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a b s t r a c t

Using n-butane, n-heptane and iso-octane as representative fuels exhibiting NTC (negative temperature co-

efficient) behavior, comprehensive computational studies with detailed mechanisms and theoretical analysis

were performed to investigate the upper stationary point, denoted as turnover states, on the NTC curve near

the higher temperature regime, where the ignition delay τ exhibits a local maximum. It is found that the

global behavior of the turnover states exhibits distinctive thermodynamic and kinetic characteristics un-

der different pressures, in that the ignition delay at the turnover states shows an Arrhenius dependence on

the temperature T and an approximate inverse quadratic power law dependence on the pressure P. These

global behaviors imply that the temperature and pressure of the turnover states are not independent and

can be correlated by Arrhenius dependence, as ln P ∝ 1/T. Further theoretical analyses demonstrate that such

turnover states result from the competition between the low-temperature chain branching reactions and

the decomposition of the intermediate species, and therefore correspond to a critical value, α, of the ratio

of OH production from low-temperature chemistry. In addition, the ignition delay at the turnover state can

be well correlated by the analytical expression derived by Peters et al., with the further demonstration that

the pressure dependence of the turnover ignition delay mainly result from the H2O2 decomposition reaction.

Comparison of the present results with the literature experimental data of n-heptane ignition delay time

shows very good agreement.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The phenomenon of negative temperature coefficient (NTC) is an

essential feature of the oxidation kinetics of large hydrocarbons, and

is closely related to such practically important phenomena and pro-

cesses as low-temperature ignition [1], cool flames [2,3], flame sta-

bilization [4], fuel processing [5], engine knock [6] and the devel-

opment of HCCI (homogenous charge compression ignition) engines

[7]. It refers to the effect that, for a given pressure and in an initial

temperature regime much lower than the adiabatic flame tempera-

ture of the reacting mixture, the ignition delay could increase with
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ncreasing initial temperature. The NTC behavior in auto-ignition has

een extensively observed and studied in homogenous systems such

s the shock tube [8], jet-stirred reactor [9], flow reactor [10] and

apid compression machine (RCM) [11].

It is widely accepted that the NTC behavior is due to the

eroxy-chemistry pathways in the low-to-intermediate temperature

egimes, as discussed in [12–14]. As an example, Fig. 1 shows a

chematic reaction path for the oxidation of large alkanes in such

egimes. Specifically, fuel consumption occurs via H-atom abstrac-

ion from the fuel molecule to form the alkyl radical, R. Since β
cission is slow at low temperatures, O2 addition to the R radical is

ominant, forming the RO2 radical. Then isomerization of RO2 forms

he hydroperoxy-alkyl radical (QOOH). Further O2 addition to QOOH

orms a transition-ring complex (O2QOOH) that isomerizes and de-

omposes to form ketohydroperoxide (KET) and the hydroxyl rad-

cal (OH) (red arrows in Fig. 1). The KET then decomposes to car-

onyl, aldehyde and generates another OH radical, leading to the

ey chain branching of low-temperature chemistry. However, with

http://dx.doi.org/10.1016/j.combustflame.2015.11.028
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Fig. 1. Schematic mechanism for the low temperature oxidation of a large alkane, RH.

(For interpretation of the references to color in this figure, the reader is referred to the

web version of this article.)
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Fig. 2. Total ignition delay as a function of the initial temperature T for stoichiomet-

ric n-heptane/air mixture under various pressures. The turnover ignition delays are

marked by the triangle symbols, showing an Arrhenius dependence on the turnover

temperature for different pressures.
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ncreasing temperature, all the oxygen addition reactions shift to-

ards the decomposition side, and as such the extent of low-T chain

ranching is reduced. Meanwhile, at higher, intermediate tempera-

ures (800 K < T < 900 K, 20 atm for n-heptane), dissociation of the

ow-temperature intermediates (e.g., RO2 and QOOH) and the R rad-

cal through β scission gradually becomes important and forms dif-

erent products, including alkenes, HO2 and other alkyl radicals (blue

rrows in Fig. 1), which further compete with the low-temperature

hain branching pathway. The backward shift of the low-temperature

eaction channel, together with the favored β scission at intermedi-

te temperatures, results in globally reduced chemical reactivity at

oderate temperatures in the NTC regime.

At intermediate-to-high initial temperatures (900 K < T < 1200 K,

0 atm for n-heptane), the major chain branching that drives the

ystem runaway is hydrogen peroxide (H2O2) decomposition [15]

orming two OH radicals, with its rate constant increasing with

emperature. Consequently, the ignition delay starts to decrease

gain with increasing temperature beyond a threshold value, termed

he “turnover temperature”, corresponding to the local maximum of

he ignition delay time.

In this work, the characteristics of the turnover states including

he thermodynamic and chemical kinetic behaviors are studied. The

otivations are three-fold: First, since the turnover state also cor-

esponds to the intermediate-to-high temperature boundary of the

TC regime, identification of the mechanism controlling it will lead

o new insights on the NTC behavior, and can bring about significant

onvenience in the description of auto-ignition. Second, sensitivity of

he ignition delay to temperature variation is one of the key factors

ffecting the flame propagation mode in HCCI engines [16] and rele-

ant RCM experiments [17,18], deeper understanding of the underly-

ng mechanism of the temperature-insensitive nature of the ignition

elay at the turnover state could be helpful in interpreting the various

ombustion modes under HCCI conditions. Third, correlations of the

gnition delay time as a function of initial pressure and temperature

sually show large deviations near the turnover temperature [8,19].

hus, developing global scaling for the turnover temperature can

elp to reduce the uncertainties and provide an accurate reference

or the selection of experimental data at the relevant experimental

onditions.
The present study is computational. The fuels investigated are n-

utane, n-heptane and iso-octane, which represent typical short and

ong straight-chain alkanes as well as branched alkanes. The mech-

nisms used are the NUIG n-butane mechanism [20], the LLNL n-

eptane mechanism version 3.1 [12], and the LLNL iso-octane mecha-

ism version 3 [21], respectively. The global behaviors of the ignition

elay at turnover temperatures under different pressures are investi-

ated for all of the three fuels. It is noted that although the pressure

ependence of the rate constants of the oxygen addition reactions,

lkylperoxy radical (RO2) dissociation and isomerization reactions,

re not considered, it has been recently demonstrated in [22,23] that

he high-pressure limits for these reactions are sufficient to describe

he low-temperature chemistry at the conditions of this study. The

echanism for n-heptane updated by Karwat et al. [24], based on

he rate rules from Villano et al. [22,23], is also referred to show that

he behavior demonstrated in this study is mechanism independent

nd with general implications on the low-temperature kinetics.

In the following sections, we shall first identify the global system

ehavior at the turnover states under different pressures. We shall

hen analyze the coupling between pressure and the turnover tem-

erature, as well as the power-law dependence on the pressure for

he ignition delay at the turnover states. Finally, the characteristics of

he turnover states are validated against available ignition delay data

n the literature, demonstrating good agreement.

. Global behavior of the turnover states

Figure 2 shows the ignition delay as a function of temperature for a

omogeneous, stoichiometric mixture of n-heptane and air under 2–

0 atm pressure, using a detailed mechanism [12]. It is seen that for

ach pressure, the total ignition delay, τ , first decreases and then in-

reases with increasing initial temperature, T, in the NTC regime, and

nally decreases again when the temperature is above the turnover

emperature, Tm, which, marked by symbols, is seen to shift to higher

alues as pressure is increased.

We next note that the ignition delay, τm, at the turnover state ex-

ibits unique dependences on the corresponding temperature, Tm,

nd the system pressure, P. Specifically, its linear variation with Tm

n the plot of Fig. 2 suggests an Arrhenius correlation, namely ln τm ∝
/Tm, while Fig. 3 shows it also varies nearly quadratically with the

ystem pressure, as τm ∝ P−2. These results then suggest that Tm

nd P can be related by ln P ∝ 1/Tm, as shown in Fig. 4, yielding a
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Fig. 3. Computed ignition delays at turnover temperatures for stoichiometric n-

butane, n-heptane and iso-octane in air. The turnover ignition delays show a power

law dependence on the pressure, to the order of −2, approximately.

Fig. 4. Dependence of pressure and temperature at the turnover states for stoichio-

metric n-butane, n-heptane and iso-octane in air.

Fig. 5. Computed species and temperature profiles for stoichiometric n-butane/air

mixture at the turnover temperature under 20 atm.

Fig. 6. Magnitudes of the rates of important reactions consuming OH (a) and fuel

molecule (b) for stoichiometric n-butane/air mixture at the turnover temperature un-

der 20 atm.
thermodynamic correlation between the turnover temperature and

the system pressure. It is further noted that the data in Figs. 3 and

4 include those for ϕ = 0.5, 1 and 2, demonstrating that these obser-

vations are also insensitive to the equivalence ratio. We shall demon-

strate in the following the underlying kinetic mechanism affecting

such a behavior.

3. Chemical kinetic analysis on the turnover states

3.1. Low-temperature chain branching ratio at the turnover state

Figure 5 shows the evolution of the intermediate species at the

turnover states, using stoichiometric n-butane/air mixtures under

20 atm for demonstration because less isomers are involved in its oxi-

dation process. It is seen that many radicals of interest, largely remain

quasi-steady for an extended period between the starting chain ini-

tiation and the final ignition runaway. Take OH as an example, the

OH consumption rate is about 10−5–10−4 mol/cm3 s as shown in

Fig. 6, while the net OH production rate at the same condition is be-

low 10−9 mol/cm3 s, four orders of magnitude lower. As such, the

OH mole fraction is kept at a low level (less than 10−8) before igni-

tion as shown in Fig. 5 and could be assumed to be in quasi-steady
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Fig. 7. The brute force sensitivity on the turnover temperature for stoichiometric n-

butane/air mixture.
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Fig. 8. Reaction flux from RH to OH and the definition of ηi , β i , γ i,j , θ i,j. Only one of the

isomers at every step is presented as an example.
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n the plateau period. Therefore, the total production and consump-

ion rates of OH should approximately balance. Figure 6 then plots the

ates of the important reactions consuming OH and the fuel molecule,

howing that OH is mainly consumed by H-abstraction from the fuel

olecule (nearly 90% of OH consumption at the instant of 75% τm

n Fig. 6a), while fuel consumption is also mainly through the H-

bstraction by OH (nearly 90% of fuel consumption at the instant of

5% τm by the four reactions in Fig. 6b). Consequently, the OH pro-

uction rate can be estimated by the consumption rate of the fuel

olecule. We shall demonstrate in the following how these observa-

ions identify the major kinetic characteristics at the turnover states.

The controlling reactions for the turnover temperature were iden-

ified by performing sensitivity analysis, with the sensitivity coeffi-

ient calculated by perturbing the A-factor of each elemental reaction

ate by 30%, following the definition:

= dln(T )

d ln(k)
= ln(T1.3k) − ln(Tk)

ln(1.3k) − ln(k)
(1)

A step size of 0.1 K was used to search the turnover temperature,

nd the perturbation of 30% was selected to allow sufficient change

f the turnover temperature for accurate evaluation. We shall only

resent the sensitivity for n-butane as the mechanisms for n-heptane

nd iso-octane are based on similar reaction classes and rate rules.

Figure 7 shows the sensitivity for the stoichiometric n-butane/air

ixture at 2 and 10 atm. The most sensitive reactions are shown to be

he chain termination reactions from the β scission of RO2 and QOOH,

s well as the isomerization from RO2 to QOOH and the subsequent

hain branching and propagation reactions. However, it is seen that

he turnover temperature is not sensitive to the HO2 chain termina-

ion reaction and the H2O2 chain branching reaction. Consequently,

he turnover state is mainly controlled by the competition between

he β scission of low-temperature intermediates as chain termina-

ion reactions producing the stable intermediates and HO2, and the

ow-temperature chain branching/propagation reactions producing

H. It should be noted that the turnover temperature is insensitive

o the perturbation of the rate of oxygen addition to QOOH reaction

s long as its equilibrium constant is not perturbed. Such a behavior

s expected as the oxygen addition to QOOH is in the partial equi-

ibrium state, and the low-T chain branching is only affected by the

quilibrium constant. Therefore, the result by perturbing the oxygen
ddition to QOOH using reversible reactions is not presented in Fig. 7,

hich otherwise might cause misleading and underestimate its role

t the turnover states.

We note in passing the worthwhile studies on such competi-

ions in the first-stage ignition controlled by the low-temperature

hemistry. Specifically, Peters et al. [25] defined a ratio between the

+ O2 � RO2 with subsequent isomerization RO2 � QOOH and the

scission of R to determine the crossover temperature, at which

he concentration of KET reaches its peak value and the first-stage

gnition occurs. Merchant et al. [26] used a similar concept to study

he first-stage ignition of propane, and included the HO2 chemistry,

amely RO2 → Alkene + HO2, which was not included in [25,27].

owever, these ratios were derived from a reduced mechanism, and

nly specific isomers of R, RO2 and QOOH were taken into account.

hus, these definitions are applicable only for limited conditions and

or certain mechanisms, in the context of two-stage ignition. How-

ver, for the concept of the turnover state of current interest, sensitiv-

ty analysis has shown that the turnover temperature is also sensitive

o the decomposition of QOOH to produce OH. Consequently, we shall

efine a ratio of the OH production rate, instead of the KET produc-

ion rate, to the total production rate of R, as a criterion to evaluate

he net contribution from the low-temperature chain branching:

α = OH productionratefromlow−Tchain − branching

total productionrate of R

= OH productionratefromlow−Tchain − branching

totalrateofH − abstraction from RH

The ratio α can be readily determined from the detailed mech-

nism including all isomers of R, RO2, and QOOH. In particular, we

ave followed the reaction flux from RH to OH, as shown in Fig. 8, and

ave considered the effect from β scission at each step, defined by the
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Table 1

Reactions used for determining α.

Label Reaction Rate coefficient Rate

R1 RH + OH → R + H2O k1 w1

R2 R → R1 + Alkene k2 w2

R3 R + O2 � RO2 k3, k-3
a w3, w−3

a

R4 RO2 → Alkene + HO2 k4 w4

R5 RO2 � QOOH k5, k-5 w5, w−5

R6 QOOH → Alkene + HO2
b k6 w6

R7 QOOH → Epoxide + OHc k7 w7

R8 QOOH + O2 � O2QOOH k8, k−8 w8, w−8

R9 O2QOOH → KET + OH k9 w9

R10 KET → P + OH k10 w10

a k−3 is corresponding to the reverse rate of k3.
b Decomposition reaction of QOOH that does not lead to OH production is also

classified in R6.
c Decomposition reaction of QOOH that leads to one OH radical is also classified

in R7.

Fig. 9. Computed α and αRO2
as a function of temperature under various pressures for

different fuels.

α
F
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t
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r

following ratios:

ηi = rate of RH → i−R

total rates of RH → R
≈ rate of RH + OH → i−R+H2O

total rates of RH + OH → R+H2O

βi = net rate ofi−R → i−RO2

total production rate of i−R

γi, j = net rate of i−RO2 → i, j−QOOH

total production rate of i−RO2

θi, j = net rate of i, j−QOOH → OH

total production rate of i, j−QOOH

The subscript or prefix i indicates the index of the isomer of R,

and those of i, j indicate the index of the isomer of QOOH. Thus, α is

determined by

α =
∑

i

ηiβi

∑
j

γi, jθi, j (2)

In the Appendix, we present a systematic determination of α by

first deriving it using a simplified skeletal mechanism with major re-

action steps involving only one isomer, shown in Fig. 1 and Table 1.

We shall then extend the analytical expressions to detailed kinetics

involving all of the isomers.

We shall now show that the turnover state can be defined well by

a constant value of α under different pressures. Following the defi-

nition of Eq. (2), the computed α as a function of temperature under

various pressures for the three fuels are shown in Fig. 9a, b and c,

respectively. As expected, α decreases with increasing temperature,

and eventually to zero at high enough temperatures. This shows the

progressively decreasing significance of the low-temperature chain

branching reactions with increasing temperature. Similar to the shift

of NTC, the α curves shift to higher temperature with increasing pres-

sure.

Based on α, we define a second ratio, αRO2
, which corresponds to

the ideal case where all R radicals participate in the oxygen addition

reaction without β scission, i.e., β i = 1:

αRO2
=

∑
i

ηi

∑
j

γi, jθi, j (3)

which is also plotted in Fig. 9. Consequently, this definition isolates

the effect of the competition between β scission and oxygen addition

to R. It is seen that αRO2
is equal to α at low temperatures, but be-

comes larger than α when the temperature reaches a critical value at

intermediate to high temperatures. These results then indicate that β
scission of the R radical is negligible in the low-to-intermediate tem-

perature regime before the turnover state is reached.

In Fig. 9, the values of α corresponding to the turnover tempera-

tures are marked by symbols in the evolution with increasing tem-

perature. It is then of interest to note that the turnover tempera-

tures for different pressures largely correspond to a narrow range of
, which, for a given fuel, slightly depends on the pressure range.

igure 10 further shows that the turnover states calculated using a

onstant α agree well with those obtained with detailed mechanism,

hereby supporting the suggestion that the turnover states can be cor-

elated with a critical state of the low-temperature chain branching

atio, with the associated reactions involved in the determination of
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Fig. 10. Turnover temperature calculated using detailed mechanism (symbols) and ob-

tained at a constant α (lines).
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Fig. 11. The brute force sensitivity on the ignition delay at turnover temperature for

n-butane and n-heptane.
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. The critical value of α is found to be less than one, and is different

or each fuel studied here, potentially depending on the fuel structure

nd the range of the turnover temperatures. The pressure effect on α
s mainly through the equilibrium shift of oxygen addition reactions,

s implied from Eq. (A11) in the Appendix.

It is worth noting that the α ratio developed in the current work

s based on the widely used rate rules in low temperature chemistry,

nd it can be readily extended to future mechanisms with more

ccurate rate coefficients. Recently, extensive work has been done

n the uncertainty quantification in kinetic analysis and combustion

odeling [28–30]. Following the idea of uncertainty propagation, the

alue of α in this study is rate dependent and will be affected by the

ncertainty in the rate coefficients, however, such uncertainty will

ot affect the scaling characteristics and the controlling mechanism

dentified for the turnover states. On the other hand, there are some

ther factors that could affect the quantitative determination of the α
alue, such as the transient effects of species concentration and other

ossible reaction channels, however, those effects are secondary with

egligible influence compared with the leading order quasi-steady

ssumptions and dominant reaction channels. It is found that the

orrelation of the turnover state with a constant α value is valid and

eneral for different fuels and mechanisms, as demonstrated by both

etailed calculations and experimental validations in Section 4.

.2. Pressure scaling of ignition delay at turnover states

With the thermodynamic condition identified at the turnover

tate, we next investigate the reactions controlling the pressure-

caling factor for the turnover ignition delay, shown in Fig. 3. The sen-

itivity on the turnover ignition delay, defined as S = d(ln τ )/d(ln k)

nd shown in Fig. 11 for n-butane and n-heptane (results for iso-

ctane are similar), demonstrates that the most sensitive reactions

re those involving the HO2 and H2O2 chemistry, while the secondary

mportant reactions are those involved in the low-T chemistry that

etermine α.

Peters et al. [25] have derived an analytical solution for the igni-

ion delay time τ in the intermediate temperature range based on the

uasi-steady-state approximation for HO2, as

= ξ

⎛
⎝ (1 − α)

3k11

2cFuel(
∑

i

k12,i)
2
k2

13

⎞
⎠

1/3

(4)

here ξ is a proportional constant, α is defined by Eq. (2), cFuel is the

uel concentration, and k11, k12,i, k13 correspond to the rate constants
f 2HO2 → H2O2 + O2 (R11), RH + HO2 → i-R + H2O2 (R12), and H2O2

+M) → 2OH (+M) (R13), respectively. Figure 12 shows the turnover

gnition delay calculated using both detail mechanism and the cor-

elation of Eq. (4). It is seen that very good agreement is achieved

etween the two, and the pressure-scaling factor for all of three fuels

re well reproduced.

Eq. (4) employs the rates of three types of elemental reactions,

amely R11, R12, and R13 to correlate the HO2 and H2O2 chemistry

n the ignition delay. The ratio α is also employed in Eq. (4) to ac-

ount for the contribution from low-temperature chemistry on the

gnition delay. Since ξ and α are both constants, the change of τm is

herefore dominated by the rate change of R11, R12, and R13. Espe-

ially, the k13 corresponding to the decomposition of H2O2 with in-

erent pressure dependence is described by a Troe formula [28] and

aries nearly quadratically with changes of the turnover temperature

nd pressure in the fall-off regime, shown in Fig. 13. Therefore, given

he fact that τm and k13 vary nearly quadratically in terms of pres-

ure with power index being about −2 and 2 respectively, it could be

hown from Eq. (4) that the rate change of H2O2 decomposition reac-

ion R13 contributes to about two-thirds of the pressure dependence

or τm, while the rate changes of R12 by the cFuel , i.e. cFuel ∼ P, and

he effect of temperature variation on k11, k12,i contribute to the rest

ne-third.
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Fig. 12. The ignition delays from simulation using detailed mechanism (symbols) and

from the correlation using Eq. (4).

Fig. 13. The rates of H2O2(+M) → 2OH(+M) as a function of pressure at turnover tem-

perature for stoichiometric n-butane, n-heptane and iso-octane in air (symbols), and

those rates at various temperature and pressure (dash lines).

Fig. 14. Ignition delay data for stoichiometric n-heptane/air mixture under various

pressures. All the data are scaled to the listed pressures using τ ∝ P−1 to account for

deviations in experimental pressure [31]. Each dataset is fitted using a cubic polyno-

mial and covering the points near turnover temperature.

Fig. 15. Relations of pressure and turnover temperatures for stoichiometric n-

heptane/air mixture obtained by different methods.

Fig. 16. The ignition delay from measurements and those from correlation using

Eq. (4).
4. Experimental validation

We now assess the validity of the above two global behaviors

and correlations against the ignition delay data available in literature,

with the ignition delay for n-heptane/air mixture with ϕ = 1, cover-

ing the turnover temperature under 4–55 atm, reported in shock tube

[8,31,32] and in RCM [11].

Gauthier et al. [8] reported a pressure scaling factor of −1.64 for

the ignition delay under the pressure range of 13–55 atm by using a

quadratic fitting to determine the conditions at the turnover state,

while the high temperature ignition data show a scaling factor of

−0.55 [33]. However, simulation using the LLNL n-heptane mech-

anism [12] shows that the ignition delay at the turnover state ac-

quired from quadratic fitting covering the data points in regimes of

both high temperature and near the turnover states is lower than the

actual value. Thus, a cubic fitting covering only the points near the

turnover temperature is adopted here, as shown in Fig. 14, because

computation shows that the cubic relation also cannot hold far from

the turnover state. Higher order fitting is also precluded due to the

limited number of data points of each dataset.

The conditions corresponding to the turnover states derived from

the fitting curve are plotted in Figs. 15 and 16. Strong Arrhenius
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ependence is found between pressure and temperature. The pre-

ictions using the LLNL n-heptane mechanism [12] and the updated

-heptane mechanism from Karwat et al. [24] are also plotted in

ig. 15 for comparison. Both mechanisms reproduce the Arrhenius

ehavior between the turnover temperature and pressure, and the

slopes” predicted from both mechanisms are close to those from the

xperimental data. The prediction using α = 0.64 from the LLNL n-

eptane mechanism [12] is plotted in Fig. 14, and agrees with the

xperimental data very well. Strong power law dependence is also

ound between ignition delay and pressure with τm ∝ P−1.79, and

he correlation using Eq. (4) agrees well with the measurements in

ig. 16.

It is nevertheless also noted that the fitted turnover temperature

nder 12 atm from Shen et al. [31] and under 20 atm from Gauthier

t al. [8] show large deviations from the Arrhenius correlation with

ressure, due to the lack of data near the turnover state. The deviation

s smaller for the power law between the ignition delay and pressure,

s the ignition delay is not sensitive to temperature near the turnover

tate.

The validation demonstrates the potential to use these two behav-

ors and correlations to check the consistence among different igni-

ion delay data. The correlations for the two behaviors can also be

sed for interpolating measured sample data to other conditions.

. Conclusions

The current work investigated the thermodynamic and chemi-

al kinetic behavior of the upper turnover states of the NTC regime,

amely, the Arrhenius behavior between the turnover temperature

nd pressure, and the power law between the ignition delay and

ressure at the turnover states. The underlying mechanism for these

wo behaviors was further derived from the detailed mechanism. It is

ound that the turnover states under different pressures correspond

o a near-constant ratio α between the OH production from the low-

emperature chemistry and the total fuel consumption, and that the

ressure-scaling between the ignition delay at the turnover states

an be correlated well using the analytical solution from Peters et al.

25]. The analytical expression for the ignition delay only employs the

ates of three types of reactions on HO2 and H2O2 chemistry and the

atio α.

The two behaviors and correlations were further validated against

he ignition delay data for n-heptane/air mixture with ϕ = 1, cover-

ng the turnover states under 4–55 atm; demonstrating quantitative

greement.

The correlations for the two global behaviors at turnover states

rovide insights into the mechanism controlling the transition from

ow-temperature to intermediate-to-high temperature regimes. The

ehaviors and their controlling mechanism can also assist in the de-

ign and validation of measured ignition delay data near turnover

tates, provide reference points for developing correlation of ignition

elay from experimental data, and help to identify the regime where

he ignition delay is not sensitive to temperature. Furthermore, these

orrelations can provide targets for optimizing the reaction rate rules

or the NTC chemistry.
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ppendix. Determination of the low temperature chain

ranching ratio α

Species time histories plotted in Fig. 5 show that it is justified to

et R, RO2, QOOH, O2QOOH and KET into quasi-steady state, for which

he production rates balance the consumption rates, yielding:

1 = w2 + w3 − w−3 (A1)

3 − w−3 = w4 + w5 − w−5 (A2)

5 = w−5 + w6 + w7 + w8 − w−8 (A3)

8 = w−8 + w9 (A4)

9 = w10 (A5)

From the definition of θ and applying Eqs. (A3)–(A5), we have

= w7 + w9 + w10

w5

= w7 + 2w9

w−5 + w6 + w7 + w9

(A6)

Introducing Eq. (A4) and the rate expressions into Eq. (A6), and

urther define K8 = k8/(k−8 + k9), we obtain

= k7 + 2k9K8[O2]

k−5 + k6 + k7 + k9K8[O2]
(A7)

Recall the definition of γ , and assumew5 >> w−5, we obtain

= w5 − w−5

w3 − w−3

≈ w5

w4 + w5

= k5

k4 + k5

(A8)

hich is only temperature dependent.

Recall the definition of β:

= w3 − w−3

w1

= w3 − w−3

w2 + w3 − w−3

(A9)

Substitute Eq. ( A2 ) into Eq. (A9) with rate expressions, and fur-

her defineK3 = k3/(k−3 + k4 + k5), we have β as

= (k4 + k5)K3[O2]

k2 + (k4 + k5)K3[O2]
(A10)

As there is only one isomer of R is involved, we have η = 1. By

ubstituting Eqs. (A7), (A8) and (A10) into Eq. (2), we obtain

= (k4 + k5)K3[O2]

k2 + (k4 + k5)K3[O2]

k5

k4 + k5

k7 + 2k9K8[O2]

k−5 + k6 + k7 + k9K8[O2]
(A11)

Clearly, it depends on both temperature and pressure, with the

ressure dependence mainly through the oxygen concentration and

herefore oxygen addition reactions.

To determine α using detailed mechanism, the reaction path and

ate corresponding to each isomer should be taken into account for

ifferent low-temperature intermediates. In the following, we shall

resent the adaptive definitions of β i, γ i,j and θ i,j considering iso-

eric effects.

Merchant et al. [26] noticed that the decomposition of O2QOOH

o KET and subsequent reactions may lead to three OH in some cases,

.g., the case where CH2CHO is in the products of KET decomposition.

esides, detailed mechanism shows that R7 and subsequent reactions

ay lead to more than one OH in some cases, e.g., the reaction of

7H14OOH1-3 → C4H7OOH1-4 + NC3H7 will lead to two OH radicals

n the LLNL n-heptane mechanism [12]. For generality, the number

f OH produced by R7 and R9 with their subsequent reactions are

enoted as n7, n9, respectively, and θ i,j is determined by rewriting

q. (A7) as

i, j =
{

n7ki, j
7

+ n9ki, j
9

Ki, j
8

[O2]

ki, j
−5

+ ki, j
6

+ ki, j
7

+ ki, j
9

Ki, j
8

[O2]

}
i, j−QOOH

(A12)

here the superscript i,j indicates that the rate constant corresponds

o the specific isomer of i,j-QOOH.
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[

[

[

[

[

[

[

As i-RO2 can isomerize to several isomers of QOOH, γ i,j can be

determined by including all of the isomerization reactions from i-RO2

and rewriting Eq. (A8) as

γi, j =

⎧⎨
⎩ ki, j

5

ki
4

+ ∑
m

ki,m
5

⎫⎬
⎭

i−RO2 → i, j−QOOH

(A13)

where k
i, j
5

corresponds to the rate of isomerization from i-RO2 to i,j-

QOOH.

β i can be determined by specifying the rates in Eq. (A10) for each

isomer of i-R as.

βi =

⎧⎨
⎩

(ki
4 + ∑

m
ki,m

5
)Ki

3[O2]

ki
2

+ (ki
4

+ ∑
m

ki,m
5

)Ki
3
[O2]

⎫⎬
⎭

i−R

(A14)

Similarly, ηi is determined by

ηi = wi
1∑

m
wm

1

= ki
1∑

m
km

1

(A15)
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