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a b s t r a c t 

A newly developed detailed chemical kinetic mechanism, NUIGMech1.1, is used to study the pyrolysis of 

C 1 – C 7 hydrocarbons at a constant initial fuel concentration in the temperature range 900 – 2000 K. We 

observe that, for a given reaction time and pressure, fuel pyrolysis does not occur below a certain “thresh- 

old temperature”. This phenomenon is explored further in this study by performing rate of production 

analyses for different fuels. It is observed that pyrolysis is highly sensitive to unimolecular dissociation 

reactions and that the products of unimolecular dissociation determine the secondary fuel consumption 

pathways. Furthermore, a minimum progress of reaction factor for the initiation of pyrolysis is estab- 

lished for different fuels over a wide range of residence time (3 ms – 30 min) and partial pressure (0.02 

– 2.00 bar) conditions. This limiting factor determines the threshold temperature for the pyrolysis of any 

alkane or alkene. A computer program is developed based on this concept to calculate the threshold 

temperature. An application of threshold temperature is also illustrated. 

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
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. Introduction 

Pyrolysis is the chemical decomposition of organic materials 

hrough the application of heat. In recent times, pyrolysis pro- 

esses have become popular due to their importance in the con- 

ersion of biomass and waste to other useful chemical products. 

yrolysis breaks down organic materials in the absence of oxygen 

o produce liquid (bio-oil), gaseous (hydrogen/syngas), and solid 

biochar) products [1] . Pyrolysis is applied in a wide array of fields 

ncluding waste management, material synthesis, soil amendment 

nd energy generation. The design of a pyrolysis reactor and its op- 

rating conditions depends on the desired type of output product 

hose yield efficiency is controlled by residence time, heat sup- 

ly rate and heat transfer [2 , 3] . Bridgewater [4] broadly classified 

yrolysis into three categories depending on the operating temper- 

ture ( T ) and residence time ( τ res ): slow pyrolysis ( τ res > 10 min,

ow T ~ 290 – 400 K), intermediate pyrolysis ( τ res ~10 – 30 s, mod- 

rate T ~ 500 K), fast pyrolysis ( τ res ~ 1 s, moderate T ~ 500 K). 

Energy generation from different hydrocarbon fuels occurs 

hrough combustion and gasification. Pyrolysis studies of different 

uels are important in understanding combustion and gasification 

ecause, at higher temperatures, fuels first undergo pyrolytic re- 

ctions as an initiation step, and these are followed by the ox- 

dation of the smaller species produced. The timescales of these 
∗ Corresponding author. 
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nitial pyrolysis reactions during a combustion process are signifi- 

antly faster (in the order of ms) compared to the processes dis- 

ussed above. Typically, during pyrolysis, unimolecular dissocia- 

ion reactions initiate the reactions followed by H-atom abstraction 

nd addition reactions by hydrogen ( ̇H) atoms and methyl ( ̇CH 3 ) 

adicals. 

Pyrolysis reactions have been studied by various groups. Na- 

araja et al. studied the pyrolysis of C 2 – C 6 1-alkenes, pentene 

somers and allylic hydrocarbons in a single pulse shock tube at 

 ± 0.16 bar [5–7] . Methane pyrolysis was recently studied by Na- 

ivel et al. [8] at 1.5 bar. Additionally, Hidaka et al. studied ethane 

nd propane pyrolysis [9 , 10] . Furthermore, Yasunaga et al. studied 

he pyrolysis of pentane, hexane and heptane [11] at an average 

ressure of ~ 2 bar. Bradley et al. [12] studied the pyrolysis of 

eopentane at pressures of 3 – 4 bar and Malewicki et al. stud- 

ed the pyrolysis of higher alkanes including isooctane, decane and 

odecane at relatively high pressures of 50 – 60 bar [13 , 14] . Plot-

ing all of these experimental results together in Fig. 1 , it can be

een that methane is the slowest fuel to decompose followed by 

thylene and then propene and isobutene. Thereafter, other larger 

ydrocarbons are faster to pyrolyze until a “threshold temperature”

~950 K) is reached below which all of these hydrocarbons do not 

ecompose at these conditions of fuel partial pressure and resi- 

ence time. Details of the operating conditions for the fuels are 

rovided in Table 1 . 

To our knowledge, the apparent existence of a threshold pyrol- 

sis temperature has not been reported in the literature. Moreover, 

he following questions arise from Fig. 1: 
stitute. This is an open access article under the CC BY license 
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Fig. 1. Fuel normalized mole fraction profiles obtained from pyrolysis studies in the 

literature. Symbols: Experimental data, Lines: NUIGMech1.1 predictions. Residence 

times for these fuels are different and are provided in Table 1 . 

Table 1 

Mole fraction, pressure and residence times of different fuels studied. 

Fuel Mole fraction (%) Pressure (bar) Residence time (ms) 

Ethylene 2.0 2.0 3 – 4 

Propene 2.0 2.0 3 – 4 

isoButene 2.0 2.0 3 – 4 

t -2-Butene 2.0 2.0 3 – 4 

2M2B 2.0 2.0 3 – 4 

t -2-Pentene 2.0 2.0 3 – 4 

1-Butene 2.0 2.0 3 – 4 

1-Pentene 2.0 2.0 3 – 4 

1-Hexene 2.0 2.0 3 – 4 

2M1B 2.0 2.0 3 – 4 

3M1B 2.0 2.0 3 – 4 

Methane 10.0 1.5 2.4 – 4 

Pentane 1.6 1.9 1.5 – 1.8 

Hexane 0.4 1.6 1.7 – 2.2 

Heptane 1.0 1.8 1.7 – 2 

Propane 3.0 1.7 1.9 – 2.5 

neoPentane 1.0 3 – 4 0.6 – 1.1 

Decane 0.0108 60 1.2 – 1.8 

Dodecane 0.00792 50 1.2 – 2.4 
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a. Why is methane so much slower to decompose compared to all 

of the other fuels? 

b. Why is ethylene slower to decompose compared to propene, 

isobutene, etc.? 

c. Propene and isobutene show very similar reactivities, with 

propene being slightly slower. Why? Is it primarily due to uni- 

molecular dissociation or do subsequent allylic radical decom- 

positions contribute to fuel reactivity? 

d. There is a limiting temperature below which the fuels do not 

decompose. It is observed that in flow and jet-stirred reactors, 

fuel reactivity is generally not sensitive to unimolecular fuel de- 

composition reactions at the temperatures (60 0–10 0 0 K) and 

timescales (~ms–s) involved. In shock tubes ( T > 10 0 0 K at 

times in the μs–ms timescale) ignition delay time predictions 

are very sensitive to unimolecular decomposition reactions [15] . 

Why is this? 

e. Is there a “limiting threshold temperature” for all hydrocarbon 

fuels? If so, why is this, and what is this temperature at a given
pressure and reaction time? l

2 
In the current study, we attempt to evaluate and understand 

he behavior of all these fuels using a detailed chemical kinetic 

odel. Based on our analyses, we also propose a parameter to pre- 

ict the feasibility of fuel pyrolysis for any given operating condi- 

ion. 

. Chemical kinetic simulations 

Simulations are performed using CHEMKIN-Pro [16] assum- 

ng a closed homogeneous batch reactor at constant volume. A 

ewly formulated C 0 – C 7 mechanism, NUIGMech1.1 [5 , 6 , 17 –19] , 

hat has been validated against a wide range of experimental data 

5 , 6 , 17 , 18] is used for our analysis in this study. The mechanism

s also available at Prof. Henry Curran’s group webpage ( http://c3. 

uigalway.ie/combustionchemistrycentre/mechanismdownloads/ ) . 

. Analysis of different hydrocarbons 

We endeavor to correlate the temperature at which pyrolysis 

egins for C 1 – C 7 hydrocarbons and determine the rate of the ini- 

iation reaction(s) which include the unimolecular dissociation re- 

ction(s) and other important secondary reactions of the fuel. The 

imulations are performed at 2 bar for 2% fuel diluted in argon at 

ifferent reaction times in the temperature range 90 0 – 20 0 0 K. 

The fuel mole fraction profiles are shown in Fig. 2 (a) and the 

nimolecular dissociation rate constants at 2 bar are provided in 

ig. 2 (b). Methane has the lowest reactivity, followed by ethylene 

nd then propene and isobutene with 3-methyl-1-butene (3M1B) 

aving the highest reactivity among the hydrocarbons studied. For 

 given temperature, the reaction of CH 4 ( + M) → ĊH 3 + Ḣ ( + M)

as the lowest rate constant followed by the unimolecular dissoci- 

tion rate constants of ethylene, propene and isobutene. 3M1B and 

-pentene have the highest unimolecular dissociation rate con- 

tants at a given temperature. Moreover, propene and isobutene 

ave similar unimolecular dissociation rate constants and hence 

heir pyrolytic initiation is similar at 2 bar. Thus, fuel decomposi- 

ion is initially controlled by the unimolecular dissociation rate and 

ater by secondary reactions. Furthermore, it appears that there is 

 limiting rate below which pyrolysis does not/will not occur for a 

iven reaction time. We explored this further by defining a thresh- 

ld temperature and using equal rate constants for the unimolecu- 

ar dissociation of alkanes. 

.1. Threshold temperature for fuel pyrolysis 

We refer to the temperature at which fuel pyrolysis begins 

s the “threshold temperature” ( T thres ) and have determined it by 

erforming simulations for each fuel in the range 900 – 20 0 0 K 

t a fixed initial fuel concentration, pressure and reaction time. 

he temperature at which the tangent to the fuel mole fraction 

 χ ) gradient with respect to temperature (d χ /d T ) intercepts the 

 -axis is defined as the “threshold temperature”. Figure. 3 illus- 

rates T thres for propene (1180 K) and 1-butene (1020 K) pyroly- 

is at 2% initial fuel concentration, 2 bar pressure and a reaction 

ime of 3.25 ms. The values for methane (CH 4 ), propane (C 3 H 8 ), n -

utane ( n -C 4 H 10 ), isobutane ( i -C 4 H 10 ), neopentane (neoC 5 H 12 ), n -

entane ( n -C 5 H 12 ), isopentane ( i -C 5 H 12 ), n -heptane ( n -C 7 H 16 ), 3-

ethyl-1-butene (cC 5 H 10 ), 1-butene (1-C 4 H 8 ), 2-methyl-1-butene 

aC 5 H 10 ), 1-pentene (1-C 5 H 10 ), propene (C 3 H 6 ), isobutene ( i -C 4 H 8 )

nd 2-methyl-2-butene (bC 5 H 10 ) are all provided in Table 2 , to- 

ether with their associated unimolecular dissociation type which 

an be C–C, alkane C–H or allylic C–H bond cleavage. 

.2. Impact of unimolecular dissociation reaction 

In order to demonstrate that the rate constant for unimolecu- 

ar dissociation (UMD) controls fuel decomposition, we have forced 

http://c3.nuigalway.ie/combustionchemistrycentre/mechanismdownloads/
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Fig. 2. (a) Fuel mole fraction profiles of C 1 – C 7 hydrocarbons at p = 2 bar and τ res = 3.25 ms. (b) Unimolecular dissociation rate constants for the different fuels studied at 

2 bar. 

Fig. 3. Calculation of threshold temperature for propene and 1- butene at 2 bar, 

3.25 ms reaction time and 2% initial fuel concentration. 

Table 2 

Threshold temperatures for different fuels at 2 bar, 2% fuel concentration and 

3.25 ms residence time. A species glossary is provided as Supplementary material. 

Fuel Initiation reaction (s) Dissociation 

type 

Threshold 

temperature (K) 

CH 4 CH 4 ↔ ĊH 3 + Ḣ alkane C–H 1570 

C 3 H 8 C 3 H 8 ↔ Ċ 2 H 5 + ĊH 3 C–C 1075 

n -C 4 H 10 C 4 H 10 ↔ n ̇C 3 H 7 + ĊH 3 

C 4 H 10 ↔ Ċ 2 H 5 + Ċ 2 H 5 

C–C 1030 

i -C 4 H 10 iC 4 H 10 ↔ i ̇C 3 H 7 + ĊH 3 C–C 1005 

neoC 5 H 12 neoC 5 H 12 ↔ t ̇C 4 H 9 + ĊH 3 C–C 1030 

n -C 5 H 12 nC 5 H 12 ↔ n ̇C 3 H 7 + Ċ 2 H 5 C–C 1000 

i -C 5 H 12 iC 5 H 12 ↔ i ̇C 3 H 7 + Ċ 2 H 5 C–C 1000 

n -C 7 H 16 nC 7 H 16 ↔ n ̇C 3 H 7 + p ̇C 4 H 9 C–C 990 

cC 5 H 10 3M1B ↔ Ċ 4 H 7 –1,3 + ĊH 3 C–C 960 

1-C 4 H 8 1-C 4 H 8 ↔ Ċ 3 H 5 -a + ĊH 3 C–C 1020 

aC 5 H 10 2M1B ↔ i ̇C 4 H 7 + ĊH 3 C–C 1000 

1-C 5 H 10 1-C 5 H 10 ↔ Ċ 3 H 5 -a + Ċ 2 H 5 C–C 950 

C 3 H 6 C 3 H 6 ↔ Ċ 3 H 5 -a + Ḣ allylic C–H 1180 

i -C 4 H 8 i-C 4 H 8 ↔ i ̇C 4 H 7 + Ḣ allylic C–H 1160 

bC 5 H 10 2M2B ↔ a ̇C 5 H 9 -c + Ḣ 

2M2B ↔ c ̇C 5 H 9 -b + Ḣ 

allylic C–H 1080 
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he rate for the unimolecular dissociation of methane, ethane, 

- butane, n- pentane and n- heptane to be the same as that for 

ropane. Figure 4 (a) compares the fuel mole fraction profiles for 

hese fuels with that predicted for propane. The decomposition 

rofiles for all of the higher alkanes move to higher temperatures 

nd get slower with all of them lying within ~50 K of that ob- 
3 
erved for C 3 H 8 , while those for methane and ethane get faster and

pproach that predicted for propane. Further differences within 

ifferent fuel profiles are attributed to differences in the rate con- 

tants for H-atom abstraction by Ḣ atoms and ĊH 3 radicals. 

The most noticeable change in the trend in reactivity is ob- 

erved for CH 4 which also shows the largest sensitivity to the 

nimolecular decomposition reaction. The threshold temperature 

or methane decreases by ~240 K from 1550 K to 1310 K but re- 

ains ~225 K larger than the threshold temperature determined 

or C 3 H 8 pyrolysis. Assigning a rate constant for the UMD of CH 4 

o be equal to that for C 3 H 8 leads to the dashed black line depicted

n Fig. 4 (b) which is not very comparable to the C 3 H 8 decomposi-

ion profile, therefore showing that secondary (abstraction) reac- 

ions are also very important. It is found that when the decompo- 

ition of methane, CH 4 ( + M) ↔ ĊH 3 + Ḣ ( + M), is further forced

n the forward direction only, its concentration profile (black dash- 

otted line) almost overlaps with that of C 3 H 8 (red solid line) as 

hown in Fig. 4 (b). Thus, for methane, the reaction CH 4 ( + M) ↔
˙ H 3 + Ḣ ( + M) is in equilibrium, maintaining a steady rate of pro-

uction and consumption of Ḣ atoms. However, no such change in 

he C 3 H 8 profile is observed when the primary UMD reaction C 3 H 8 

 + M) ↔ ĊH 3 + Ċ 2 H 5 ( + M) is included in the forward direction

nly. This is because on production, Ċ 2 H 5 radicals decompose to 

thylene and Ḣ atoms and thus no similar equilibrium can be es- 

ablished for propane, or any other higher alkane, as that observed 

or methane. 

To support this, the species concentration profiles for CH 4 and 

he subsequent primary unimolecular dissociation products, i.e. 
˙ H 3 and Ḣ are plotted as a function of time in Fig. 5 (a). Ini-

ially, CH 4 undergoes unimolecular dissociation producing ĊH 3 and 

˙
 leading to an increase in their concentrations. Ḣ atoms abstract 

-atoms from the fuel producing ĊH 3 and H 2 , therefore leading 

o an increase in ĊH 3 radical concentrations with simultaneously 

eclining Ḣ atom concentrations. In this intermediate phase, at 

= 10 –7 – 10 –5 s, we also observe a reduction in the contribution 

o fuel consumption of the unimolecular decomposition reaction, 

ig. 5 (a). In contrast, our analysis for C 3 H 8 , Fig. 5 (b), shows that af-

er the initial phase, UMD becomes less important ( < 10%) to fuel 

onsumption. The change in trends of UMD reaction contribution 

re marked by the vertical dashed lines included in Figs. 5 and 6 .

oreover, it should be noted that the primary products of C 3 H 8 

issociation, ĊH 3 and Ċ 2 H 5 radicals, do not exhibit a simultane- 

us increase in their concentrations as observed for CH 4 consump- 

ion as Ċ 2 H 5 radicals decompose to ethylene and Ḣ atoms. Sub- 

equently, Ḣ atoms and ĊH 3 radicals abstract H-atoms from the 

uel, together controlling > 90% of C 3 H 8 consumption. In the initial 

hase, at τ = 10 –9 – 10 –7 s for the two fuels, where unimolecular 
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Fig. 4. (a) Fuel mole fraction profiles of C 1 to C 7 hydrocarbons with unimolecular dissociation reaction channel equal to C 3 H 8 ( + M) ↔ Ċ 2 H 5 + ĊH 3 ( + M), p = 2 bar, 

τ res = 3.25 ms. (b) Comparison of CH 4 and C 3 H 8 fuel mole fraction profiles with reversible ( < = > ) and irreversible ( = > ) fuel decomposition reactions. (For interpretation of 

the references to color in this figure, the reader is referred to the web version of this article.) 

Fig. 5. Fuel and primary dissociation products species concentration profiles as a function of time for (a) CH 4 at T = 1350 K and (b) C 3 H 8 at T = 1050 K, p = 2 bar. Solid lines 

represent species mole fraction and the dashed line shows the relative contribution of UMD towards fuel consumption. Vertical dashed lines indicate changes in contribution 

of UMD reactions. 

Fig. 6. Fuel and primary dissociation products species concentration profiles as a function of time for (a) n- C 5 H 12 at T = 1050 K and (b) n -C 7 H 16 at T = 1050 K, p = 2 bar. 

Solid lines represent species mole fraction and the dashed line shows the relative contribution of UMD towards fuel consumption. Vertical dashed lines mark the time beyond 

which contribution of UMD is less than 10%. 
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ecomposition reaction is the dominant channel, we observe that 

n the case of CH 4 , both the primary dissociation radical products 

 ̇CH 3 and Ḣ) are in relatively high concentration. 

The primary dissociation products for higher alkanes, Fig. 6 (a) 

nd (b) also follow the same trend as those for C 3 H 8 , and therefore

he reverse reactions do not have any impact on any of their fuel 

oncentration profiles. 
4 
Furthermore, even though the reaction CH 4 + ĊH 3 ↔ 

˙ H 3 + CH 4 may occur the net effect is zero, and thus the re- 

ction is not included in the mechanism. This is not true for 

ny other fuel where ĊH 3 will have a net positive effect on fuel 

onsumption via the generic reaction RH + ĊH 3 ↔ 

˙ R + CH 4 . Addi- 

ionally, methyl-methyl recombination acts as a chain termination 

eaction and is also observed to have an impact on T thres , albeit 
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Fig. 7. Fuel mole fraction profiles of C 3 to C 5 1-alkenes with unimolecular disso- 

ciation reaction channel equal to 1-C 4 H 8 ( + M) ↔ Ċ 3 H 5 - a + ĊH 3 ( + M), p = 2 bar, 

τ res = 3.25 ms. 
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Fig. 8. Fuel and radical mole fractions for propene pyrolysis using the 1-butene 

UMD rate constant at p = 2 bar, T = 1250 K and τ = 3.25 ms. (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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mall, under these conditions. Therefore, methane decomposition 

s much slower than for all other alkanes primarily due to the net 

ero effect of H-atom abstraction by ĊH 3 radicals, the relatively 

igher BDE for the alkane C–H bond compared to a C–C bond, 

nd the quasi equilibrium established in the intermediate phase 

 τ = 10 –7 – 10 –5 s, Fig. 5 (a)). 

In the case of alkenes, the UMD rate constants of propene and 

-pentene were modified to be equal to that used for 1-butene, 

ig. 7 . The dashed lines represent simulations where the forward 

eaction parameters for propene and 1-pentene are taken to be 

qual to that for 1-C 4 H 8 ( + M) ↔ Ċ 3 H 5 -a + ĊH 3 (+M), while

he reverse rate constants were calculated based on the parent 

uels’ thermochemistry. The dash-dotted lines represent simula- 

ions where the forward and reverse reaction parameters were set 

qual to the rate constant for the reaction 1-C 4 H 8 ( + M) ↔ Ċ 3 H 5 -

 + ĊH 3 (+M). On implementing equal rate constants for these 

uels, the fuel profiles shift closer to one another. Further differ- 

nces within different fuel profiles are attributed to differences in 

he rate constants of the secondary H-atom abstraction and smaller 

adical decomposition reactions. In the case of propene, assigning 

 rate constant equal to that for 1-butene does not lead to a com- 

arable decomposition profile. It was found that when the forward 

nd reverse reactions of propene UMD are defined separately, the 

 3 H 6 mole fraction profile ( red dash-dotted line ) almost overlaps 

ith that of 1-butene ( black solid line ) as shown in Fig. 7 . However,

o such change in the 1-pentene profile is observed when similar 

hanges are made in its primary UMD reaction. Allyl radicals are 

roduced by UMD and H-atom abstraction reactions in the case 

f propene which is not the case for other alkenes. Hence, due to 

he abundance of allyl radicals, a quasi-equilibrium is established 

lowing down the consumption of propene. This can be observed 

n Fig. 8 . The UMD of propene produces allyl radicals and Ḣ atoms.

 study was performed where the rate constant of the UMD re- 

ction was allowed to be reversible and then irreversible. Initially, 

o difference is seen between the reversible ( black lines ) and irre- 

ersible ( red lines ) cases ( Fig. 8 ). At times longer than 5 × 10 –7 s,

t is observed that the reaction Ċ 3 H 5 -a + Ḣ ↔ C 3 H 6 contributes to

uel consumption as indicated by the rise in the concentrations of 
˙
 3 H 5 -a and Ḣ atoms. 

Furthermore, in the above analyses, it was observed that along 

ith the reactions, secondary reactions also contribute to the 

uel consumption at T thres . Therefore, an integrated flux analysis 

as performed to comprehend the importance of the secondary 

eactions. 
5 
.3. Integrated flux analysis/sensitivity analysis 

.3.1. Analysis of alkane pyrolysis 

To determine the fuel consumption pathways at the thresh- 

ld temperatures, integrated reaction flux analyses were conducted 

or the consumption of each fuel. Figure 9 (a) shows compar- 

sons of the contributions of various channels for methane, ethane, 

ropane, n -butane, n -pentane, and n -heptane at 2 bar at their cor- 

esponding threshold temperatures. In the case of methane ap- 

roximately 40% of the total fuel consumption occurs through uni- 

olecular decomposition while the remaining is via H-atom ab- 

traction by Ḣ atoms. For propane and higher alkanes, the uni- 

olecular decomposition channel only contributes approximately 

 – 15%, while the major flux occurs via H-atom abstraction by Ḣ 

toms (41– 61%) and ĊH 3 radicals (31 – 43%). Ethane exhibits an 

nomalous behavior where H-atom abstraction by Ḣ atoms is re- 

ponsible for almost 97% of the total fuel consumption, while the 

nimolecular decomposition channel is limited to only ~1%. For 

thane, unimolecular dissociation only produces methyl radicals, 

 2 H 6 ( + M) → ĊH 3 + ĊH 3 ( + M). These radicals abstract hydrogen

rom ethane creating ethyl ( ̇C 2 H 5 ) radicals. As soon as ethyl radi-

als are formed, a self-sustaining loop of C 2 H 6 + Ḣ → Ċ 2 H 5 + H 2 

nd Ċ 2 H 5 ( + M) → C 2 H 4 + Ḣ ( + M), C 2 H 6 + Ḣ → Ċ 2 H 5 + H 2 , …

evelops, consuming the fuel and producing Ḣ atoms. Therefore, 

thane is mainly consumed by H-atom abstraction by Ḣ atoms. 

rom these studies, we observe that as time progresses, reactions 

nvolving the secondary radicals formed in the system also become 

mportant, in addition to the unimolecular dissociation reactions. 

igure 9 (b) presents a sensitivity analysis for the aforementioned 

uels at their threshold temperatures and reveals that the fuel de- 

omposition reactions are consistently one of the most sensitive 

eactions for all cases despite their limited contribution to fuel 

onsumption. For methane, the sensitivity towards the CH 4 ( + M) 

 ĊH 3 + Ḣ ( + M) reaction is almost nine times larger than that for

-atom abstraction by Ḣ atoms and ĊH 3 radicals. This high sensi- 

ivity of UMD reactions is primarily attributed to the reaction ki- 

etics in the early phase of the pyrolysis process. In Fig. 6 (a), the

ashed lines indicate the contribution of the UMD reactions as a 

unction of time for n -C 5 H 12 consumption. It can be observed that 

he UMD reactions solely initiate n -pentane consumption leading 

o the production of key radicals which then proceed to undergo 

-atom abstraction from the fuel. As these secondary reactions be- 

ome dominant ( > 1 × 10 4 s) the role of UMD reactions diminish 

 < 10%). Therefore, since the UMD initiate fuel consumption even 
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Fig. 9. (a) Integrated fuel consumption flux through various reaction channels for alkanes. (b) Relative sensitivities towards fuel concentration of different reaction classes. 

All the calculations were performed at T thres , p = 2 bar, τ res = 3.25 ms for alkanes. 
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hough they have a low contribution to overall fuel consumption, 

hey show large sensitivity coefficients. 

For alkanes with three or more carbon atoms, H-atom abstrac- 

ion by ĊH 3 radicals are the second most important reactions fol- 

owed by reactions involving Ḣ atom additions and abstractions. 

his trend indicates that fuel decomposition reaction rates play a 

ajor role in controlling the initiation temperature of fuel pyroly- 

is, corroborating our discussion in Section 3.2 above. 

.3.2. Analysis of alkene pyrolysis 

In the case of alkenes, there is a possibility of Ḣ atom and 

˙ H 3 radical addition to the vinylic carbon sites and this con- 

ributes to fuel consumption. Due to the disparate fuel consump- 

ion pathways, the reactivities of different fuels are different. 

his is explored further by comparing the reactivities of ethy- 

ene (C 2 H 4 ), propene (C 3 H 6 ), 1-butene (1-C 4 H 8 ),isobutene ( i -C 4 H 8 ).

-pentene (1-C 5 H 10 ), 2-methyl-1-butene (aC 5 H 10 , 2M1B) and 3- 

ethyl-1-butene (cC 5 H 10 , 3M1B). An integrated fuel consumption 

ux analysis is performed at their respective threshold tempera- 

ures, Fig. 10 . The reaction time is 3.25 ms for all cases shown. 

It is observed that the radicals formed from unimolecular dis- 

ociation control the subsequent secondary pathways. Even though 

he contribution of UMD towards fuel consumption is less than 

0%, its importance is seen in our sensitivity analysis, Fig. 10 (b). 

urthermore, in alkanes, Ḣ atoms are consumed by abstraction re- 

ctions producing molecular hydrogen whereas in alkenes, Ḣ ad- 

ition reactions are dominant and produce a smaller olefin and 

 radical, see Figs. 9 (a) and 10 (a). Moreover, other reactions such 

s retro-ene, Ḣ atom addition and ĊH 3 addition also contribute 

o fuel consumption. Clearly, UMD is important in initiating py- 

olysis and hence, these reactions are sensitive. A further analy- 

is is performed by comparing propene and isobutene. Propene 

nd isobutene have similar unimolecular dissociation rate con- 
6 
tants and hence, their pyrolytic initiation is similar at 2 bar 

 Fig. 11 ). However, once the initial radical pool is formed, the rates 

f H-atom abstraction by methyl radicals are higher for isobutene 

ue to the relatively higher concentration of methyl radicals pro- 

uced, mainly from the β-scission of 2-methyl allyl (i ̇C 4 H 7 ) radi- 

als. Therefore, isobutene is highly sensitive to the rate constant for 

he reaction i ̇C 4 H 7 → C 3 H 4 - a + ĊH 3 . Rate of production analyses

or 2% propene and isobutene at 1300 K and 2 bar are illustrated 

n Fig. 12 . Methyl assisted abstraction dominates isobutene con- 

umption but the Ḣ atom assisted chemically activated pathway 

s the major consumption pathway for propene ( Fig. 13 ). Hence, 

he propene mole fraction is mainly sensitive to UMD reactions 

roducing Ḣ atoms and the isobutene mole fraction is sensitive 

o both UMD and the β-scission of i ̇C 4 H 7 radicals. Clearly, UMD 

eactions establish the reaction pathways for both propene and 

sobutene. 

In the case of ethylene, UMD of ethylene produces vinyl ( ̇C 2 H 3 )

adicals and Ḣ atoms, with Ċ 2 H 3 radicals decomposing to form 

cetylene (C 2 H 2 ) + Ḣ. Also, the 1,1- elimination reaction of ethy- 

ene to form a carbene is one to two order of magnitude faster 

han the UMD depending on the temperature. The Ḣ atoms pro- 

uced abstract H-atoms from ethylene creating a self-sustaining 

oop, C 2 H 4 + Ḣ → Ċ 2 H 3 + H 2 and Ċ 2 H 3 ( + M) → C 2 H 2 + Ḣ ( + M),

 2 H 4 + Ḣ → Ċ 2 H 3 + H 2 , … (similar to ethane for alkanes above)

onsuming the fuel and producing H 2, C 2 H 2 and Ḣ atoms. There- 

ore, the ethylene mole fraction is sensitive to the rate constants 

or UMD, H-atom abstraction by Ḣ and β-scission of vinyl radicals. 

ue to the difficulty of cleaving a vinylic C–H bond, ethylene is the 

lowest to decompose among all of the alkenes. 

1-Butene and 2M1B undergo UMD to produce resonantly 

tabilized radicals, Ċ 3 H 5 -a for 1-butene and 1,3- ̇C 4 H 7 for 2M1B 

n addition to a ĊH 3 radical. Hence, the fuel is consumed mainly 

y H-atom abstraction by ĊH 3 radicals. Both Ċ 3 H 5 -a and 1,3- 
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Fig. 10. (a) Integrated fuel consumption flux through various reaction channels for alkenes. (b) Relative sensitivities towards fuel concentration of different reaction classes 

at T thres , p = 2 bar, τ res = 3.25 ms for alkenes. 

Fig. 11. 2% propene and isobutene pyrolysis at 2 bar. 
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˙
 4 H 7 radicals produce Ḣ atoms via β-scission. Therefore, Ḣ atom 

ssisted reactions also contribute to the consumption of these 

uels. Similarly, in the case of 2M1B, H-atom abstraction produces 

-methyl-1-buten-3-yl radicals (a ̇C 5 H 9 -c), which also undergo β- 

cission producing Ḣ atoms which contribute to fuel consumption. 

From the above analyses, we see that in the case of alkanes, 

MD and H-atom abstraction reactions are the key reaction path- 

ays consuming the fuel under pyrolytic conditions. Alkenes have 

imilar reaction pathways but are also consumed by chemically ac- 

ivated pathways which essentially convert a larger olefin into a 

maller olefin and a smaller radical, e.g. C H + Ḣ ↔ C H + ĊH .
3 6 2 4 3 

7 
.4. Limiting normalized progress of reaction factor 

In this section, we extend our investigation to determine the 

ffect of initial partial pressure of the fuel and reaction residence 

ime on T thres . Table 3 lists the T thres determined for the various 

lkanes and alkenes through numerical simulations and it clearly 

hows that the T thres is significantly dependent on these factors. 

igher residence times and higher fuel partial pressures lead to 

aster pyrolysis with respect to temperature, thus resulting in a 

ower T thres for each fuel. For example, for CH 4 the T thres lowers 

y ~70 K when the fuel partial pressure is increased from 0.04 
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Table 3 

Limiting rates for different fuels at their threshold temperatures. 

Fuel p (bar) Residence time τ res 

(s) 

Fuel mole fraction T thres (K) RR sum (UMD + Ḣ abst. by Ḣ + Ḣ 

abst. by ĊH 3 + chemically 

activated)(mol cm 

–3 s –1 ) 

NormalizedPRF (RR sum 
∗

τ res / p fuel ),(mol cm 

–3 bar –1 ) 

CH 4 2 3.25 × 10 – 3 0.02 1560 1.06 × 10 –6 8.61 × 10 –8 

2 0.10 0.02 1380 2.43 × 10 –8 6.08 × 10 –8 

10 3.25 × 10 – 3 0.05 1490 9.19 × 10 –6 5.97 × 10 –8 

2 10 0.02 1220 3.20 × 10 –10 7.99 × 10 –8 

2 1.80 × 10 + 3 0.02 1060 1.60 × 10 –6 7.28 × 10 –8 

1 1.80 × 10 + 3 0.02 1070 7.28 × 10 –13 6.56 × 10 –8 

20 1.80 × 10 + 3 0.02 1025 6.77 × 10 –12 3.03 × 10 –8 

20 1.80 × 10 + 3 0.10 1005 1.52 × 10 –11 1.37 × 10 –8 

5 1 0.02 1275 5.77 × 10 –9 5.77 × 10 –8 

C 3 H 8 2 3.25 × 10 – 3 0.02 1075 1.29 × 10 –6 1.05 × 10 –7 

2 0.10 0.02 960 4.42 × 10 –8 1.11 × 10 –7 

10 3.25 × 10 – 3 0.05 1010 7.00 × 10 –6 4.55 × 10 –8 

2 10 0.02 825 3.17 × 10 –10 7.93 × 10 –8 

2 1.80 × 10 + 3 0.02 725 1.68 × 10 –12 7.57 × 10 –8 

1 1.80 × 10 + 3 0.02 720 5.81 × 10 –13 5.38 × 10 –8 

20 1.80 × 10 + 3 0.02 725 1.86 × 10 –11 8.37 × 10 –8 

20 1.80 × 10 + 3 0.10 710 4.22 × 10 –11 3.82 × 10 –8 

5 1 0.02 865 5.77 × 10 –9 5.77 × 10 −8 

1 100 0.1 775 6.64 × 10 –11 6.64 × 10 −8 

0.4 0.01 0.05 1040 1.61 × 10 –7 8.05 × 10 −8 

10 0.01 0.1 980 5.73 × 10 –6 5.73 × 10 −8 

10 100 0.1 760 4.24 × 10 –10 4.24 × 10 −8 

n -C 4 H 10 2 3.25 × 10 – 3 0.02 1030 5.77 × 10 –7 4.69 × 10 –8 

2 0.10 0.02 920 3.76 × 10 –8 9.40 × 10 –8 

20 1.80 × 10 + 3 0.10 675 3.9 × 10 –11 3.51 × 10 –8 

10 1 0.01 845 6.29 × 10 –9 6.29 × 10 –8 

10 0.01 0.1 950 5.50 × 10 –6 5.50 × 10 –8 

0.4 0.01 0.05 975 8.85 × 10 –8 4.42 × 10 –8 

10 100 0.1 730 5.54 × 10 –10 5.54 × 10 –8 

i -C 4 H 10 2 3.25 × 10 – 3 0.02 1005 1.53 × 10 –6 1.24 × 10 –7 

2 0.10 0.02 890 4.00 × 10 –8 1.00 × 10 –7 

20 1.80 × 10 + 3 0.10 705 2.99 × 10 –11 2.69 × 10 –8 

n -C 5 H 12 2 3.25 × 10 – 3 0.02 1000 9.83 × 10 –7 7.99 × 10 –8 

2 0.10 0.02 890 1.68 × 10 –8 4.20 × 10 –8 

2 10 0.02 805 1.61 × 10 –10 4.04 × 10 –8 

2 1.80 × 10 + 3 0.02 740 1.44 × 10 –12 6.50 × 10 –8 

1 1.80 × 10 + 3 0.02 745 5.78 × 10 –13 5.20 × 10 –8 

20 1.80 × 10 + 3 0.02 730 7.96 × 10 –11 3.58 × 10 –8 

20 1.80 × 10 + 3 0.10 725 2.76 × 10 –11 2.48 × 10 –8 

10 1 0.01 850 6.17 × 10 –9 6.14 × 10 –8 

10 0.01 0.1 950 5.00 × 10 –6 5.00 × 10 –8 

10 100 0.1 775 4.02 × 10 –10 4.02 × 10 –8 

0.4 0.01 0.05 975 1.24 × 10 –7 6.20 × 10 –8 

1 100 0.1 775 3.70 × 10 –11 3.70 × 10 –8 

i -C 5 H 12 2 3.25 × 10 – 3 0.02 1000 8.46 × 10 –7 6.87 × 10 –8 

2 0.10 0.02 900 2.73 × 10 –8 6.83 × 10 –8 

20 1.80 × 10 + 3 0.10 725 5.16 × 10 −11 4.64 × 10 –8 

neoC 5 H 12 2 3.25 × 10 – 3 0.02 1030 9.78 × 10 –7 7.95 × 10 –8 

2 0.10 0.02 930 3.27 × 10 –8 8.18 × 10 –8 

10 3.25 × 10 – 3 0.05 990 7.92 × 10 –6 5.15 × 10 –8 

2 3.25 × 10 – 3 0.02 995 9.23 × 10 –7 7.50 × 10 –8 

2 0.10 0.02 890 2.70 × 10 –8 6.75 × 10 –8 

20 1.80 × 10 + 3 0.10 730 5.03 × 10 −11 4.53 × 10 –8 

2,3-DMB 2 3.25 × 10 – 3 0.02 960 7.70 × 10 –7 6.26 × 10 –8 

2 0.10 0.02 870 2.73 × 10 –8 6.83 × 10 –8 

n -C 7 H 16 2 3.25 × 10 – 3 0.02 995 1.21 × 10 –6 9.83 × 10 –8 

2 0.10 0.02 890 2.14 × 10 –8 5.35 × 10 –8 

2 10 0.02 800 1.87 × 10 –10 4.66 × 10 –8 

2 1.80 × 10 + 3 0.02 705 6.30 × 10 –13 2.83 × 10 –8 

1 1.80 × 10 + 3 0.02 715 3.89 × 10 –13 3.51 × 10 –8 

20 1.80 × 10 + 3 0.02 715 9.09 × 10 –12 4.09 × 10 –8 

20 1.80 × 10 + 3 0.10 695 1.42 × 10 –11 1.28 × 10 –7 

10 0.01 0.1 940 4.34 × 10 –6 4.34 × 10 –8 

0.4 0.01 0.05 950 9.01 × 10 –8 4.50 × 10 –8 

1 100 0.1 760 4.74 × 10 –11 4.74 × 10 –8 

10 100 0.1 735 5.50 × 10 –10 5.50 × 10 –8 

C 3 H 6 2 3.25 × 10 – 3 0.02 1180 4.16 × 10 –7 3.38 × 10 –8 

2 0.01 0.02 1160 2.79 × 10 –7 6.97 × 10 –8 

10 1 0.01 1025 8.49 × 10 –9 8.49 × 10 –8 

10 0.01 0.1 1145 6.06 × 10 –6 6.06 × 10 –8 

0.4 0.01 0.05 1175 1.50 × 10 –7 7.50 × 10 –8 

( continued on next page ) 

8 



S.S. Nagaraja, A.B. Sahu, S. Panigrahy et al. Combustion and Flame 233 (2021) 111579 

Table 3 ( continued ) 

Fuel p (bar) Residence time τ res 

(s) 

Fuel mole fraction T thres (K) RR sum (UMD + Ḣ abst. by Ḣ + Ḣ 

abst. by ĊH 3 + chemically 

activated)(mol cm 

–3 s –1 ) 

NormalizedPRF (RR sum 
∗

τ res / p fuel ),(mol cm 

–3 bar –1 ) 

1-C 4 H 8 2 3.25 × 10 – 3 0.02 1020 1.58 × 10 –6 1.29 × 10 –7 

2 0.01 0.02 980 4.73 × 10 –7 1.18 × 10 –7 

2 0.10 0.02 900 2.75 × 10 –8 6.88 × 10 –8 

20 1.8 × 10 + 3 0.1 710 8.31 × 10 –11 8.61 × 10 –8 

20 10 0.1 800 1.78 × 10 –8 8.90 × 10 –8 

10 0.01 0.1 945 7.48 × 10 –6 7.48 × 10 –8 

20 10 0.02 800 3.78 × 10 –9 9.45 × 10 –8 

10 1 0.01 825 3.37 × 10 –9 3.37 × 10 –8 

10 100 0.1 755 7.16 × 10 –10 7.16 × 10 –8 

0.4 0.01 0.05 975 1.78 × 10 –7 8.90 × 10 –8 

1 100 0.1 760 1.09 × 10 –10 1.09 × 10 –7 

i -C 4 H 8 2 3.25 × 10 – 3 0.02 1160 6.15 × 10 –7 5.00 × 10 –8 

2 0.10 0.02 1050 1.85 × 10 –8 4.62 × 10 –8 

20 1.8 × 10 + 3 0.1 870 9.20 × 10 –11 8.28 × 10 –8 

20 10 0.1 970 1.34 × 10 –8 6.70 × 10 –8 

20 10 0.02 970 5.04 × 10 –9 1.26 × 10 –7 

0.4 0.01 0.05 1150 2.30 × 10 –7 1.15 × 10 –7 

10 1 0.01 1000 7.40 × 10 –7 7.40 × 10 –8 

10 0.01 0.1 1125 4.98 × 10 –6 4.98 × 10 –8 

10 100 0.1 925 8.50 × 10 –10 8.50 × 10 –8 

1 100 0.1 910 6.46 × 10 –11 6.46 × 10 –8 

1-C 5 H 10 2 3.25 × 10 – 3 0.02 950 5.39 × 10 –7 4.38 × 10 –8 

20 1.8 × 10 + 3 0.1 675 1.10 × 10 –10 9.92 × 10 –8 

20 10 0.1 750 1.16 × 10 –8 5.78 × 10 –8 

10 0.01 0.1 925 7.22 × 10 –6 7.22 × 10 –8 

10 1 0.01 820 1.14 × 10 –8 1.14 × 10 –7 

0.4 0.01 0.05 925 1.61 × 10 –7 8.05 × 10 –8 

10 100 0.1 710 3.50 × 10 –10 3.50 × 10 –8 

20 10 0.02 770 3.80 × 10 –9 9.50 × 10 –8 

aC 5 H 10 2 3.25 × 10 – 3 0.02 1000 8.33 × 10 –7 6.77 × 10 –8 

20 1.8 × 10 + 3 0.1 725 1.11 × 10 –10 9.99 × 10 –8 

20 10 0.1 810 1.64 × 10 –8 8.19 × 10 –8 

20 10 0.02 810 3.20 × 10 –9 8.00 × 10 –8 

10 1 0.01 850 7.69 × 10 –9 7.69 × 10 –8 

0.4 0.01 0.05 975 1.89 × 10 –7 9.45 × 10 –8 

10 100 0.1 760 1.04 × 10 –9 1.04 × 10 –7 

1 100 0.1 760 1.10 × 10 –10 1.10 × 10 –7 

bC 5 H 10 2 3.25 × 10 – 3 0.02 1080 7.99 × 10 –7 6.49 × 10 –8 

20 1.8 × 10 + 3 0.1 800 1.21 × 10 –10 1.09 × 10 –7 

20 10 0.1 890 8.93 × 10 –9 4.47 × 10 –8 

10 1 0.01 950 8.13 × 10 –9 8.13 × 10 –8 

10 100 0.1 850 8.41 × 10 –10 8.41 × 10 –8 

20 10 0.02 895 2.75 × 10 –9 6.88 × 10 –8 

10 0.01 0.1 1080 8.82 × 10 –6 8.82 × 10 –8 

0.4 0.01 0.05 1095 2.17 × 10 –7 1.05 × 10 –7 

1 100 0.1 840 4.00 × 10 –11 4.00 × 10 –8 

cC 5 H 10 10 3.25 × 10 – 3 0.02 1080 4.12 × 10 –6 6.70 × 10 –8 

2 3.25 × 10 – 3 0.02 950 7.43 × 10 –7 6.04 × 10 –8 

20 1.8 × 10 + 3 0.1 690 8.61 × 10 –11 7.75 × 10 –8 

20 10 0.1 775 1.88 × 10 –8 9.40 × 10 –8 

10 1 0.01 820 1.01 × 10 –8 1.01 × 10 –7 

10 0.01 0.1 925 1.07 × 10 –5 1.07 × 10 –7 

0.4 0.01 0.05 930 2.26 × 10 –7 1.10 × 10 –7 

10 100 0.1 735 8.89 × 10 –10 8.89 × 10 –8 

1 100 0.1 740 1.24 × 10 –10 1.24 × 10 –7 

20 10 0.02 775 3.83 × 10 –09 9.58 × 10 –8 
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o 0.5 bar for a residence time of 3.25 ms. Similarly, the T thres 

educes by ~180 K when the residence time is increased from 3.25 

o 100 ms while maintaining the same initial fuel partial pressure 

or CH 4 . 

In an attempt to determine a parameter for characterizing fuel 

yrolysis initiation irrespective of the residence time or the fuel 

artial pressure, we propose a normalized ‘progress of reaction fac- 

or’ (PRF) here. The normalized PRF is calculated by summing the 

ates of key reactions involved in fuel consumption ( Section 3.3 ) at 

he end of residence time, multiplied by the τ res and normalized 

ith respect to the fuel partial pressure as shown in the equation: 

 RF = 

(∑ 

R R UMD + 

∑ 

R R H−abst + . . . 

)
τ

∗τres / p F uel (1) 

res 

9 
Table 3 provides the normalized PRF values for fuel pyrolysis 

nder different conditions ( τ res and fuel partial pressures) at their 

orresponding threshold temperatures. The operating conditions 

onsidered for this analysis span over residence times of 3.25 ms –

0 min (~5 orders of magnitude) and fuel partial pressures of 0.02 

2.0 bar (~2 orders of magnitude). It should be noted that a mean 

ormalized limiting PRF value of ~7.06 × 10 –8 mol cm 

–3 bar –1 is 

bserved with an overall standard deviation of only ~36% for this 

ide array of fuels and conditions. Figure 14 compares the devia- 

ions in the PRF value for each test condition along with the total 

eaction rate of the key reactions (UMD + Ḣ abst. by Ḣ + Ḣ abst.

y ĊH 3 + chemically activated). This clearly shows that while the 

hemical timescales tend to vary significantly (~7 orders of mag- 
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Fig. 13. Propene and isobutene initiation pathways. 
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itude), the standard deviation in the normalized PRF values is 

nly ~36% over the range of partial pressure (0.02 – 2.0 bar), resi- 

ence time (3 ms – 30 min) and the type of fuel (alkanes, alkenes 

nd their isomers). Additional plots showing variation in PRF as a 

unction of residence time and fuel partial pressure are provided 

s Supplementary material. The figures show that PRF values typ- 

cally lie within a similar range of values. Even though the fuels 

ave different geometrical structures and thermodynamic proper- 

ies, they begin to pyrolyze only when their PRF is greater than 

he limiting PRF. This unique limiting PRF value represents an ef- 

ective amount of fuel necessary to be consumed in a given time 

or an observable pyrolysis process. This value could thus help to 

etermine the threshold temperature for a given fuel concentra- 

ion, pressure and residence time. To the best of our knowledge, 

his is the first study to provide a unique limiting factor for the 

yrolysis process for the alkanes and alkenes included here. Fur- 

hermore, the concept of threshold temperature is introduced in 

his study and its dependence on UMD reaction rate constants is 

learly shown. 

An in-house Python program [20] based on Goodwin et al. 

21] is developed to provide the PRF at any given condition for a 

umber of fuels and is provided as Supplementary material. This 
ig. 14. Comparison of the reaction rate (black) and the ‘Progress of Reaction Factor’ (red

o 30 min and 0.02 – 2 bar, respectively. Detailed conditions are listed in Table 3 . (For int

he web version of this article.). 

10 
rogram can be used to predict the initiation of pyrolysis for any 

uel. A step-by-step process on understanding the pyrolysis of alka- 

es and alkenes culminated in this program. This novel approach 

rovided in the current study can aid researchers to further ex- 

lore pyrolysis, as it is one of the important chemical transforma- 

ion processes. Heating rate, temperature, pressure and residence 

ime are vital control parameters [2 , 3] . Through a proper choice 

f residence time and pyrolysis temperature, the yield can be con- 

rolled and optimized. 

To determine the minimum temperature at which the conver- 

ion begins for a given residence time and pressure, the concept 

f PRF can be utilized. Industrial scale pyrolysis is part of several 

f the most important industrial activities including the processing 

f oil, natural gas, coal, and different types of waste [22] and the 

oncept of PRF and threshold temperature has applications in this 

omain. 

.5. Application of threshold temperature in fundamental studies 

0-D constant volume simulations were performed at 800 K and 

200 K at 1 bar pressure and equivalence ratio ( ϕ) of 1 to show

he application of threshold temperature. 

In the former case ignition delay time (IDT) is determined to be 

.85 s and using this as residence time, we obtain the correspond- 

ng T thres as 850 K. Since the reaction temperature is below the 

 thres , chain initiation is led by the abstraction reactions and this is 

orroborated by Fig. 15 (a). Abstraction reactions are observed to be 

he major fuel consumption pathways at 0.1% fuel consumption. In 

ontrast, at 1200 K when the IDT is 8 ms and the T thres is 1100 K,

t is observed that the UMD reaction is the most important fuel 

onsumption reaction at 0.1% fuel consumption, Fig. 15 (b). When a 

rute force sensitivity analysis for IDT is performed for these two 

ases, we do not see sensitivity of UMD reactions of the fuel when 

he reaction temperature is below T thres, Fig. 15 (c) and (d). 

Our analysis was further extended to 1-butene. In Fig. 16 (a), 

he reaction temperature is below the T thres (850 K). Hence, we 

o not observe sensitivity of fuel pyrolysis reactions to IDT predic- 

ions. Moreover, initiation occurs via the fuel + O reaction. How- 
) for different fuels at residence time and fuel partial pressure ranging from 3 ms 

erpretation of the references to color in this figure legend, the reader is referred to 
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Fig. 15. (a) Propane ROP analysis 0.1% fuel consumption, ϕ = 1, 1 bar and 800 K. (b) Propane ROP analysis 0.1% fuel consumption, ϕ = 1, 1 bar and 1200 K. (c) Brute force 

sensitivity analysis for propane IDT in air at 1 bar, ϕ = 1 and 800 K. (d) Brute force sensitivity analysis for propane IDT in air at 1 bar, ϕ = 1 and 1200 K. 

Fig. 16. Sensitivity analysis for 1-butene IDT at 1 bar, ϕ = 1 and (a) 800 K; (b) 1100 K. 
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reactions. 
ver, in Fig. 16 (b), the reaction temperature is above the T thres of 

80 K. Therefore, we observe that initiation occurs via UMD of 

he fuel and subsequently, the IDT is sensitive to fuel UMD and 

-atom abstraction by ĊH 3 radicals and chemical activation by Ḣ 

toms. Based on these four cases with the two fuels, it is deter- 
11 
ined that in a shock tube at T > 10 0 0 K and τ res in the μs–

s timescale, the reaction temperature is usually higher than the 

hreshold temperature under these conditions and hence, chain 

nitiation happens via UMD and hence IDTs are sensitive to UMD 
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In contrast, if the reaction temperature is below T thres for a 

iven pressure and τ res , which is usually the case for jet-stirred 

eactor and flow reactor studies, chain initiation occurs via H-atom 

bstraction from the fuel by O 2 . Therefore, in these reactors fuel 

eactivity is not usually observed to be sensitive to UMD reactions. 

. Conclusions 

Simulation of the pyrolysis of C 1 – C 7 hydrocarbons have been 

erformed using NUIGMech1.1 at a constant initial fuel concentra- 

ion, pressure, and reaction time in the temperature range of 900 

20 0 0 K. It is observed that the products of unimolecular dissoci- 

tion determine the secondary fuel consumption pathways. Hence, 

uel pyrolysis is highly sensitive to unimolecular dissociation re- 

ctions. We found anomalies with ethane and ethylene, where on 

-atom abstraction the ethyl (in ethane) and vinyl (in ethylene) 

adicals decompose to form C 2 H 4 + Ḣ and C 2 H 2 + Ḣ respectively.

his is followed by a cycle of C 2 H 6 /C 2 H 4 + Ḣ = Ċ 2 H 5 / ̇C 2 H 3 + H 2 ,

nd Ċ 2 H 5 / ̇C 2 H 3 = C 2 H 4 /C 2 H 2 + Ḣ, C 2 H 6 /C 2 H 4 + Ḣ.... 

Furthermore, fuel consumption is noticeable only when the 

rogress of reaction factor (PRF) is ≥ 7.06 × 10 –8 ± 36% mol cm 

–3 

ar –1 . A computer program is developed based on this limiting PRF 

pproach and is a tool for the user to determine the threshold tem- 

erature for the pyrolysis of a fuel. It is shown that because of (i)

he net zero effect of H-atom abstraction by ĊH 3 radicals, (ii) the 

elatively higher BDE for cleavage of C–H bond compared to a C–C 

ond, and (iii) the quasi equilibrium established in the interme- 

iate phase ( τ = 10 –7 – 10 –5 s), methane is slower to decompose 

elative to all of the other fuels. Moreover, ethylene shows the low- 

st reactivity among the alkenes due to the higher BDE of vinylic 

–H bonds. Furthermore, even though the UMD rate constants of 

ropene and isobutene are similar, the secondary reactions of these 

wo fuels lead to different overall reactivity, illustrating the impor- 

ance of the secondary reactions. Finally, the existence of a limiting 

hreshold temperature and its influence on chain initiation and IDT 

ensitivity is illustrated. 
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