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1 Introduction  

Preignition is an undesired phenomenon that has been observed in different devices such as internal 
combustion engines and shock tubes [1-9]. In these devices, preignition is typically initiated by uncontrolled 
ignition sources such as hot spots and oil droplets.  In a recent experimental shock-tube study, the ignition 
delay time measurement of mixtures with 5% ethanol and 30% O2, having either Ar or N2 as bath gas, 
showed a high uncertainty due to unexpected preignition phenomena [1]. The authors also found that under 
the same temperature and pressure conditions after the reflected shock wave, the Argon-containing mixtures 
are more prone to preignite than those containing N2 and also have a shorter ignition delay time. Without 
preignition, the homogenous ignition delay times of these mixture are nearly the same. The observed 
preignition phenomenon seems to link with on the fuel and oxidizer concentration and/or properties of the 
mixture, such as thermal diffusivity and laminar flame thickness [1].  

Preignition is typically linked to the minimum ignition energy (MIE) [2]. MIE dictates a minimum amount 
of energy that is required to achieve a successful ignition kernel formation. MIE is characterized by the 
flame thickness, mixture density, and heat capacity. Since Ar has a considerably smaller heat capacity than 
N2, it is suggested that heat capacity may be a key factor in the preignition propensity and different behaviors 
observed in the shock tube experiments of Figueroa-Labastida et al. [1]. The main objective of the present 
study is to investigate the effect of heat capacity on preignition development by varying the strength of an 
imposed ignition source which acts as a hot spot. In the following sections, the configuration and conditions 
under study are described, the results are presented and discussed, and conclusions are drawn.   

2 Initial conditions  
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One-dimensional (1-D) direct numerical simulations (DNS) are performed to study the hot spots that may 
appear in shock tubes. The hot spots may stem from a bifurcating shock wave that results in inhomogeneity 
in the mixtures. The ethanol reaction mechanism developed by Lu and co-authors [9] is adopted in this 
work. 

The physical parameters of the four selected mixtures which exhibited the preignition formation are listed 
in Table 1.  Note that the mass of the four tested mixtures in the shock tube experiments are nearly the same, 
the difference in their mass lies within 5%. The homogeneous ignition delays, τig, of the four mixtures are 
plotted in Fig. 1 showing that all the cases also have nearly identical τig despite the differences in 
composition and equivalence ratio, φ.  

Cases  φ Composition (mole %) 

1 1.0 5% Ethanol - 15% O2 - 80% Ar 
2 1.0 5% Ethanol -15% O2 - 80% N2 
3 0.5 5% Ethanol -30% O2 - 65% Ar 
4 0.5 5% Ethanol - 30% O2 - 65% N2 

Table 1. Physical parameters of the four mixtures, chosen as in [1], with the pressure and temperature after the reflected 
shockwave being, respectively, P5 of 2 bar, and T5 of 900 K, 1000 K, 1100K, and 1200 K. 

 
Figure 1. Homogeneous zero-dimensional (0-D) ignition delay time of the mixtures as a function of temperature. 

 
Figure 2. Heat capacity of the mixtures as a function of temperature. 

As shown in Fig. 2, the Ar mixtures have lower heat capacities compared with those of the N2 ones. It is 
expected that for the same amount of mass of ethanol/O2/bath gas added to the shock tube and the identical 
initial conditions after the reflected shock wave (T5 and P5), if there exist hot spots, the local temperature of 
Argon-containing mixtures will increase more than that of the N2 ones. This expectation is confirmed in the 
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next section by imposing different ignition sources. To this end, an ignition source term is added to the 
energy equation, which acts as a hot spot. The ignition source term for the 1-D simulations is defined as 
follows: 
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where qig is the ignition source term and a = 0.125. Eig, rig, and tig denote the total ignition energy, ignition 
kernel radius, and the duration of the ignition source. The values rig of 0.5 mm and tig of 0.1 ms are fixed 
while varying Eig. Note that the same ignition energy strength is added to the four mixtures for each test 
suite of varying T5 or Eig.  

3 Results and discussion  

The effect of the heat capacity on the ignition delay time of the ethanol mixtures is examined by changing 
the bath gas, being either Ar or N2. Different ignition source strengths are then varied to elucidate the 
response of τig to the change in Eig for four different mixtures. First, 0-D simulations are carried out, which 
are then followed by the representative selected 1-D simulations.  

 
Figure 3. Representative temporal evolution of temperature for four different mixtures with the same imposed ignition-
source strength from 0-dimensional (0-D) simulations. 

Figure 3 shows representative 0-D simulation results for T5 of 1000 K with qig = 1E-4 J/s. As seen in Fig. 
3, for the same qig, the cases with Ar show a higher temperature increment as compared with the N2 cases, 
which is about 80 K. This amount of temperature has a pronounced effect on the ignition delay difference 
between the mixtures with the two bath gases being used. The ignition delays of the Ar cases are more than 
two times shorter than those of the N2 cases. Note that this effect is significantly amplified in the 0-D 
simulations when contrasted with the corresponding 1-D cases because there is no heat diffusion. This point 
is confirmed when comparing the 0-D and 1-D solutions plotted in Fig. 3 and Fig. 4, respectively, 
corresponding to the same applied ignition energy density. Figure 4 shows the consistent trend of ignition 
delay advancements between Ar cases and N2 that was revealed by the 0-D simulations. However, the 
ignition delays associated with the 1-D cases are closer to the experimental results. Consistent with the 
magnitude of heat capacity shown in Fig. 2, the ignition delay time of four mixtures shown in Fig. 3 is in 
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the same order that  τig of N2 case with φ = 0.5 has a shorter than the N2 case with  φ = 1.0 while τig of Ar 
case with  φ = 0.5 has a longer than the Ar case with phi = 1.0. 

 
Figure 4. The temporal evolution of the maximum temperature from 1-dimensional (1-D) simulations. 

 
Figure 5. Temporal evolution of  temperature for Case 1. The blue lines show the hot-spot induction period, the pink 
lines show the transition period of the ignition kernel formation, and the red lines show the main combustion event. 

The time evolution of the peak temperature for the 1-D simulations is plotted in Fig. 4. It is seen that the Ar 
cases have a higher temperature increment than the N2 cases after the mixture is heated up by the ignition 
source, about 60 K (see Fig. 4a). After the ignition-source induction period, the maximum temperature drops 
quickly due to the heat diffusion (see Fig. 5, blue-to-pink transition lines). Since the thermal diffusivities of 
the four mixtures are nearly identical (not shown here), the rate of the maximum temperature decrease of 
the mixtures is almost the same. As such, the amount of temperature difference by the ignition source still 
remains during the transition period to the hot ignition. By performing computational singular perturbation 
(CSP) analysis, we found that even a small difference in the temperature increment significantly facilitates 
the H2O2 decomposition reaction via H2O2 + M → OH + OH + M, which is consistent with the findings in 
[10-12]. As a result, the mixtures containing Ar arrive at the ignition point much earlier than the ones 
containing N2, as shown in Fig. 3 and Fig. 4b. 

The sensitivity of the ignition delay times to various Eig at different temperatures (T5) is systematically 
evaluated and the results are plotted in Fig. 6 for the ignition delay time and Fig. 7 for the derivative of the 
ignition delay time with respect to Eig. It is shown that τig exponentially decreases with increasing magnitude 
of Eig regardless of the bath gases being either Ar or N2. However, the Ar cases exhibit a higher degree of 
sensitivity to Eig, which translates into much smaller τig than the N2 cases under the same condition.  This 
qualitatively substantiates the experimental observations [1].  
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Figure 6. Homogeneous ignition delay time as a function of the imposed ignition energy, normalized by its 0-D ignition 
delay shown in Fig. 1 in which no Eig is introduced.  

 
Figure 7. Sensitivity of the homogeneous ignition delay time with respect to the imposed ignition energy at four 
different temperatures of 900 K, 1000 K, 1100 K, and 1200 K. 
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4 Conclusion  

Four different ethanol mixtures with bath gas being either Ar or N2 were examined to identify the root cause 
of the preignition observed in a recent experimental study on a shock tube [1]. A hot spot was simulated by 
adding an ignition source to the energy equation. The ignition delay sensitivity of the ethanol mixtures with 
respect to the ignition source strength was parametrically investigated. It was found that the heat capacity 
difference between Ar and N2 is the main reason for the higher preignition propensity of the Ar cases. 
Besides, a small difference in temperature  increment can have a pronounced effect on accelerating the H2O2 
decomposition reaction, H2O2 + M  → OH + OH + M, which in turn significantly shortens the ignition delay 
time of the mixtures containing Ar, when compared with the corresponding N2 ones. 
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