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Abstract 

 
The low-temperature (650 K - 1000 K) ignition of propane-air and ethane-air mixtures is studied in this work. An original 

detailed mechanism of 235 elementary reactions, which models the ignition time of these fuels under a wide range of 

conditions for initial temperatures above about 1000 K, the so-called San Diego Mech, is revised and augmented slightly 

to produce the two-stage ignition and negative-temperature-coefficient (NTC) behavior seen experimentally for these 

fuels below 1000 K. By using available kinetic data, it is shown that adding only four more reactions for each fuel to the 

original chemical mechanism succeeds in modeling the low-temperature regime. The predictions of this mechanism are 

compared with two types of experimental measurements, namely those from rapid-compression machines and from static 

reactor vessels, where NTC behavior and two-stage ignition are observed. The numerical results for the ignition delay 

time exhibit good agreement with the experimental data from the rapid-compression machine, both qualitatively and 

quantitatively. Although substantial quantitative differences are observed initially for the static reactor, when radical loss 

by surface reactions is taken into account in an approximate manner, quantitatively more reasonable agreement is 

achieved in the NTC region. These results thus extend the range of applicability of the mechanism to lower temperatures 

that are of interest in various applications, such as HCCI engines.  

 

1 Introduction  

 

The thermal autoignition delay time is one of the most 

important parameters in many combustion applications. 

This time reflects the influences of the controlling 

chemical process in compression-ignition engines, and it 

plays a crucial role in low-temperature, high-pressure 

reactive-shock and detonation phenomena. In addition, 

this time is relevant to safety analyses of fuel-handling 

and combustion systems, which must be designed to 

prevent explosions under anticipated operating 

conditions. For these reasons there have been numerous 

studies of ignition delay times for many different fuels. 

The ignition delay is determined by the chemical 

kinetics of the ignition process. Chemical rate 

parameters therefore are needed for calculation of 

ignition histories. A number of different sources for 

these rate parameters are now available in the literature 

[1-10]. For hydrocarbons, depending on the fuel, the 

number of elementary steps in the tabulations range 

from the low hundreds to the high thousands. Two 

extreme views that can be adopted for tabulating 

mechanisms for any given fuel are to try to be as all-

inclusive as possible, retaining every known step, or to 

attempt to construct mechanisms that are as short as 

possible, keeping only those steps that significantly 

affect the combustion processes of interest. Both views 

are justifiable, the first clearly being applicable over a 

wider range of conditions, but the second being quicker 

and easier to use, given current limitations on 

computational resources.  

The San Diego mechanism [11] falls into the latter 

category. It is complete only through the C3 alkane 

propane, and even then is restricted to pressures below 

about 100 atm, temperatures above about 1000 K and 

equivalence ratios less than about 3. For many 

applications, however, this is sufficient, and for propane, 

excluding NOX processes, it contains only 235 

elementary steps [12]. Offsetting this advantage is a 

notable disadvantage for autoignition, namely the wide 

interest in autoignition at lower temperatures, especially 

associated with automotive applications, but also 

relevant in many safety concerns. This disadvantage has 

been brought out quite clearly in a recent low-

temperature ignition-limit study [13], in which the 

mechanism performed extremely poorly in comparison 

with more complete mechanisms. The purpose of the 

present communication is to remove this deficiency by 

including the relevant lower-temperature chemistry in 

the mechanism. The result will be to extend the range of 

applicability of the mechanism, perhaps down to 300 K, 

enabling this short detailed mechanism to be used more 

widely. To achieve this objective consistently within the 

philosophy of the mechanism, rather than including all 

of the potentially relevant low-temperature autoignition 

steps [9], only those that significantly influence the 
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ignition history over the specified range of conditions of 

interest are retained. Interestingly enough, this adds only 

four more elementary steps for each fuel, and it requires 

associated revisions of the existing rate parameters for 

two of the propane steps and for one of the ethane steps.  

 

2 Explanation of the Phenomenon of the Negative 

Temperature Coefficient 

 

Usually, as the temperature is raised, the ignition delay 

time of a fuel-oxidizer mixture decreases. For many 

hydrocarbon fuels, however, at a certain (typically low) 

temperature, this dependence reverses, and the ignition 

delay becomes longer as the temperature is increased. 

Then, at a higher temperature, generally about 50-100 K 

higher, the ignition delay begins to decrease again, 

resuming its normal behavior. This NTC zone divides a 

region of low-temperature kinetics from a region of 

high-temperature kinetics. NTC phenomena are 

especially prevalent for higher alkanes. Propane is the 

simplest hydrocarbon that has clearly exhibited the NTC 

zone experimentally, although even the lighter alkanes 

can in principle experience NTC behavior under suitable 

conditions. For this reason both propane and ethane are 

considered here; understanding the phenomenon as it 

occurs with these simpler fuels can help in clarifying the 

NTC ignition chemistry of the higher-hydrocarbon 

oxidation processes for which NTC phenomena typically 

are more pronounced.  

The development of an NTC zone arises from the 

reversible addition of an oxygen molecule to the alkyl 

radical, not just once, but twice. To see how this may be 

possible in the simplest terms, let R denote the alkyl, I 

the intermediate produced by the first addition of oxygen 

to R, and J the radical resulting from the further addition 

of oxygen to I. Unlike I, the intermediate J is sufficiently 

active that it always obeys a good steady-state 

approximation, and besides its dissociation to I and O2, 

it also decomposes to a third intermediate K (an 

alkylketohydroperoxide), which leads to chain 

branching. With this scheme, it is possible to explain the 

NTC and two-stage ignition phenomena.  

 
Table 1: New and revised rate data for elementary reactions; units are moles, cubic centimeters, 

seconds, kilocalories, Kelvin. 

 

Number  Reaction  Bn n  En  

1  C3H7 + O2  ↔  C3H6O2H 2.00E+12  0.0  0.0  

2  C3H6O2H → C3H6 + HO2 1.25E+35  8.3  22.0  

3  C3H6O2H + O2 → OC3H5O2H + OH 1.50E+08  0.0  7.0  

4  OC3H5O2H → CH2CHO + CH2O + OH 1.00E+15  0.0  43.0  

     

5  C2H5 + O2 ↔ C2H4O2H 2.00E+12  0.0  0.0  

6  C2H4O2H → C2H4 + HO2 4.00E+34  7.2  23.0  

7  C2H4O2H + O2 → OC2H3O2H + OH 7.50E+05  1.3  5.8  

8  OC2H3O2H → CH2O + HCO + OH 1.00E+15  0.0  43.0  

     

9  C3H8 + OH ↔ C3H7 + H2O 1.00E+10  1.0  1.6  

10  C3H7 + O2 ↔ C3H6 + HO2 3.50E+16  1.6  3.5  

11  C2H5 + O2 ↔ C2H4 + HO2 7.50E+14  1.0  4.8  

 

 

3 The Reactions and Rate Parameters 

 

Table 1 lists the new reaction-rate parameters of the 

present study. The ethane rates (entries 5-8) parallel 

those of propane (entries 1-4), employing literature [6] 

thermodynamic and rate data for all species and steps, 

except steps 2 and 6, the rate parameters for which were 

taken from De Sain et al. [9]. For propane, unlike 

ethane, there are two isomers of the alkyl radical that 

need to be treated differently. Following persuasive 

reasoning of Tony Dean, [17] we assume that all of the 

low-temperature and NTC chemistry is obtained from 

the normal propyl radical. To achieve this with San 

Diego Mech, it was necessary to increase the rate of OH 

attack on propane, employing the rate parameters listed 

in entry 9, taken from [6], negligibly different from 

[14]; this change has little effect on other combustion 

predictions of the mechanism because the H attack is 

sufficiently dominant that such changes in the OH 

attack are of secondary importance, but without making 
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this increase it was virtually impossible to achieve any 

NTC behavior without involving the isopropyl radical 

as well. After making this change, however, it was 

possible to retain the original isopropyl chemistry 

without any modification.  

The rate parameters for the initial O2 addition, entry 1, 

lie in the center of the range of values employed in the 

literature [5-7]. This step includes the addition followed 

by isomerization to C3H6O2H, which is assumed to be 

rapid enough that its rate need not be considered; that 

is, in effect, the mechanism makes no distinction 

between these two species, which represent I in the 

preceding explanation. The total rate of production of 

hyrdoperoxyl and the conjugate alkene is of critical 

importance in the detailed mechanism, forcing tradeoffs 

to be made between the rate of entry 2 and the direct 

abstraction in entry 10. Introduction of the low-

temperature chemistry forces entry 2 to be included, 

which necessitated reduction of the rate of direct 

abstraction in order to prevent the total rate from 

becoming unrealistic. It was not possible to achieve a 

reasonable tradeoff using rate parameters from most of 

the literature, but the parameters listed in the table, 

close to those of DeSain et al. [9], along with the 

revised parameters in entry 10, appeared to offer the 

best compromise. A corresponding tradeoff was needed 

for ethane, entry 5 and the revision in entry 11; for 

predictions of other combustion processes, either the 

original rate parameters of the mechanism would have 

to be used, or else the low-temperature chemistry 

(which, of course, in reality always occurs) would have 

to be included in order to obtain the correct overall rate.  

Step 3 describes the overall effect of the second O2 

addition. It is the result of employing the steady-state 

approximation for the resulting species (previously 

called J) and therefore exhibits only the decomposition 

products, the keto compound (previously called K) and 

OH. The negative activation energy shown, essential for 

NTC behavior, is a consequence of the heat of re-

dissociation exceeding the activation energy for 

decomposition. The rate parameters employed in 

deriving this result from the steady state were those of 

the literature [6]. Finally, the rate parameters for the 

overall branching decomposition in entry 4 [6] are 

comparable with those in most of the literature [2, 6-8].  

 

4 Comparisons with Experiment  

 

Figure 1 shows a representative comparison of ignition 

times measured in a rapid-compression machine (RCM) 

[15] with predictions based on a temperature-inflection 

criterion in adiabatic, isochoric computations. The 

improvement over the predictions of the original San 

Diego mechanism is evident. Figure 2 compares 

experimental ignition times observed in a static reactor 

(SR) experiment [16] with predictions based on this 

same criterion. The prediction of the new mechanism 

without modification is too low, often by more than an 

order of magnitude, but artificially adding a radical-

removal step HO2  (1/2) H2O + (3/4) O2 and H2O2  

H2O + (1/2) O2 with a specific reaction-rate constant of 

0.1 s
-1

, to simulate influences of diffusion of radicals to 

the walls, produces the improvement seen. Except at the 

lowest temperatures, the differences no longer exceed 

an order of magnitude. Other tests, not shown, have 

produced similar agreements, where the fraction of 

deviation to the experimental data is approximately of 

20 percent for the RCM experiments, and about 60 

percent of deviation to the SR experiments. This higher 

value of deviation on the SR experiments is related to 

the rate of the surface reactions approximating the 

effects of diffusion to walls, and based on estimated 

diffusion times, roughly 3 cm
2
 divided by 1

 
cm

2
/s, since 

we are interested only in order-of-magnitude effects. 

Figure 1: Comparisons of ignition times for stoichiometric 

propane-air mixtures at 30 bar. 
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Figure2: Comparison of ignition times (s) for stoichiometric 

propane-air mixtures at 0.8bar. 
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5 Concluding Remarks  

 

This study has shown that it is possible to obtain low-

temperature ignition and NTC behavior from the San 

Diego mechanism by adding a small number of 

appropriate elementary steps, many of them 

representing overall effects of a series of steps. The 

revision, which produces reasonable agreement with 

available experimental ignition-time data for the 

alkanes propane and ethane, captures both NTC 

phenomena and two-stage ignition. Figure 3 is an 

example of predictions of two-stage ignition with the 

new mechanism for propane, showing the transition 

from the first stage to the second stage at temperatures 

between 825 K and 875 K in this high-pressure, 

stoichiometric mixture. In this figure, the curves for 

initial temperatures between 725 K and 825 K clearly 

show the ignition-time reversal in the center of the two-

stage regime. At lower pressures the reversal becomes 

even more pronounced and occurs at lower 

temperatures. The approach takes into account 

extensive recent chemical-kinetic studies of low-

temperature combustion processes. These studies have 

addressed many different hydrocarbon fuels and have 

greatly improved our understanding of the chemistry [1-

10], [16-18]. They have, however, shown that the 

chemistry is quite complex and involves many different 

chemical species and types of steps, with pressure-

dependent rates that do not fit standard correlations. 

This makes the results both difficult and expensive to 

employ in practical calculations. To obtain an easily 

usable short mechanism, the present work therefore had 

to take many liberties in neglecting paths of lesser 

importance and in eliminating steady-state species.  

 

 

 
Figure3: Illustration of prediction of two-stage ignition for 

propane-air mixtures at 30 bars, T (K). 
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