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Abstract 
 

The ignition of N-butane-air mixtures is studied in this work. An original detailed mechanism of 235 elementary 
reactions, which models the ignition time of fuels up to C3 (methane, ethane and propane) 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 high temperature ignition for N-butane as well as the two-stage ignition and negative-temperature-coefficient 
(NTC) behavior seen experimentally for this fuel below 1000 K. By using available kinetic data, it is shown that adding 
only few new reactions to the original chemical mechanism succeeds in modeling the high and low-temperature regimes. 
The predictions of this mechanism are compared with experimental measurements from shock tubes and from rapid-
compression machines, 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 and shock tubes, both 
qualitatively and quantitatively. These results thus extend the range of applicability of the mechanism to N-butane for high 
and low-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. 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. 
The purpose of the present communication is to add few 
new elementary reactions to model the ignition 
phenomena for N-butane for both high and low-
temperatures regimes. 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 high and low-
temperature autoignition steps [9], only those that 
significantly influence the ignition history over the 
specified range of conditions of interest are retained. 
 
 
2 Explanation of the Phenomenon of the Negative 
Temperature Coefficient  

Before proceeding to the specific fuel analyzed, it can be 
helpful to attempt to give a simplified description of 
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how NTC behavior can occur. Figure 1 is a schematic 
illustration of generic chemistry that leads to NTC 
phenomena. This figure indicates that the development 
of an NTC zone arises from the reversible addition of an 
oxygen molecule to the alkyl radical, not just once, but 
twice. In figure 1 we let R denote the alkyl, I the 
intermediate radical produced by the first addition of 
oxygen to R, and J the radical resulting from the further 
addition of oxygen to I. In a current common notation, 
the first and second isomers resulting from the first O2 
addition are denoted by RO2 and QOOH 
(hydroperoxyalkyl radical), respectively, and I will be 
seen to effectively include both of these. The symbol J is 
the hydroperoxyalkyl peroxy radical O2QOOH, and K 
represents the carbonylhydroperoxide OQOOH resulting 
from the decomposition of J. The schematically 
illustrated energy levels in figure 1 have a strong bearing 
on NTC development.   

 

Figure 1: Schematic illustration of the model low-temperature 
kinetic mechanism. 

 
Unlike I, the intermediate J is sufficiently active that it 
always obeys a good steady-state approximation (a 
result of which advantage will be taken later to simplify 
the chemistry by removing J as a species that needs to be 
introduced explicitly). Besides dissociating to I and O2, 
J also decomposes to a third intermediate K, 
interestingly enough at a rate that is slower than its rate 
of re-dissociation at the prevailing temperatures but 
which has an activation energy less than its heat of 
dissociation. The result is that, with increasing 
temperature, proportionally more of the J removal 
occurs by dissociation, rather than by decomposition. 
The third intermediate K, the carbonyl compound (also 
called an alkylketohydroperoxide), unlike the other two 
intermediates, decomposes to radicals in a strongly 
chain-branching process. This last chain-branching 
decomposition chemistry occurs at an overall rate that is 
substantial, but with an overall activation energy that is 
significantly greater than (although not double) either of 
the two aforementioned heats of dissociation.  
With this scheme, at sufficiently low temperatures the 
backward dissociation step for I is negligible because of 
its high activation energy, and the chemistry goes 

sequentially from R to I through the steady-state J to K, 
the decomposition of which finally produces branching.  
As the temperature is increased, therefore, causing the 
rates and hence the overall concentration levels to 
increase, the first modification to the low-temperature 
sequence is the development of the K steady state. This 
causes the branching rate through K to become 
controlled by the K production rate from J. Since J is in 
steady state and its production rate has no explicit 
temperature dependence, while its consumption rate is 
dominated by its re-dissociation with a significant 
activation energy, the J concentration decreases rapidly 
with increasing temperature in this regime. This 
decrease is rapid enough that, since the activation energy 
for J dissociation exceeds that for its decomposition to 
K, the production rate of K decreases with increasing 
temperature. The consequent decrease in the production 
rate of active radicals with increasing temperature 
produces the NTC zone. The decreasing concentration of 
J with increasing temperature during the K steady state 
thus is the immediate cause of the NTC onset.  
To see this algebraically, let kF and kB denote the 
forward and backward reaction-rate constants for J 
production, and let kP and kK denote the reaction-rate 
constants for the production of K and for the branching 
decomposition of K, respectively. Then the steady-state 
concentration of J is 
 
                                      ,              (1) 

in which kP is negligible because kP << kB. After K 
reaches a steady state, its removal rate equals its 
production rate, so that 
 
                             .                          (2) 

Under these conditions, from (1) and (2), the branching 
rate is 
 
                       ,              (3) 

which decreases with increasing temperature because the 
activation energy of kB exceeds that of kP, while kF is 
independent of temperature. This is the key observation 
for explaining the existence of the NTC zone. According 
to (3), in this zone, as the initial temperature increases, 
the branching rate during autoignition decreases, leading 
to a longer autoignition time. It requires steady states for 
both J and K, and so there is an initial period during 
which (3) does not apply, but this period is short 
(actually sub-microseconds) compared with the 
autoignition time in the NTC zone. As the initial 
temperature of the system is increased further, the NTC 
behavior continues to occur, until the temperature 
becomes high enough that a more familiar high-
temperature branching begins to become important. This 
branching is eventually dominated by the hydrogen-

 

[J] = [I][O2]kF /(kB +kP)

 

[K] = [J]kP /kK

 

[K]kK = [I][O2]kFkP /kB

MEMORIAS DEL XVIII CONGRESO INTERNACIONAL ANUAL DE LA SOMIM 
19 al 21 DE SEPTIEMBRE, 2012 SALAMANCA, GUANAJUATO, MÉXICO

ISBN 978-607-95309-6-9 Página | 1284 Derechos Reservados © 2012, SOMIM



oxygen chain and restores the normal increase in the 
overall rate (decrease in ignition time) with increasing 
initial temperature. The NTC zone is then the region 
between the temperature at which K achieves a steady 
state and the temperature at which the high-temperature 
branching associated with chemistry of the hydrogen-
oxygen chain begins. 
 
 
3 The Reactions and Rate Parameters 
 
Table 1 (high-temperature) and Table 2 (low-
temperature) list the new reaction-rate parameters of the 
present study, employing literature [6, 7] 
thermodynamic and rate data for all species and steps, 
except step 17, the rate parameters for which were taken 
from De Sain et al. [9]. For the high-temperature 
ignition chemical mechanism, we took the reactions 
from Marinov et al [7], around 26 reactions. From the 
computational point of view, it is more desirable to 
eliminate species than reactions, because this directly 
reduces the number of species conservation equations to 
be solved. To detect the important reactions in the high-
temperature ignition process, the vector of normalized 
sensitivity coefficients, 𝑆𝑖, will be calculated using the 
ignition time, 𝑡𝑖𝑔, as the target parameter, that is 
𝑆𝑖 = (𝐾𝑖0/𝑡𝑖𝑜)𝜕𝑡𝑖𝑔/𝜕𝐾𝑖 , where 𝐾𝑖, corresponds to the 

modified specific reaction rate constant of reaction 𝑖, at 
the initial temperature, 𝐾𝑖 = 𝐾𝑖0(1 + 𝜀), with 𝜀<<1. The 
sensitivity of a system response parameter  𝑡𝑖𝑔 with 
respect to the perturbation of the reaction rate constant 𝐾 
of a reaction, 𝜕𝜏/𝜕𝐾,  measures the relative error 
induced by the removal of this reaction. Reactions with 
sensitivity smaller than certain specified values can be 
considered to be unimportant and hence neglected. 
For the low-temperature ignition process, the rate 
parameters for the initial O2 addition, entry 14, lie in the 
center of the range of values employed in the literature 
[5-7]. 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 17 and the direct abstraction in 
entries 8-9. Step 19 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. A detailed explanation can be 
found in a recent research by the authors [13]. 
 

 
 
Table 1: New elementary reactions and rate data for high temperature ignition of N-butane; units are 
moles, cubic centimeters, seconds, kilocalories, Kelvin. 
 
 

Number  Reaction  Bn αn  En  
1 C4H10  ↔  C2H5+ C2H5 .3000E+17  0.0  83000.0  
2 O2+C4H10  →  HO2+ NC4H9S .4000E+14  0.0  46000.0  
3 H+C4H10 ↔ H2 + NC4H9S  .6350E+14  0.0  7900.0  
4 OH+C4H10 → H2O+NC4H9P .2396E+07  2.0  -426.27  
5 OH+C4H10 → H2O+NC4H9S .1598E+07  2.0  -1977.67  
6 HO2+C4H10 → H2O2+NC4H9P .3233E+06  2.0  14987.98  
7 HO2+C4H10 → H2O2+NC4H9S .2155E+06  2.0  11667.46  
8 O2+ NC4H9P → HO2+NC4H8 .4000E+12  0.0  3000.0  
9 O2+ NC4H9S → HO2+NC4H8 .1000E+13  0.0  3000.0  

10 NC4H9P ↔ C2H5+ C2H4 .2000E+14  0.0  30000.0  
11 NC4H9S ↔ CH3+ C3H6 .2500E+14  0.0  32500.0  
12 O2+ NC4H8 ↔ HO2 + SC4H7 .5000E+14  0.0  41000.0  
13 OH+ NC4H8 → H2O + SC4H7 .1997E+07  2.0  -432.05  
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Table 2: New elementary reactions and rate data for low temperature for N-butane; units are moles, 
cubic centimeters, seconds, kilocalories, Kelvin. 
 

Number  Reaction  Bn αn  En  
14 O2+NC4H9P  ↔  NC4H9-OO .1500E+13  0.0  0.0  
15 O2+NC4H9S  ↔  NC4H9-OO .1500E+13  0.0  0.0  
16 NC4-QOOH↔ NC4H9-OO .2500E+11  0.0  13500.0  
17 NC4-QOOH↔ HO2+NC4H8 .2000E+14  0.0  23000.0  
18 NC4-QOOH+ O2↔ NC4-OOQOOH .1500E+13  0.0  0.0  
19 NC4-OOQOOH→OH+NC4-OQOOH .1500E+11 0.0  19000.0  
20  NC4-OQOOH→CH3COCH2+CH2O+OH .2500E+15  0.0  43000.0  
21 NC4OQOOH→CH3CHO+CH2CHO+OH .2500E+15 0.0  43000.0  

 
 

4 Comparisons with Experiment  
 
Figure 2 shows a representative comparison of ignition 
times measured at high temperatures in shock tube 
(STD) [14] and for low-temperature ignition in a rapid-
compression machine (RCM) [15] with predictions 
based on a temperature-inflection criterion in adiabatic, 
isochoric computations for a stoichiometric mixture of 
N-butane/air at 10 bar. These computations employed 
the FlameMaster code [18], with the ignition time 
defined by a temperature-inflection criterion in 
adiabatic, isochoric computations. The improvement 
over the predictions of the original San Diego 
mechanism is evident.  
Other tests, not shown, have produced similar 
agreements. Figure 3 is an example of predicted two-
stage ignition for different initial temperatures T.  

 
 
Figure 2: Comparisons of ignition times for stoichiometric N-
butane-air mixtures at 10 bar. 
 

 
Figure3: Illustration of prediction of two-stage ignition for N-
butanee-air mixtures at 30 bars, T (K). 
 
5 Modeling an HCCI Engine 
 
Homogeneous Charge Compression Ignition (HCCI) 
engines are a new technology in motors with 
fundamental differences that exceed conventional 
engines. The basic principles of operation of the HCCI 
engines have been published elsewhere [19-25]. These 
machines are an hybrid between the gasoline and diesel 
engines.  From the first they use the type of mixture of 
the fuel, and, from the second the type of ignition.  
They are an alternative to the conventional engines, 
particularly when  there is not homogeneous mixture in 
the diesel engines in detriment to the combustion 
process. HCCI use flexible fuels and can work with low 
octane fuel as long as the ignition point can be reached, 
being obtained low temperatures that reduces the 
generation of polluting agents such as NOx. 
Experiments have demonstrated that HCCI engines can 
operate with ethanol-water mixtures (wet ethanol) with 
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high water concentrations, with the advantage of very 
low NOx generation (1.6 ppm). 
As mentioned at the beginning the objective of this 
work is to obtain reduced chemical mechanism of N-
butane mixtures and to test its effectiveness on software 
based on Finite Element Method (FEM). Reduced 
mechanisms instead of detailed fuel mechanisms will 
allow future simulations in 2 and 3 dimensions of HCCI 
engines without using complex computer equipment.. 
The FEM based software was used and the reduced 
chemical kinetics was incorporated to simulate a zero-
dimensional HCCI engine. For the numerical model, the 
mass and energy equations with heat generation due to 
ignition were included.  
 
5.1 Equations of the cylinder kynematics 
 

The physical model represents a combustion engine 
cylinder with a homogenous mixture of variable 
volume. Figure 4 shows the scheme of the engine 
cylinder and indicates the important parameters for the 
instantaneous calculation of the volume of the cylinder. 
As Fig. 1 indicates, the main geometric parameters θ ,
La  and D , are the crank angle, the length of the arm 
of the crank and the diameter of the cylinder, 
respectively. For this cylinder, the compression ratio RC 
is expressed as 

 

 
c
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c
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VV
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+
==
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..        (4) 

 
 
 
 
 
 
 
 
 

 

 

 

 

 
Figure 4: Schematic of a combustion engine cylinder. 

In terms of RC  and R Lc / La= , the relation 
between the length of the connecting bar and the radius 

of the crank, can be deduced from the change of the 
volume as a function of time described by  
 

( ) [ ]θθ 22 sincos1
2

11 −−−+
−

+= RRRC
V
V

c

        (5) 

Here, V is the total volume of the cylinder, cV  the 
volume of the combustion chamber, and 

2 60Nt /θ π=  is the crank angle as a function of 
time. N is the engine speed in rpm and t  is the time. Vd  
is the exhausted volume by the piston, also called piston 
displacement, generated by the piston in its alternative 
movement.   

5.2 Equations of mass and energy conservation 

A mathematical model that simulates all the physical 
phenomena inside an internal combustion engine cycle 
is very complex.  Several theoretical studies exist in the 
literature, that describe the most important equations 
that govern partially or totally the combustion 
phenomenon of the mixture.  These models respond to 
simplifications in greater or smaller degree, as a 
consequence of applying a hypothesis.  For the present 
study, equations of mass and energy conservation for a 
homogenous system are considered as zero-
dimensional, i.e. a homogeneous system all the time.  
The model describes the volume-temperature conditions 
under which the combustible/air mixture reaches a 
spontaneous combustion process.  The equations 
 

c i
c i

d(V C ) V R
dt

=                                  (6) 

c i p ,i c
i

dT dpV C c Q V
dt dt

= +∑                        (7) 

describe the conservation of mass and energy for a 
homogenous mixture, respectively. iC  is the molar 
concentration of the species (mol/m3), iR  is the reaction 

rate (mol/m3s), p ,ic  is the molar heat capacity of the 
species at constant pressure (J / (mol K)), T is the 
temperature (K), p is the pressure (Pa).  In Eq. (7), Q is 
the heat due to the chemical reaction (J / s)  
 

c j j
j

Q V H r= − ∑ ,                              (8) 

where H is enthalpy of reaction (J / (mol K)). In order 
to complete the mathematical model it is necessary to 
define the initial conditions. Specifically, the initial 
concentration of the fuel as well as the pressure and 
initial temperature are the initial conditions. As a 
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consequence of this research, the developed N-butane 
chemical mechanism of Tables 1 and 2 added to the San 
Diego Mech was applied to model the internal 
combustion engine. 
 
5.3 Numerical simulation of the HCCI engine  

Equations (4)-(8) along with the reduced mechanisms 
were implemented in COMSOL Multiphysics, that is a 
software based on the finite element method (FEM). It 
includes several fields of physics-engineering like heat 
transfer, fluids mechanics, electromagnetism and 
structural mechanics. Specifically, COMSOL Reaction 
Engineering Lab was used for the simulation of the 
HCCI engine with the N-butane chemical mechanism. 
The zero-dimesional model of Ecs. (6)-(7), is linked to 
equations (4)-(5) to know the kinematics of the 
cylinder.. The used specifications of the engine in the 
model are given in Table 3. The numerical simulation 
allowed obtaining different excellent results like 
ignition time, ignition temperature and pressure as 
function of time. Fig. 5 shows the development of the 
ignition of a stoichiometric homogenous mixture of N-
butane/air, for a crank cycle of 1/25 s, giving a thermal 
runaway between 0.015 s and 0.02 s, depending on the 
inlet temperature of the mixture; the ignition time is 
reduced as increases the inlet temperature of the 
mixture. Below to 550 K inlet temperatures there was 
not ignition process. Fig. 6 is similar to the results of 
Fig. 5 but taken the crank angle, and specifically for an 
inlet temperature of 1000 K. In Figs. 5 and 6 a kind of 
two-stage ignition process is observed during the 
simulations by the current chemical mechanism. 
Specifically, when the compression process goes 
beyond 1300 K (higher than the validation given in Fig. 
2) these phenomena appear and it is a matter of future 
investigation. 
 
Table 3: Specification of the motor in the simulation 
 

Engine 
specifications 

Variable 
name  

Value 

Bore D 13 cm 

Stroke S 16 cm 

Connecting rod Lc 26.93 cm 

Crank La 8 cm 

Engine speed N 1500 rpm 

Compression 

Ratio 

RC 15 

 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5: Ignition delay time for N-butane at different 
inlet temperature of the mixture. 

 
 
 
 
 
 
 
 
 

 

 

Figure 6: Temperature of the combustion cylinder for 
an inlet temperature of 1000 OK versus crank angle. 

 
6 Concluding Remarks  
 
This study has shown that it is possible to obtain high-
temperature and low-temperature ignition and NTC 
behavior from San Diego Mech by adding a small 
number of appropriate elementary steps, most of them 
representing overall effects of a series of steps. This 
short chemical mechanism produces reasonable 
agreement with available experimental data for N-
butane, capturing the NTC zone and the obtained times 
of ignition were corroborated. It would be of interest to 
extend this approach to higher alkanes. The reduced 
mechanisms were employed in a FEM commercial 
software code for their later use in complicated 
geometries.  It is intended to extend this analysis for a 
HCCI engine with 2-D and 3-D geometries.  
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