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a b s t r a c t 

Knock in spark-ignited (SI) engines is initiated by autoignition of the unburned gasses upstream of spark- 

ignited, propagating, turbulent premixed flames. Knock propensity of fuel/air mixtures is typically quan- 

tified using research octane number (RON), motor octane number (MON), or methane number (MN; 

for gaseous fuels), which are measured using single-cylinder, variable compression ratio engines. In this 

study, knock propensity of SI fuels was quantified via observations of end-gas autoignition (EGAI) in un- 

burned gasses upstream of laser-ignited, premixed flames at elevated pressures and temperatures in a 

rapid compression machine. Stoichiometric primary reference fuel (PRF; n-heptane/isooctane) blends of 

varying reactivity (50 ≤ PRF ≤ 100) were ignited using an Nd:YAG laser over a range of temperatures and 

pressures, all in excess of 545 K and 16.1 bar. Laser ignition produced outwardly-propagating premixed 

flames. High-speed pressure measurements and schlieren images indicated the presence of EGAI. The 

fraction of the total heat release attributed to EGAI (i.e., EGAI fraction) varied with fuel reactivity (i.e., 

octane number) and the time-integrated temperature of the end-gas prior to ignition. Flame propaga- 

tion rates, which were measured using schlieren images, were only weakly correlated with octane num- 

ber but were affected by turbulence caused by variation in piston timing. Under conditions of low tur- 

bulence, measured flame propagation rates approached one-dimensional premixed laminar flame speed 

computations performed at the same conditions. Experiments were simulated with a three-dimensional 

CONVERGE TM model using reduced chemical kinetics (121 species, 538 reactions). The simulations accu- 

rately captured the measured flame propagation rates, as well as the variation in EGAI fraction with fuel 

reactivity and time-integrated end-gas temperature. The simulations also revealed low-temperature heat 

release as well as formaldehyde and hydrogen peroxide formation in the end-gas upstream of the propa- 

gating flame, which increased the temperature and degree of chain branching in the end-gas, ultimately 

leading to EGAI. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

The onset of knock is the foremost limitation constraining ther- 

al efficiency in spark-ignited (SI) engines. Engine knock is ini- 

iated by uncontrolled autoignition of the unburned end-gasses 

pstream of the spark-ignited propagating flame [1] . End-gas au- 

oignition (EGAI) is governed primarily by the reactivity of the 

uel/air mixture, in-cylinder temperature, and length of time dur- 

ng which the end-gasses reside at elevated temperatures. Under 

ormal engine operating conditions, the spark-initiated propagat- 
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ng flame consumes nearly all of the premixed fuel and air. Heat 

ransfer to the walls of the cylinder maintains a cool thermal 

oundary layer that quenches the flame, and any remaining un- 

urned gasses avoid undergoing autoignition as temperatures de- 

rease during the expansion stroke. Under more severe operating 

onditions, the end-gasses are compressed and heated to a higher 

egree—ultimately reaching a critical chemical kinetic induction 

eriod as the slow initial combustion reactions in the end-gas 

ransition to exponentially faster chain-branching reactions. Un- 

er these conditions, EGAI occurs – either locally or volumetri- 

ally – before the propagating flame can consume all of the un- 

urned fuel/air mixture. Severe EGAI (i.e., engine knock) results in 

he breakdown of the thermal boundary layer that protects com- 
. 
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onents from direct exposure to combustion radicals and extreme 

emperatures, resulting in surface corrosion and potential compo- 

ent failure with time. To maximize durability, SI engines are de- 

igned to operate with compression ratio, boost pressure, and fuel 

eactivity constraints that avoid EGAI. 

The conventional metrics used to quantify the propensity of 

n SI fuel to autoignite are the research and motor octane num- 

ers (RON and MON) [2–4] , along with methane number (MN) for 

aseous SI fuels [5] . The RON and MON standards were developed 

o describe a fuel’s resistance to knock and thus determine its suit- 

bility for a given engine and set of operating conditions. Specifi- 

ally, the RON and MON standards represent a comparison of the 

ested fuel’s critical compression ratio to that of a primary refer- 

nce fuel (PRF) blend (n-heptane and isooctane) under standard- 

zed operating conditions in a Cooperative Fuels Research (CFR) en- 

ine - a single-cylinder, variable compression ratio engine. 

Despite their apparent similarities, there is no direct correlation 

etween the RON and MON metrics, as they represent the knock 

ropensity of the test fuel at distinct end-gas conditions span- 

ing the negative temperature coefficient (NTC) region of hydro- 

arbon fuels [6] . The extent to which they successfully represent 

he NTC physics of SI combustion has been questioned, as numer- 

us researchers have found that the ON and MN metrics are less 

redictive of how fuels will behave in modern engine configura- 

ions [7–11] . Kalghatgi et al. proposed the use of an Octane Index 

OI) [8] that could better describe a fuel’s autoignition characteris- 

ics for a specific engine configuration. Other researchers have pro- 

osed similar alternatives for both liquid and gaseous fuels [ 12 , 13 ].

till, given the complexity of the governing phenomena, summariz- 

ng a fuel’s autoignition behavior across all engine platforms with 

 single metric remains a challenge. 

Furthermore, there is a need for a knock propensity metric that 

an be measured without a single-cylinder research engine. Efforts 

o produce novel fuels (e.g., advanced biofuels) often yield very 

mall, costly quantities, whose combustion properties need to be 

haracterized at engine relevant conditions. Measurement of the 

uel’s octane number (or other proposed alternative) in the early 

tages of fuel development is often impractical due to the quan- 

ity of fuel required. Benchtop cetane number (CN) measurement 

nstruments, like the ignition quality tester (IQT) and the fuel igni- 

ion tester (FIT) [ 14 , 15 ] exist to meet this need, but a standardized

ethod for measuring ON (or other knock propensity metric) using 

mall quantities of fuel has yet to be developed [ 12 , 16–18 ]. 

Several researchers have employed constant volume combus- 

ion apparatuses (CVCA) as a means to study autoignition. For ex- 

mple, Hu and Keck proposed the use of a CVCA to study au- 

oignition events ahead of an SI premixed flame [19] . More re- 

ently, Lawson and coworkers have expanding on this work [20] . 

n these experiments, a propagating SI flame compresses and 

eats the unburned upstream gasses, which are eventually brought 

o their autoignition limits. The measured pressure-time history 

ver the course of the experiment is used to derive an end-gas 

emperature-time history up to the point of autoignition. These 

ata have proven to be highly valuable to kinetic model validation, 

ut to our knowledge have not been used to quantify the autoigni- 

ion propensities of the tested fuels. Further, the end-gas tempera- 

ures and pressures produced in SI CVCA experiments are consid- 

rably lower than what is relevant to the end-gasses in modern 

ngines (and their time scales considerably longer). 

Rapid compression machines (RCMs) can provide experimen- 

al conditions with higher temperatures and pressures than typ- 

cal CVCA experiments and have been widely employed to study 

omogenous autoignition chemistry. Recently, researchers at sev- 

ral institutions have employed RCMs to perform SI experiments 

21-23] , and use these experiments to characterize SI combustion 

henomena under engine relevant conditions. This study centers 
2 
n exploring the potential to use an RCM operating in SI mode to 

haracterize end-gas autoignition propensity. 

The ideal autoignition-propensity measurement instrument 

ould: (1) require small amounts of fuel, (2) allow for variable 

nd-gas conditions (e.g., pressure, temperature, species consistent 

ith exhaust gas recirculation), (3) include high-speed pressure 

easurement capability for apparent heat release rate calculation, 

4) include optical access for EGAI observation and flame prop- 

gation rate measurements, and (5) be amenable to chemically 

eacting flow modeling with detailed chemical kinetics. An RCM 

as several advantages as an instrument for studying EGAI and 

nock propensity compared to conventional engine testing. Specif- 

cally, an RCM: (1) requires substantially less fuel than an engine 

 ∼0.25 mL/test), (2) can safely reach temperatures and pressures 

onsistent with end-gas conditions in current and future engines, 

3) is optically accessible, (4) can be more accurately modeled than 

n internal combustion engine because of precise knowledge of the 

nitial conditions, and (5) can be designed to produce minimal tur- 

ulence in the flow field after compression [ 2 , 24 ]. 

Qi et al. used a single-piston RCM with a conventional spark 

lug to examine knock and superknock of stoichiometric isooc- 

ane/air mixtures at three different compression ratios [25] . More 

ecently, Dumitrache et al. [21] developed a technique to produce 

 laser-generated spark in an opposed piston RCM. The advantage 

f the opposed-piston layout is that it can facilitate symmetrical 

ompression events to create a stagnation condition at the cen- 

er of the chamber where the laser-spark is formed. This embod- 

ment allows for single-point ignition in a nearly quiescent, high- 

emperature, high-pressure, reactive gas volume, wherein the tem- 

erature and velocity gradients are minimized. Bhoite [24] per- 

ormed CFD simulations with detailed chemical kinetics of the 

aser-ignited methane/air mixtures of Dumitrache et al. [21] , which 

ccurately captured initial flame propagation rates for methane/air 

ixtures at various equivalence ratios. Bhoite also performed CFD 

imulations of stoichiometric, laser-ignited PRF/air mixtures and 

hose simulations predicted EGAI upstream of the propagating 

RF/air flames in the RCM [24] . 

The goal of the present study was to perform a proof of 

oncept for an alternative method for quantifying the autoigni- 

ion propensity of SI fuels via observations of EGAI in the un- 

urned gasses upstream of laser-ignited, premixed flames at ele- 

ated pressures and temperatures in an RCM. Primary reference 

uel (n-heptane/isooctane) blends of varying reactivity (50 ≤ PRF 

100) were ignited by a laser spark at the center of the com- 

ustion chamber in an opposed-piston RCM. High-speed pres- 

ure measurements and schlieren imaging were used to charac- 

erize the combustion processes, quantify the magnitude of the 

GAI events, and measure flame propagation rates. To elucidate 

he underlying phenomena that led to EGAI, experimental results 

ere compared against a transient, three-dimensional computa- 

ional CONVERGE TM model with a reduced PRF chemical kinetic 

echanism (121 species, 538 reactions [26] ). 

. Methods 

.1. Rapid compression machine and associated instrumentation 

The opposed-piston rapid compression machine (RCM) used in 

his study was manufactured by Marine Technology, LTD of Galway, 

reland and was configured with a nominal compression ratio of 

1.6:1 for all experiments described herein (see Fig. 1 ). The com- 

ustion chamber is heated externally to maintain a uniform ini- 

ial temperature. Pneumatic bellows on the backside of the piston 

ssemblies are charged to 200 psi with air to provide the com- 

ressive force. Upon firing, the test gas mixture in the combus- 

ion chamber is compressed in 15 to 25 ms. After compression, the 
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Fig. 1. A photograph of the rapid compression machine and its associated instru- 

mentation. 

Fig. 2. Schematic diagram of the RCM optical layout. The Nd:YAG 1064 nm laser 

pathway shown in red. The schlieren collimated light pathway shown in green. (For 

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

to the web version of this article.) 
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istons are held at top dead center (TDC) to maintain a constant 

olume of 30.0 cm 

3 (diameter: 3.82 cm, length: 1.90 cm, crevice 

olume: 8.2 cm 

3 ) for the remainder of each experiment. Creviced 

istons are used to mitigate the effects of roll-up vortices, and 

hereby minimize fluid dynamic disturbances and the convection 

f cooler gasses from the boundary layer into the near-adiabatic 

as core [27] . 

A laser-generated spark is used to ignite the gas mixture in the 

enter of the adiabatic core 10 ms after the pistons reach their TDC 

ositions. The optical layout for the laser ignition system is shown 

n Fig. 2 . A pulse-delay generator, triggered by the rise in pressure 

ue to compression, is used to fire a 1064 nm, Q-switched, Quan- 

el Q-smart100 Nd:YAG laser with a pulse energy of 35 mJ. The 

aser passes through a beam splitter that diverts ∼5% to a photo- 

iode used to measure the relative timing of the laser spark and 

ompression event. A second beam splitter diverts a portion of 

he remaining beam to an Ophir PE25BF energy sensor to indi- 

ectly measure the energy delivered to the combustion chamber 

ia the spark. The remainder of the beam ( ∼90%) passes through a 

onverging plano-convex lens just before entering the combustion 

hamber. The laser-induced spark is formed at the focal point of 

he lens, aligned to the center of the chamber. More information 
3 
bout the integration of the RCM and laser ignition system can be 

ound in Dumitrache, et al. [21] . 

The pressure inside the RCM combustion chamber is mea- 

ured using a thermally-compensated pressure transducer (Kistler 

01CAA). Pressure data are recorded along with ignition timing us- 

ng a Picoscope 4424 data acquisition system with a sample rate of 

 MHz. Schlieren imaging is used to optically observe combustion 

henomena and measure flame propagation rate. The optical lay- 

ut for the schlieren imaging system is also shown in Fig. 2 . Light

rom a 405 nm LED is collimated through a series of lenses and 

irrors and then directed through the two opposed sapphire win- 

ows (16.1 mm diameter) in the combustion chamber. After pass- 

ng through the gas medium, light is focused to a point and split 

y a knife edge. The light is re-collimated and collected by a high- 

peed Photron SA5 camera operating at 50,0 0 0 frames per second 

ith a resolution of 155 pixels/mm 

2 . 

.2. Mixture formation and TDC condition control 

Liquid isooctane and n-heptane were blended with inert and 

xidizing gasses in a mixing tank as described by Boissiere [29] . 

he 19.23 L tank was evacuated prior to filling. Fuels were propor- 

ioned by their liquid volumes and evaporated upon being injected 

nto the evacuated tank. gasses were added in succession, propor- 

ioned by partial pressure and tank temperature. All experiments 

ere performed with the fuel and oxidizer components in stoichio- 

etric proportion. The fuel blends were designated by PRF number 

e.g., PRF 80 was composed of 80% isooctane and 20% n-heptane by 

ole). External tank heaters were set to 42 °C to prevent conden- 

ation and an internal stir bar was used to mix the gasses for a 

inimum of 2 h prior to filling the RCM combustion chamber. 

The initial external temperature of the RCM chamber was main- 

ained at 300 + /- 2 K for all experiments. The thermodynamic con- 

itions after compression were controlled by adjusting the initial 

ressure and/or varying the ratio of specific heats of the test gas 

ixture by varying the inert gas blend. Specifically, an inert blend 

f nitrogen and carbon dioxide was used to lower the ratio of spe- 

ific heats of the test gas blend. The oxidizer/inert gas blends and 

nitial pressures investigated were designated by experiment in- 

ex, as listed in Table 1 . The temperatures and pressures listed in 

able 1 represent the full range of experimental observations for 

he specified initial conditions. The temperature history during the 

ompression process (up to and including TDC) was estimated us- 

ng the ideal gas law with the known gas composition, the initial 

emperature, the pressure versus time data, and the specific vol- 

me versus time data. 

Central to an RCM’s design and utility in conducting fundamen- 

al combustion studies is a core volume within the combustion 

hamber assumed to undergo adiabatic compression (i.e. the “adi- 

batic core”). The adiabatic core assumption is satisfied reasonably 

ell through the use of creviced pistons (for which a detailed ac- 

ount is provided in [28] ) though challenges remain. Sung and Cur- 

an describe the “facility effect” [28] , in which the fluid dynamic 

nd heat transfer characteristics of each RCM not only cause a de- 

iation from the adiabatic core assumption, but also cause signifi- 

ant variation in the temperature/time histories of the compression 

vents among the numerous RCMs employed by combustion re- 

earchers across the globe. The lack of standardization of both ma- 

hine construction and result interpretation methodology presents 

 challenge to interlaboratory RCM comparisons as well as the use 

f RCMs for chemical kinetic mechanism validation. For the proof- 

f-concept study on EGAI presented herein, the lack of standardiza- 

ion in RCM design and construction is less problematic. However, 

t is recognized that development of a standardized test method 

sing a laser-ignited RCM to quantify knock propensity of SI fuels 
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Table 1 

The six sets of test conditions used in this study. For experiment indices 1–3, thermodynamic conditions were altered by adjusting the 

initial pressure prior to compression. For indices 4–6, conditions were altered by adjusting the inert composition. All experiments were 

performed with stoichiometric fuel/oxidizer blends. Physical changes were made to the combustion chamber fill valve during the tests 

performed under experiment index 5. These changes increased the compression ratio from 11.6:1 to 11.9:1. Initial pressure was lowered to 

achieve similar TDC conditions to those of experiment index 4. 

Index Initial Pressure Oxidizer/Inert Blend Composition (mole%) Compression Ratio TDC Temp. Range TDC Press. Range 

(bar) O 2 N 2 CO 2 (-) (K) (bar) 

1 1.000 ± 0.001 21% 79% – 11.6:1 729 - 887 24.9 - 27.8 

2 0.900 ± 0.001 21% 79% – 11.6:1 730 - 867 22.7 - 25.7 

3 0.750 ± 0.001 21% 79% – 11.6:1 725 - 873 18.8 - 22.9 

4 1.000 ± 0.001 21% 67.1% 11.9% 11.6:1 698 - 829 24.4 - 26.2 

5 0.975 ± 0.075 21% 67.1% 11.9% 11.9:1 702 - 817 24.5 - 25.8 

6 1.000 ± 0.001 21% 39.5% 39.5% 11.6:1 691 - 775 23.2 - 24.4 
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Fig. 3. Example pressure measurements for laser-ignited RCM experiments with the 

same initial conditions and fuel reactivity (index 1, PRF 50). The dark black line 

is a representative trial selected from the group of replicates, shown in gray. The 

pressure data are temporally aligned such that ignition occurs at time 0 for all trials 

shown. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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ould require the development of a standardized RCM configura- 

ion for this use. 

The pneumatically-fired, opposed-piston RCM employed in this 

tudy is subject to compression asymmetries caused by differences 

n the static friction acting on the pistons and their circumferen- 

ial seals between the two sides of the machine. Piston velocity is 

argely unaffected by these differences, but the timing offset be- 

ween when the pistons are released relative to one another varies 

etween experiments. Fluid dynamic and thermodynamic condi- 

ions at TDC proved sensitive to this “piston timing offset” as evi- 

enced by the variation in measured pressure history and associ- 

ted computed temperature history between TDC and spark igni- 

ion. 

Table 1 exemplifies the variation of thermodynamic conditions 

fter compression with initial conditions held constant. For ex- 

mple, Index 1 represents experiments performed with a start- 

ng pressure of 1.0 0 0 + /- 0.0 01 bar and temperature of 30 0 + /-

 K, for which the calculated TDC temperatures varied from 729 

o 887 K – a substantial range given the consistency of the ini- 

ial conditions. While development of a future standardized RCM 

o quantify autoignition propensity would require a more control- 

able temperature history, the variations observed in the experi- 

ents enabled us to explore both the effect of fuel reactivity (in 

he form of ON of primary reference fuels) and end-gas tempera- 

ure history prior to spark ignition by “binning” experiments not 

y their initial conditions in Table 1 , but rather by their piston off-

et and time-integrated temperature (see Supplementary Informa- 

ion (SI) §S1.1). 

The time-integrated temperature ( �) was evaluated by integrat- 

ng, with respect to time, the calculated bulk mean temperature of 

he gasses in the combustion chamber during the 10 ms interval 

rior to spark ignition: 

= 

0 

∫ 
−10 ms 

T m 

dt (1) 

here T m 

is the calculated bulk-mean temperature in K and t is 

he time in s. The time-integrated temperature is known to gov- 

rn the chemical kinetic induction period of the end-gas [30] , and 

s discussed in §S3.3, the piston offset affects the level of turbu- 

ence into which the SI flames are initiated, thereby affecting their 

ropagation rates. Binning the experiments in this manner treats 

he conditions after compression as the independent variables to 

hich the dependent variables (i.e. the observed combustion char- 

cteristics) are compared. As discussed below, this approach pro- 

ides the proof-of-concept for a future development of a stan- 

ardized SI RCM with improved consistency that could be used to 

uantify knock propensity of fuels. 
4 
.3. Data Interpretation and EGAI fraction evaluation 

Selected PRF 50 (index 1) pressure histories for the laser-ignited 

CM experiments are shown in Fig. 3 . The rise in pressure before 

ime 0 is due to the compression process. The pistons reach TDC 

t approximately −10.0 ms. The laser ignition system produces a 

park in the center of the chamber at time 0, and the subsequent 

ise in pressure is due to combustion, which occurs via an out- 

ardly propagating flame followed by autoignition of the end-gas 

pstream of the propagating flame. The decrease in pressure af- 

er combustion is due to heat transfer, rather than an expansion 

troke. 

The high-speed pressure data were used to calculate the ap- 

arent heat release rate (AHRR), in W, during the constant-volume 

ombustion event as shown in Eq. (2) [1] : 

HRR = 

dQ 

dt 
= 

1 

γ − 1 

V 

dP 

dt 
(2) 

here V is the gas volume after compression in m 

3 , γ is the ratio

f specific heats of the mixture, P is the pressure in Pa, and t is

he time in s. Note that dQ/dt represents the net rate of external 

eat addition to the gasses in the combustion chamber that would 

esult in the measured pressure rise dP/dt due to conversion of 

hemical energy to thermal energy in a homogeneous chemically 

eacting system. The specific heat ratio of the mixture varied over 

he course of each experiment and was calculated at each sam- 

le point as a function of the estimated temperature and initial 

ixture composition, using empirical correlations for the mixture 
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Fig. 4. Apparent heat release rate derived from pressure data for a PRF 90, index 1 

test condition. Replicate trials shown in gray. A quadratic curve fit was calculated 

using the AHRR data before and after the EGAI peak to approximate the amount 

of energy released by the propagating flame. The EGAI fraction, f EGAI , is the fraction 

of the total AHRR attributed to the autoignition event and is represented by the 

shaded region. The intermediary increase in AHRR prior to EGAI is likely caused 

by a local secondary ignition site or low temperature heat release in the end-gas 

upstream of the propagating flame. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Diagram of computational domain, which consists of a 1/8th sector of the 

RCM combustion chamber with periodic boundary conditions at the boundary of 
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tion chamber. The diagram also indicates the crevice volume and the total volume 

before and after compression. 
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onstituents [31] . Changes in species concentrations during com- 

ustion were not accounted for. 

An example AHRR profile is shown in Fig. 4 to illustrate the 

rocedures used to identify the combustion mode and quan- 

ify the fraction of the total apparent heat release attributed 

o the EGAI event. Distinct combustion modes—propagating 

ame, low-temperature heat release in the end-gas, and end-gas 

utoignition—were identified by their AHRR signatures as shown. 

he contribution of the EGAI event to the total apparent heat re- 

ease was isolated by deconvolution of the AHRR curve. A quadratic 

unction was fit to the data before and after the EGAI peak to es- 

imate the portions of heat release attributed to the propagating 

ame and the EGAI event. The heat release during EGAI was evalu- 

ted as the integral of the isolated EGAI AHRR profile (i.e., the area 

etween the AHRR curve and quadratic fit function). 

We defined the EGAI heat release fraction ( f EGAI ) as follows: 

f EGAI = 

[
∫ dQ 

dt 

]
EGAI 

/ 

[
∫ dQ 

dt 

]
Total 

(3) 

here dQ/dt is the apparent heat release rate in W. The numerator 

epresents the integrated apparent heat release during EGAI in J, 

nd the denominator represents the total integrated apparent heat 

elease in J. 

.4. Estimation of flame propagation rate 

Schlieren images, collected in sequence, were used to measure 

he projected flame area for each image, which yielded an equiv- 

lent flame radius as a function of time (see SI §S1.2). A second- 

rder polynomial was fit to the equivalent flame radius versus time 

ata. Then, flame stretch effects were eliminated through the non- 

inear extrapolation of Kelley and Law [ 32 , 33 ] to yield the zero-

tretch flame propagation rate with respect to the burned gasses 

ccording to Eq. (4) : 

 b = s 0 b t + c r f + 2 L b ln 

(
r f 

)
− 4 

L 2 
b 

r f 
− 8 

3 

L 3 
b 

r f 
(4) 

here s b is the burned propagation rate approximated with the 

econd-order polynomial in cm/s, s 0 
b 

is the zero-stretch burned 
5 
ropagation rate to be found in cm/s, t is time in s, c is a mea-

urement constant, r f is the equivalent spherical flame radius in 

m, and L b is the Markstein length in cm. While, strictly speaking, 

q. (4) is only valid for laminar, spherical flames, the correction 

as applied to all measured flame propagation rates to demon- 

trate that the measured stretch-corrected flame propagation rates 

pproach the predicted laminar flame speed as piston timing off- 

et (and associated turbulence) approach zero. The extrapolated 

ero-stretch burned flame propagation rate was converted to an 

nburned flame propagation rate by correcting for the change in 

ensity across the flame front using equation Eq. (5) [33] . 

 u = s b 

(
ρb 

ρu 

)
(5) 

here s is the flame propagation rate in cm/s, ρ is the region den- 

ity in kg/m 

3 , and the u and b subscripts represent the unburned 

nd burned regions across the flame respectively. Unburned den- 

ity was calculated using the initial pressure and known compres- 

ion ratio. Burned density was approximated using the ideal gas 

aw and the burned temperatures and molecular weight of the 

ombustion products as predicted by 1-D CHEMKIN flame speed 

imulations with reduced chemical kinetics [22] . Additional infor- 

ation on the methods used to estimate the flame propagation 

ate is provided in SI §S1.2. 

.5. Computational modeling 

Transient, three-dimensional CFD simulations of the RCM ex- 

eriments were performed using CONVERGE TM version 2.4.0 with 

AGE combustion and κ- ε RANS turbulence models. A 121-species, 

38-reactions reduced chemical kinetic mechanism, developed for 

rimary reference fuels, was used to model the combustion kinet- 

cs [26] . These simulations were used to elucidate characteristic 

HRR behavior observed in the experiments and to analyze the 

ole of low temperature chemistry and radical formation in the 

nd-gas prior to the EGAI event. 

Given the axisymmetric geometry of the RCM system, the ex- 

eriments were modeled in CONVERGE TM using a 1/8th sector of 

he RCM combustion chamber with a symmetric boundary condi- 

ion at the centerline, as depicted in Fig. 5 . The symmetric bound- 

ry limited the model to cases with perfectly symmetrical com- 

ression events (i.e., no piston offset) but reduced computational 
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Fig. 6. The TDC conditions of the entire data set, as represented by the time- 

integrated temperature and piston timing offset of the compression events. Differ- 

ent symbols correspond to the initial condition indices listed in Table 1 . Each data 

point represents a single experiment. All of the fuel blends are included in the fig- 

ure. Time-integrated temperature indicates the temperature history after compres- 

sion and prior to ignition. The A, B, C, and D shaded regions illustrate the TDC 

conditions selected for the data presented in Figs. 7-9 . Data points that fall within 

the shaded regions meet the selection criteria and are said to have been subjected 

to similar conditions upon compression. 

Fig. 7. AHRR profiles for PRF 100 experiments featuring time-integrated tempera- 

tures of 6.04 ± 0.02 Ks, 6.37 ± 0.02 Ks, and 6.53 ± 0.02 Ks (regions A, B, and C in 

Fig. 6 ). All replicate trials for all initial condition indices are shown. 
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xpense considerably. A base 4 mm cubic mesh was generated au- 

omatically for the domain by the CONVERGE TM software and was 

efined as needed with adaptive mesh refinement (AMR), grid scal- 

ng, and fixed embedding techniques. AMR was employed in ar- 

as with high temperature and velocity gradients and in regions 

n which the autoignition precursor species, formaldehyde (CH 2 O) 

nd hydrogen peroxide (H 2 O 2 ), were produced. The fixed embed- 

ing technique was used along the wall of the chamber to resolve 

he boundary layer and simulate heat loss to the wall. A forced 

uench condition at the crevice volume inlet was employed in the 

odel in accordance with experimental findings. 

Because simulated combustion events were sensitive to the 

emperature history of the compression event prior to ignition, the 

ompression profile for a single experimental trial was selected for 

odeling. The laser spark was simulated as a spherical thermal 

otspot of 1.0 mm diameter and 50 0 0 K at the center of the cham-

er. This hotspot was initiated 10 ms after the pistons reached TDC, 

onsistent with experiments. No plasma kinetics were included 

n the simulated laser spark. Previous modeling of laser-ignited 

ethane/air mixtures in the RCM indicated that qualitative agree- 

ent with experimental flame propagation rates, pressure history, 

nd AHRR can be achieved without including plasma kinetics [24] . 

Simulations were performed for the PRF 50, PRF 80, and PRF 

00 blends with initial pressure and inert composition defined 

y index 1 of Table 1 . Temperature was initialized at 300 K and

28 K to impose two time-integrated temperature TDC conditions, 

= 5.88 Ks and � = 6.42 Ks. Given the symmetrical compression 

ondition imposed by the model, piston offset was fixed at 0 ms. 

ll simulations were performed with the fuel and oxidizer blends 

n stoichiometric proportion. 

One-dimensional, planar, premixed flame speed simulations 

ere performed using CHEMKIN for comparison with the propaga- 

ion rates measured in the experiments. Ambient conditions were 

nitialized at 590 K and 22.5 bar—in accordance with typical tem- 

eratures and pressures observed at the time of ignition for index 

 experiments (see Table 1 ). The CHEMKIN simulations were per- 

ormed using the mixture-averaged transport model and the same 

21-species, 538-reaction PRF mechanism used in the CONVERGE 

imulations [26] . As discussed below, these computations suggest 

hat as piston timing offset approaches 0 ms, the measured flame 

ropagation rates approach the predicted laminar flame speed. The 

omputations also suggest the presence of turbulence in experi- 

ents with increased levels of piston timing offset. 

. Results 

.1. Pressure, apparent heat release rate, and end-gas autoignition 

raction measurements 

The TDC thermodynamic conditions (as indicated by the time- 

ntegrated temperature) and fluid dynamic conditions (as indicated 

y the piston offset) for the full data set are shown in Fig. 6 . Al-

hough turbulence intensity was not quantified, schlieren images 

learly indicated that experiments with larger piston offset had in- 

reased convective velocity in the flow field after TDC. However, 

he data in Fig. 6 indicate that the time-integrated temperature 

id not correlate with piston offset. In the discussions that fol- 

ow, time-indicated temperature, piston offset, and octane number 

re taken to be the independent variables to which the dependent 

ariables (e.g. f EGAI , flame propagation rate) are compared. 

Data point proximity in Fig. 6 indicates the similarity of the 

ime-integrated temperature and fluid motion conditions between 

xperiments. In the discussion that follows, four separate regions—

, B, C, and D—were arbitrarily selected to capture data points with 

imilar TDC conditions that spanned the full range of tested fuel 

eactivity. Regions A, B, and C were selected to capture the ef- 
6 
ects of variation in time-integrated end-gas temperature on the 

aser-ignited RCM experiments. Region D was selected to main- 

ain similar thermodynamic and fluid dynamic conditions while 

nvestigating the effect of changing fuel reactivity on combustion 

henomena. More information on the how the results presented 

erein vary as a function of the selected mean and range of time- 

ntegrated temperature and piston offset can be found in SI §S2.1. 

AHRR results for the PRF 100 experiments with time-integrated 

emperatures of 6.04 ± 0.02 Ks, 6.37 ± 0.02 Ks, and 6.53 ± 0.02 

s (i.e. regions A, B, and C in Fig. 6 ) are plotted in Fig. 7 . It should

e noted from Eq. (1) , that these values of time-integrated tem- 

erature represent integrated average temperatures of 604 ± 2 K, 

37 ± 2 K, and 653 ± 2 K, respectively. The magnitude of the 

aximum AHRR for the PRF 100 fuel blend increased substantially 

ith the time integrated temperature. The lower time-integrated 

emperature experiments of Region A feature longer combustion 
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Fig. 8. AHRR profiles of experiments featuring time-integrated temperatures of 

6.66 ± 0.04 Ks and piston offsets of 5.50 ± 2.50 ms (region D in Fig. 6 ). The col- 

ors of the AHRR curves indicate the octane number. All replicate trials within the 

selected range of time-integrated temperature and piston offset are included. 
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Fig. 9. EGAI fraction (f EGAI ) measurements plotted against ON for � = 6.04 ± 0.02 

Ks, 6.37 ± 0.02 Ks and 6.53 ± 0.02 Ks and all piston offsets (i.e. regions A, B, and 

C in Fig. 6 ). Each symbol represents an individual test replicate. Second order poly- 

nomials were fit to the data using the least squares method. Simulation data for 

the � = 5.88 Ks and 6.42 Ks compression conditions are included for discussion in 

§3.4. 
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urations with no discernable EGAI signatures. The higher time- 

ntegrated temperature experiments of Regions B and C exhibit a 

eriod of moderate AHRR followed by a dramatic change in the 

lope. Such behavior is indicative of an initial period in which heat 

elease produced by the spark-initiated propagating flame com- 

ressed the upstream unburned end-gasses and subsequently trig- 

ered EGAI. 

The flame propagation rate, and therefore EGAI timing, was de- 

endent on the flow field conditions at TDC. Region D of Fig. 6 in-

ludes selection criteria for both time-integrated temperature and 

iston offset to facilitate comparison of the combustion character- 

stics of fuels with varying ON. AHRR profiles of experiments with 

ime-integrated temperatures of 6.66 ± 0.04 Ks and piston offsets 

f 5.50 ± 2.50 ms (i.e., Region D in Fig. 6 ) are plotted in Fig. 8 .

or a given time-integrated temperature, the delay between spark- 

gnition and EGAI decreased and the magnitude of the EGAI event 

ncreased as ON decreased. As fuel reactivity increased (with de- 

reasing ON), the chemical kinetic induction period in the end-gas 

ecreased, which resulted in earlier EGAI, a larger volume of au- 

oignited gas and, therefore, a higher magnitude in apparent heat 

elease during the EGAI event. 

Fig. 9 includes the end-gas autoignition fraction, f EGAI, for all ex- 

eriments with time-integrated temperatures of 6.04 ± 0.02 Ks, 

.37 ± 0.02 Ks, and 6.53 ± 0.02 Ks, respectively (i.e., Regions A, 

 and C in Fig. 6 ). The fraction of the total apparent heat release

ttributed to EGAI was lower for experiments with lower time- 

ntegrated temperature and lower fuel reactivity (i.e., higher ON). 

iston offset did not strongly influence f EGAI despite its direct cor- 

elation with flame propagation rate (see §3.3). The magnitude of 

n EGAI event is determined by the outcome of a competition be- 

ween the propagation rate of the premixed flame and the chem- 

cal kinetic induction period for the autoignition chemistry in the 

nd-gas. The amount of reactants that the propagating flame can 

onsume prior to EGAI decreases as the autoignition delay period 

ecreases. One might expect a larger piston offset and higher flame 

ropagation rate to result in a lower f EGAI . However, the end-gasses 

re also compressed and heated by the approaching flame. As a re- 

ult, a higher flame propagation rate leads to higher temperatures 

nd reaction rates in the end-gas (which decrease the autoignition 

elay period), which promotes EGAI and diminishes the correla- 

ion between propagation rate and f . More information regard- 
EGAI 

7 
ng the influence of flame propagation rate on EGAI is included in 

S2.3 of the SI. 

The magnitude of the EGAI fraction is also governed by the 

omplexities of low temperature chemical kinetics in the end-gas. 

he PRF blends tested in this study clearly exhibited low temper- 

ture chemistry resulting in two-stage ignition behavior, as evi- 

enced by the existence of local maxima in AHRR prior to the pri- 

ary EGAI peak. This is most clearly depicted in the AHRR pro- 

les of the higher reactivity blends in Fig. 8 . Note that it is con-

eivable that low-temperature heat release could occur prior to 

he introduction of the spark but, in this study, such cases were 

dentified as exhibiting “preignition” and were eliminated from the 

ataset for simplicity. The EGAI fraction, which is governed by a 

ompetition between the propagation rate of the premixed flame 

nd chemical kinetic induction period of the end-gas is also sub- 

ect to negative temperature coefficient (NTC) chemistry. Specifi- 

ally, it is conceivable that, under some conditions (e.g. for lower 

ime-integrated temperature and fuels with stronger NTC behav- 

or), the increased temperature caused by the compression from 

he approaching flame could slow down the chemical kinetic in- 

uction of the end gas, thereby allowing the flame to penetrate 

urther into the end-gas prior to EGAI. Such behavior could explain 

he non-linearity observed in the EGAI fraction with decreasing oc- 

ane number at lower octane numbers observed in Fig. 9 . 

Further contributing to the apparent asymptotic behavior in 

GAI fraction with decreasing octane number shown in Fig. 9 is re- 

ated to definition of EGAI fraction and the behavior of fuels with 

ow temperature reactivity in general. In principle, the upper limit 

f the f EGAI metric is 1.0, which would constitute homogeneous 

harge compression ignition (HCCI; or very rapid spark-initiated 

CCI) of the entire fuel/air mixture. However, fuels that exhibit 

wo-stage ignition behavior can never achieve an EGAI fraction of 

.0 (as it is defined in Eq. (3) and depicted in Fig. 4 ) because a

nite fraction of the fuel is consumed by the first-stage low tem- 

erature heat release. For all fuels and time-integrated temperature 

onditions considered in this study (experimentally and computa- 

ionally), the highest value of f observed was 0.70. 
EGAI 
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Fig. 10. Schlieren images captured at 50,0 0 0 frames per second for a PRF 90, index 3 experiment. Image numbers correspond with the labeled vertical dashed lines on the 

AHRR profile shown in Fig. 11 . The time listed for each image is relative to the ignition timing. 

Fig. 11. AHRR profile for the PRF 90, index 4 experiment featured in the schlieren 

images of Fig. 10 . Vertical dashed lines indicate the times at which those images 

were taken. 
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.2. Optical observations of EGAI 

Select schlieren images from a PRF 90, index 3 experiment 

ith � = 6.44 Ks and a piston offset of 0.496 ms are shown in

ig. 10 . This trial was selected for the clarity with which the EGAI 

vent was captured. The AHRR profile obtained during this ex- 

eriment is shown in Fig. 11 and the time at which each image 

rom Fig. 10 was obtained is indicated by the vertical dashed lines 

n Fig. 11 . The first four images depict early-stage flame propaga- 

ion. Ignition is captured in Image 1, immediately after the visi- 

le spark discharge. The flame kernel grows outward in the sub- 

equent images and extends beyond the field of view in Image 4. 

ote that the field of view is limited by the relative size of the 

indows (16.1 mm diameter) to the size of the combustion cham- 

er (19.0 mm distance between pistons at TDC; 38.2 mm bore). By 

he time the flame reaches the field of view boundary, it encom- 

asses a mere 7% of the total chamber volume. Beyond this point, 

rowth of cellular instabilities on the outer surface of the flame 

rovide evidence for continued propagation. A low magnitude local 

eak in AHRR is detected just before 5 ms and, shortly after 5 ms, 

 secondary combustion event appears in the field of view on the 

eft-hand side (image 5). This secondary combustion is indicative 

f low-temperature heat release (LTHR) and subsequent negative 
8 
emperature coefficient (NTC) behavior in the end-gas as the AHRR 

ecreases momentarily before the EGAI peak. Shortly thereafter, in 

mage 6, a sudden change in the schlieren image suggests that 

GAI has occurred. The cellular instabilities that were present in 

ame front rapidly disappear and are replaced by a more uniform 

mage that corresponds temporally to the primary EGAI peak in the 

HRR curve. Images 7 and 8 were taken after peak AHRR and are 

ndicative of convection of hot combustion products (and thermal 

adiation from particulate matter). 

Synchronization with the AHRR profile suggested that schlieren 

mages captured the presence of low-temperature volumetric heat 

elease (LTHR) in the end-gas upstream of the propagating flame, 

hich increased the temperature and produced stable combustion 

ntermediates such as H 2 O 2 and CH 2 O prior to EGAI (as shown 

omputationally in Figs. 15 and 16 below). We hypothesize that, 

s low-temperature reactions occur, the optical properties of the 

nd-gas are affected by the temperature rise and presence of inter- 

ediate species. Optically, such events manifest themselves as dis- 

ortions of the field of view and a sudden darkening or lightening 

f the image while the cellular structure of the flame surface re- 

ains visible. This effect is difficult to present in still image form, 

nd is not readily distinguishable in the images of Fig. 10 . Readers 

re encouraged to view the supporting video files provided as Sup- 

orting Information in §S2.2. Future improvements to this imaging 

etup will include optics to support OH, CH and CH 2 O PLIF imaging 

o provide evidence of the low-temperature reactions ahead of the 

ame front and experimental validation of the results presented in 

3.4. 

.3. Flame propagation rate measurements and EGAI sensitivity 

Flame propagation rate measurements for index 1 experiments 

hat featured piston offsets of less than 5.00 ms are listed in 

able 2 with their corresponding measured pressures and esti- 

ated temperatures at the time of ignition. Only experiments con- 

ucted using a single set of initial conditions (index 1) are pre- 

ented to eliminate the effects of changing inert composition and 

as density on diffusivity and propagation rates. 

Flame propagation rate was found to correlate most strongly 

ith piston offset (Spearman rank correlation coefficient, 

= 0.621), as depicted in Fig. 12 . Propagation rate was not 

s strongly correlated with temperature at ignition ( ρ = 0.221), 

ressure at ignition ( ρ = 0.275), and ON ( ρ = 0.239) over the 

anges tested. A detailed account of how propagation rate was 
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Table 2 

Unburned flame propagation rate measurements listed by their mean and standard deviations for the index 1 exper- 

iments (initial conditions: 300 K and 1.000 bar; oxidizer/inert molar composition: 21% O 2 / 79% N 2 ; stoichiometric). 

Only the experiments with piston offsets of less than 5.00 ms are included to ensure that the effect of turbulence 

is minimized. The number of measurements is included to indicate the level of confidence in the data. The “Simu- 

lated LFS” column features the predicted laminar flame speeds from the 1-D CHEMKIN simulations with 590 K and 

22.5 bar ambient conditions. 

PRF # of Data Points Temp. (K) Pressure (bar) Measured Prop. Rate (cm/s) Simulated LFS (cm/s) 

Mean SD (590 K, 22.5 bar) 

50 6 571 ± 2 22.0 ± 0.2 63.3 15.0 52.5 

60 4 598 ± 5 22.9 ± 0.2 80.3 6.3 51.1 

70 1 614 23.8 83.5 – 50.4 

75 4 605 ± 4 23.1 ± 0.2 62.5 4.1 50.2 

80 3 591 ± 1 22.6 ± 0.0 65.1 10.5 49.7 

90 3 612 ± 3 23.2 ± 0.1 63.3 13.9 49.2 

100 5 589 ± 3 22.5 ± 0.2 65.1 8.3 48.5 

Fig. 12. Unburned, zero-stretch flame propagation rates, s u , normalized by simu- 

lated laminar flame speed s u ° for all experimental conditions listed in Table 2 . The 

results are plotted against measured piston timing offset. Fuel octane number is sig- 

nified by symbol color. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

i

c

t

f

s

c

r

c

r

t

i

R

f

l

a  

t

l

t

b

c

p

s

o  

t

Fig. 13. Simulated AHRR signatures for PRF 50, 80, and 100 under the 5.88 Ks and 

6.42 Ks temperature history conditions . 

Fig. 14. AHRR profiles for the experimental and simulated PRF 50, index 1 test 

condition. The time-integrated temperature, �, for the experiment and simulation 

are 6.28 Ks and 5.88 Ks, respectively. The times at which the simulation images of 

Fig. 15 are taken are indicated by the dashed vertical lines. 
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nfluenced by temperature, pressure, turbulence, and fuel reactivity 

an be found in SI §S2.3. Note that the measured flame propaga- 

ion rate was not expected to vary strongly with octane number 

or PRF fuels and fixed upstream conditions because laminar flame 

peed does not vary strongly with octane number under these 

onditions as indicated by the simulated laminar flame speed 

esults also included in Table 2 . The experimental results were 

onsistent with these expectations. 

Moreover, as shown in Fig. 12 , the measured flame propagation 

ates approached the calculated 1-D laminar flame speed predic- 

ions as piston offset approached 0.0 ms. Though highly encourag- 

ng, this result does not conclusively prove that the opposed-piston 

CM in its current configuration represents a viable approach for 

undamental measurements of laminar flame speed. Even at very 

ow piston offset and presumed lower levels of turbulence (for ex- 

mple, as shown in Fig. 10 ), the flames observed in this study fea-

ure multi-lobed cellular structures. Given that the observed cel- 

ular structures are steady as the flame propagates, it is unlikely 

hat they are caused by hydrodynamic instabilities [34] , but instead 

y the initial multi-lobed shape of the plasma created by the fo- 

used laser [35] . While the literature suggests that the laser spark 

rovides an initial boost to the flame front due to plasma expan- 

ion and heat transfer, its influence over flame propagation rate 

nce the flame has fully developed is minimal [ 34 , 36 ]. However,

he cellular artifacts of the initial flame kernel likely affect flame 
9 
ropagation to a degree proportional to their size [36] and, there- 

ore, the flames observed in this apparatus deviate from true lam- 

nar flames (i.e. steady, adiabatic planar, stretch-free, and one di- 

ensional [37] . The observed agreement between measured flame 

ropagation rates and the calculated 1-D laminar flame speed in- 
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Fig. 15. (Above) Colorized isocontours of volumetric heat release rate (W/mm 

3 ) at 

the central plane of the RCM combustion chamber with pistons in the TDC position. 

The piston cross-sections are shown in white. Images 2 and 3 are enlarged to better 

visualize the LTHR and EGAI in the region outlined in red in Image 1. Species and 

temperature measurements taken across the white dotted lines are presented in 

Fig. 16 . The x-axes bounds of the corresponding species plots are represented by the 

bracketed solid line overlays in each image. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 16. (Right) The species and temperature profiles corresponding with images 

1, 2, and 3 in Fig. 15 . The profiles were taken along the dotted line that extends 

from the center of the chamber to the wall in image 1. The extent of the x-axis 

for each plot is represented by the solid white line in the corresponding image. The 

bracket closest to the center represents the lower limit of the x-axis and the bracket 

furthest from the center represents the upper limit of the x-axis. 
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tead (a) suggests that the experimental results with low pis- 

on timing offset result in near-quiescent post-compression flow- 

elds along the combustion chamber stagnation plane that pro- 

uce propagating flames with low turbulence, and (b) illustrates 

he potential of the experimental methods described herein as a 

eans to measure flame propagation rates at elevated pressures 

nd elevated unburned gas temperatures for experimental trials 

ith near-symmetric compression. 

.4. Computational results 

The AHRR profiles from simulations performed for PRF 50, 80, 

nd 100 at time-integrated temperatures of 5.88 Ks and 6.42 Ks are 

hown in Fig. 13 . As observed in the experiments, the magnitude 

f the maximum AHRR varied monotonically with fuel blend re- 

ctivity and time-integrated temperature. For both time-integrated 

emperature conditions, the lower reactivity (PRF100) blends pro- 

uce a longer combustion duration with lower rate of increase in 

HRR compared to the more reactive blends (PRF50 and PRF 80). 

he AHRR profiles for the simulations with time-integrated tem- 

erature of 6.42 Ks exhibit the same general signatures observed 
10 
n the experiments. Specifically, the simulated AHRR profiles show 

he initial heat release from the propagating flame, followed by an 

nitial peak from low temperature heat release in the end-gas up- 

tream of the propagating flame and the large peak from EGAI. For 

 time-integrated temperature of 5.88 Ks, the PRF 50 case exhibit 

hese behaviors, whereas the PRF 80 and PRF 100 cases do not re- 

ult in EGAI. 

A representative experimental AHRR profile for the PRF50, in- 

ex 1 test condition is presented along with its corresponding 

imulation in Fig. 14 . The time-integrated temperature values for 

he experiment and simulation were 6.28 Ks and 5.88 Ks, respec- 

ively. In contrast to the low, but finite, piston offset of 2.189 ms 

easured during the experiment, the simulation assumed perfectly 

ymmetrical compression (piston offset of 0 ms) due to the sym- 

etrical boundary condition at the centerline of the 1/8th sector 

omputational domain. Qualitative agreement between the AHRR 

rofiles was achieved despite the slightly lower time-integrated 

emperature and presumed lower level of bulk fluid motion in the 

imulation due to symmetry. The experimentally measured and 

redicted flame propagation rates were 42.5 cm/s and 41.9 cm/s, 
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espectively. Agreement between these flame propagation rates 

as also evident based on the similar slopes of the AHRR curves 

etween 0.0 and 7.5 ms. The experimental and simulated f EGAI 

easurements were 0.312 and 0.346, respectively. The similarity 

f the AHRR profiles suggests analogous behavior in the three ob- 

erved combustion modes (propagating flame, LTHR and EGAI), 

hich suggests that combined experimental and modeling ap- 

roach employed herein can be an effective means of examining 

he underlying phenomena that govern knock propensity in spark 

gnited engines. 

Colorized isocontours of volumetric heat release rate (W/mm 

3 ) 

hrough the central plane of the combustion chamber for PRF50 

nd time-integrated temperature of 5.88 Ks are shown in Fig. 15 at 

 = 5.00 ms, 8.65 ms and 8.98 ms after ignition (as denoted by the

ertical dashed lines in Fig. 14 ). These times were selected for their 

oncurrence with the characteristic AHRR behavior used to identify 

ropagating flames, LTHR, and EGAI events. The field of view in 

hese frames reveals the piston cross-sectional profiles along with 

he crevice volumes situated on the backside of each piston face. 

mage 1, captured 5.00 ms after ignition, depicts a near-spherical 

ame front propagating away from the central ignition site. As the 

ame approaches the chamber wall several milliseconds later, low 

emperature heat release is observed in the corner end-gas as indi- 

ated by the light green region in Image 2. Shortly thereafter, volu- 

etric EGAI ensues (Image 3). The forced quench condition in the 

revice volume is evident by the abrupt decrease in heat release 

ate observed at the entrance of the crevice channel. 

Fig. 16 presents radical (OH, HO 2 ) and intermediate (H 2 O 2 , 

H 2 O) species and temperature profiles as a function of distance 

hrough the center plane of the three heat release isocontour im- 

ges in Fig. 15 . The species and temperature profiles are taken 

long the dotted line that extends from the center of the cham- 

er to the wall, angled such that the LTHR and EGAI events are 

aptured. In Image 1, species and temperature profiles are consis- 

ent with expectations for the convective-diffusive preheat zone 

f a propagating flame. As the flame approaches the wall and 

ow-temperature chemistry becomes active, substantial amounts of 

ormaldehyde (CH 2 O) and hydrogen peroxide (H 2 O 2 ) are produced, 

long with a modest rise in temperature (Image 2 – 8.65 ms). Both 

he flame surface and thermal boundary layer at the RCM cylinder 

all can be identified in the Image 2 plot by the steep decrease 

n radical species on either side of the end-gas volume. The vol- 

metric formaldehyde production is indicative of low-temperature 

-alkane chemistry. Hydrogen peroxide production is indicative of 

igh-pressure hydrogen chemistry and leads to the chain branch- 

ng thermal decomposition reaction HOOH + M → OH + OH + M [38] .

hese autoignition precursor species are more stable at medium 

emperatures than the reactants that formed them, and as such, 

emporarily slow the volumetric reactions to produce a two-stage 

gnition effect. Indeed, after a slight delay, the low-temperature 

eat release rapidly transitions into a strong volumetric heat re- 

ease that constitutes EGAI (Image 3 – 8.98 ms). During the transi- 

ion to EGAI, the hydrogen peroxide mass fraction increases further 

nd then dramatically decreases due to the thermal decomposition 

eaction. In this case, EGAI does not immediately break through the 

hermal boundary layer and the higher concentrations of formalde- 

yde and hydrogen peroxide remain a short while longer. 

Similar end-gas combustion phenomena were observed for the 

imulated PRF 80 case with time-integrated end-gas tempera- 

ure of 5.88 Ks and for all of the simulations performed with 

ime-integrated temperature of 6.42 Ks. For PRF 100 with time- 

ntegrated temperature of 5.88 Ks, no volumetric hydrogen perox- 

de or formaldehyde production, and no LTHR or EGAI events were 

redicted. Lastly, the simulated end-gas autoignition fraction, f EGAI , 

s plotted against ON in Fig. 9 for time-integrated temperature of 

.88 Ks and 6.42 KS, respectively, for comparison against experi- 
11 
ental results under similar conditions. The simulated results for 

nd-gas autogintion fraction as a function of ON exhibit similar 

ehavior to that observed in the experiments, although the sim- 

lations overpredict the end-gas autoignition fraction for a given 

ime-integrated temperature. 

onclusions 

The results of this study demonstrate the ability to evaluate 

nock propensity of SI fuels by observation of EGAI in the un- 

urned gasses upstream of laser-ignited, premixed flames in an 

CM at engine-relevant pressures and temperatures. To demon- 

trate this technique, stoichiometric PRF blends of varying reactiv- 

ty (50 ≤ PRF ≤ 100) were ignited over a range of temperatures 

nd pressures, all in excess of 545 K and 16.1 bar, which produced 

utwardly propagating flames. High-speed pressure measurements, 

aired with schlieren imaging, clearly indicated the presence of 

GAI for PRF blends. The magnitude of the EGAI event, as quan- 

ified by the fraction of the total heat release contributed by EGAI, 

ncreased with fuel reactivity. The results were also affected by 

ariation in the level of bulk fluid motion in the RCM combustion 

hamber after compression due variation in timing between the 

wo pistons. 

Experiments were accompanied by time-dependent, three- 

imensional computational modeling with detailed chemical kinet- 

cs performed using CONVERGE TM . The model results for stoichio- 

etric PRF 50 fuel in an 11.9% CO 2 /67.1% N 2 /21.0% O 2 oxidizing 

nvironment revealed the presence of low-temperature heat re- 

ease and hydrogen peroxide and formaldehyde formation in the 

nd-gas upstream of the propagating flame. Low-temperature heat 

elease increased the temperature and degree of chain branching 

n the end-gas and ultimately led to EGAI. The model results for 

he PRF 100, � = 5.88 Ks case exhibited neither low temperature 

eat release nor hydrogen peroxide formation in the end-gas, and 

GAI did not occur. 

The methods presented herein represent a proof-of-concept 

hat the effects of fuel reactivity and time-integrated end-gas tem- 

erature on a fuel’s knock propensity can be quantified in an SI 

CM. RCM systems currently in operation vary substantially be- 

ween research groups in their design, operation, and combustion 

hamber geometry. Therefore, development of a standardized test 

ethod to quantify knock propensity will require the standard- 

zation of equipment and operating procedure (e.g., piston com- 

ression timing, spark timing, bore/stroke, compression ratio, wall 

emperatures). The development of such standards would result in 

he ability to quantify knock propensity using much lower quanti- 

ies of fuel in comparison to existing ASTM test methods that rely 

n CFR engine testing. This would be advantageous for screening 

he knock propensity of novel alternative fuels that are often pro- 

ibitively expensive to produce in large quantities. Further, with 

ncreased control over end-gas temperature and pressure in com- 

arison to engine testing, the RCM experiments have the poten- 

ial to provide a better understanding of the underlying physics of 

nock propensity and octane index sensitivity via optical measure- 

ents of the propagating flame front and direct measurements of 

ntermediate species in the end-gas (e.g., H 2 O 2 and CH 2 O) prior to 

he onset of EGAI. 
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