larger than 0.9 of correlation 

coefficient with other indices under various conditions.  

 

Figure 3. Correlation between knock intensity and knock incidence 

The correlation between MAPO knock incidence and all-cycle ISPO 

knock intensity is shown in top graph of Fig. 3. It has a substantial 

correlation (R2 = 0.98) with the conventionally calculated ISPO 
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knock intensity value. Besides, it is shown that two different engines 

used in this study all show good correlations.  

From the validation result, it was concluded that the MAPO knock 

incidence method can represent the knocking behavior of engine 

operation. In this study, most of the test condition was maintained at 

5% of knock incidence. (10% for oil-gallery cooling implementation) 

Experimental Setup and Conditions 

Engine setup and measurement 

 

Figure 4. Single cylinder engines. A: MPI engine (left), B: GDI engine (right) 
for various S/B ratios 

Two types of 0.5 L single cylinder engines were used, and both 

engines were equipped with CVVT systems. Four engines were used 

in total: A, B-1, B-2, B-3. Engine A is a natural aspirated dual PFI 

engine with two port fuel injectors. Engine B is a LIVC (late intake 

valve closing) Atkinson cycled GDI engine, which has 280 degrees 

of intake valve duration and 240 degrees of exhaust valve duration, 

respectively. Engine B was designed for various S/B (stroke-to-bore) 

ratios. In this study, three different S/B ratios were examined under 

the same compression ratio of 12 to eliminate other sources of error. 

Both engines are shown in Fig. 4, and the detailed engine 

specifications are shown in Table. 2. 

It is important to mount the in-cylinder pressure sensor properly to 

obtain a fine signal to analyze knock. The pressure sensor was 

mounted flush in the cylinder head to minimize the cavity resonance 

and obtain higher sensitivity for pressure oscillation measurement 

[32, 36]. A Kistler 6056A piezoelectric in-cylinder pressure sensor 

was used instead of a spark-plug integrated sensor and was positioned 

biased from the centerline of the cylinder to measure pressure 

oscillation as much as possible. The proper location of the in-cylinder 

pressure sensor for knock detection has been well researched in 

previous studies [32, 33].  

The schematic diagram of the engine testing system is shown in Fig. 

5. AVL Indi Micro IFEM was used to amplify the in-cylinder 

pressure signal, and intake manifold pressure was measured with a 

Kistler 4045A2 absolute pressure sensor and the signal was amplified 

by a Kistler 4603 piezo-resistive amplifier. Pressure pegging was 

conducted at BDC ± 2CA during the intake process before 

combustion. To reduce the error caused by the TDC calibration using 

an in-cylinder pressure sensor, TDC was calibrated at mid-speed 

range (2500 rpm) and introduced 0.3 CA of heat loss angle. This 

method can still result in errors, especially while the engine is 

changed from B-1 to B-3; however, the compression ratio was held 

constant (± 0.05), so it was assumed that the loss angle is the same in 

this study. 

Table 2. Detailed engine specifications. 

Engine Engine A 
Engine B 

 B - 1 B - 2 B - 3 

Type of engine 
Single-cylinder N/A 

dual CVVT 

Single-cylinder 

Atkinson-cycled 
dual CVVT 

Displacement [cc] 499.8 499.6 499.8 498 

Stroke [mm] 97 86 97 111 

Bore [mm] 81 86 81 75.6 

Stroke-to-Bore ratio 1.2 1.0 1.2 1.47 

Compression ratio 12 

Injection system Dual PFI (3.5 bar) Multi-hole GDI (100 bar) 

Injection timing bTDC 540° bTDC 330° 

Valve 

Timing 

(0.1 mm) 

EVO bBDC 68° bBDC 59° 

EVC aTDC 1° aTDC 1° 

IVO aTDC 10º bTDC 34.5° 

IVC aBDC 67º aBDC 65.5° 

Number of valves 4 4 

Max valve lift 10 mm 9.5 mm 

 

 

Figure 5. Schematic diagram of the engine experiment 

To analyze the knock phenomena precisely, a high sampling rate is 

required because of the measurement of the pressure oscillations. 

Therefore, an encoder with 0.1 CA resolution was used. This was 

already shown to be sufficient for proper measurement [55, 56]. 

Combustion data was logged with an AVL Indi-module device. As 
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mentioned in the previous section, for the calculations related to 

knock measurement, 1,000 consecutive cycle data are used because 

fewer than 1,000 cycle data were not appropriate for analysis due to 

the stochastic behavior of knock. For combustion metrics, such as 

calculation for IMEP (indicated mean effective pressure) and MFB50 

(mass fraction burned 50%), 300 cycle data are used. This number of 

cycles is necessary for proper combustion analysis [32, 56]. To obtain 

accurate fuel flow measurements using OVAL CA001, frequency 

output of the pulse signal was used instead of analog output signal to 

minimize signal loss and three-minute ensemble averaged values 

were used for calculation. This can achieve higher signal-to-noise 

ratios (S/N ~ (n)0.5
, n: number of repetitions [57]). Consequently, the 

error, except for the steady-state error of fuel flow measurement, was 

less than 0.3% in all operating conditions. 

Horiba MEXA-110λ and ETAS ES631.1 were used to monitor the 

air-fuel ratio during operation to maintain a stoichiometric condition. 

A Horiba MEXA-7100DEGR exhaust gas analyzer was used to 

measure emissions. To control and further acquire data for knock and 

temperatures, an ECU combined with National Instrument cRIO-

9039 platform and a few modules was used with developed code 

using LabVIEW software. (Modules: NI-9758: injection and throttle 

control, NI-9401: sync, ignition control, NI-9222: pressure signals, 

NI-9214: temperature)  

Test conditions 

Since four different types of engines were tested in this study, 

conditional similarity is necessary. Thus, to minimize the effect of 

different engine types (A: normal cam, B: LIVC cam), engine B was 

operated under the intake cam timing, which makes the motoring 

pressure the same as in engine A, while the exhaust cam timing was 

fully advanced. This resulted in the effective compression ratio being 

the same in this study. 

The fuel properties are shown in Table 3, and test conditions are 

shown in Table 4. Knock incidence was mostly maintained at 5% for 

all operating conditions in this study (10% for oil-gallery cooling 

implementation), which means 5% of total operating cycles were 

classified as knocking conditions. By measuring 1,000 cycle data, 

weak knock condition with steady state condition is well achieved. 

The metrics for knock measurement and determination in this study 

are well interpreted in the previous chapter. 

Table 3. Fuel properties 

Conventional gasoline Value Test Method 

H/C ratio 2.064 ASTM D 5291 

Density [kg/m3] @ 15°C 724.5 ASTM D 1298 

Research Octane Number 91.5 ASTM D 2699 

LHV [MJ/kg] 42.825 ASTM D 240-14 

Oxygen [% in mass] 1.53 ASTM D 4815 

Methanol [% in mass] < 0.05 ASTM D 4815 

 

In practice, the cooling water temperature has been tested from 85°C 

to 40°C, but excessive cooling, such as 40°C, of coolant temperature 

may decrease the brake thermal efficiency since it requires more 

accessory work. Therefore, this study mainly focused on the 

conditions until down to the 60°C condition. Cooling passages for the 

cylinder liner and the head were separated and controlled 

independently. Moreover, to maintain a uniform thermal boundary 

temperature, coolant flow was maximized. Consequently, the coolant 

temperature discrepancy between the inlet and outlet was less than 

1°C for all operating conditions. The piston surface temperature was 

controlled by the oil flow injected from the oil-jet. Authors have tried 

controlling the oil temperature to cool more excessively (20°C) but 

the oil was affected by the heat transfer and applied heat again in the 

oil passage before the injection. Tests were performed for 1500 rpm 

and 2000 rpm, and other information is shown in Table. 4. 

Table 4. Test conditions 

Engine speed [rpm] 1500, 2000 

Air-fuel ratio Stoichiometric (λ = 1) 

Coolant 

Temperature 

[°C] 

Head [°C] 60 ~ 85 

Liner [°C] 60 ~ 85 

Piston oil-jet On / Off  

Oil temperature [°C] 75 ± 1 

Ambient temperature [°C] 30 ± 0.5 

Fuel inlet temperature [°C] 35 ± 2 

 

Experimental results and discussion 

In this chapter, three main categories are discussed. First, the effect of 

independent cooling on each thermal boundary temperature is 

discussed. Second, the effect of cooling on knock mitigation is 

investigated using two methods: advance of ignition timing under the 

same load and expansion of maximum load. Third, the effect in 

different engines are shown: PFI and GDI and the impacts on 

different S/B ratio engines. 

Thermal effect of cooling segregation 

 

Figure 6. Shape of segregated cooling passage and temperature measurement 
positions. 
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The temperature measurement points for the thermal boundaries are 

shown in Fig. 6. All the points are located exactly 1 mm outside of 

the combustion chamber. Twenty-two total points were measured 

with K-type thermocouples: twelve points in the liner around the 

cylinder bore, inner wall and outer surfaces, five points beneath the 

top surface of the piston (including the center), five points in the 

cylinder head (including next to the spark-plug). Engine A was used, 

and an optimized linkage system was used to measure the piston 

temperature. [30] In this paper, the average temperature values are 

used. 

 

Figure 7. Head and liner wall temperatures: (a) Head cooling, (b) Liner 

cooling at IMEP 6 bar, 1500 rpm. 

 

Figure 8. Piston wall temperature of piston at IMEP 7 bar, 1500 rpm. 

The wall temperature variation of the head and liner are shown in 

Fig. 7. Experimental condition was 1500 rpm, IMEP 6 bar. While one 

of the two coolant temperatures were controlled, the other 

temperature was maintained at 85°C. From left to right on the X-axis, 

the coolant temperature decreases from 85°C to 60°C. For example, 

in the top graph of Fig. 7, the red line with circular dots indicates the 

average head wall temperature against the head coolant temperature, 

while the liner coolant temperature remained constant at 85°C. It is 

clearly shown that cooling segregation was facilitated by independent 

cooling strategy. The mean wall temperature of the liner doesn’t 

change significantly, while the head coolant temperature decreases. 

Likewise, the mean wall temperature of the head doesn’t change a lot 

while cooling the liner. It can be concluded that the wall temperature 

of each component is dominantly determined by the coolant 

temperature. To avoid confusion, the result only shows the 1500 rpm 

case, but the tendency is the same for the 2000 rpm case as well.  

In Fig. 8, the averaged piston temperature at 1500 rpm and IMEP 7 

bar is shown (note that the wall temperatures in this study is 1 mm 

outside from the actual surface). Simul. indicates simultaneous 

decrease of the coolant temperatures for the head and the liner. 

Likewise, the red line with red circles indicates the piston wall 

temperature variation while only cooling the head coolant to 60°C. It 

is obviously shown that piston wall temperature is mostly affected by 

the liner because it shows almost no change when only the head 

coolant temperature decreases. This is thought to be due to a large 

amount of conduction through the piston rings. It is also shown that 

piston wall temperature variation is smaller than that of the liner 

when the liner coolant temperature decreases. 

 

Figure 9. Temperature gradient of the liner wall at IMEP 6 bar, 1500rpm. 

In Fig. 9, the temperature gradient (ΔT/mm) of the liner between 

1mm outside from combustion chamber (5 mm inside the liner) and 

the outer surface is shown. Because temperature can be largely 

affected by the conduction by the cylinder head through the gasket, 

the location of 40.5 mm vertically lower from the liner top was 

selected. Intake and exhaust side both were measured and averaged. 

The gradient indicates the heat loss amount by the cylinder liner 

indirectly. Heat loss towards the liner is significantly affected by the 

head coolant temperature as indicated by the red line in the figure. As 

the head coolant temperature decreases, the heat loss toward the liner 

decreases as expected. Moreover, it increases considerably as the 

liner coolant temperature decreases. (The blue line in Fig. 9) 

When the liner coolant temperature decreases, the amount of heat 

loss increases more quickly than that of heat loss decrease when 

cooling the head (the absolute slope of blue line is bigger than the 
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absolute slope of red line). Although the head cooling strategy is 

known to have a larger effect on knock mitigation than the liner 

cooling strategy (will be discussed later), since the piston temperature 

is not significantly affected by the cylinder head coolant temperature 

change, the liner also has great potential to reduce the gas 

temperature of the combustion chamber especially at the end-gas 

region or relatively low piston position such as intake process.  

 

Figure 10. The temperature distribution of the piston at IMEP 7 bar, 1500 
rpm: (a) oil-jet on, (b) oil-jet off 

Figure 10 shows the measured temperature distribution of the piston 

with no-oil injection (left) and oil injection (right) at 1500 rpm, IMEP 

7 bar. It is clear that the distribution changes when oil-gallery cooling 

is applied. The hot area moves to the exhaust side along with the 

decrease of the entire piston temperature. The temperature difference 

between the intake side and exhaust side increased when oil injection 

to the gallery is used. In these conditions, the difference of averaged 

coolant temperature between inlet and outlet was less than a 1°C 

difference as well. Hwang et al. [10] showed a 17°C decrease in the 

piston crown temperature using computational methods; however, the 

cooling effect was more substantial in this experimental study.  

Advance of ignition timing 

It is well known that ignition timing can be advanced if knock is 

suppressed. Figure 11 shows ignition timing advance under the same 

load condition, while knock mitigation was achieved through the 

coolant temperature being varied from 60°C to 85°C. If the coolant 

temperature is high, for the same level of knock incidence, ignition 

timing had to be retarded which increases the amount of air-fuel 

mixture required to maintain the same load. The test procedure in this 

chapter is as follows. 

(1) Determine the load limit at 60°C coolant temperature 

MBT was required. If the load is not enough at MBT timing, auto-

ignition does not occur. Therefore, the load limit was first found for 

each coolant temperature condition. For example, under 1500 rpm, 

the IMEP for simultaneous cooling was 6.89 bar, 6.69 bar for head 

cooling and 6.54 bar for liner cooling. 

(2) Determine the ignition timing at the test condition (varying the 

coolant temperature) 

Maintaining the load and 5% knock incidence, appropriate ignition 

timing was determined for each condition. As the coolant temperature 

was increased, further retard of the ignition was necessary, and the air 

was induced more as ignition timing was retarded. All conditions 

maintained stoichiometric during the operation. 

Approximately 0.2 CA of ignition timing advance was achieved for 

every 1°C decrease of coolant temperature in the 1500 rpm 

simultaneous cooling case, as shown in Fig. 11. In all, 0.12 CA was 

achieved when the head coolant temperature was decreased 1°C, and 

0.11 CA was achieved for liner cooling. The same implementation 

was conducted at 2000 rpm and resulted in 0.26 CA, 0.21 CA, 0.18 

CA ignition advance for simultaneous, head, and liner cooling, 

respectively. 

 

Figure 11. Ignition timing advance: (a) 1500 rpm, (b) 2000 rpm 

 

Figure 12. Indicated specific fuel consumption of simultaneous cooling. 

The efficiency increase of the simultaneous cooling case is shown in 

Fig. 12 in terms of ISFC. A total of 2.89% and 3.45% of ISFC 

decrease was achieved at 1500 rpm and 2000 rpm, respectively, while 

the coolant temperature decreased simultaneously to 60°C. The trend 
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of ignition timing advance was identical until the temperature 

condition of 40°C (excessive cooling). However, during engine 

operation, PM emission was excessive due to the poor fuel 

evaporation and seemed undesirable. Therefore, it was excluded in 

this paper.  

Simultaneous cooling resulted in the largest absolute slope in the 

graphs and can be thought of as having the largest knock mitigation 

effect. Decreasing the head coolant temperature resulted in a larger 

slope in the figure than decreasing the liner coolant temperature. The 

potential of the liner part was already discussed in the previous 

chapter. However, even though the potential of the liner cooling was 

found through observing the heat loss, the cylinder head has a greater 

influence on knock behavior compared to the liner. This implies the 

temperature of the cylinder head contributes more to determining the 

end-gas temperature when auto-ignition occurs compared to heat loss 

towards the wall. This trend is also shown in the load expansion cases 

later in this paper. Heat transferred towards the intake air from the 

intake port, valves, etc. is thought to have a large influence and was 

investigated using CFD simulation by Imaoka et al. [29] in a recent 

study. 

Expansion of load limit 

 

Figure 13. Load limit expansion, engine A (PFI): 1500 rpm, (b) 2000 rpm 

In this study, load limit expansion was attempted while the coolant 

temperatures were decreased. The test was conducted at 1500 rpm 

and 2000 rpm, and load limit expansion was possible as further knock 

mitigation was achieved. The test method was as follows. 

(1) Increase the load until 5% knock incidence was obtained at a 

coolant temperature of 85°C. MBT was maintained in all operating 

points. (aTDC 8 CA) All conditions maintained stoichiometric during 

the operation. 

(2) Further increase the load at test condition (varying coolant 

temperature) maintaining 5% of knock incidence. 

Figure 13 shows the results of load limit expansion while the coolant 

temperatures were controlled under 1500 rpm and 2000 rpm. As 

expected, the simultaneous cooling case showed the largest effect. 

The black line with triangles is the simultaneous cooling case, the red 

line with circles is the case where only the cylinder head was cooled 

while the liner coolant temperature was maintained at 85°C. The blue 

line indicates the opposite case. A significant difference in the knock 

mitigation effect between the head and the liner is shown in Fig. 13. 

Decreasing coolant temperature does not lead to deterioration of the 

efficiency. The efficiency increased from 36.79% to 37.03% during 

simultaneous cooling from 85°C to 60°C at 1500 rpm (there was no 

significant change at 2000 rpm). As a result, 10.3% and 6.8% of the 

load limit expansion was achieved in terms of IMEP at 1500 rpm and 

2000 rpm, respectively, during simultaneous cooling. A 7.1% and 

4.8% increase for head coolant cooling and a 4.8% and 2.5% increase 

for liner coolant cooling were achieved at the speed conditions. At 

1500 rpm, 0.29% knock limit improvement was achieved for every 

unit temperature decrease of the head coolant. 0.19% was shown for 

liner cooling, 0.41% was shown for simultaneous cooling case. 

Likewise, at 2000 rpm, the load increase effect of 0.27% for 

simultaneous cooling, 0.19% for head cooling, 0.1% for liner cooling 

were achieved while decreasing 1°C of the coolant. The ratio of 

effects on knock mitigation of each component can be generally said 

as follows. 

Simultaneous : head : liner = 2.5 : 1.7 : 1. 

The knock mitigation effect was quantified in two ways in this paper: 

ignition timing advance and load limit expansion. Ignition timing 

advance is more practical because it increases efficiency directly. 

However, every engine has different knock characteristics. For 

example, different maximum load, different combustion phasing for 

MBT, etc. make comparing different engines difficult when using the 

quantification of ignition timing advance method. Therefore, in the 

later part of this study, the load limit expansion method was used to 

compare various engine types. 

Different engine type (PFI and GDI) 

In previous section, only engine A (PFI) was used. In this chapter, the 

different behavior of engine B-2, which is GDI type with the same 

bore and stroke, is shown. As it is mentioned in the test condition 

chapter, the B-2 engine was operated under intake cam timing, which 

makes the motoring pressure equal to engine A, while the exhaust 

cam timing was fully advanced.  

The overall load limit is higher than in engine A (PFI) under the same 

knock incidence (6.25  7.34 bar at 1500 rpm, 6.79  7.6 bar at 

2000 rpm), as shown in Fig. 14. It is well known that GDI engine has 

higher resistance on knock due to the charge cooling effect of direct 

injected fuel. Unlike the PFI engine case, the effect of wall 

temperature decrease was increased in higher engine speed condition. 

While decreasing the coolant temperature simultaneously until 60°C, 

9.6% and 11.1% of load limit expansion was achieved in 1500 and 

2000 rpm, respectively. It was also shown that the decrease of head 

coolant temperature had larger effect on the knock mitigation than 
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that of liner coolant temperature. At 1500 rpm, 0.23% knock limit 

improvement for every unit temperature decrease of head coolant 

temperature. 0.098% was shown for liner cooling corresponding to a 

half effect of the head cooling, 0.42% was shown for simultaneous 

cooling case. Likewise, at 2000 rpm, 0.45% for simultaneous cooling, 

0.22% for head cooling, 0.15% for liner cooling load increases were 

achieved while decreasing 1°C temperature of the coolant. The ratio 

of mitigation effect in Engine B can be generally assumed as follows. 

Simultaneous : head : liner = 3.5 : 1.9 : 1. 

The effect by lowering head coolant temperature was approximately 

twice as much as that by lowering the liner coolant temperature in 

both PFI and GDI engines. This was also verified by Kobayashi [22] 

et al. However, the effect of simultaneous cooling of GDI engine is 

larger than that of PFI engine case. It is not clear why simultaneous 

cooling case shows additional effect in GDI engines. This still needs 

a further investigation.  

 

Figure 14. Load limit expansion, engine B-2 (GDI): (a) 1500 rpm, (b) 2000 

rpm 

Different stroke-to-bore ratio 

Using engine B-1, 2, 3 described in Table 1, load limit expansion was 

implemented for various stroke-to-bore ratios. The compression ratio 

was the same (12 ± 0.05) as the aforementioned design concept. The 

shape of the heads and pistons are shown in Fig. 15. 

Figure 16 shows the results of simultaneous cooling at 1500 rpm and 

2000 rpm. Different S/B ratios also show similar effects. All the 

engine heads were designed to be a 1.3 tumble ratio (tested in tumble 

bench); however, mainly because of the mean piston speed, the 

turbulent energy of in-cylinder flow is thought to increase and leads 

to a lower burn angle as shown in fig. 17. Consequently, at higher 

S/B ratios, auto-ignition is effectively suppressed so the possibility of 

unburned end-gas being consumed before auto-ignition occurs 

increases. This is shown as higher load values in the figure for all 

coolant temperature conditions. 

 

Figure 15. Shape of the cylinder heads and pistons for different S/B = 1.47, 
1.2, 1.0 with CR = 12. 

 

Figure 16. Load limit expansion for various S/B ratios (a) 1500 rpm, (b) 2000 
rpm 

However, at 1500 rpm, in the S/B = 1.47 case, the load limit was not 

significantly expanded compared to S/B = 1.2 case. At 2000 rpm, as 

S/B increases, burn duration was clearly decreased due to the 

increased mean piston speed. However, there was no significant 

difference in burn duration at 2000 rpm. Nevertheless, the load limit 

was expanded for larger S/B ratios. It can be concluded that not only 

flame speed is a dominant factor in knocking tendency, but the heat 

transfer between walls and air-fuel mixtures also have a large effect. 
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This still needs a further investigation. At the simultaneous 85°C 

condition, averaged knock onset timings were 12.2°, 11.4° and 12° 

aTDC for S/B=1.0, 1.2 and 1.47 at 1500 rpm respectively. Likewise, 

11.3°, 11.5° aTDC CA and 10.6° aTDC CA for S/B=1.0, 1.2 and 1.47 

at 2000 rpm were shown. No significant difference of knock onset 

timing was observed under the three S/B ratios. 

 

 

Figure 17. Comparison of burn duration at expanded load limit (a) 1500 rpm, 
(b) 2000 rpm 

Piston oil-cooling gallery 

 

Figure 18. Knock mitigation effect of piston oil-cooling gallery. 

For the oil-cooing gallery of the piston in this study, the oil was 

injected from the engine block to the intake side and flows through 

the gallery. The engine A (PFI) was used for the implementation. The 

result is shown in Fig. 17. Both of the coolant temperatures were 

decreased from 80°C to 40°C. In this implementation, the 

compression ratio was 12.5. Under the same level of knock incidence 

of 10%, the load limit could be expanded from 5.96 bar to 6.59 bar 

(10%) at 1500 rpm and 6.69 to 7.19 bar (7.5%) at 2000 rpm, which is 

a large expansion.  

Summary/Conclusions 

1. In this study, knock detection methods using in-cylinder pressure 

sensors were reviewed, specifically in terms of the knock intensity 

and knock onset determination for real engine tests. A steady-state 

experiment method using knock incidence was newly proposed. 

(1) A 4~28 kHz 5th-order Butterworth band-pass filter was used. 

MAPO TVE 0.5 bar method can provide precise detection of weak 

knock. Knock incidence calculated from this detection method can be 

used to measure knock tendency with high reliability. 

(2) Knock onset determination using a 9-point median and 7-point 

2nd-order Savizky-Golay smoothing filter can effectively determine 

knock onset. This can be used during an engine test in real time. 

2. Measurements of cylinder wall temperatures was conducted to 

verify the thermal effect of segregated cooling of the cylinder head 

and liner. 

(1) Independent controlling of the wall temperatures was well 

achieved. Liner coolant temperature was found to have a large effect 

on the piston surface while the head coolant temperature doesn’t. 

(2) By oil jet injection into piston oil-cooling gallery, significant drop 

of piston surface temperature was achieved which showed the larger 

effect than the decrease of liner coolant temperature. 

3. The knock mitigation effect was quantified with two methods: 

ignition timing advance and load limit expansion. Through these two 

methods, the effect of the head and the liner could be separated. As a 

result, it shows that the temperature of the coolant head is more 

influential than that of the liner. However, temperature measurements 

also show that liner cooling also has potential for knock mitigation. 

(1) 0.2, 0.12, 0.11 CA /°C of ignition timing advance per decrease of 

unit coolant temperature was achieved under 1500 rpm in 

simultaneous cooling, head coolant cooling and liner coolant cooing, 

respectively. The effect was larger in 2000 rpm. (0.26 CA, 0.21 CA, 

0.18 CA /°C in 2000 rpm) This resulted in 2.89% and 3.45% decrease 

of ISFC. 

(2) 10.3% and 6.8% of the load limit expansion was achieved 1500 

rpm and 2000 rpm, respectively, in a simultaneous cooling case. A 

7.1% and 4.8% increase for head coolant cooling and a 4.8% and 

2.5% increase for liner coolant cooling were achieved at the speed 

conditions. 

4. Knock mitigation effects were also investigated in different types 

of engines through the load limit expansion tests. 

(1) In the GDI engine test, the head coolant temperature showed the 

larger effect than the liner coolant temperature as well. However, 

further mitigation than PFI engine was shown when the simultaneous 

cooling was adapted. 
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(2) For higher S/B ratios, load limit was expanded under the same 

condition of coolant temperatures mainly due to enhanced 

combustion period. The effect of coolant temperature decrease was 

similar in all S/B ratios. 

(3) Piston cooling through the oil-cooling gallery showed a 

significant effect. Approximate 25°C decrease of mean piston surface 

temperature was achieved, resulted in 10% and 7.5% of load limit 

expansion at 1500 and 2000 rpm, respectively. 
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Definitions/Abbreviations 

aBDC after bottom dead center 

aTDC after top dead center 

bBDC before bottom dead center 

bTDC before top dead center 

CA crank angle 

CR compression ratio 

CFD computational fluid 

dynamics 

CO carbon oxide 

CVVT continuous variable valve 

timing 

DISI direct injection spark 

ignition 
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DKI dimensionless knock 

indicator 

ECU engine control unit 

EGR exhaust gas recirculation 

EVC exhaust valve closing 

EVO exhaust valve opening 

GDI gasoline direct injection 

H/C hydrogen/carbon 

IMEP indicated mean effective 

pressure 

IMPO integral of modulus pressure 

oscillation 

ISFC indicated specific fuel 

consumption 

ISPO integral of squared pressure 

oscillation 

IVC intake valve closing 

IVO intake valve opening 

KI knock intensity 

KLSA knock limit spark advance 

LHV low heating value 

LIVC late intake valve closing 

LKI logarithmic knock intensity 

MAPO maximum amplitude of 

pressure oscillation 

MBT maximum brake torque 

MFB50 mass fraction burned 50% 

PCB printed circuit board 

PDF power density function 

PFI port fuel injection 

PM particulate emission 

S/B stroke-to-bore 

SER signal energy ratio 

SI spark ignited 

SOC start of combustion 

TDC top dead center 

THC total hydrocarbon 

TVE threshold value exceed 

WOT wide open throttle 

 


