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ABSTRACT 

Decahydronaphthalene (decalin), with both cis and trans isomers, is a bicyclic alkane that is found 

in aviation fuels, diesel fuels, and alternative fuels from tar sands and oil shales. Between the two 

decalin isomers, trans-decalin has a lower cetane number, is energetically more stable, and has a 

lower boiling point. Moreover, trans-decalin has often been chosen as a surrogate component to 

represent two-ring naphthenes in transportation fuels. Recognizing the importance of 

understanding the chemical kinetics of trans-decalin in the development of surrogate models, an 

experimental and modeling study has been conducted. Experimentally, the autoignition 

characteristics of trans-decalin were investigated using a rapid compression machine (RCM) by 

using trans-decalin/O2/N2 mixtures at compressed pressures of PC=10–25 bar, low-to-intermediate 

compressed temperatures of TC=620–895 K, and varying equivalence ratios of ϕ=0.5, 1.0, and 2.0. 

These new experimental data demonstrate the effects of pressure, fuel loading, and oxygen 

concentration on autoignition of trans-decalin. The current RCM data of trans-decalin at lower 

temperatures were also found to complement well with the literature shock tube data of decalin 

(mixture of cis+trans) at higher temperatures. Furthermore, a chemical kinetic model for the 

oxidation of trans-decalin has been developed with new reaction rates and pathways, including, 

for the first time, a fully-detailed representation of low-temperature chemical kinetics for trans-

decalin. This model shows good agreement with the overall ignition delay results of the current 

RCM experiments and the literature shock tube studies. Chemical kinetic analyses of the 

developed model were further conducted to help identify the fuel decomposition pathways and the 

reactions controlling the autoignition at varying conditions.  
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1. Introduction 

Decahydronaphthalene (decalin) is a bicyclic alkane with two fused six-membered rings. It is 

commonly found in aviation fuels, diesel fuels, and alternative fuels from tar sands and oil shales 

[1-4]. Moreover, as decalin possesses some advantageous characteristics in terms of thermal 

stability, combustion properties, and energy density, it has been shown to be one of the most 

thermally stable and endothermic fuel components for jet fuels [5]. In addition, it has shown 

favorable combustion characteristics in both gas turbines and diesel engines [5-7]. Decalin occurs 

in two isomers, cis and trans, in which the trans isomer has a lower cetane number, is energetically 

more stable, and has a lower boiling point. Thermal stability experiments have also shown that cis-

decalin will isomerize to trans-decalin under supercritical conditions [8]. In the study of Mueller 

et al. [9], trans-decalin has been chosen as a surrogate component to represent dicycloparaffins in 

transportation fuels. Based on the abovementioned characteristics, the experimental and theoretical 

investigations of trans-decalin combustion kinetics are of fundamental and practical importance. 

Previous chemical kinetic studies on decalin have primarily focused on pyrolysis experiments, 

and most of which were based on mixture of cis and trans decalin with certain mass and volume 

fractions [10-23]. Those past pyrolysis works have been conducted over a wide range of pressures 

from below atmosphere to 100 atm, along with a temperature range up to 1450 K. As a result, 

major products of decalin pyrolysis for different conditions have been identified. Compared with 

pyrolysis, fewer studies in the literature have focused on the oxidation of decalin [5,21,22,24-27]. 

Nixon et al. [24] investigated the ignition delay times of cis+trans decalin mixture in a shock tube 

under high temperatures of 1060‒1290 K, low pressures of 0.6‒1.5 atm, and equivalence ratios of 

0.1 and 0.2 diluted by Ar. Agosta [25] studied the oxidation of cis+trans decalin in a pressurized 

flow reactor for surrogate selection of JP-8 fuel. The experiments of [25] were conducted at 
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equivalence ratios of =0.3 and 0.4 at 8 atm, with negative temperature coefficient (NTC) behavior 

being observed in terms of carbon monoxide production. Subsequently, Oehlschlaeger et al. [21] 

studied the high-temperature (993‒1305 K) ignition of cis+trans decalin/air mixtures in a shock 

tube at equivalence ratios of 0.5 and 1.0, with pressures ranging from 9.3 to 15.2 atm and from 

34.6 to 48 atm. Heyne et al. [5] measured the ignition delay time and derived cetane number of 

decalin in an ignition quality tester. In addition, Zhu et al. [22] measured ignition delays for 

cis+trans decalin/air mixtures in a shock tube over temperatures of 769‒1202 K, pressures of 11.7‒

51.2 atm, and equivalence ratios of 0.5, 1.0, and 2.0. NTC behavior of cis+trans decalin was 

observed at temperatures below 920 K for the first time [22]. While those studies appear to have 

covered a wide range of temperatures and pressures, investigations focused on the oxidation of 

neat trans-decalin are meager, especially at low-to-intermediate temperatures (e.g., < 900 K) and 

elevated pressures. Therefore, the first objective of the current work is to extend the fundamental 

experiment database of trans-decalin to include conditions at low-to-intermediate temperatures 

and elevated pressures by undertaking rapid compression machine experiments. In addition to the 

effects of temperature, pressure, and fuel loading on autoignition of trans-decalin, the effect of 

oxygen concentration is also investigated due to its importance in engine performance and 

emissions with exhaust gas recirculation [28]. 

The chemical kinetic modeling study of Ranzi [29] was, to our knowledge, the first published 

kinetic model describing the oxidation of decalin. Dagaut et al. [30] added several reaction paths 

to the model of Ranzi [29], and Zhu et al. [22] then explored some improvements on the model of 

Dagaut et al. [30] to have a better prediction on their experimental shock tube data. However, in 

these chemical kinetic models of [22,29,30] the low temperature chemistry was treated in a reduced 

manner with global reactions. Hence, the second objective of this study is to present an updated 
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chemical kinetic model that has a fully-detailed treatment of the low-to-intermediate temperature 

oxidation chemistry of trans-decalin. 

2. Experimental specifications 

The rapid compression machine (RCM) used in this study consists of a pneumatic cylinder, a 

hydraulic cylinder, and a reaction chamber, in which the reactant gases are compressed by a 

creviced piston arrangement during each experimental run. First, the creviced piston in the reaction 

chamber is retracted from top dead center to bottom dead center. It is held in place by pressurized 

oil in the hydraulic cylinder. When the solenoid valve is triggered, the pressure in the hydraulic 

chamber is released and the creviced piston moves forward, driven by the high-pressure air tank 

and the pneumatic piston inside the pneumatic cylinder. The creviced piston is then decelerated 

and stopped by a stopping ring and groove mechanism. A dynamic pressure transducer is equipped 

on the reaction chamber for dynamic pressure measurements during experiment. The compression 

ratio of this RCM can be varied by changing the length of stroke or/and the clearance volume. 

More details about the RCM design and operation can be found in [31,32]. 

The trans-decalin/oxidizer mixture is prepared in a stainless steel mixing tank. A magnetic 

stirrer is placed at the center of the tank bottom to provide a mixing mechanism. A rupture disc is 

used as a safety measure against accidental overpressure within the tank. For the current study, the 

mixture is prepared at room temperature, with trans-decalin (liquid fuel) injected directly inside 

the mixing tank using a glass syringe, followed by oxygen and nitrogen filled into the tank on a 

barometric measure in the desired O2:N2 molar proportion. Recognizing that the gas heating effect 

can occur during the tank filling process as the line enthalpy is converted to tank internal energy, 

we always ensure filling each gas to the target pressure while the tank temperature is within ±1.5 

ºC of the room temperature. High purity of fuel and gases are used for this study, including trans-
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decalin (>98%) from TCI America and O2 (>99.99%) and N2 (>99.99%) from Airgas. The mixing 

tank, the manifold, and the reaction chamber, all equipped with heating tapes, are heated to the 

desired preheat temperature (373‒393 K for this study) for 2‒3 hours before starting the 

experiments to ensure complete vaporization of trans-decalin and a homogeneous mixture. It is 

also noted that when preparing the mixture, we ensure that the partial pressure of trans-decalin is 

less than half of its saturated pressure at a given preheat temperature. In order to monitor the wall 

temperature uniformity of the reaction chamber, three thermocouples are used and evenly 

distributed along the outside wall of the reaction chamber. The scatter of the three thermocouples 

is typically less than ±3 K from the set preheat temperature. 
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Figure 1: (a) Definitions of first-stage and total ignition delay times, and the corresponding non-
reactive pressure trace at ஼ܲ=15 bar, ஼ܶ=689 K, and =0.5 in air. (b) Pressure traces at ஼ܲ=15 bar, 

஼ܶ=680 K, and =1.0 in air showing the experimental repeatability of the current study. 
 

Figure 1(a) shows a representative pressure trace at PC=15 bar, TC=689 K, and =0.5 in air, 

demonstrating the definitions of ignition delay times used in this study. Here, PC and TC are the 

pressure and temperature at the end of compression (EOC), respectively. The EOC point was 

regarded as the starting point of ignition delay time, which is set as t=0 ms. In Figure 1(a), ߬ଵ 

indicates the first-stage ignition delay time and τ indicates the total ignition delay time, with both 

of them being identified based on the respective local maximum of the time derivative of the 

pressure trace. The non-reactive pressure trace of the same experimental condition has also been 
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shown in Figure 1(a) as a reference. For each reactive set of PC and TC, the corresponding non-

reactive pressure trace is measured by replacing oxygen with nitrogen to characterize the heat loss 

effect on the ignition process and to verify that no heat release has occurred during the compression 

stroke. Four to five consecutive runs were taken for each experimental condition to ensure data 

repeatability, which can be seen in Figure 1(b). The typical scatter was found to be less than 15% 

of the reported ignition delay value, which is closest to the mean of the consecutive runs. 

The compressed temperature (TC) is deduced from the measured pressure trace by using the 

assumption of “adiabatic core hypothesis” [33]. Under this hypothesis, it is assumed that the heat 

loss from the core volume of the reaction chamber only occurs in a thin boundary layer near the 

wall, and the central core region is adiabatic by modeling the heat loss as an effective reduction in 

the compression ratio [34,35]. Thus, the compressed temperature can be calculated by: 

ln ቀ௉಴
௉బ
ቁ ൌ ׬

ఊ

்ሺఊିଵሻ
݀ܶ

்಴
బ்

, 

where P0 is the initial pressure, T0 is the initial temperature, and γ is the temperature-dependent 

specific heat ratio. 

The test conditions investigated in the current study are summarized in Table 1, where Xi 

represents the mole percentage of species i in the reactant mixture. The compressed pressures and 

equivalence ratios were also chosen to complement the existing shock tube data of Oehlschlaeger 

et al. [21] and Zhu et al. [22]. 

Table 1: Test conditions of trans-decalin experiments 

 Oxidizer Xdecalin (%) XO2 (%) XN2 (%) PC (bar) 

1.0 N2 diluted 0.72 10.43 88.85 25 

0.5 air 0.72 20.86 78.42 10, 15, 25 

1.0 air 1.43 20.71 77.86 10, 15 

2.0 air 2.82 20.42 76.76 10 
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3. Model development 

The chemical kinetic model of trans-decalin has been developed based on the previously 

developed methylcyclohexane model [36] with the adoption of an updated C0‒C4 base chemistry 

[37]. In addition, the sub-mechanisms for a series of fuels including pentane isomers [38], n-

hexane [39], and n-heptane [40] have been adopted. The reaction pathways proposed for alkanes 

[38,39] and cyclohexane [41] have also been considered. Moreover, the isomerization reactions 

across the ring have been included in the current model. While the reaction rate rules for chain 

alkanes have been proposed and validated [38,39], such studies on cycloalkanes are rare. 

Therefore, the rate constants used in the present model development were mainly based on those 

of analogous reactions of cyclohexane [41] and methylcyclohexane [36]. The thermodynamic data 

was derived using the group additivity method and updated group values [38-40,42]. However, it 

needs to be noted that the currently available group values are not enough to describe the structure 

of many species produced in the oxidation of trans-decalin. Therefore, more studies are called for 

to provide more comprehensive group values for this group additivity method. 

The unimolecular decomposition of trans-decalin and its radicals have used the pressure-

dependent rate constants from analogous reactions of one ring alkanes [43]. For the decomposition 

of olefins and allylic radicals, some reaction rates were adopted from the work by Zeng et al. 

[11,23], who investigated the pyrolysis and combustion of decalin. The hydrogen abstraction by 

OH radical is an important reaction class for the fuel at both low and high temperatures, and the 

rates of which were taken from the work of Sivaramakrishnan and Michael [44], who measured a 

series of rate constants for OH with cycloalkanes and methylcycloalkanes. On the other hand, the 

reaction rates of hydrogen abstraction by HO2 radical were taken from analogous reactions of C3 

and C4 n-alkanes reported by Aguilera-Iparraguirre et al. [45]. The other hydrogen abstraction 
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reaction rates were mainly from the work of Sarathy et al. [46] on iso-alkanes. For smaller species 

produced from the decomposition of fuel and fuel derived radicals, the reaction rates have been 

adopted from multiple sources, including [47-49]. 

As shown later by the RCM experiments of this work, trans-decalin exhibits obvious NTC 

behavior, which needs to be addressed comprehensively by the chemical kinetic model. The 

recently proposed alternative isomerization pathways of hydroperoxy alkyl peroxide has been 

adopted [38-40]. This reaction pathway has been suggested to be important for branched alkanes, 

as the hydroperoxy alkyl peroxides with OOH group on a tertiary carbon would be consumed 

through the alternative isomerization and lead to chain branching process [38-40]. Therefore, in 

this work, the alternative isomerization pathways have been included only for hydroperoxy 

peroxides with OOH group on the tertiary carbon to describe the low temperature chemistry in 

more detail while reducing the complexity of the model. 

The most important reaction classes in the low temperature chemistry of trans-decalin include 

the isomerization/HO2 elimination of hydroperoxy radicals, formation of 

ketohydroperoxides/cyclic ethers, etc. Studies on these reaction rates of trans-decalin are rarely 

reported. Thus, we have adopted these rates from analogous reactions of either cyclic or chain 

alkanes, with certain tunings within the uncertainty ranges to achieve better performance of the 

model. For the addition of oxygen to fuel derived radicals and hydroperoxy alkyl radicals, the 

reaction rates were adopted from analogy with alkanes based on the calculations of Miyoshi [50]. 

The reaction rates of the isomerization of alkyl peroxides were taken from analogous reactions of 

cylcohexane [41] with the activation energies reduced by 1.0 kcal/mole. The formation of 

ketohydroperoxides is via a similar intramolecular hydrogen transfer of hydroperoxy alkyl 

peroxides from the carbon that bears the hydroperoxy group, which has only one hydrogen atom 
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but a weaker C-H bond. As the rates for isomerization reactions producing decalin-derived 

ketohydroperoxides are not available in the literature, analogous rates of decalin-derived alkyl 

peroxides isomerization were adopted with the A factors reduced by a factor of two and the 

activation energies reduced by two kcal/mole to reflect this difference. The reaction rates of the 

HO2 elimination of alkyl peroxides were also taken from [41], with the A factors being increased 

by 15% to achieve more temperature sensitivity that leads to better agreement with the 

experimental results. The formation of cyclic ethers and hydroperoxy cyclic ethers have used the 

reaction rate rules proposed by Villano et al. [51] for analogous reactions of acyclic alkanes. 

4. Results and discussion 

4.1. Effect of peroxide formation 

As described in Section 2, the approach of preparing the test mixture in a mixing tank over an 

extended heating time was used in this study to ensure the complete vaporization of the liquid fuel 

and a homogeneous mixture. However, it is known that trans-decalin is prone to produce peroxides 

upon contact with oxygen, which could affect autoignition even at ppm levels [52]. Thus, 

additional experiments were conducted to examine the adequacy of the current mixture preparation 

approach. Specifically, the “one tank” approach preparing trans-decalin/O2/N2 mixtures was 

modified to separate trans-decalin and O2 during the preheating time and avoid possible reactions 

of trans-decalin with O2 to form peroxides. Namely, the modified system had two mixing tanks – 

one tank was used to prepare and preheat the mixture of trans-decalin and N2, while the other tank 

was used to preheat pure O2 (within 1300 Torr). When using the modified system, O2 was first 

filled into the reaction chamber to a desired partial pressure (typically less than 340 Torr), as O2 

has a lower partial pressure in the final trans-decalin/O2/N2 mixture compared to that of the trans-

decalin/N2 mixture. 
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Experimental conditions of PC=15 bar and =0.5 in air have been chosen to study the influence 

of the potential peroxide formation within a trans-decalin/O2/N2 mixture during the mixture 

preparation period on its ignition delay time. The “One Tank” experiment was conducted by using 

only one tank as the mixing tank for preparing and preheating trans-decalin/O2/N2 mixture, while 

the “Two Tanks” experiment was conducted by using two tanks to prepare and preheat trans-

decalin/N2 and O2, respectively, as described earlier. While the “One Tank” experiment fed the 

desired trans-decalin/O2/N2 mixture to the reaction chamber, in the “Two Tanks” experiment the 

test mixture was accomplished by mixing trans-decalin/N2 and O2 inside the reaction chamber 

prior to each RCM run to shorten the contact time between trans-decalin and O2 for possible 

peroxide forming reactions before starting compression. 
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Figure 2: Arrhenius plot of total ignition delays (filled symbols) and first-stage ignition delays 
(open symbols) of trans-decalin/air mixture at PC=15 bar and =0.5 in air. 
 

With special emphasis on the low temperature regime, the Arrhenius plot comparing the total 

and first-stage ignition delay results of “One Tank” and “Two Tanks” experiments is shown in 

Figure 2. For the conditions investigated, Figure 2 demonstrates that the results of “One Tank” and 

“Two Tanks” agree well with each other. Although the actual amount of peroxide formed during 

the mixture preparation period using “One Tank” cannot be determined at present, the comparative 
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results shown in Figure 2 suggest that the effect of peroxide formation (if any) on autoignition of 

trans-decalin is within the experimental uncertainty and hence deemed insignificant for the 

conditions investigated herein. Since the potential issues associated with the “Two Tank” approach 

is mixture stratification when filling gases from separate tanks to achieve the desired stoichiometry 

and dilution in the reaction chamber, the “One Tank” approach for mixture preparation was used 

in this study to ensure mixture homogeneity. 

It is further noted for everyday experiments that when taking the last data point on that day, 

the mixture in the mixing tank has been heated for about 9 hours. Also, in order to ensure the 

consistency of equivalence ratio of the mixture and the accuracy/repeatability of experiment data, 

the last data point taken in the previous day is rechecked at the beginning of the next day’s 

experiments and then compared with the previous day’s result. Hence, the data points under the 

same test condition have been taken with the mixture heated for 9 hours and 3 hours, respectively. 

Since the experimental results have been repeatable and within the present experimental 

uncertainty for different lengths of heating time, the formation of peroxide (if any) does not 

influence ignition delay data for as long as 9 hours of heating time. 

4.2. Experimental results of trans-decalin autoignition 

As Figure 2 demonstrates that the effect of peroxide formation on autoignition of trans-decalin is 

insignificant, all the experimental results in this section are based on the mixture preparation by 

using only one tank. Figure 3 shows the representative experimental pressure traces at varying 

compressed temperatures with equivalence ratios of =0.5 and 1.0 in air, and compressed pressures 

of PC=10 and 15 bar. Those conditions and pressure traces were chosen to cover a wide range of 

compressed temperatures including low temperature regime (LTR), negative temperature 
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coefficient (NTC) regime, and intermediate temperature regime (ITR). Two-stage ignition 

characteristics were observed in both LTR and NTC temperature windows. 
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Figure 3: Representative experimental pressure traces at varying compressed pressures, 
compressed temperatures, and equivalence ratios: (a) PC=10 bar, =1.0 in air; (b) PC=10 bar, =0.5 
in air; (c) PC=15 bar, =0.5 in air. 
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Figure 4 shows the corresponding Arrhenius plots of ignition delays at the same conditions in 

Figure 3. The ignition delays were deduced from the experimental pressure traces shown in Figure 

3 according to the definitions mentioned earlier with an uncertainty of 15%. Following the 

estimation of Weber et al. [53], the uncertainty of the deduced compressed temperature is 

estimated to be within ±0.7% for the instruments installed on the current RCM. For clarity, the 

error bars representing TC uncertainty are not shown in the figures of this paper. Furthermore, it is 

noted that the pressure traces and ignition delays for those experimental conditions at which 

ignition initiates during the compression stroke have been discarded and not reported here. From 

Figure 4, the total ignition delays were seen to decrease with increasing compressed temperature 

in the LTR. In the NTC regime, the first-stage ignition delays continued to decrease, while total 

ignition delays were observed to increase with increasing compressed temperature. The 

temperature window exhibiting a NTC response for the conditions in Figure 4 is in the range of 

TCൌ720‒830 K. 

The ignition delay data from trans+cis decalin shock tube experiments of Oehlschlaeger et al. 

[21] and Zhu et al. [22] are also shown in Figure 4. The shock tube data have been scaled to the 

current experimental conditions using the pressure dependence discussed in the respective study. 

It can be observed that the experimental ignition delay data measured in this RCM study compare 

well with the literature shock tube data. In addition, Figure 4 demonstrates the importance of the 

current measurements in providing ignition delay results at low-to-intermediate temperatures for 

chemical kinetic model validation. 

Figure 5 shows the ignition delays of fuel-lean trans-decalin/air mixtures (=0.5) at varying 

compressed pressures. It can be observed that the ignition delays, ߬  and ߬ଵ , decrease with 

increasing compressed pressure over the entire temperature range investigated in the current study. 

Moreover, the effect of pressure on ignition of trans-decalin is more pronounced in the NTC 

regime and ITR, while the ignition response exhibits a weak dependence on pressure in the LTR. 
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Figure 5 also shows that the temperature window exhibiting an NTC response does not change 

significantly when varying compressed pressure from 10 bar to 15 bar. 
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Figure 4: Comparison of total ignition delays obtained from the current RCM experiments, and 
the shock tube experiments of Oehlschlaeger et al. [21] and Zhu et al. [22]: (a) ஼ܲ=10 bar, =1.0 
in air; (b) ஼ܲ=10 bar, =0.5 in air; (c) ஼ܲ=15 bar, =0.5 in air. 
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Figure 5: Arrhenius plot of ignition delays illustrating the effect of compressed pressure on ignition 
delays for =0.5 trans-decalin/air mixtures. Filled symbols correspond to total ignition delays and 
open symbols correspond to first-stage ignition delays. 
 

Figures 6(a) and 6(b) show the effect of equivalence ratio on ignition delays of trans-

decalin/air mixtures at different compressed conditions conducted in the current study. The 

equivalence ratio was varied by changing the fuel concentration in air, as shown in Table 1. Since 

the concentrations of oxygen and nitrogen remain similar, the effect of equivalence ratio shown in 

Figures 6(a) and 6(b) represents the effect of fuel loading on ignition reactivity. Although the 

ignition delays, ߬ and ߬ଵ, are seen to decrease with increasing equivalence ratio from =0.5 to 

=2.0 in the NTC regime and ITR, there is not much equivalence ratio effect observed in the LTR. 

Figure 6(c) displays the effect of varying the oxygen concentration at fixed fuel loading on the 

total and first-stage ignition delay times. It can be observed that by lowering the oxygen mole 

fraction, the equivalence ratio increases, with both the total and first-stage ignition delay times 

also increase. This is because the addition of oxygen to the fuel radicals leads to the formation of 

peroxy adducts that control the low-temperature reactivity. As the fuel loading is kept constant (cf. 

Table 1), lowering the oxygen concentration results in longer total and first-stage ignition delays. 
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Figure 6: Effect of equivalence ratio on ignition delays for trans-decalin/oxidizer mixtures at (a) 
஼ܲ=10 bar; (b) ஼ܲ=15 bar; (c) ஼ܲ=25 bar. Filled symbols correspond to total ignition delays and 

open symbols correspond to first-stage ignition delays. 
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5. Simulated results and chemical kinetic analyses 

Simulations have been performed using the trans-decalin model developed in this work with 

Chemkin-Pro [54]. The heat loss effect, during the compression stroke and after reaching EOC, 

has been considered in the RCM simulation by using volume time-histories derived from the 

corresponding non-reactive experiments (i.e., replacing O2 with N2). It is noted that the derived 

volume-time history is different from the geometric volume-time history; the details of which have 

been described in [35]. The volume histories needed for simulating the current RCM experiments, 

as well as the experimental pressure traces are available at 

http://combdiaglab.engr.uconn.edu/database/rcm-database. The results of RCM simulation by the 

current trans-decalin model are shown in Figure 7 in lines with symbols. The overall agreement 

between the experimental and simulated results is reasonable, especially for the first-stage ignition 

delays. However, some deviations can be seen under certain conditions as shown in Figure 7, 

suggesting that further refinements are required to improve the performance of the current model. 

This could be partly caused by the uncertainties in the estimated thermodynamic data of trans-

decalin related intermediates using the group additivity method, as discussed in Section 3. For 

showing the performance of the current chemical kinetic model on higher temperature regime, the 

comparison of the total ignition delays of trans-decalin from the literature shock tube results 

[21,22] and the constant-volume adiabatic (CONV) simulations are also shown in Figure 7. The 

current detailed model is able to capture the ignition delays from shock tube to a good degree of 

agreement as well. 

Figures 8 and 9 further compare the experimental pressure traces with the results obtained 

using RCM simulations at three representative compressed temperatures for ( ஼ܲ=10 bar, =1.0 in 

air), and ( ஼ܲ=15 bar, =0.5 in air), respectively. The corresponding experimental non-reactive 
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pressure traces are also shown in Figures 8 and 9 to substantiate that there is no exothermicity 

during the compression stoke in RCM experiments. As shown in Figures 7(b) and 7(d), the current 

chemical kinetic model exhibits the best performance for the former and the least agreement for 

the latter. For all conditions demonstrated in Figures 8 and 9, the pressure history during the 

compression stroke in experiment can be captured quite well by the corresponding RCM 

simulation, indicating that there is no predicted exothermicity in the model either. It is of interest 

to note that for Figures 8(a) and 9(a), where the compressed temperatures can represent LTR, the 

experimental pressure trace exhibits single-stage ignition behavior, while the simulated results 

predict two-stage ignition characteristics. As demonstrated in Figure 8(a) in particular, the second-

stage ignition delay, namely ߬ െ ߬ଵ, under this low temperature condition is very small, and hence 

the overall ignition can appear single-stage like. In addition, for Figure 8(b) and 9(b), the model 

seems to predict longer second-stage ignition delays, whereas it predicts a higher first-stage 

pressure rise as compared to the experimental result. The difference in the experimental and 

predicted first-stage pressure rise could be also due to that the multi-dimensional effects of RCM 

experiments occurring after the first-stage ignition event are not fully captured in the zero-

dimensional simulation. Furthermore, Figures 8(c) and 9(c) show that the present model predicts 

a slower reactivity in the ITR than the experimental data. 
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Figure 7: Comparison of ignition delays from experiments and simulations at (a) ஼ܲ=10 bar, =0.5 
in air; (b) ஼ܲ=10 bar, =1.0 in air; (c) ஼ܲ=10 bar, =2.0 in air; (d) ஼ܲ=15 bar, =0.5 in air; (e) 

஼ܲ=15 bar, =1.0 in air; (f) ஼ܲ=25 bar, =0.5 in air; (g) ஼ܲ=25 bar, =1 with dilution. Filled 
symbols: total ignition delays from RCM experiments. Open symbols: first-stage ignition delays 
from RCM experiments. Total ignition delay data of shock tube experiments by Oehlschlaeger et 
al. [21] and Zhu et al. [22], denoted by cross × symbols, are also included in (a), (b), and (d). Solid 
lines with/without symbols: total ignition delays from RCM/CONV simulations. Broken lines with 
symbols: first-stage ignition delays from RCM simulations. 
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Figure 8: Comparison of the experimental (non-reactive and reactive) and simulated (reactive) 
pressure traces for trans-decalin/air mixtures at =1.0 in air, ஼ܲ=10 bar with varying compressed 
temperatures. 
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Figure 9: Comparison of the experimental (non-reactive and reactive) and simulated (reactive) 
pressure traces for trans-decalin/air mixtures at =0.5 in air, ஼ܲ=15 bar with varying compressed 
temperatures. 
 

Using CONV simulations, sensitivity analysis has been performed at =1.0 in air, initial 

pressure of 10 bar under initial temperatures of 680 K, 780 K, and 940 K to highlight the important 
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reactions that affect the predicted reactivity. The three initial temperatures considered in this 

analysis correspond to the LTR, NTC, and ITR portions of the ignition delay curve. Similar results 

are obtained for other pressures and mixture conditions considered in this work, which can be 

found in Figure S1 of Supplementary Material. In the sensitivity analysis, the rate constant of each 

reaction was increased and decreased by a factor of two (k+ and k-) one at a time, and the 

simulations were performed with these changes to derive the modified ignition delay times (τ+ and 

τ-). The sensitivity coefficient (S) for each reaction is defined as: 

S ൌ 	 ୪୬	ሺఛశ/ఛషሻ
୪୬	ሺ௞శ/௞షሻ

ൌ 	 ୪୬	ሺఛశ/ఛషሻ
୪୬	ሺଶ/଴.ହሻ

. 

Thus, a reaction with a positive sensitivity coefficient inhibits reactivity while that with a 

negative sensitivity coefficient promotes reactivity. Figure 10 shows the top 10 most sensitive 

reactions under initial temperatures of 680 K, 780 K, and 940 K. The corresponding species 

structure can be found in Supplementary Material. It is seen that at 680 K, the branching ratio of 

hydrogen abstraction by OH from different carbon sites plays an important role. This is because 

the radical produced via hydrogen abstraction on site 1 (cf. Figure 11 for a sketch of site numbers) 

cannot produce ketohydroperoxides through the subsequent propagation reactions, as no hydrogen 

remains on site 1 for the second inner hydrogen transfer. The reactions that facilitate low 

temperature chain branching reactions such as isomerization of alkyl peroxides and decomposition 

of ketohydroperoxides promote the reactivity while other chain propagation reactions such as 

concerted elimination of alkyl peroxides inhibit the reactivity, which are typical chemical 

behaviors of alkanes. 

Similar trends are also reflected by the flux analysis in Figure 12. Here the consumption of 

fuel radicals by beta-scission and by addition to O2 is compared based on a flux analysis of 

constant-volume simulations at an initial pressure of 10 bar and initial temperatures of 680 K, 780 
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K, and 940 K, and at the time of 20% of the fuel consumption. It is noted that the percentage for 

each channel only changes slightly for other pressures and mixture conditions, as shown in Figure 

S2 of Supplementary Material. Thus, the results illustrated in Figure 12 are fairly representative. 

The branching ratios (by adding up the numbers for each fuel radical) in the production of fuel 

derived radicals are similar under the three initial temperature conditions. For the consumption of 

all fuel derived radicals, the contribution from addition of molecular oxygen decreases with 

increasing temperature, especially at higher temperature when the beta-scission reactions become 

more important. However, differences are observed when it comes to the consumption of different 

alkyl peroxy radicals. Namely, compared with the other two alkyl peroxy radicals, the one with 

the peroxy group on site 1 has less flux going through isomerization that produces a series of 

hydroperoxyl alkyl radicals to facilitate chain branching. This isomerization is more pronounced 

at low temperatures and is also consistent with the sensitivity analysis at 680 K that the production 

of fuel radical on site 1 inhibits the reactivity. In addition, the concerted HO2 elimination pathways 

have increased flux with increasing temperature and produce more HO2 radicals, which become 

more reactive at higher temperatures and dominate the reactivity, as shown in the sensitivity 

analysis of Figure 10. 

Examining trends in Figure 12 as the temperature increases to 780 K, the HO2 elimination of 

alkyl peroxy radicals becomes more competitive and contributes to the NTC behavior by inhibiting 

the reactivity. As shown in Figure 10(b) at 780K, the chain termination reaction between HO2 

producing H2O2 and O2, which is actually the major production pathway of H2O2, inhibits 

reactivity; while the decomposition of H2O2 promotes reactivity. Therefore, in the NTC region the 

production and consumption of H2O2 are important in controlling the predicted reactivity of trans-

decalin. The importance of these H2O2 reaction sequences increases further as observed in the 

sensitivity analysis at 940 K. Due to the higher temperature, the decomposition of H2O2 becomes 
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easier, showing a larger sensitivity coefficient. Meanwhile, hydrogen abstraction reactions from 

the fuel by HO2 radical produce H2O2 and further promote the reactivity. Again, the self-

recombination of HO2 is chain terminating and inhibits reactivity. 

 

 

 

Figure 10: Sensitivity analysis at =1.0 in air, initial pressure of 10 bar with initial temperatures 
of (a) 680 K, (b) 780 K, and (c) 940 K.  
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Figure 11: A sketch showing site numbers of decalin. 

 

 
Figure 12: Simplified reaction pathway diagram showing the consumption of fuel-derived radicals 
and alkyl peroxy radicals; results from rate-of-production analysis at initial temperatures of 680 
K, 780 K, and 940 K, under =1.0 in air, initial pressure of 10 bar (CONV assumption), and at fuel 
consumption of 20%. Numbers denotes percentage of contribution. Red italic numbers: 680 K; 
Black numbers: 780 K; Blue underlined numbers: 940 K. 
 

The other sensitivity analysis was also conducted to study the change in controlling chemistry 

by varying the equivalence ratio for trans-decalin/air mixtures of =0.5, 1.0, and 2.0. This 

sensitivity analysis shown in Figure S3 of Supplementary Material was based on the CONV 

simulations at an initial pressure of 10 bar and an initial temperature of 680 K. It is seen from 
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Figure S3 that the controlling chemistry is similar to that demonstrated in Figure 10(a) and does 

not change much with the variation of equivalence ratio. 

6. Conclusions 

Autoignition of trans-decalin has been studied in a rapid compression machine at low-to-

intermediate temperatures and elevated pressures. trans-Decalin was found to have significant low 

temperature reactivity and NTC behavior that was not fully revealed by previous shock tube 

experiments. The effect of peroxide formation during the current mixture preparation procedure 

was first investigated and the results show that this effect (if any) on autoignition of trans-decalin 

is insignificant. Based on the experimental pressure traces, two-stage ignition behaviors were 

observed near the NTC regime. In addition, the ignition delays of trans-decalin obtained from this 

RCM study were seen to complement well with the literature shock tube data using cis+trans 

decalin at higher temperatures. The effects of pressure, fuel loading, and oxygen concentration on 

ignition delays were also demonstrated in this study, with the ignition delays in the LTR being less 

affected. Furthermore, a chemical kinetic model with a fully-detailed treatment of the low-to-

intermediate temperature oxidation chemistry of trans-decalin has been developed. The ignition 

delay data of the current RCM experiments and the literature shock tube experiments were used to 

assess the performance of this chemical kinetic model. In general, the model predicts the measured 

ignition delays reasonably well. However, as seen by the comparison between the experimental 

and simulated pressure histories in the RCM, further improvements in the model can still be made, 

particularly with the availability of more fundamentally-based rate constants and thermodynamic 

properties for use in decalin kinetic models. Sensitivity analysis and reaction pathway analysis 

were also conducted to identify the important reactions governing autoignition of trans-decalin 
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under different temperature conditions. These results will contribute to understanding the 

autoignition chemistry of decalin and facilitating the development of fuel surrogates. 
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