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Abstract 

Pyrolysis of selected C3-C5 allylic hydrocarbons has been studied using single-pulse shock tube. 

A new single-pulse shock tube has been designed and constructed by re-commissioning an existing 

conventional shock tube. This facility enables the investigation of high temperature chemical 

kinetics with an emphasis on combustion chemistry. The modifications performed on the existing 

shock tube are described and the details of the sampling system to analyze the species 

concentration using a gas chromatography–mass spectrometry–flame ionization detection (GC–

MS–FID) system are also provided. This facility is characterized and validated by performing 

cyclohexene pyrolysis experiments. Furthermore, the performance of the shock tube is 

demonstrated by reproducing previous literature measurements on the pyrolysis of isobutene. Post-

validation, this setup is used to study the pyrolysis of trans-2-butene and 2-methyl-2-butene 

(2M2B). A newly developed NUIGMech1.0 is used to simulate the experimental data of propene, 

isobutene, 2-butene and 2M2B, allylic hydrocarbon fuels. A description using two different kinetic 

simulation approaches is provided using our isobutene experiments as a reference. We found no 

significant differences between the two methods. Additionally, the contribution of different 

reaction classes on fuel consumption is detailed and the influence of geometry on fuel consumption 

and first aromatic ring: benzene is discussed. 
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1. Introduction 

The use of shock tubes to generate high temperatures for chemical kinetic investigations is 

historical1–5. A conventional shock tube has two distinct sections: a low-pressure “driven” section 

containing an analyte gas and a high-pressure “driver” section containing the driver/test gas, both 

separated by a plastic or metal diaphragm. The diaphragm is ruptured via mechanical puncture or 

over-pressurization, and this induces a shock wave that passes downstream through the driven 

section, causing an instantaneous increase in the temperature and pressure behind the shock front. 

Reflection of the shock wave from the tube’s end-wall results in a substantial secondary 

temperature and pressure increase. Quenching then occurs when the rarefaction (expansion ) wave 

initially induced in the opposite direction of the shock reflects off the rear of the driver section and 

interacts with the shock6. 

Ignition delay time (IDT) measurements recorded in shock tubes provide valuable validation 

data of a fuel’s reactivity. However, the information provided by the measurement of the 

concentration of reactants, intermediates and product species formed during pyrolytic or oxidative 

events are extremely valuable as they provide direct evidence of the chemical changes occurring 

and these measurements place more stringent constraints on detailed chemical models compared 

to global IDTs. Shock tube speciation techniques can broadly be classified into two categories: (a) 

post-shock sampled7 and (b) time-resolved in-situ species measurements8. A single-pulse shock 

tube (SPST) is a well-established reactor for post-shock sampling and analysis. The first design is 

attributed to Glick et al.9 and other designs have been implemented by Tsang4, Hidaka et al.10 and 

Tranter et al.11 among others. Given that a SPST has a quenching rate of  approximately 1 × 106 K 

s–1 after the residence time (classically defined as the time between the arrival of the reflected 



 

shock to when the pressure has fallen by 20%7), it can be assumed that the reaction is frozen owing 

to rapid quenching. 

In this article, an overview of a newly designed single-pulse shock tube (SPST) is provided. 

This can be used for chemical kinetic investigations over a broad range of temperatures (~900–

2000 K) and pressures of 0.8–2.5 bar. Furthermore, this article documents the characterization and 

validation of the shock tube. Cyclohexene, a chemical thermometer, is used for the validation12. 

Additionally, isobutene pyrolysis is carried out at 2 bar and the data is compared with a previous 

study13.  

After the initial validation, this set-up is used to study the pyrolysis of trans-2-butene and 2-

methyl-2-butene (2M2B) among other fuels. A newly developed mechanism, NUIGMech1.014–16 

is used for simulation of the pyrolysis experiments. Finally, a comparison of fuel and intermediates 

for propene, isobutene, trans-2-butene and 2-methyl-2-butene are provided along with the 

modeling predictions. 

These fuels are particularly chosen for this study due to the presence of only primary allylic and 

vinylic C–H bonds. Due to the higher bond dissociation energy of vinylic C–H bonds and the 

formation of resonantly stabilized allylic radicals17, H-atom abstraction from the primary allylic 

site is favoured. Therefore, these fuels are ideal to validate the allylic hydrocarbon pyrolysis 

chemistry included in NUIGMech1.0.  

In previous work, propene pyrolysis was studied in a shock tube by Burcat18, Chappell and 

Shah19, Kiefer et al.20 and Hidaka et al.21. Moreover, Davis et al. performed pyrolysis studies on 

propene in a flow reactor22. In another study, we performed an experimental pyrolysis study of 1-

alkenes which included propene15. Wang et al.23 investigated isobutene pyrolysis using a tubular 

flow reactor at an absolute pressure of ∼0.82 atm over a temperature range of 883–1133 K with 



 

residence times ranging from ∼0.5 to ∼2.4 s. Bradley and West24 studied the thermal 

decomposition of isobutene in a single-pulse shock tube over the temperature range 1055–1325 K. 

Santhanam et al.25 observed dissociation, vibrational relaxation, and unimolecular incubation in 

shock waves in isobutene with the laser schlieren technique at 900–2300 K, and at post incident 

shock pressures in the range 7–400 Torr. Pyrolysis and oxidation of isobutene were studied by 

Yasunaga et al.13 behind reflected shock waves over the temperature range 1000–1800 K at total 

pressures between 1.0 and 2.7 atm. 2-butene pyrolysis was studied by Zhang et al.26 at 4–12 Torr 

in a flow-reactor coupled to a synchrotron vacuum ultraviolet (VUV) photoionization mass 

spectrometer using a molecular-beam sampling technique. Wang et al.27 investigated 2-butene 

pyrolysis using a tubular flow reactor at an absolute pressure of ∼0.82 atm in the temperature range 

808–1083 K with residence times ranging from ∼0.5 to ∼2.4 s. As part of our studies, Nagaraja et 

al.14 earlier investigated the pyrolysis of 2M2B along with other pentene isomers. However, due 

to the limitation of the capillary column, 2M2B co-eluted with isoprene. Therefore, we repeated 

these experiments with a new capillary column, the results of which are presented here. In the 

current study, single-pulse shock tube (SPST) experiments are performed for 2% cyclohexene, 

isobutene, trans-2-butene and 2M2B at ~ 2 bar. Firstly, the cyclohexene and isobutene experiments 

are used to validate the SPST. Thereafter, trans-2-butene and 2M2B experiments aid us in the 

validation of NUIGMech1.0 for these fuels.  

2. Experimental facility 

The NUIG SPST has a 5.8 m driven section with an inner diameter of 10.24 cm. There are 5 × 

PCB Piezotronics 113A21 transducers embedded on the sidewall of the tube located at distances 

of 2.99, 23.69, 36.59, 49.49 and 188.72 cm from the endwall. The endwall has a Kistler 603CAB 

piezoelectric sensor connected to a Kistler 5018 charge amplifier. The driver section is barrel 



 

shaped with a diameter of 52 cm and a length of 53 cm. To enable the original shock tube28 to 

perform single pulse experiments, some modifications were carried out and are described in more 

detail below. 

2.1. High Vacuum System 

Achieving a high vacuum is crucial in obtaining accurate quantifiable species profiles in a shock 

tube. Therefore, the vacuum system was modified by adding a new Edwards E02 diffusion pump 

with an Edwards RV25 as a roughing pump. The vacuum levels are monitored using Edwards 

APG-L active Pirani gauges. The diffusion pump is water cooled and is also connected to a liquid 

nitrogen trap to enhance the efficiency of the system.  

2.2. Diaphragm bursting mechanism 

The earlier shock tube had a static cutter with four-pronged blades to rupture the diaphragm as 

described by Gillespie28. However, this system does not satisfactorily control the bursting pressure. 

Hence, to ensure repeatability and provide control, an active cutting mechanism was designed 

using a Festo pneumatic linear actuator, ESNU-12-50-P. It is mounted on a custom-made 

supporting ring. The blade assembly consists of four Stanley blades welded to a custom-made 

piston. 

2.3. Tee section 

One of the main components of a SPST is the tee section. This assembly consists of three 

custom made flanges welded to a tee which is connected to a pneumatically actuated Festo VZBF 

ball valve with a response time of approximately 300 ms. The valve is in turn connected to a dump 

tank. The tee section also houses the diaphragm bursting mechanism. The diameter of the tee 

section is the same as that of the driven section. 



 

2.4. Dump tank 

A dump tank is a vital component of a single pulse shock tube. It is a pressure vessel into which 

the reflected shock wave is absorbed and ensures that there is no re-heating from multiple 

reflections of the shock wave. The dump tank assembled at NUIG is a 200 L ASME 150 class 

SS316 pressure vessel rated to a pressure of 15 bar. This vessel is connected to an Omega digital 

pressure gauge and has connections for evacuation and argon. It is connected to a Festo ball valve, 

described above. The final assembly of the entire shock tube is shown in Fig. 1.  

 

Fig. 1. NUIG SPST Assembly. 

2.5. Sampling System 

A 1/16th inch tube protrudes 8 mm into the shock tube from the end-wall and is connected to a 

Festo MHE4 solenoid valve which is, in turn, connected to an Agilent 6890/5975 gas 

chromatography-mass spectrometry (GC–MS) system through a six port Agilent gas sampling 

valve (5062-9508) which can be configured for various functions. The dead volume is minimal 

(75 mm3) due to the small diameter of the sampling tube and therefore, it is assumed that the effect 

of the unreacted mixture is negligible. To ensure that we are not sampling from the boundary layer 

a computational fluid dynamics study was carried out and the details are provided as 

Supplementary material. 

 



 

3. Experimental procedure 

Mixture preparation is described in detail by Gillespie28. During the experiment, the driver and 

driven sections of the tube are separated using a polycarbonate diaphragm. The ball valve to the 

dump tank is closed. The driven section is evacuated to ~10–4 Torr using a diffusion pump and the 

pressure is monitored on an Edwards APG-L Pirani gauge. Once a pressure of ~10–4 Torr is 

achieved, the driven section is filled with the fuel mixture to the desired pressure (p1), which is 

monitored using a KJLC capacitance manometer. This pressure is obtained from an in-house 

python program based on the shock jump equations. Desired reflected pressure and temperature, 

initial temperature and mixture composition are provided as inputs to this program. The dump tank 

is evacuated to 10–2 Torr using a two-stage RV pump and is filled with argon to the same pressure 

as the driven section. Thereafter, the initially evacuated driver section is filled with helium to the 

required pressure (p4), using an Omega digital pressure gauge. The ratio of p4 to p1 determines the 

shock speed and is usually higher than the ideal ratio obtained from the shock jump equations. The 

valves for the diaphragm bursting mechanism, dump-tank and sampling lines are sequentially 

controlled using an Arduino Mega controller. Once the driven, dump-tank and driver sections are 

filled, the system control is transferred to the electronics system which is used to trigger the shock. 

The dump tank valve is opened first with a pneumatic semi-rotary actuator, and the diaphragm is 

burst after a delay of 800 ms with a four-pronged blade connected to a Festo pneumatic linear 

actuator. Pressure traces are recorded using the pressure sensors described earlier, which are 

connected to a Windows PC through a pair of Handyscope HS4s. The shock velocity and the 

residence time are obtained by post-processing the pressure traces with the aid of an in-house 

MATLAB based program. The reflected pressure and temperature conditions are then calculated 

using GASEQ29 by providing the necessary inputs of initial pressure, temperature, mixture 



 

composition, and shock velocity. The calculated pressures are verified using the endwall Kistler 

pressure sensor. 

After each experiment the sampling solenoid valve is opened, allowing the analyte to enter the 

GC–MS system. In this study, the MS system is used to identify and quantify Kr and a flame 

ionization detector (FID) is used for all of the other organic species. The sample is introduced to 

the GC through a split/split-less inlet. Helium is used as the carrier gas. The system was calibrated 

using a 23 gas GC standard obtained from BOC Ireland. 

3.1. Mixtures 

Cyclohexene (C6H10, ≥ 99% pure), 2-methylpropene (isobutene, ≥ 99% pure), trans-2-butene 

(2-C4H8, ≥ 99% pure) and 2M2B (≥ 95% pure) were obtained from Sigma-Aldrich. Pure-shield 

argon (Ar) supplied by BOC Ireland was used as the bath gas. 99.99% pure krypton (Kr) obtained 

from Sigma Aldrich was used as an internal standard. 99.9% pure helium supplied by BOC Ireland 

was used as driver gas. For all experiments, mixtures comprised of 2% fuel, 0.5% Kr and 97.5% 

Ar were prepared based on partial pressures measured using KJLC capacitance manometers in a 

40 L mixing vessel. 

3.2. Experimental Uncertainties 

The uncertainties in reflected temperatures are calculated based on the uncertainties in shock 

velocities and are approximately ±2% based on calculations by Petersen et al.30. The uncertainty 

in calibrated species concentrations calculated using repetitive sampling of standard calibration 

gas is approximately ±10%, and estimated species concentrations, calculated using the effective 

carbon number method31 is approximately ±20%. The uncertainty in reactant mole fractions is ± 

0.02%. The uncertainty in the residence time is ±2%. The 2σ variation in calculated reflected 



 

pressures is approximately ±8%. The carbon balances from the GC–MS measurements were 100 

±15%. 

4. Characterization 

Even though a shock tube is very suitable for chemical kinetic studies, it has some non-idealities 

as described by Petersen32. Therefore, it is necessary to understand the behavior of a ST before 

performing experiments. This permits the prediction of the required driver to driven pressure ratio 

(p41) for the required incident Mach number (Ms). A set of experiments were carried out using 

argon and helium as the driven and driver gases, respectively, with the results shown in Fig. 2(a). 

This shows that the required driver to driven pressure ratio is higher than the ratio calculated using 

the shock-jump equations, illustrating the effect of non-idealities in this shock tube. Also, a typical 

endwall pressure trace is illustrated in Fig. 2(b). 
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Fig. 2 (a) Plot of driver to driven section pressure ratio (p41) versus the incident Mach number 

showing the effect of non-idealities in a shock tube; (b) Typical end-wall pressure traces from 

the NUIG SPST. 

To characterize the working principles of NUIG SPST further, a Kistler 603B transducer was 

installed on the dump tank section. The pressure traces from the two Kistler sensors are shown in 

Fig. 3 

(a) 
(b) 



 

 

Fig. 3. Pressure traces from the two Kistler sensors on the NUIG SPST. 

It is observed that after the arrival of reflected shock at the endwall, there is a plateau for 

approximately 3–4 ms and then a rarefaction wave quenches the test gas near endwall. The 

reflected shock then travels towards the driver section and is swallowed by the dump tank at around 

7.5 ms. There is no reheating/pressure rise of the test gas after the initial reaction time near the 

endwall and hence, the frozen chemistry assumption is valid.  

5. Validation 

5.1. Cyclohexene 

To validate the NUIG SPST, the standard chemical thermometer, cyclohexene, was used, which 

undergoes decomposition to ethylene and 1,3-butadiene at approximately 1000 K. Studies 

performed by Tsang et al.33, Skinner et al.34 and Stranic et al.35 reported the rate constant of this 

single-step reverse Diels-Alder reaction. Our experiments were performed at 2 bar for 2% 

cyclohexene in Ar with 0.5% Kr as the internal standard in the temperature range 900–1200 K and 

a residence time of 3–4 ms. The sample was analyzed on the GC–MS using a GS-Gaspro column. 

The front inlet to the GC–MS was at 200 °C and the column flow rate was 1.3 ml min–1. The oven 

was initially held at 50 °C for 3 minutes and then ramped up by 20 °C min–1 up to 200 °C and held 
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at the peak temperature for 15 minutes. The results for cyclohexene mole fraction as a function of 

temperature are shown in Fig. 4.  The match between current and previous results clearly illustrates 

the validity of this new instrument in carrying out “speciation” studies. 
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Fig. 4. Cyclohexene decomposition measurements at 2 bar validates NUIG SPST (Current work 

is solid symbols; the lines are simulation results obtained using the rate constants computed by 

different researchers). 

5.2. Isobutene 

To establish the validity of our set-up, isobutene pyrolysis experiments, previously performed 

by Yasunaga et al.13 were repeated at 2 bar in the temperature range 1000–1600 K with an initial 

fuel concentration of 2%. The sample was analyzed on the GC–MS using an Agilent Select 

Alumina MAPD column. The front inlet was set at 180 °C and the column flow rate was 0.9 ml 

min–1. The oven was initially held at 70 °C for 3 minutes and then increased by 5 °C min–1 up to 

120 °C and held for 5 minutes. It was further increased by 20 °C min–1 up to 180 °C and held for 

20 minutes. The normalized species concentration versus temperature profiles are shown in Fig. 

5. There is excellent agreement between the experimental results recorded in the two facilities. 

This clearly establishes the validity of our new facility. Furthermore, we used a special column 



 

that could separate allene and propyne. The earlier study used a Porapak Q column. This could 

lead to a small discrepancies with these isomers. 
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Fig. 5(a) and (b) Normalized species concentrations for isobutene pyrolysis. Solid symbols are 

from this study and open symbols are from Yasunaga et al. Ci,fuel represents the initial fuel 

concentration. 

6. Simulation approach 

There are two different approaches to simulate a SPST experiment: (1) based on the actual 

recorded pressure profiles, (2) based on residence/reaction time. In the former approach, the 

complete pressure profile is provided as the input for the solver36. Alternatively, it can be assumed 

that the reaction is quenched by the arrival of the rarefaction wave and the chemistry is frozen after 

the residence time, defined as the time at which the pressure drops to 80% of the reflected shock 

pressure, p5. The latter approach decreases the computational cost significantly and has been used 

historically10,37,38.  

In order to mitigate any concerns that may arise in differences in results using the two different 

simulation approaches, we performed simulations were performed using Chemkin-Pro39 assuming 

a closed homogeneous batch reactor using both approaches for isobutene pyrolysis. This is 

necessary as it increases the confidence in the experimental facility and simulation techniques. The 

(a) (b) 



 

results comparing the simulation techniques for isobutene, methane, acetylene and ethylene 

concentrations are shown in Fig. 6. 
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Fig. 6. Species concentration profiles for isobutene pyrolysis comparing different simulation 

approaches. The solid lines and the red symbols show the concentrations with the residence time 

and pressure profile approach respectively. 

We observe no substantial differences in results between the two approaches, as also shown by 

Han et al.40 for the conditions they tested. Furthermore, we obtained species-time histories for a 

case based on actual pressure profiles and there is no significant change in species concentration 

after the residence time, Fig. 7. Therefore, we use the residence time approach for all our 

simulations and the residence time is in the range of 3 – 4 ms in our facility. 
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Fig. 7. Species time history for isobutene pyrolysis. 

7. Results and Discussions 

7.1. Propene 

Propene (C3H6) experimental results are taken from our earlier study15 and this data is simulated 

using NUIGMech1.0, Fig. 8. Methane, ethylene, acetylene, allene and propyne are the major 

products formed. There is satisfactory agreement between the experiments and simulation. 
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Fig. 8. Species profile for propene pyrolysis. Solid lines – NUIGMech1.0. 

A reaction flux diagram (RFD) is provided for propene pyrolysis at 1423 K in Fig. 9 at 20% of 

the fuel consumed in the simulation. H-atom abstraction and Ḣ atom addition reactions are the 

prominent fuel consumption pathways. More than 45% of the fuel is converted to allyl (Ċ3H5-a) 

radicals and clearly this aids in the validation of the allylic radical chemistry included in 

NUIGMech1.0. Although allyl radicals are not measured in the experiments, these radicals mainly 



 

form allene as seen from Fig. 9. The allene mole fractions are well predicted, Fig. 8 providing an 

indirect validation of NUIGMech1.0. The prediction of the current mechanism is in excellent 

agreement with the experimental results for other species as well, except for benzene. The over 

prediction of benzene can be attributed to lack of detailed description of consumption of benzene 

which contributes to growth of larger polyaromatic-hydrocarbons. Furthermore, accurate 

predictions of ethylene mole fractions validate the propene + Ḣ → ethylene (C2H4) + ĊH3 rate 

constant. Methyl (ĊH3) radical recombination is the major source of ethane. Allyl radicals 

dissociate to form a Ḣ atom and allene (C3H4-a), which in turn undergoes isomerization to form 

propyne (C3H4-p). Methyl addition to propene forms 2-butene. 2-butene forms small amounts of 

1,3-butadiene in reaction pathways discussed in Section 7.3. 1,3-butadiene forms vinyl acetylene.  

 
Fig. 9. Reaction Flux Diagram (RFD) for propene pyrolysis at ~20% fuel consumption, 1423 K 

and 2 bar.  

7.2. Isobutene 

The pyrolysis of 2% isobutene in Ar is studied in the temperature range of 1000 – 1800 K at 2 

bar. The major intermediates identified in pyrolysis of isobutene are methane, ethylene, acetylene, 

allene, propyne, propene and ethane, and the comparison of the experimental and simulated mole 

fractions are show in  



 

Fig. 10. NUIGMech1.0 captures the evolution of the different intermediate species identified 

intermediates. 
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Fig. 10. Species mole fraction profiles obtained for isobutene pyrolysis at 2 bar. Solid symbols 

are experimental data from this study and solid lines are predictions from NUIGMech1.0. 

A reaction pathway analysis for isobutene pyrolysis at approximately 20% fuel consumption, 

1352 K and 2 bar has been conducted to gain insights into the pyrolysis chemistry of isobutene 

and a summary of the analysis is shown in Fig. 11. 



 

Fig. 11. RFD for isobutene pyrolysis at ~20% fuel consumption, 1352 K and 2 bar. 

The isobutene (iC4H8) chemistry included in NUIGMech1.0 is discussed in detail by Lokachari 

et al.16. Isobutene mainly forms resonantly stabilized 2-methylallyl radicals (iĊ4H7) via H-atom 

abstraction by methyl radicals and Ḣ atoms. At these high temperatures 2-methylallyl radicals 

undergo β-scission to form methyl radicals and allene which in turn isomerizes to form propyne. 

Some overprediction of propyne compared to the experimental values is seen in Fig. 10.  Isobutene 

is also consumed via Ḣ atom addition to the double bond. This reaction primarily results in the 

formation of propene and a methyl radical via a chemically activated pathway. The Ḣ atom 

addition reactions are the primary source of methyl radicals which subsequently undergo self-

recombination producing ethane or participate in H-atom abstraction reactions producing 2-

methylallyl radicals.  

Interestingly, linear butene isomers are formed during isobutene pyrolysis and these are not 

well captured by the current mechanism. Potential pathways for the formation of linear isomers 

include: a) isomerization of the parent fuel (isobutene ⇌1-/2- butene), b) through radical 

termination reactions (1-buten-3-yl + Ḣ = 1-/2-butenes,  and allyl radical + ĊH3 = 1-butene) 

radicals and c) radical-assisted isomerization of isobutene to linear butenes (e.g. iso-C4H8 + ĊH3= 

C4H8-1/-2 + ĊH3). To our knowledge the unimolecular isomerization of isobutene to linear isomers 



 

has not been investigated theoretically, and so it has not been considered in the mechanism. The 

mechanism does include the latter two pathways and also the isomerization of 2-methylallyl 

radicals to 1-buten-3-yl (1,3-Ċ4H7) radicals, with reaction rates adopted from the works of Wang 

et al.21. However, these radical assisted isomerization and termination reactions do not contribute 

in any significant way to the formation of linear butene isomers, and the kinetic pathways which 

lead to their formation remains unknown.  

7.3. trans-2-Butene 

2% trans-2-butene (2-C4H8) pyrolysis is studied at 2 bar and 900–1600 K. Ar was used as the 

diluent. The sample was analyzed on the GC–MS using an Agilent Select Alumina MAPD column. 

Methane, ethylene, acetylene, 1,3-butadiene, propene, propyne and allene are major products, Fig. 

12. Overall, the agreement between the experimental and simulated mole fractions is good. RFD 

is provided for approximately 20% fuel consumption at 1299 K in Fig. 13. 

Ḣ atom assisted pathways (addition and abstraction reactions) are the major sources of fuel 

consumption. Ḣ atom addition reactions predominantly produce propene and methyl radicals via 

chemically activated pathways, while abstraction reaction produces resonantly stabilized 1-buten-

3-yl (1,3-Ċ4H7) radicals. These radicals are also produced by H-atom abstraction by methyl 

radicals, and also via unimolecular Ḣ atom decomposition from the parent fuel. 1,3-Ċ4H7 radicals 

subsequently participate in Ḣ atom elimination reactions producing 1,3-butadiene. 1,3-butadiene 

subsequently reacts with Ḣ atoms to produce ethylene and vinyl radicals or undergoes H-atom 

abstraction to form 1,3-butadien-2-yl radicals which in turn forms vinyl acetylene. 
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Fig. 12. Species profiles for t-2-butene pyrolysis at 2 bar. 

 
Fig. 13. RFD for t-2-butene pyrolysis at ~20% fuel consumption, 1299 K and 2 bar. 

7.4. 2-Methyl-2-butene 

2M2B pyrolysis is studied at 2 bar and 900–1700 K. 2% fuel is diluted with argon and is shock 

heated. Post shock analyte was analyzed on the GC–MS using an Agilent Select Alumina MAPD 

column. The GC method is the same as that used for trans-2-butene. The major species are identical 



 

to t-2-butene except for isoprene (2M13BDE) and isobutene. The species profiles are illustrated 

in Fig. 14.  The agreement between the experimental and simulated mole fractions is good. 
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Fig. 14. Species mole fraction profiles for 2M2B pyrolysis at 2 bar. 

 

Fig. 15. RFD for 2M2B pyrolysis at ~20% fuel consumption, 1354 K and 2 bar. 

A reaction pathway analysis for 2M2B pyrolysis at 1354 K and approximately 20% fuel 

consumption is provided in Fig. 15. H-atom abstraction from 2M2B can either produce secondary 



 

allylic or tertiary allylic iso-pentenyl radicals (a-Ċ5H9-c and c-Ċ5H9-b respectively). These radicals 

undergo unimolecular H-atom elimination reactions to produce isoprene. The mechanism also 

includes -scission reactions of aC5H9-c to produce 1,2-butadiene and methyl radicals, but the flux 

through formation of isoprene was found to be the dominant pathway for the consumption of 

aC5H9-c radicals. In the current experiments, we find isoprene to be an important intermediate in 

the pyrolysis of 2M2B and it is an important precursor in the formation of 1,3-butadiene. Butadiene 

was found to be produced from reactions of isoprene with Ḣ atoms through the reaction isoprene+ 

Ḣ =1,3-butadiene+ ĊH3.  

Furthermore, 2M2B can also react with Ḣ atoms to produce isobutene and methyl radicals via 

a chemically activated pathway. We also detect 2-butene in the current experiments, and from 

kinetic analysis it is produced from Ḣ atom-addition to 2M2B. The recombination of methyl 

radicals produces ethane. 

8. Fuel reactivity trends 

8.1. Fuel reactivity 

With the current series of experiments, we found that for a given chain length, branched alkenes 

decompose at lower temperatures compared to straight-chained alkenes i.e. isobutene starts 

dissociating at a lower temperature compared to propene and similarly 2M2B dissociates at a lower 

temperature compared to 2-butene, Fig. 16. To investigate this further, an integrated rate of 

production (ROP) analysis is performed at temperatures where ~50% and ~75% of the fuel is 

consumed at a reaction time of 3.25 ms, Fig. 17 and 18. This helps in an objective analysis of the 

reaction flux. 
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Fig. 16. Fuel consumption profiles for the studied fuels. Solid symbols: Experimental data, Solid 

lines: NUIGMech1.0 predictions. 

 
Fig. 17. Integrated ROP analysis at ~50% fuel consumption, reaction time of 3.25 ms and 

pressure of 2 bar. 
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Fig. 18. Integrated ROP analysis at ~75% fuel consumption, reaction time of 3.25 ms and 

pressure of 2 bar. 

Figure 17 and 18 show the major reaction classes consuming the fuel and their percent 

contributions. The contribution of chemically activated pathways for a given fuel remains 

unchanged with changes in reflected temperatures. Furthermore, the integrated ROP analyses show 

that molecular structure influences the importance of the reaction classes responsible for 

consuming the fuel. In the branched alkenes studied, H-atom abstraction by ĊH3 radicals 

dominates fuel consumption.  

To investigate more deeply into the effect of molecular structure, we compare how specific 

reactions in these reaction classes contribute to the consumption of isobutene and 2-butene, Fig. 

19. 
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Fig. 19. Fuel ROP analyses at 2 bar. Solid lines: isobutene as the fuel, Dashed lines: 2-butene as 

the fuel. 

For both fuels the most important chemically activated channel produces propene + methyl. In the 

case of 2-butene, this pathway contributes approximately 36.7% to fuel consumption at 1300 K. 

In contrast, isobutene + Ḣ producing propene and methyl accounts for ~16% of fuel consumption 

at 1400 K because addition of H atom to the methyl-substituted side of the double bond leads only 

to reverse reaction back to isobutene. Even though the concentration of methyl radicals produced 

through this channel is higher for 2-butene than for isobutene, the 2-methylallyl (iĊ4H7) radicals 

formed by H-atom abstraction from isobutene undergo β-scission producing allene and methyl 

radicals. Because of this reaction, the concentration of methyl radicals is higher for isobutene 

compared to 2-butene and hence, the contribution of H-atom abstraction by ĊH3 radicals is more 

important in the case of isobutene. This is corroborated by the propene and allene profiles shown 

in Fig. 20. 
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Fig. 20. Propene and allene profiles obtained from isobutene and 2-butene pyrolysis. 

The molecular structure also determines benzene formation pathway41. The three important 

pathways and benzene mole fractions for C4 alkenes are shown in Fig. 21 and Fig. 22 respectively. 

The starting species are either allene/propyne or 1,3-butadiene. For the first starting species, 

isobutene forms benzene through the allene/propyne route. At 1600 K and 2 bar, approximately 

34% of the benzene is formed directly via propargyl radical recombination (shown in red, #1) and 

the remaining 66% of the benzene is formed via the fulvene pathway (shown in magenta, #2), 

Table 1. For the second starting species (1,3-butadiene), 2-butene forms benzene through the 

cyclohexadiene channel (shown in blue, #3). This channel contributes about 4% of the benzene 

formed in the case of 2-butene.  Finally, channel #2 (show in pink) contributes more than 99% to 

the formation of cyclohexadienyl (CyC6H7) radicals for both fuels. 

 

(a) (b) 



 

Fig. 21. Benzene formation pathways for C4 alkenes. 
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Fig. 22. Benzene mole fraction profiles for isobutene and 2-butene pyrolysis at 2 bar.  

 

Pathway Isobutene (%)  2-Butene (%) 

cyĊ6H7 ↔ C6H6 + Ḣ  44.0 52.5 

2Ċ3H3 ↔ C6H6 (#1) 33.7 27.7 

Fulvene + Ḣ ↔ C6H6 + Ḣ (#2) 16.6 14.8 

cyc-Ċ6H8 ↔ C6H6 +H2 (#3) 0 4.1 

Table 1. Percentage contribution of different reaction pathways in formation of benzene at 1600 

K, 2 bar for isobutene and 2-butene (based on NUIGMech1.0). 

 

9. Conclusions 

Design details of a newly re-commissioned single pulse shock tube are provided. This facility 

is connected to a gas chromatography-mass spectrometry-flame ionization detection (GC–MS–

FID) system to analyze shock heated samples. The facility is characterized and validated by 

performing cyclohexene and isobutene pyrolysis experiments. The pyrolysis of trans-2-butene and 

2-methyl-2-butene (2M2B) is studied using the NUIG SPST. NUIGMech1.0 is used to 

satisfactorily simulate the experimental data of propene, isobutene, 2-butene and 2M2B validating 



 

the allylic hydrocarbon chemistry. A description using two different kinetic simulation approaches 

is provided using our isobutene experiments as a reference. We found no significant differences 

between the two methods. Furthermore, the contribution of different reaction classes on fuel 

consumption is elaborated and the influence of structure on fuel consumption and benzene 

formation is discussed. 
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