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a b s t r a c t 

Autoignition delay time data are one important means to develop, quantify, and validate fundamental un- 

derstanding of combustion chemistry at low temperatures ( T < 1200 K). However, low-temperature chem- 

istry often has higher uncertainties and scatter in the experimental data compared with high-temperature 

ignition data ( T > 1200 K). In this study, autoignition properties of propane and oxygen mixtures were in- 

vestigated using the University of Michigan rapid compression facility in order to understand the effects 

of ignition regimes on low-temperature ignition data. For the first time for propane, autoignition de- 

lay times were determined from pressure histories, and autoignition characteristics were simultaneously 

recorded using high-speed imaging of the test section through a transparent end-wall. Propane mixtures 

with fuel-to-O 2 equivalence ratios of φ = 0.25 and φ = 0.5 and O 2 -to-inert gas molar ratios of 1:3.76 

were studied over the pressure range of 8.9 to 11.3 atm and the temperature range of 930 – 1070 K. The 

results showed homogeneous or strong autoignition occurred for all φ = 0.25 experiments, and inhomo- 

geneous or mixed autoignition occurred for all φ = 0.5 experiments. While a limited temperature range 

is covered in the study, importantly the data span predicted transitions in autoignition behavior, allowing 

validation of autoignition regime hypotheses. Specifically, the results agree well with strong-autoignition 

limits proposed based on the Sankaran Criterion. The autoignition delay time data at the strong-ignition 

conditions are in excellent agreement with predictions using a well-validated detailed reaction mecha- 

nism from the literature and a zero-dimensional modeling assumption. However, the experimental data 

at the mixed autoignition conditions were systematically faster than the model predictions, particularly 

at lower temperatures ( T < ~970 K). The results are an important addition to the growing body of data in 

the literature that show mixed autoignition phenomena are important sources of the higher scatter ob- 

served in the low-temperature autoignition data for propane and other fuels. The results are discussed in 

terms of different methods to capture the effects of pre-autoignition heat release associated with mixed 

autoignition conditions and thereby address some of the discrepancies between kinetic modeling and 

experimental measurements. 

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Due to the prevalence of propane in natural gas blends, the 

undamental chemical structure of propane, and the importance of 

ropane as a primary fuel and intermediate in combustion chem- 

stry, many experimental studies on the autoignition behavior of 

ropane are available in the literature. As outlined in Goyal et al. 

1] and Samini-Abianeh et al. [2] , the available data span many dif- 

erent experimental facilities, including shock tubes [3 –12] , rapid 

ompression machines (RCMs) [9 , 13 , 14] , flow reactors [15 –18] , and
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et stirred reactors [19] . The diversity of experimental approaches 

as allowed propane combustion data to be collected over a large 

ange of temperatures, pressures, concentrations, and equivalence 

atios. Much of the autoignition delay time data for propane comes 

rom high-temperature studies conducted using shock tubes, and 

he data are generally in good agreement and exhibit relatively 

ow scatter at higher temperatures (e.g., autoignition delay times 

re within a factor of 2 at temperatures above 1300 K), as seen in 

he Arrhenius diagram presented in Fig. 1 . The data in Fig. 1 are

or fuel-to-air equivalence ratios of 0.5 (molar basis) and have 

een normalized by pressure to 10 atm. However, the scatter in 

he data increases remarkably at lower temperatures, e.g., with 

ver an order of magnitude variation in autoignition delay time at 

emperatures below 900 K. Unscaled data for the studies cited in 
. 
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Fig. 1. Summary of autoignition delay time data for propane/air mixtures at φ= 0.5. The data have been normalized to P = 10 atm using scaling of τ ign ∝ 1/ P . Unscaled data 

and autoignition delay time results for other equivalence ratios are provided in the Supplemental Material. 
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ig. 1 , and autoignition delay time results for other equivalence ra- 

ios are provided in the Supplemental Material. Low-temperature 

utoignition behavior of propane is particularly of interest be- 

ause propane is the smallest alkane to exhibit negative temper- 

ture coefficient (NTC) behavior at lower temperatures (i.e., below 

0 0 0 K) [1 , 13 , 20 , 21] , and lower temperature combustion strategies

re promising means to increase efficiency and reduce emissions in 

ransportation and stationary power generation applications [22 –

4] . However, there are challenges to lower temperature combus- 

ion strategies including misfire and reduced control over heat 

elease and reaction rates [22 , 23] . Accurate understanding of low- 

emperature combustion characteristics is important for success- 

ully advancing these high-efficiency, low-emissions applications, 

nd autoignition delay time data are one important means to de- 

elop, quantify, and validate fundamental understanding of com- 

ustion at low temperatures. 

The specific focus of the present work is on the interaction 

etween volumetric autoignition and reaction fronts that is more 

ikely to affect autoignition data at lower temperatures [25 –30] . 

he presence of reaction fronts is attributable to the thermal 

radients that are ubiquitous to all experimental facilities. Thermal 

radients are created (in part) by mixing induced by the com- 

ression process in rapid compression machines and by non-ideal 

hock behavior and boundary layer effects in shock tubes. The 

nteraction between autoignition and reaction fronts leads to 

utoignition behavior typically referred to as weak, mild or mixed 

utoignition [25 –28 , 31] and has been studied in shock tubes [32 –

7] and RCMs [25 , 26 , 28] . In particular, earlier work that included

igh-speed imaging has provided key insights connecting the 

ffects of reaction fronts and autoignition phenomena on autoigni- 

ion delay time data [25 , 26 , 28 , 34] . Since pre-ignition pressure rise

an be associated with volumetric kinetics (e.g., [38] ), the use of 

igh-speed imaging coupled with pressure data to characterize 

gnition behavior is vital to distinguish between volumetric low- 

emperature heat release and mixed, mild or weak ignition. The 

resence of reaction fronts can dramatically accelerate autoignition 

elay times as notably observed with syngas autoignition at low 

emperatures [26] or have limited to no effect on autoignition 

elay times [29] , depending on the autoignition regime [25 –27] . 
25 
Many studies have documented the characteristics of the 

ifferent autoignition regimes, and these works have provided 

esearchers with the important data to advance theories on the 

tate and mixture conditions leading to different autoignition 

ehavior (see Zeldovich [39] , Sankaran et al. [40] , Bansal and Im 

30] , Im et al. [41] , and references therein). To briefly summarize 

he characteristics of the autoignition regimes, strong autoignition 

s when autoignition chemistry dominates, and the entire test 

as mixture autoignites simultaneously and homogeneously, i.e., 

ithout spatial variation. Strong autoignition is characterized by 

 rapid increase in pressure, and autoignition delay times that 

re highly repeatable with low experimental uncertainties. Weak, 

ild or mixed autoignition occurs when reaction fronts propagate 

rom one or more localized sites within the reaction chamber 

hile the remainder of the unburned mixture is simultaneously 

ndergoing autoignition. The pressure rise associated with the 

eat release from the reaction fronts compresses the unburned 

ases in the combustion chamber, typically accelerating the au- 

oignition chemistry and leading to homogeneous autoignition 

f the remaining unburned gases. Mansfield and Wooldridge 

26] defined this behavior as “mixed” autoignition due to the 

resence of both inhomogeneous characteristics (e.g., the presence 

f reaction fronts) and eventual homogeneous autoignition of the 

nburned gas region. There have been many different means of 

efining strong autoignition in the literature, including Meyer 

nd Oppenheim [31] who classified strong autoignition solely by 

hether a transition to detonation occurred. However, most of the 

ecent studies have defined strong autoignition as spatially uni- 

orm autoignition behavior with the absence of localized reaction 

ronts prior to autoignition. 

Understanding the different types of autoignition phenomena is 

ritical to building confidence in the autoignition delay time data 

sed for developing and validating combustion chemistry. In par- 

icular, most models used to test combustion reaction mechanisms 

epresent autoignition experiments of shock tubes and RCMs as 

ero-dimensional, i.e., they do not include spatial effects. The as- 

umption of uniform state conditions is invalid for mixed autoigni- 

ion regimes and can lead to incorrect conclusions when compar- 

ng experimental and modeling data. Thus, theory that can predict 
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 priori when mixed autoignition can affect autoignition delay time 

ata is key to understanding experimental uncertainties and limi- 

ations. Additionally, it is valuable if the theory is accessible to a 

road range of combustion researchers without the need for ex- 

ensive estimates, measurements, and simulations. The theory that 

s the focus of the present work is the autoignition criterion pro- 

osed by Sankaran et al. [40] , which in turn was based on work by

eldovich [39] that compares the laminar flame speed of a given 

ixture to the reaction front propagation rate driven by the ther- 

al gradients present in the physical system. There are several ig- 

ition criteria that have been proposed in recent years, including 

orks by Im et al. [41] and Grogan et al. [42] . The fairly simple

nequality, referred to as the Sankaran Criterion, is a prediction of 

he location of the strong autoignition limit based on comparison 

f the homogeneous chemical reactivity of a mixture with the de- 

agration flame speed of the mixture. The Sankaran Criterion is 

aptured within the theory proposed by Im et al. [41] and Grogan 

t al. [42] , but the latter theories include turbulent mixing scales. 

urbulent mixing scales have not been measured in the UM-RCF 

nd would therefore be a source of high uncertainties, hence they 

re not utilized in the present work. Additionally, the Sankaran cri- 

erion is considered more accessible to combustion engineers, be- 

ause it is based on more easily and more often measured input 

arameters of temperature and pressure. 

The Sankaran Criterion can be used to make a priori predic- 

ions of autoignition behavior, and the validity of the Sankaran 

riterion as a predictive tool was demonstrated by Mansfield 

nd Wooldridge [26] for syngas (CO and H 2 ) and by Mansfield 

t al. [25] for iso -octane. The theory was further developed and 

on-dimensionalized in the work by Im et al. [41] . Prior studies 

ndicate the Sankaran Criterion is not fuel specific; however, addi- 

ional demonstrations of the theory for other fuels, particularly for 

undamental alkanes like propane, are important to building confi- 

ence in the validity of the theory. Additionally, mixed autoignition 

s often associated with lower temperatures ( T < 1200 K), where 

xperimental measurements frequently exhibit higher scatter (e.g., 

ee Fig. 1 ) and larger discrepancies with model predictions (e.g., 

yngas [26] ) compared with higher temperature experiments. 

hus, the objectives of the present work were to test the Sankaran 

riterion for application to propane autoignition, providing further 

vidence of its utility as a general a priori method for accurately 

redicting autoignition behavior, to evaluate the existing propane 

utoignition data in the literature in the context of the Sankaran 

riterion, and to consider simplified means to account for mixed 

gnition phenomena when comparing experimental data with 

odel predictions. This work presents the first study of ignition 

egimes for a straight chain alkane, and successful demonstration 

f the approach for interpreting data in the literature has broad 

mplications on low-temperature autoignition data of other fuels. 

. Methods 

.1. Experimental 

The UM-RCF is a uniquely designed experimental apparatus that 

an create uniform state conditions at high temperatures (600–

0 0 0 K) and high pressures (1–40 atm) using a free piston (sabot)

o isentropically compress a test gas mixture. While these tem- 

eratures and pressures are achievable with the UM-RCF, limits 

re further imposed by the test times for propane autoignition at 

he mixture compositions and state conditions studied. Test times 

reater than 75 ms can be affected by considerable heat losses that 

mpact ignition, and test times less than 1 ms are convolved with 

he compression process. Thus, the current work targeted state 

nd mixture conditions between the limits of test times from 1 

o 75 ms. A detailed description of the UM-RCF, including dimen- 
26 
ions, components, and characterization of its performance, can be 

ound in Donovan et al. [43] and He et al. [44] . Briefly, the UM-RCF

onsists of two long cylinders that are the driver and driven sec- 

ions. The sections are separated by a fast globe valve and a sheet 

f Mylar film that divides the two sections until the start of an ex- 

eriment. The test section is a small, cylindrically-shaped volume 

hat is ~50 mm in both length and diameter and is located at the 

ownstream end of the driven section. 

The test gas mixtures are prepared in a stainless-steel mixing 

ank with an automatic stirring mechanism, with mixture com- 

osition determined through relative partial pressure measure- 

ents of each gas component. The mixture is typically left to 

tir overnight to ensure homogeneous composition. The compo- 

ent gases used in this study were propane (PurityPlus, > 99.5%), 

itrogen (PurityPlus, > 99.999%), argon (PurityPlus, > 99.999%) and 

arbon dioxide (PurityPlus, > 99.995%). Mixture uncertainty is pre- 

ominantly a result of the uncertainty in the pressure transduc- 

rs used to calculate mixture composition. Overall, uncertainty is 

 0.1% for fuel concentration and < 0.05% for oxygen and diluent 

oncentration. 

Before each autoignition experiment, a vacuum pump is used to 

vacuate the driven section, which is subsequently filled with the 

repared test gas mixture. The driver section is then filled with 

ompressed air that is used to propel the sabot down the length 

f the driven section upon opening the globe valve. The process 

apidly compresses the test gas mixture into the test section lo- 

ated on the opposite end of the driven section, with the bulk of 

he compression occurring in the last 10 ms of the compression 

troke. At the end of compression, the sabot seats via an annular 

nterference fit that seals the test gas mixture within the test sec- 

ion at the desired thermodynamic conditions. 

Pressure time-history measurements are obtained in the test 

ection before, during, and after the compression process using a 

ressure transducer (Kistler 4045A2) and charge amplifier (Kistler 

618A0) with a 100 kHz sampling frequency. The pressure mea- 

urements have an uncertainty of ≤ 1% (~0.1 atm). A transpar- 

nt polycarbonate end-wall is used for optical access for high- 

peed imaging of the autoignition process. Images for this study 

ere recorded using a CMOS camera (Phantom V711-32G-MAG-C, 

12 × 512 pixels) with a 50 mm lens (Navitar, F0.95), a 62 mm 

ens (HOYA + 2 Zoom), and a 62 mm UV(0) filter (Hoya). The video 

equences were recorded at 25,0 0 0 frames per second with 39.6 

s exposure time. 

For this study, the UM-RCF was used to conduct autoignition 

xperiments for mixtures of propane and oxygen with fuel-to-O 2 

quivalence ratios of φ = 0.25 and φ = 0.5 with air levels of 

ilution; meaning the molar O 2 -to-diluent gas ratio was 1:3.76. 

hree diluent gases (N 2 , Ar, and CO 2 ) were used, with N 2 being

he primary diluent gas, and the levels of Ar and CO 2 were ad- 

usted to control the end-of-compression test gas temperature. Ex- 

eriments with an equivalence ratio of φ = 0.25 included end-of- 

ompression temperatures between 930 and 1070 K and pressures 

etween 8.9 and 10.4 atm, and experiments with an equivalence 

atio of φ = 0.5 included end-of-compression temperatures be- 

ween 945 and 1010 K and pressures between 9.7 and 11.3 atm. As 

oted earlier, these conditions place the autoignition delay times 

etween 1 and 75 ms. Test times > 75 ms are significantly af- 

ected by heat losses in RCMs, shock tubes and other devices, in- 

reasing measured autoignition delay times beyond the effects of 

nly chemical kinetics. Test times less than 1 ms are convolved 

ith the compression process with many RCMs, and shock tubes 

nd other experimental approaches may yield lower uncertainties. 

hile a limited temperature range is covered in the study, im- 

ortantly the data span predicted transitions in autoignition be- 

avior, allowing validation of the autoignition regime hypothesis. 

he mixture composition and thermodynamic state conditions for 
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Fig. 2. Typical experimental pressure history exhibiting characteristics of mixed au- 

toignition for conditions of P = 10.7 atm, T = 963 K, and φ= 0.5 with a mixture 

composition of 2.06% C 3 H 8 /20.60% O 2 /77.34% N 2 . P eoc is the pressure at the end of 

the mechanical compression stroke, and P is the time-averaged pressure from P eoc 
to P at maximum d P /dt. 

Fig. 3. Typical experimental pressure history exhibiting characteristics of strong au- 

toignition for experimental conditions of P = 9.5 atm, T = 990 K, and φ = 0.25 

with a mixture composition of 1.04% C 3 H 8 /20.80% O 2 /78.16% N 2 . P eoc is the end of 

the mechanical compression stroke, and P is the time averaged pressure from P eoc 
to P at maximum d P /dt. 
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ach experiment are summarized in Table S1 in the Supplemental 

aterial. 

.2. Computational 

Predictions for autoignition delay times were made using 

he Healy et al. C1–C5 chemical kinetic mechanism [45] with 

he Chemkin [46] program suite (version 19.1, x64) for a zero- 

imensional, closed homogeneous reactor model with constant 

otal volume and constant total energy. The original reaction 

echanism by Healy et al. [45] was used with no changes to any 

f the rate coefficients. The predictions were obtained using the 

ixture composition and thermodynamic state (T and P) from 

ach experiment as the initial conditions for the simulations. There 

re many different methods for quantifying uncertainties due to 

he reaction chemistry used with Chemkin simulations. Details on 

he uncertainty quantification for the simulations are provided in 

he Supplemental Material along with results of time-dependent 

ensitivity analysis. The effects of different modeling assump- 

ions were also evaluated, including simulating the compression 

troke. Comparison of the modeling approaches is provided in the 

upplemental Material. Differences in the predicted autoignition 

elay times due to different modeling approaches were less than 

he uncertainty associated with the elementary chemistry of the 

eaction mechanism. Therefore, constant volume and constant 

nergy modeling was used throughout this work, and the error 

ars represented in figures are due to uncertainties in the rate 

oefficients used in the reaction mechanism. Note that quantifying 

ncertainties in reaction mechanisms remains non-standardized in 

he combustion community. Systematic methods for representing 

odeling uncertainties when reaction chemistry is significant (as 

n autoignition modeling) is an important area for future work. 

The strong autoignition limit was calculated using the Sankaran 

riterion as described in Sankaran et al. [40] and as applied in 

ansfield and Wooldridge [26] and Mansfield et al. [25] . As de- 

cribed by Sankaran et al. [40] , the Criterion compares the relative 

agnitude of spontaneous propagation of autoignition and defla- 

ration, as per Eq. (1) : 

dτ

dT 
∗ dT 

dx 

∣∣∣∣ > 

(
s 0 u 

)−1 
(1) 

here the gradient of the autoignition delay time (d τ /dx) is de- 
omposed into the product of the thermal gradient of the physical 

ystem (dT/dx) and the thermal sensitivity of the autoignition de- 

ay time (d τ /dT), and s 0 u is the laminar flame speed. When spon- 

aneous propagation dominates the autoignition behavior of the 

ombustion system and the thermal gradients are small, homoge- 

eous or strong autoignition is expected, and the inequality is true. 

hen deflagration dominates and laminar flames consume the fuel 

aster than the autoignition chemistry, inhomogeneous or weak au- 

oignition is expected, and the inequality is false. Between the lim- 

ting strong and weak autoignition regimes, mixed autoignition is 

xpected with some attributes of autoignition and propagation of 

ocal reaction fronts. 

To evaluate Eq. (1) , autoignition delay times were systemati- 

ally calculated over a broad range of thermodynamic conditions 

or φ = 0.25 and φ = 0.5. The results were used to calculate the 

hermal sensitivity of the autoignition delay time, d τ /dT for each 
quivalence ratio. A constant thermal gradient of 5 K/mm value 

as applied in Mansfield and Wooldridge [26] and Mansfield et al. 

25] for syngas and iso octane, respectively. The value of 5 K/mm 

riginates from temperature measurements made in the UM-RCF 

y Donovan et al. [43] . Laminar flame speeds were calculated us- 

ng the Premixed Laminar Flame-Speed Calculation in Chemkin 

46] with the Healy et al. [45] reaction mechanism, thermody- 

amic data and transport data. Laminar flame speeds for temper- 
27 
tures above ~10 0 0 K and below ~750 K were extrapolated from 

alculations at intermediate temperatures using an exponential fit. 

. Results and discussion 

Pressure time histories and high-speed video were recorded for 

ach experiment. The pressure data were used to determine the 

utoignition delay time for each experiment, and the high-speed 

ideos were used to observe and classify the autoignition behav- 

or based on the chemiluminescence observed. Typical pressure 

istories for inhomogeneous (mixed) and homogeneous (strong) 

utoignition are presented in Figs. 2 and 3 , respectively. For both 

xperiments, the pressure data show the compression stroke 

auses a smooth increase in pressure in the test section until 

he end of compression. After the end of compression, there is 

 slight pressure decrease in both experiments caused by heat 

ransfer from the test gas to the cooler test-section walls. P is 
min 
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Fig. 4. Imaging results from typical inhomogeneous (left column) and homoge- 

neous (right column) autoignition experiments. The images in the left column are 

from the same experiment as the data presented in Fig. 2 . The images in the right 

column are from the same experiment as the data presented in Fig. 3 . Note the 

presence and propagation of reaction fronts at the inhomogeneous autoignition 

conditions. 
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Fig. 5. Experimental results for autoignition regimes for φ = 0.25 as a function of 

state conditions. Calculated autoignition delay time contours, τ ign [ms], are shown 

as solid lines. The unshaded region is the strong autoignition regime based on the 

Sankaran Criterion for the strong autoignition limit assuming a 5 K/mm thermal 

gradient. The shaded region below the strong autoignition limit (dashed line) de- 

notes the weak autoignition regime. Additionally, the location of the NTC region is 

highlighted and labeled. 
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he minimum pressure after the end of compression and is labeled 

n the figures. The key difference in the two pressure histories 

s near the time of autoignition. The pressure history for the 

ixed (inhomogeneous) autoignition experiment in Fig. 2 shows a 

radual pressure rise starting around P min (from t = ~5 to 12 ms), 

rior to the rapid increase in pressure due to autoignition at 

 = 13.1 ms. This pre-autoignition heat release is most apparent in 

he pressure derivative data, also presented in Fig. 2 . The pressure 

istory for the strong (homogeneous) autoignition experiment in 

ig. 3 shows no heat release prior to autoignition at 15.6 ms. 

Figure 4 presents imaging results corresponding to the ex- 

erimental data presented in Figs. 2 and 3 . The images in the 

eft column of Fig. 4 exhibit inhomogeneous characteristics and 

re from the same experiment as the pressure data presented in 

ig. 2 . The images in the right column of Fig. 4 exhibit uniform

r homogenous autoignition characteristics and are from the same 

xperiment as the pressure data presented in Fig. 3 . The three still 

mages from each experiment are all from after the end of com- 

ression and correspond to times at: 1. P min , 2. an intermediate 

ime, and 3. the time of autoignition. Comparison of the pres- 

ure and imaging data from the inhomogeneous experiment (i.e., 

ig. 2 and the left column of Fig. 4 ) shows the gradual pressure rise

efore autoignition corresponds with the propagation of reaction 

ronts in the test section ( t = 4 to ~13 ms), and the rapid pressure

ise at 13.1 ms corresponds with autoignition of the reactants not 

onsumed by the reaction fronts. The timing of the first observa- 

ion of the reaction fronts ( t = ~4 ms) is consistent with the timing

f the first observation of an increase in the rate of pressure rise 

fter the end of mechanical compression of the test gas mixture 

 t = ~5 ms). Alternatively, comparison of the pressure and imaging 

ata from the homogeneous experiment (i.e., Fig. 3 and the right 

olumn of Fig. 4 ) shows no early heat release or reaction fronts 

rior to autoignition, and the chemiluminescence at autoignition 

s spatially uniform. Furthermore, the maximum intensity of the 

mages corresponds exactly with the maximum rate of pressure 

ise at t = 15.6 ms. Comparing the imaging data at the time of 
28 
utoignition from the mixed and strong autoignition experiments 

ighlights the non-uniformity of the chemiluminescence caused 

y the reaction fronts at the mixed autoignition conditions. 

The pressure data were used to determine the autoignition de- 

ay time and thermodynamic state conditions for each experiment. 

irst the pressure data were filtered using a 75-point smoothing 

lgorithm to reduce noise from the pressure transducer, and the 

ressure derivative was calculated. The autoignition delay time 

 τ ) was defined as the time from the end-of-compression (i.e., 

he time of maximum pressure due to compression of the test 

as mixture by the sabot) to the time of maximum dP/dt, as 

hown in Figs 2 and 3 . The primary uncertainty in the autoignition 

elay time is due to the noise in the pressure data, resulting in a 

aximum uncertainty of ± 0.6 ms. 

The pressure for each experiment was defined as the time- 

veraged value of pressure from the end-of-compression to the 

ime of maximum dP/dt. The temperature was then defined us- 

ng isentropic state relations and the actual mixture properties, as 

escribed in Donovan et al. [43] . The primary uncertainty in the 

ressure is due to noise in the transducer data and is assessed 

s < 0.4 atm based on different smoothing algorithms. The uncer- 

ainty in temperature is primarily due to propagation of the uncer- 

ainty of the pressure measurements, and is estimated as < 10 K. A 

ummary of the state conditions and measured autoignition delay 

imes is provided in the Supplemental Material. Alternative meth- 

ds for assigning state conditions are discussed further below. 

.1. Autoignition behavior 

All experiments were identified using the imaging data as 

ither mixed autoignition (where reaction fronts were observed 

rior to volumetric autoignition) or strong autoignition (where no 

eaction fronts were observed prior to volumetric autoignition). No 

xperiments exhibited characteristics of weak autoignition (where 

nly reaction fronts consume the reactants with no volumetric 

utoignition). The results for the classifications of the experiments 

re presented on pressure-temperature diagrams for φ = 0.25 in 

ig. 5 and for φ = 0.5 in Fig. 6 , and the figures include autoignition

elay time contours and the strong autoignition limits based on 

he Sankaran Criterion/ Eq. (1) . Recall, the autoignition delay time 

ontours and the parameters used to define the strong autoignition 

imit were calculated using Chemkin modeling and the Healy et al. 

45] reaction mechanism. No other propane autoignition studies 
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Fig. 6. Experimental results for autoignition regimes for φ = 0.5 as a function of 

state conditions. Calculated autoignition delay time contours, τ ign [ms], are shown 

as solid lines. The unshaded region is the strong autoignition regime based on the 

Sankaran Criterion for the strong autoignition limit assuming a 5 K/mm thermal 

gradient. The shaded region below the strong autoignition limit (dashed line) de- 

notes the weak autoignition regime. The box indicates the approximate bounds of 

the experimental conditions of the low-temperature studies presented in Fig. 1 . Ad- 

ditionally, the location of the NTC region is highlighted and labeled. 
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hat include imaging data for regime classification are available 

n the literature. However, the range of conditions considered in 

revious autoignition studies of propane for φ = 0.5 is highlighted 

n Fig. 6 . 

The experimental results for φ = 0.25 resulted in autoigni- 

ion delay times from 4 ms to 56 ms in the temperature range 

f 930–1070 K and the pressure range of 8.9–10.4 atm. The high- 

peed imaging data indicated spatially uniform autoignition be- 

avior with no flame front propagation prior to autoignition (i.e., 

trong autoignition) for all φ = 0.25 experiments. As seen in Fig. 5 , 

he results are in excellent agreement with expectations based on 

he Sankaran Criterion for the strong autoignition limit. 

Figure 6 presents the autoignition regime classification results 

or mixtures with φ = 0.5. The autoignition delay times varied 

rom 6 ms to 22 ms in the temperature range of 945 – 10 0 0 K and

he pressure range of 9.7–11.3 atm. The high-speed imaging data 

onfirmed the presence of reaction fronts (with pre-ignition heat 

elease) prior to volumetric autoignition for all the φ = 0.5 experi- 

ents. The results are generally consistent with expectations based 

n the Sankaran Criterion, with most of the mixed autoignition ex- 

eriments falling within the weak autoignition regime. While some 

f the experimental conditions at higher temperatures might have 

een expected to yield strong autoignition, the strong autoigni- 

ion limit plotted in Fig. 6 does not include uncertainty bounds, 

hich might reasonably extend the strong autoignition limit to in- 

lude the experimental data. Also superimposed on the autoigni- 

ion regime diagram in Fig. 6 is the approximate range of state 

onditions of the low-temperature studies presented in the Arrhe- 

ius diagram in Fig. 1 . The superposition highlights that many of 

he data from the experimental studies of propane at low temper- 

ture may be affected by mixed autoignition characteristics. 

.2. Autoignition delay time 

Figures 7 and 8 summarize the autoignition delay time results 

s a function of inverse temperature for the two equivalence 

atios studied in the present work. The error bars represent the 

ncertainties in the measurements described previously and the 

ncertainties in the model predictions described in the Sup- 

lemental Material. In Figs. 7 and 8 , the two panels show the 

omparison between the experimental measurements and the 

odel predictions where two different methods are used to 
29 
efine the thermodynamic state conditions of the experiments. 

ecall, the state conditions of the experiments are also the initial 

onditions used in the 0-dimensional Chemkin modeling, with 

he volume and total energy of the system fixed during the sim- 

lation, allowing the pressure and temperature to change as the 

imulated reactions progress. Note that, while localized ignition 

nd propagation of the reaction fronts affect the unburned gases 

y increasing pressure (and therefore temperature), the 0D homo- 

eneous reactor is still an appropriate first order representation of 

he system, since mass transport does not occur on a time scale to 

mpact the unburned gases. In Figs. 7 (a) and 8 (a), the temperature 

nd pressure are based on the time-averaged pressure from the 

nd of compression to the time of maximum pressure rise. As 

een in the pressure history data in Fig. 2 , this definition includes 

he effects of pre-autoignition heat release and compression 

eating of the unburned gases by reaction front propagation. In 

igs. 7 (b) and 8 (b), the temperature and pressure are based on the 

ime-averaged pressure from the end of compression to the time 

f minimum pressure before autoignition, P min . This definition 

eglects pre-autoignition heat release. For strong autoignition 

onditions, where negligible pre-autoignition heat release was 

bserved, the difference in definitions should have little effect on 

he experimental and model results, which is consistent with the 

esults shown in Fig. 7 . Additionally, the model predictions using 

he Healy et al. mechanism [45] at the strong φ = 0.25 conditions 

re in excellent agreement with the experimental measurements. 

On the other hand, Fig. 8 shows the impact of mixed autoigni- 

ion and the associated pre-autoignition heat release on the as- 

igned state conditions and on the comparison between physi- 

al measurements and model predictions. As seen in Fig. 8 (a), 

hen the effects of early heat release are included in defining 

he state conditions, the model predictions and experimental data 

enerally agree within the uncertainty limits. However, when pre- 

utoignition heat release is neglected, as in Fig. 8 (b), the model 

redictions are systematically higher than the experimental mea- 

urements, and the effects are larger at lower temperatures with 

 maximum discrepancy of a factor of three observed between 

he experimental results and model predictions. The trend for 

greement between model predictions and experimental measure- 

ents follows closely with the proximity to the strong autoignition 

egime (see Fig. 6 ). 

Comparison of the experimental data in the two panels in 

ig. 8 also shows reaction fronts can lead to observable effects 

n the Arrhenius diagram due to differences in the assigned state 

onditions. Specifically, while the temperature and pressure for 

n experiment do not impact the measurement of the autoigni- 

ion delay time from the pressure history data, changing the as- 

igned temperature shifts the data along the x-axis. Additionally, if 

he autoignition delay time data are scaled based on pressure (as 

n Fig. 1 ), changing the assigned pressure shifts the data on the 

ertical axis of the Arrhenius diagram as well. Depending on the 

mount of pre-autoignition heat release, using time-averaged state 

onditions that do or do not include the effects of pre-autoignition 

eat release can significantly rearrange the data, as most dramat- 

cally illustrated by comparing the four lowest temperature data 

n Fig. 8 (a) and (b). In the current work, maximum differences in 

ressure of 1.0 atm and in temperature of 23 K were determined 

hen the two methods were applied to mixed autoignition ex- 

eriments, compared with maximum differences of 0.2 atm and 

 K with strong autoignition experiments. Note, some studies use 

olume histories of compression of an inert gas mixture to model 

CM experiments. Such an approach would not capture the effects 

f reaction fronts and the associated heat release and would be 

xpected to yield systematically higher autoignition delay times. 

The experimental autoignition delay time results from the 

urrent work are compared with previous autoignition studies of 
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Fig. 7. Measured and predicted autoignition delay times for φ = 0.25 where strong autoignition was observed for all experiments: (a) state conditions based on the time- 

averaged pressure from the end-of-compression to maximum d P /dt, (b) state conditions based on the time-averaged pressure from the end-of-compression to P min prior to 

autoignition. For both panels, the error bars represent the uncertainties of the experimental measurements and model predictions. 

Fig. 8. Measured and predicted autoignition delay times for φ = 0.5 where mixed autoignition was observed for all experiments: (a) state conditions based on the time- 

averaged pressure from the end-of-compression to maximum d P /dt, (b) state conditions based on the time-averaged pressure from the end-of-compression to P min prior to 

autoignition. For both panels, the error bars represent the uncertainties of the experimental measurements and model predictions. 
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ropane at an equivalence ratio of φ = 0.5 in Fig. 9 , where all

ata have been normalized to P = 10 atm using scaling of τ ign ∝ 

/ P and normalized to air dilution levels using scaling of τ ign ∝ 

oncentration of diluent. In Fig. 9 , the state conditions that include 

he effects of pre-autoignition heat release were used for the 

M-RCF data. Also in the figure, the mixture and state conditions 

eported in the prior studies were used with the Sankaran Crite- 

ion ( Fig. 6 ) to categorize the prior experiments as in the weak or

trong autoignition regimes. The results of the current work are 

ithin the range of values reported previously for τ ign at similar 

onditions; however, comparison of the state conditions used in 

rior studies with the autoignition diagram of Fig. 6 indicates 

ome of the previous studies were likely in the weak autoignition 

egime and may have been affected by reaction fronts. Notably, in 

he temperature region covered in the current work, the scatter in 

he autoignition delay time data is at least an order of magnitude. 
30 
he scatter could be due (in part) to the propagation of localized 

eaction fronts, and the use of time-integrated pressure data (or 

ther means to account for pre-autoignition heat release) to assign 

tate conditions could possibly correct for some of the scatter (as 

n Fig. 8 ). However, the pressure histories of the prior studies are 

ot available for the majority of the data reported in the literature. 

odel predictions for P = 10 atm are also shown in Fig. 9 and are

n excellent agreement with the current work and other studies at 

trong autoignition conditions. Notably, experimental data farthest 

rom the model predictions are in the weak autoignition regime. 

lso note for P = 10 atm, NTC behavior is predicted for tempera- 

ures below 800 K and will likely contribute further to the scatter 

t temperatures below 800 K. 

Figure 10 presents a comparison of the current results with 

rior studies of propane mixtures at φ = 0.25. As with Fig. 9 , the

ata have been scaled to P = 10 atm and air levels of dilution. 



M.A. Burnett and M.S. Wooldridge Combustion and Flame 224 (2021) 24–32 

Fig. 9. Comparison of autoignition delay time measurements for propane/air mixtures at φ= 0.5. All data have been normalized to P = 10 atm and air dilute conditions. 

Based on the reported state conditions and using the Sankaran Criterion presented in Fig. 6 , half-filled symbols are in the weak autoignition region and unfilled symbols are 

in the strong autoignition region. 

Fig. 10. Comparison of autoignition delay time measurements for propane/air mix- 

tures at φ= 0.25. All data have been normalized to P = 10 atm and air dilute con- 

ditions. Based on the reported state conditions and using the Sankaran Criterion 

presented in Fig. 6 , the filled and unfilled symbols are in the strong autoignition 

region. 
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here are no previous studies at low temperatures for propane 

t φ = 0.25; only the current RCF study. All data presented in 

ig. 10 are in the strong autoignition region, and model predic- 

ions included in Fig. 10 show excellent agreement with both ex- 

erimental studies. 

. Conclusions 

This work provides the first experimental results to categorize 

he autoignition behavior of propane mixtures using pressure 

nd imaging data simultaneously acquired at low-temperature 

onditions. Autoignition behavior for lean propane-air mixtures 

xhibited exclusively strong (spatially homogeneous) autoignition 

haracteristics at the state conditions studied with mixtures of 

= 0.25 and exclusively mixed (spatially inhomogeneous with 

ropagation of localized reaction fronts) autoignition character- 

stics at the state conditions studied with mixtures of φ = 0.5. 

he results supported the validity of the Sankaran Criterion as a 
31 
eans to identify the strong autoignition limit for propane, where 

he limit shifted to higher temperatures and pressures as the 

quivalence ratio was increased. High-speed imaging showed the 

resence of reaction fronts was associated with pre-autoignition 

eat release for all inhomogeneous autoignition experiments, and 

omogeneous autoignition did not exhibit heat release prior to 

utoignition. Model predictions were in excellent agreement with 

utoignition delay times measured in the current work when 

ime-averaged values including the effects of pre-autoignition heat 

elease were used. Model predictions over-estimated autoignition 

elay times determined from mixed autoignition experiments if 

he effects of pre-autoignition heat release were not considered, 

specially at lower temperatures. 

The results of this study quantified the impact of mixed 

utoignition phenomena on propane autoignition data at low 

emperatures, and the importance of assigning state conditions 

hat appropriately capture autoignition behavior within the re- 

ctor. The effects of state conditions are particularly important 

hen autoignition data are used to inform and validate chem- 

cal kinetic models. The results of the current work identified 

ixed autoignition phenomena as a potential source of the higher 

catter observed in the low-temperature autoignition data for 

ropane. 

The results of the current work provide further evidence that 

he Sankaran Criterion is both a powerful means to improve 

he quality and understanding of low-temperature autoignition 

ata and a useful method for a prior predictions of autoignition 

ehavior. This outcome has potentially far-reaching implications 

nd impact. The Sankaran Criterion should be applied pro-actively 

o plan autoignition delay time experiments that isolate strong 

utoignition conditions, which are then ideally suited for chem- 

cal kinetics studies. Alternatively, the Sankaran Criterion can be 

etroactively applied to interpret autoignition delay time data 

nd pressure histories, particularly when imaging data are not 

vailable. In particular, the Sankaran Criterion can be used to 

evise experimental uncertainties on ignition data that are used 

or development of reaction chemistry, potentially resolving dis- 

repancies observed in experimental and computational studies at 

hese important low temperature conditions. 
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