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Abstract: The work describes the properties of natural gas as a 
engine fuel, as well as a method for evaluating knocking 
combustion at a test bench, a 3D numerical model of the 
combustion process of spark ignited (SI) gas engine and methods 
for assessing the probability of knocking combustion based on this 
model. The probability of knocking combustion, which 
characterizes the boundary condition between normal combustion 
and knocking, is determined (8%). An optimization study of the 
influence of adjustment parameters on the probability of knocking 
based on a three-dimensional numerical model is carried out. The 
developed and tested technique allows one to monitor the tendency 
of the influence of various adjustment parameters on the 
probability of knocking in a SI gas engine. 

Index Terms: 3D knock modeling, compressed natural gas, 
knock, knocking prediction, knocking probability, SI gas engine, 
test bench knocking evaluation,  

I. INTRODUCTION 

Compressed Natural gas (CNG) is an alternative to petroleum 
fuels. Its reserves are much time greater than oil reserves. 
CNG in its physical and chemical properties has an advantage 
in comparison with petroleum fuels in lower emissions level 
and higher performance of internal combustion engines. 
CNG is a motor fuel that does not require additional 
processing [1]. 
Heavy duty SI Gas engines for trucks and buses are usually 
made based on diesel engines. To convert a diesel engine into 
a SI gas engine, it is necessary to replace the diesel fuel 
supply system with a gas fuel supply system (central or 
distributed type) and install a spark ignition system [2], [3]. 
Despite the high-octane number of CNG (about 115), the 
main goal of the combustion process is to avoid knocking and 
reduce its probability, which is still very high because of 
several design and other characteristics:- problems with 
filling the cylinders with a fresh air arise due to the 
installation of the throttle which is necessary to organize the 
exact air excess ratio of the air-fuel mixture.  
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Therefore, in theory, local enrichment of the air-fuel mixture 
in the cylinders located at farthest from the throttle location 
(1st and 6th cylinders) occurs, thereby increasing the 
probability of knocking; 

- the quality of the fuel and its composition may differ (in 
the amount of impurities) depending on the region of 
production and the degree of purification, which also affects 
the knocking resistance of the fuel; 

- it is necessary to reduce the compression ratio. It is also 
possible to change the shape of the combustion chamber (in 
this work, the shape of the combustion chamber is left by 
default, as in the diesel engine, and the compression ratio is 
reduced to 12.5 due to a change of the thickness of the 
cylinder head gasket); 

- the use of CNG as fuel increases the heat density of 
engine parts in comparison with the diesel version. 

Knocking is the sound waves that occur in the combustion 
chamber of an internal combustion engine (ICE). Due to 
complexity of the knocking phenomenon, there are three 
theories exist to describe it. 

1. The theory of knocking combustion, which states that 
the flame front accelerates to supersonic velocity in the 
end-gas region and produces shock waves [5]. 

2. The theory of acceleration of the flame front, which 
states that knock occurs as a result of high-speed combustion 
of the air-fuel mixture ignited from the spark plug [6]-[8]. 

3. The theory of self-ignition, which states that the 
end-gas autoignites in one or more zones when temperature 
and pressure reach critical values [9]-[11]. 

To assess the knocking probability (KP), numerical 
methods are used. The purpose of the study is to develop 
and verify the method for calculating the KP based on 
three-dimensional numerical modeling of the combustion 
process of a SI gas engine. 

The research object is a KamAZ in-line six-cylinder SI 
gas engine converted from a diesel engine. The cylinder bore 
is 130 mm, the piston stroke is 150 mm, and the compression 
ratio is 12.5. The rated power is 331 kW at 1900 rpm, the 
maximum torque is 1850 N*m at the range of 1200-1600 
rpm. 

II. PROPOSED METHODOLOGY 

A. General description 

To develop and verify a method for calculating the KP, 
 
 
 

Experimental Research and Computer 
Simulation of Knock Onset in a Heavy-Duty  

Si Gas Engine 

Andrey Kozlov, Alexey Terenchenko, Nikita Zuev, Ilmir Gattarov 

https://www.openaccess.nl/en/open-publications
https://www.openaccess.nl/en/open-publications
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.35940/ijitee.L3072.1081219&domain=www.ijitee.org


 
Experimental Research and Computer Simulation of Knock Onset in a Heavy-Duty Si Gas Engine 

731 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: L30721081219/2019©BEIESP 
DOI: 10.35940/ijitee.L3072.1081219 
Journal Website: www.ijitee.org 

 it is necessary to verify the calculation model based on the 
experimental data under normal combustion condition and 
under knocking combustion condition. The following 
describes the method for evaluating knocking at a test bench. 
Evaluation of knocking at the test bench was carried out 
using the AVL IndiSet indicating system and the "Knock" 
module of the AVL Indicom software package. In this 
module, several values are recorded that characterize the 
knocking combustion condition: 

KP_INT (Knock Integral) – the integral value of the 
knocking wave signal passed through the filter and 
superimposed on the cylinder pressure diagram. 

KP_PK (Knock Peak) –` the absolute maximum of the 
rectified knock oscillation superimposed on the cylinder 
pressure. 

KP_EV (Knock Event) – binary value (1/0) which 
indicates whether the current engine cycle was classed as 
knocking or not. 

KP_FRQ (Knock Frequency) – specifies the number of 
detected knocking cycles within the last 'n' cycles ('n' is 
predefined), expressed as a percentage [12]. 

The determination of the knocking was carried out at full 
load and high load conditions, in the range of 800-1800 rpm 
in increments of 100 rpm. First, the optimal value of start of 
combustion (SOC) in crank angle degrees (CAD) before top 
dead center (TDC) was determined, corresponding to the 
minimum value of the break specific fuel consumption. On 
the next step, the boundary condition of knocking was 
determined by changing the value of SOC and the KP_PK 
(Knock Peak) parameter was chosen as an evaluative 
criterion. The value of this deviation was determined by the 
pressure curve, the signal of which should be filtered from 
interference caused by other oscillatory systems (for 
example, exhaust or intake valve, ignition coils). There are 
three types of filters: IIR Filter, which allows to change the 
filter characteristic by specifying a cut-off frequency. The 
upper frequencies are automatically limited at about 25 kHz 
by the calculation resolution and the filter algorithm used; 

mean value filter and dynamic mean value filter. Mean 
value filter allows adjusting the filter width, by selecting the 
filter order. The mean value filter is characterized by a 
relatively straight pass-band until approaching the Shannon 
frequency. Thus, knock peaks are more pronounced with this 
filter because higher frequencies (>25 kHz) are damped less; 
Dynamic mean value filter combines the advantages of the 
two filters described above. It is possible to directly set the 
threshold value of the oscillation frequency, provided that 
high-frequency oscillations will also be taken into account in 
the measurement process. The lower frequency threshold for 
the filter can be roughly calculated by the diameter of the 
cylinder. In this case, the value of this parameter was 4 kHz. 
Based on the test results and literature, a significant, but not a 
hard level of knocking [4], [5] was chosen for the maximum 
pressure deviation KP_PK (Knock Peak) equal to 3.0-4.0 bar 
[13]-[15]. This value was obtained as a result of engine tests 
and compared with a distinctly audible noise of knocking 
combustion. Thus, to conduct a numerical study to assess the 
KP, an engine operating condition was chosen 1400 rpm and 
a load of 1500 N*m. In the literature [4], [16]-[18] the 
operating conditions of a turbocharged engine at a low speed 
and high load are described as the most critical from the 
negative effect of knocking combustion on engine 
components and systems. 
The second important criterion in assessing of the knocking 
combustion condition, which is also used in the calibration of 
the engine control system, is the frequency of knocking 
cycles concerning to cycles with normal combustion. 
According to [17], [18], the number of cycles with knocking 
should not exceed 1-2%. 

B. Block diagram 

Figs. 1 and 2 show the parameter KP_PK (Knock Peak), at 
an operating condition of 1500 N*m at 1400 rpm, which 
estimates the magnitude of the pressure deviation in the 
cylinder. 

 

 
Fig. 1. The maximum value of pressure deviation KP_PK (Knock Peak) in the engine cylinder at a speed of 1400 rpm, a 

load of 1500 N*m and SOC value of 21.7 CAD before TDC 
 
 
 
 

 
 
 

-0.5 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

0 10 20 30 40 50 60 70 80 90 100 

K
P

_P
K

 (
b

ar
) 

Cycle number 

Cyl_1 Cyl_2 Cyl_3 Cyl_4 Cyl_5 Cyl_6 



International Journal of Innovative Technology and Exploring Engineering (IJITEE) 
ISSN: 2278-3075 (Online), Volume-8 Issue-12, October 2019 

732 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: L30721081219/2019©BEIESP 
DOI: 10.35940/ijitee.L3072.1081219 
Journal Website: www.ijitee.org 

Fig. 1 shows the value of the pressure deviation inside the 
cylinder during knocking combustion. It is important to note 
that the pressure curve indication of the combustion process 
of the SI gas engine was carried out in all cylinders. The 
ordinate axis shows the pressure increase at the knocking 
condition relative to the average value of the peak pressure in 
the engine cylinder at normal combustion for n cycles; this 
parameter is measured in bars. The abscissa axis shows the 
number of cycles, which allows to evaluate the knocking 

cycles. It can be seen that the maximum value of the KP_PK 
parameter is observed in the second, fourth and fifth 
cylinders and is 3.18, 2.9 and 2.1 bar, respectively. This 
condition can be classified as a boundary condition between a 
normal combustion and knocking combustion. The frequency 
of knocking cycles is 2%. 

Fig. 2 demonstrates the KP_PK graphs without knocking 
at a rotational speed of 1400 rpm and a torque value of 1500 
N*m. 

 

 
Fig. 2. The maximum value of pressure deviation KP_PK (Knock Peak) in the engine cylinder at a rotational speed of 

1400 rpm, a load of 1500 N*m and SOC value of 21.7 CAD before TDC 
 

Fig. 2 shows that the maximum pressure deviation for the 
fourth, fifth and sixth cylinders does not exceed 1.5 bar. It can 
be stated that there is no knocking for 100 cycles. Note that in 
this mode, there was no distinctly audible characteristic 
noise, indicating knocking combustion. 

C. Algorithm 

Method for mathematical modeling of knocking 
combustion 

A numerical model of a SI gas engine to monitor the 
tendency of knocking combustion was created in the AVL 
Fire v2018.1 software package. As a combustion model the 
Flame Tracking Particle Model (FTPM) was used. This 
model allows to estimate the knocking combustion of a spark 
ignited homogeneous air-fuel mixture. 

The FTPM is a numerical algorithm for modeling the 
combustion kinetics of a premixed charge which is based on 
the calculation of the temperature rise rate in each cell of the 

computational grid [4], [19]. This model is capable of 
assessing the occurrence of self-ignition foci in zones where 
the flame front has not yet reached and in which pre-flame 
reactions occur. There are also studies carried out with 
similar goals but using other combustion models [20]-[22]. 

To conduct an optimization study, which includes a 
change in a number of adjustment parameters and an 
assessment of their influence on the occurrence of knocking 
combustion, the model was verified in two conditions that are 
differs in ignition timing. For the first condition the value of 
SOC was equal to 19 CAD before TDC, combustion without 
knocking in the experimental pressure curve (Fig. 3) and at 
the second - value of SOC 22 CAD before TDC with 
distinctly detected knocking combustion on the pressure 
curve, as shown in Fig. 4. Note that such a practice is quite 
widespread in the framework of combustion process 
[23]-[25]. 
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Fig. 3. The pressure inside the cylinder at a rotational speed of 1,400 rpm, a load of 1,500 N*m and a SOC 19 CAD 

before TDC 
 
Fig. 3 shows the pressure curve at a rotation speed of 1400 
rpm, and load of 1500 N*m obtained experimentally and 
simulated for SOC of 19 CAD before TDC. Note that in this 
case, the TDC of the end of the compression stroke and the  
 

 
beginning of the combustion stroke corresponds to the 720 
CAD. The difference between the area under the curve 
(equivalent to the cycle) is about 3%. This indicates that the 
convergence of the calculated and experimental values of the 
pressure inside the cylinder is satisfactory. 

 
Fig. 4. The pressure inside the cylinder at a rotational speed of 1,400 rpm, a load of 1,500 N*m and a SOC 22 CAD 

before TDC. 
Fig. 4 shows the pressure curves at a rotation speed of 1400 
rpm, a load of 1500 N*m obtained experimentally and 
simulated for an ignition timing of 22 CAD before TDC. In 
this case, there is also an adequate convergence of the 
calculated and experimental pressure curves; the difference 
between the areas under the curves does not exceed 5%. 
Therefore, the calibrated model adequately describes the 
combustion process of a SI gas engine and is suitable for 
carrying out an optimization numerical study. 

Calculation method for determining the probability of 
knocking combustion 
To determine the probability of knocking combustion in a SI 
engine based on numerical simulation, a comprehensive 
assessment of the combustion process is necessary. It is 
necessary to estimate the number of cells of the 
computational grid in which the process of self-ignition takes 
place, information about the mass of cells susceptible to 
knocking combustion and the CAD of development of 
knocking combustion is recorded in the form of a table 

depending on the CAD. To determine the point in time and 
location of the self-ignition source, an evaluation criterion is 
adopted, which is based on a fixed rate of temperature 
increase in the particle. When a self-ignition criterion is 
recorded in one or more particles in a computational cell, the 
entire amount of fuel in this cell is burned during one 
calculation step. This process corresponds to rapid reactions 
and volumetric combustion or explosion in the pre-flame 
zone [26]. 

An algorithm for estimating KP developed at the N.N. 
Semenov Institute of Physical Chemistry by S.M. Frolov and 
V.S. Ivanov [26] is as follows: 

1) Information on the rate of temperature rise 
using a script is converted depending on the probability 
density function (PDF) of different orders (from 101 to 108) of 
the CAD. 
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2) According to paragraph 1, for each order, it is 
necessary to construct appropriate graphs, by which to 
determine the critical angles in CAD at which the 
temperature rise rate is maximum and the process of 
self-ignition of the end-gas can occur. The priority in 
determining the critical angles is given to a higher order of 
the rate of temperature increase. In this case, the critical 
angles were determined by the second and third orders. 
Higher-order PDF values were close to zero. 

3) With the obtained critical values of the angles, it 
is necessary to determine the average value of the 
temperature increase rate based on the distribution density 
function of various orders of magnitude PDF1-PDF8: 

     
  

  
                             

                                 
            . 

4) Calculate the Knock index            
  

  
  . 

5) Calculate the probability of knocking using the formula 

   
        

   
. 

According to the authors of the method [26], a knock index 
(KI) equal to or greater than 7 corresponds to 100% knocking 
combustion. A value of less than 2.5 corresponds to the 
complete absence of knocking combustion. Respectively, the 
KP shows the degree of approach to knocking combustion. 
According to the results of this study on a SI gas engine, the 
value of KP, corresponding to the boundary of the transition 
from the normal combustion condition to knocking 
combustion, is advisable to be considered equal to 8%. 

III. RESULT ANALYSIS 

Numerical calculation study of knocking combustion. 
A numerical calculation study of the combustion process 

was carried out in comparison with the results of the 
calculation of the base case. 

The influence of the following control parameters on the 
combustion process was studied: the ignition timing, the 
pressure rise rate in the turbocharger, the temperature of the 
air-fuel mixture (Air-fuel temperature at IVC), the air excess 
ratio and the exhaust gas recirculation (EGR) ratio. Table I 
shows a list of adjustment parameters that changed during the 
numerical study of the combustion process. 

Table I. Values of the adjustment parameters for the calculated study of the workflow 
Case SOC, 

CAD before TDC 
Pressure rise 

rate (Pk) 
Temperature at IVC 

(T_at_IVC), K 
Air excess 

ratio, λ 
EGR, % 

Base_case 19 2.3 328 1 3 
SOC_697 23 2.3 328 1 3 
SOC_693 27 2.3 328 1 3 

Pk_2.7 19 2.7 328 1 3 
Pk_3.0 19 3.0 328 1 3 

T_IVC_353 19 2.3 353 1 3 
T_IVC_373 19 2.3 373 1 3 

 
SOC_693_base

_2 
27 2.3 328 1 3 

Lambda_1.2 
 

27 2.3 328 1.2 3 

Lambda_1.4 27 2.3 328 1.4 3 
EGR 10% 27 2.3 328 1 10 
EGR 20% 27 2.3 328 1 20 

 
Note that Table I shows that when examining the 

combustion process using one of the adjustment parameters, 
for example, the pressure rise rate in the compressor part of 
turbocharger, all other adjustment parameters remained 
unchanged. As the basic calculation case in the investigation 
of the influence of the air excess ratio and EGR ratio on the 
combustion process of a SI gas engine for a basic calculation 
case was chosen the calculation case with SOC equal to 27 
CAD before TDC. This decision is due to the well-known 

fact that both an increase in the air excess ratio and an 
increase in the EGR ratio reduce the KP. Also, it was 
important to choose such an adjustment parameter that would 
at the same time have a significant impact on the cycle 
efficiency. Thus, the design case with the known knocking 
condition was chosen as the base case to see how does the KP 
is changing while adjusting parameters. Table II shows the 
results of the simulation evaluating the KP. 
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Table II. The knocking probability according to the results of a design study. 
Case Critical angles, 

CAD 
Knock Index 

(KI) 
Knock probability, % 

Base_case* 732.2 2.59 2.08 
SOC_698 736 2.88 8.55 

    
SOC_697 731.4 2.93 9.53 
SOC_693 735 3.13 13.91 

Pk_2.7 732.2 2.69 4.14 

Pk_3.0 747.6 2.92 9.34 
T_IVC_353 732 2.97 10.35 

T_IVC_373 741.8 3.20 15.57 
 

SOC_693_base_2** 735 3.13 13.91 
Lambda_1.2 743.2 2.61 2.44 
Lambda_1.4 729.4 0.96 - 
EGR 10% 730 2.14 - 
EGR 20% 725.4 0.62 - 

*Base_case – SOC = 19 CAD before TDC, Pk=2.3, Air fuel mixture temperature = 328 K, air excess ratio = 1, EGR 3%. 
**SOC_693_base_2 – SOC = 27 CAD before TDC, Pk=2.3, Air fuel mixture temperature = 328 K, air excess ratio = 1, EGR 
3%. 
Table II shows that advanced ignition timing increases the 
KP. So with SOC of 19 CAD before TDC, the KP is 2.08%, 
which corresponds to the normal combustion condition. At 
the value of SOC equal to 22 CAD before TDC the KP is 
8.55%, as this condition is investigated and evaluated on the 
test bench, so it can be defined as a transition condition 
between the normal combustion and  knocking combustion. 

With a value SOC equal to 23 CAD before TDC, the KP 
increases to 9.5% and at 27 CAD before TDC – up to 
13.91%. An increase in pressure rise ratio in the compressor 
of a turbocharger to 2.7 and 3.0 also increases the KP to 
4.14% and 9.34%, respectively. The parameter that has the 
greatest influence on increasing the KP is the temperature of 
the air-fuel mixture (air-fuel mixture in the cylinder of the 
engine at the IVC). Thus, the air-fuel mixture temperature 
increase by 25 and 45 degrees raises the KP to 10.35% and 
15.57%, respectively. 

Comparison of the effect of the air excess ratio and the 
EGR ratio on the reduction in the KP was carried out 
according to the value of the KI since the obtained values of 
the KP are negative and have no physical meaning. 
Increasing the air excess ratio from 1 to 1.2 and 1.4 reduces 
the KI from 3.13 to 2.61 and 0.96, respectively. Increasing 
the EGR to 10% and 20% reduces the KI to 2.14 and 0.62, 
respectively. It should be noted, that according to the 
parameter of the KI, the boundary of knocking combustion 
occurs at the value of 2.88 or higher. When the air-fuel 
mixture is lean, air excess ratio is 1.2, it is possible to achieve 
a non-knocking combustion. It is important that EGR ratio is 
a more efficient method to reduce the KP. 

The created numerical three-dimensional model of a SI gas 
engine adequately describes the combustion process and the 
tendency for the adjustment parameters to influence on KP. 
The technique developed and tested based on this model 
makes it possible to assess the degree of knocking, knocking 
probability and the knocking border condition, which is 
suitable for the numerical study of the SI engine combustion 
process and for assessing the influence of adjustment 

parameters on the combustion process in general. It should be 
borne in mind that the border of knocking can differ both for 
engines for various purposes and engines running on 
different fuels. To assess the adequacy of this model from this 
point of view, it is necessary to carry on further investigation 
of combustion process both via simulation and on the test 
bench to accumulate the necessary amount of statistical data. 

IV. CONCLUSION 

• A method was developed for assessing the knocking 
combustion of a SI gas engine on a test bench using an 
indicating equipment. 

• The value of the parameter KP_PK was determined, at 
which the boundary condition between normal and knocking 
combustion is observed, which amounted to about 3 bars for a 
given type of fuel and engine. 

• A three-dimensional numerical model of a heavy duty 
SI gas engine, which adequately describes the combustion 
process, was created and verified according to the results of 
the experiment. 

• Based on the verification results of the 
three-dimensional numerical model in two operating 
conditions, the KP corresponding to the transition mode of 
combustion from normal to knocking, which was 8%, was 
determined. 

• A computational optimization study of the influence of 
various adjustment parameters on the combustion process 
and the KP of a SI gas engine was carried out. The results 
obtained make it possible to monitor the tendency toward a 
change in the KP. 
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