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Abstract 
 

In this paper we present a new method to classify the knock resistance of natural gas mixed with 
different fractions of ethane, propane and hydrogen and compare the predictions with experiments 
on a modern medium-BMEP CHP-unit gas engine. The knock propensity of the gases, which is 
directly related to the autoignition behavior of the fuels have been studied based on numerically 
calculated autoignition delay times of the gaseous fuels.  

 
Analyses of the measurements in the gas engine show that variations in the fuel composition 

cause differences in the in-cylinder pressure and temperature history, which affect the autoignition 
behavior, and can result in quantitatively different knock behavior with varying gas composition. 
Towards this end the entire temperature history of the end-gas is taken into account into the 
autoignition calculations. The pressure and temperature history can be modeled based on the 
observation that the measured combustion phasing correlates very well with the numerical 
calculated laminar burning velocity for both the studied natural gas/H2 and the natural 
gas/C2H6/C3H8 mixtures. Interestingly, the correlation between the combustion phasing and the 
burning velocity for the natural gases/H2 mixtures scales with a different correlation factor than the 
natural gas mixed with fractions of added ethane and propane. Knock predictions and 
measurements by using the knock limited spark timing (KLST) show the reduction in knock 
resistance with increasing fractions of hydrogen, ethane and propane in the fuel. Comparison 
between the knock propensity based on the calculated autoignition delay time and the measured 
knock propensity (KLST) show excellent agreement for all measured fuels. The knock propensity 
calculated by the AVL-List methane number shows good agreement with the knock measurements 
for the higher hydrocarbon containing natural gas mixtures but shows large disagreement with the 
knock propensity measurements for natural gas/hydrogen mixtures.  

 Future work is planned for validating the method for other fuels and larger engine types. 
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1 INTRODUCTION 
 

One of the consequences of the growing production of unconventional gases, the globalization 
of the energy market and the drive towards sustainability is that gases with significantly different 
composition can be or will be traded and distributed. For example, “rich” natural gases that contain 
substantial larger concentrations of higher hydrocarbons than the traditional pipeline gas are being 
introduced into grids, as are “sustainable” gases, such as biogas, which can contain large fractions 
of hydrogen, CO and CO2. When these gases are used to fuel reciprocating internal combustion 
engines these variations in gas composition can induce the occurrence of engine knock. The latter 
phenomenon is characterized by spontaneous ignition (autoignition) of unburned fuel mixture, the 
so-called end-gas, ahead of the propagating flame in the engine cylinder. Engine knock should be 
avoided since it can physically damage the engine and increase pollutant emissions [1]. Because 
optimal operating conditions (low emissions, high efficiency and maximum power output) is often 
close to those of knock occurrence it is of great importance to know the knock resistance of a fuel 
accurately. 

 
In the last decades several empirical methods, such as the AVL-list methane number, have 

been developed to classify fuels with respect to their knock sensitivity [2]. In the methane number 
(MN) the knock propensity of fuels is compared with an equivalent methane/hydrogen mixture; 
methane, which has the highest knock resistance, has a MN of 100, at the opposite end of the 
scale, hydrogen, which has the lowest knock resistance, has the lowest MN of 0. The first draw 
back of this method is that the methane number is derived from knock measurements performed 
on a stoichiometrically operating engine, while the actual diversity of installed engines is great, and 
modern engines tend to operate substantially fuel lean at different pressure and temperature 
conditions of the compressed end gas. As shown in [3-8] the autoignition behavior of fuels seem to 
depend strongly on the specific regime of temperature and pressure in a given engine. This 
observation serves as a caveat that using a single ranking system, as is the current use of the 
Methane Number, may be a too-simple representation of the actual situation. Furthermore, it is not 
clear how well the existing, empirical, methods to characterize knock correctly account for exotic 
fuel components, such as hydrogen or CO. A fundamentally sound method to assess the knock 
tendency of fuels can remove much uncertainty regarding the limits of validity of the current 
methods. 

 
In this paper we present a new method to classify the knock resistance of gaseous fuels and 

compare the predictions with experiments on the modern medium-BMEP-CHP-unit gas engine. 
The method is based on the knowledge that knock is directly related to autoignition of the end-gas 
before being consumed by the flame and it takes into account the changes in in-cylinder conditions 
(P,T) experienced by the end gas as results of the varying gas composition.  

 
On the one hand, the method is valuable for the (international) gas industry, allowing the 

assessment of gas interchangeability without compromising the safe and efficient operation of gas 
engines in mobile and stationary applications. On the other hand, the method should provide a 
valuable tool for the gas engine manufacturers to define knock-free gas engine performance 
ratings for today's and tomorrow's fuel gases. 



2 EXPERIMENTAL PROCEDURE 
 

A 210 kW 1500 rpm lean-burn turbo-charged intercooled 6-cylinder gas engine for CHP-duties 
was used in this study. The motor management system and further instrumentation allowed for 
precise adjustment, monitoring and acquisition of power output, fuel consumption, exhaust gas 
emissions, ignition timing, air-fuel-ratio and other relevant engine parameters.  

 
The in-cylinder pressures were measured with a Kistler type 6052 piezoelectric pressure sensors 

and a Kistler type 5011 charge amplifiers connected to a Smetec Combi-Pro indication system. A 
crankshaft-mounted pulse generator provided 0.1 oCA resolution for the cylinder pressure data 
acquisition. The Combi-Pro system was also used for knock detection through monitoring of the 
maximum amplitude of pressure oscillations in the HP-filtered cylinder pressure data in a window of 
consecutive cycles. Thresholds settings used were 2 bar for the amplitude and 30 cycles for the 
window. The knock limit was arbitrarily chosen at one only (cluster of) knock event(s) within a 15 
minute steady-state test run. 

 
During the experiments, fuel for the test engine was delivered by a mobile gas mixing unit. This unit 

allows on-stream variation of the fuel gas composition by independent adjustment of the mass flow 
rates of up to six source gas streams. The fuel compositions used in the experiments are Dutch 
natural gas mixtures mixed with ethane, propane (table 1) and hydrogen (table 2). All mixture 
compositions were verified by gas chromatography. Once the composition fuel/air mixtures at a 
lambda, λ of 1.5 (ϕ=0.67) and the other relevant cylinder parameters are set (table 1 and 2) the 
pressure traces of the gases at non-knocking condition are measured at a constant spark timing of 
14° before top dead center (BTDC). Subsequently, the spark timing was gradually varied up to the 
point of the onset of borderline knock; this point is called Knock Limited Spark Timing (KLST). Figure 
1 shows the test engine and the mobile gas mixing unit. 

 

Figure 1. The 210 kW test engine (left) and the mobile gas mixing unit (right) in KEMA's Combustion  

 Laboratory. 

 



Table 1: Composition of rich natural gases studied 

Table 2: Composition of hydrogen/natural gas mixtures 



3 SIMULATION PROCEDURE OF ENGINE KNOCK 
 

Knock in spark ignited engines occurs when the compressed unburned fraction of fuel/air 
mixture in the cylinder, the so called end gas, ignites spontaneously before being consumed by the 
propagating flame front initiated by the spark plug. By calculating autoignition of the end gas which 
is constantly compressed by both the propagation of the flame front and mechanical compression 
by the piston we simulated the occurrence of engine knock during the cycle with the program 
SENKIN [9]. The chemical mechanism [10-14] used in the simulations is validated based on 
autoignition delay time measurements for methane/ethane/propane/butane/pentane mixtures [13, 
14] and optimized for CH4/H2/CO mixtures measured in a Rapid Compression Machine (RCM) at 
temperatures relevant to engines [15].  

 
Based on the specific volume of the end gas the simulation model computes the combined 

pressure, temperature and chemical history of the end-gas during the compression and combustion 
phase of a cycle for a given fuel. The specific volume of the end gas is derived from a measured or 
simulated non-knocking pressure history, by assuming adiabatic compression of the unburned end 
gas by using the following equations, 
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where Ti and Pi are the intake temperature and pressure, P(t) is the pressure of the unburned gas 
mixture, T(t) is the temperature of the unburned gas mixture, Vi is the specific volume of the 
adiabatic core of the unburned gas at the start of the compression stroke and is taken arbitrary, V(t) 
is the temporary specific adiabatic core volume of the unburned mixture and γ(T) is the ratio of 
temperature-dependent specific heat capacities of the unburned mixture (Cp/Cv). Clearly, with the 
measured cylinder pressure traces typically being from non-knocking engine operation, the 
simulation model will not predict auto-ignition of the end-gas for any of the given fuels and thus not 
allow ranking them in terms of the above stated delay time. To overcome this, we increased, 
artificially, the the intake manifold temperature of the mixture until knock occurs in the simulations, 
assuming that this increase has a negligible effect on the pressure trace. Here we defined knock 
when autoignition of the unburned end gas occurs before the flame completely consumed the end 
gas. More specifically, in the simulations we increased the manifold intake temperature with 47K 
such that in the simulation of the reference fuel auto-ignition occurs near the end of the combustion 
phase, the latter (somewhat arbitrarily) positioned at the 90% apparent heat release timing. Clearly, 
simulations for fuels with a lower knock resistance than the reference gas A show auto-ignition 
earlier in the cycle. The calculated pressure spike depicted in figure 2 indicates the occurrence of 
knock of reference gas A. In addition figure 2 shows the definition of the auto-ignition delay time. 



Figure 2. Measured pressure history and calculated autoignition of gas A subjected to the 
complete measured pressure and temperature history, at (fictive) initial temperature 
T0+47K. 

 



4 RESULTS AND DISCUSSION 
 

Figure 3 shows the pressure profiles of the Dutch natural gas/H2 mixtures (table 2) measured 
under non-knocking conditions. The measurements show that the peak pressure and temperature 
increase substantially with increasing fraction hydrogen in Dutch natural gas. Since the autoignition 
behavior of fuels is very sensitive to temperature and moderately sensitive to pressure it is 
necessary to take into account the changes in the pressure and temperature history of the end gas 
as a result of varying gas composition into the engine knock simulations. Towards this end, engine 
knock simulations for the natural gas mixtures mixed with ethane and propane (figure 4) and 
hydrogen (figure 5) have been performed based on the effective volume derived from the 
measured cylinder pressures of the gases at non-knocking conditions, as described in the previous 
section. 

 

Figure 3: Measured pressure profiles as function of time for G-gas/H2 gases (table 2). In the legend 
the derived peak temperatures (Tp) are presented. 

 

The autoignition calculations (figures 4 and 5) show the reduction in knock resistance with 
increasing fractions higher hydrocarbons and hydrogen in the fuel. The knock resistance measured 
in the KEMA gas engine via the knock limited spark timing (KLST) method is illustrated in the 
legends of the figures. Taking into account the uncertainty in the measured KLST of ±0.5 degree 
CA we see no difference in the ranking order based on autoignition delay time and KLST. To study 
the relation between autoignition and KLST in more detail the autoignition delay times are derived 
from figures 4 and 5 by taking 12 ms as an arbitrary zero of time and plotted as function of the 
KLST in figure 6. From the excellent observed correlation between the KLST and the calculated 
autoignition delay time (figure 6) we conclude that the used methodology accurately predicts the 
knock propensity in the used high speed gas engine for all gases tested in this study.  

 



Figure 4. Ignition of the natural gases (table 1) subjected to the complete measured pressure 
and temperature history, at (fictive) initial temperature T0+47K. 

 

Figure 5. Ignition of H2/natural gas mixtures (table 2) subjected to the complete measured 
pressure and temperature history, at (fictive) initial temperature T0+47K 

 



As discussed above, a widely accepted method to rank gases for knock resistance is the 
Methane Number. For this reason, the relation between the Methane Number calculated via the 
AVL methodology [2] and the calculated ignition delay time have been investigated and presented 
in figure 7. As can be seen, an excellent correlation between the methane number and the 
measured KLST is observed for the Dutch natural gases mixed with different fractions of ethane 
and propane (table 1) while only a moderate correlation for the Dutch natural gas/H2 mixtures is 
found. The relation between the fraction of hydrogen in Dutch natural gas and the Methane 
Number [2] is also presented in figure 8. From this figure it is clearly seen that the knock resistance 
calculated with the AVL methane numbers increases with the addition of small fractions of 
hydrogen to Dutch natural gas (<3% H2) and subsequently for higher concentration hydrogen in the 
fuel (>3% H2) the knock resistance decreases. In contrast, the KLST shown in the same figure 
decreases nearly linearly with increasing fractions hydrogen in the reference fuel over the entire 
measured domain, as also observed in [20].  

 

Figure 6:  Calculated autoignition delay time based on the complete measured P-T history versus 
knock limited spark timing (KLST).  

 



Figure 7:  Computed autoignition delay times versus calculated methane number [2] for natural 
gases (table 1) and natural gas/hydrogen fuel mixtures (table 2). 

 

Figure 8:  Methane number (AVL) and measured KLST versus hydrogen percentage in reference 
gas  A.  



As shown above we are able to predict accurately the knock propensity of gases based on the 
effective volume derived from the measured pressure profiles at non-knocking condition. In order to 
calculate the knock propensity based solely on the chemical and physical properties of the gas 
mixtures it is necessary to predict the changes in the pressure and temperature history (figure 3) 
upon varying the gas composition. Here, we modeled the pressure and temperature history during 
the cycle at non-knocking conditions by using an empirically based approach, which we deem 
adequate for this purpose.  

 
Since we know that the end gas is compressed by both the motion of the piston and the 

thermal compression of the advancing flame front the changes in the effective peak compression 
with varying composition at constant engine conditions (λ, CR, spark timing, power output etc.) is 
the result of the changes in the combustion phasing only. To avoid detailed modelling of the 
combustion phasing, we make use of the observation that the combustion phasing is correlated 
with the laminar burning velocity [16]. Towards this end, the laminar burning velocity (SL) of the 
gases studied (table 1 and 2) are calculated with the PREMIX code [18] from the CHEMKIN suite 
[17], using a recently developed mechanism [19] and thermodynamic data base [19]. As input into 
the simulations, the local measured pressures and temperatures conditions at the moment of spark 
timing (14° CA before TDC) are used. Both the maximum effective compression ratios (CReff.), 
calculated with equation (1) and (2) by using the measured initial temperature and pressure history, 
and the computed laminar burning velocities (SL) of the studied gases are compared relative to 
those of the reference gas A (Dutch natural gas) and plotted in figure 9. The figure clearly shows a 
linear correlation between the changes in the maximum measured effective compression ratio 
(CReff/CReff, ref) and the changes in the laminar burning (SL/SL, ref) velocity for both the Dutch 
natugas/H2 mixtures and the Dutch natural gas/C2H6/C3/H8 mixtures. However, the slope of the 
Dutch natural gas/H2 mixture is much steeper than that of the Dutch natural gas/C2H6/C3H8
mixtures. A possible explanation for this observed difference is that for hydrogen containing 
mixtures the combustion duration of the first ten percent of the mixture (often also referred to as the 
"ignition delay") is substantially faster than that of the pure natural gas mixtures. Therefore, the 
initial growth and propagation of the flame front is faster, which would mean that a larger amount of 
the end gas compression caused by the advancing flame front occurs before the piston reaches 
top dead centre (TDC). This would increase the amount of thermal compression that the end gas of 
the hydrogen containing mixtures experiences in comparison to pure natural gas mixtures. Another 
possible explanation is that the relation between the turbulent and laminar burning velocity for 
hydrogen containing natural gases scales with another scaling factor than the pure natural gases 
[21]. The understanding in the details of the combustion behaviour of these gases is currently 
under investigation. 



Figure 9: Ratio of the laminar burning speeds relative to gas A (SL/SL, ref gas A) as function of the 
ratio of the effective compression ratio relative to gas A (CReff/CReff, ref gas A). 

By using the correlations found in figure 9, the known effective compression ratio of reference 
gas A, the known laminar burning velocity of reference gas A and equations (1) and (2), we now 
have the means to calculate the peak pressure (Ppeak) based on solely the calculated laminar 
burning velocity of the gas. To model the entire pressure history we make use of a Gaussian 
expression from which the fit parameters in the expression are derived from both reference gas A 
(table 1) and the calculated peak pressure (Ppeak) of the gas under investigation. As an illustration, 
the modelled pressure profiles for mixture H (natural gas) and mixture M (20% H2) are presented in 
figure 10 and compared with the measured profiles. For the entire set of measured gases, excellent 
agreement is found between the measured and modelled pressure profiles, as also shown in figure 
10. By using the specific volume derived from the modelled pressure traces as input into the 
simulations we now have the means to predict the knock propensity successfully based on solely 
the physical and chemical properties of the fuel. 

 



Figure 10: Measured and simulated pressure profiles for gas mixtures H and M. 



5 FUTURE WORK 
 

We are currently expanding the analyses described above to a wider range of fuel compositions. 
The challenge is to predict the combustion phasing as well for combinations of rich natural gases 
(C1-C5) in combination with hydrogen and CO. Because the timing and pressure/temperature 
regime is different in large machines (often with pre-chamber combustion), we are planning to 
validate the method on such an engine. 
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