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Disclaimer 

This report was prepared as an account of work sponsored by Coordinating Research Council. 
Neither Coordinating Research Council nor any of their employees makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or represents that its use 
would not infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by Coordinating Research 
Council. The views and opinions of authors expressed herein do not necessarily state or reflect 
those of Coordinating Research Council. 
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Executive Summary 

Federal programs require increasingly stringent engine emissions and fuel economy standards. 
These ambitious goals for efficiency and emissions can only be met if next-generation 
combustion technology is developed, focusing on high-efficiency and low-emissions engines. 
Recent research has indicated the need to operate engines at higher compression ratios and with 
low temperature combustion (LTC) to achieve needed gains in engine efficiency and reductions 
in emissions. However, a lack of understanding of the chemistry of fuel components and 
mixtures at these conditions is limiting the ability to develop predictive models that can be used 
to optimize engine combustion. 

Supported by the Coordinating Research Council (CRC), the current study aims to fill in 
gaps in fundamental combustion data on surrogate fuel mixtures relevant to diesel fuel, one 
commonly proposed fuel for use in next-generation engines. Specifically, four multicomponent 
diesel surrogates formulated by CRC to emulate the certified ultra-low-sulfur research-grade 
CFA#2 diesel, namely V0a (4 components), V0b (5 components), V1 (8 components), and V2 (9 
components), have been investigated in a rapid compression machine (RCM) through 
determination of overall and first-stage ignition delay times and characterization of reacting 
pressure evolution. Autoignition characteristics of lean to rich fuel/O2/N2 mixtures, for the four 
CRC surrogates and CFA#2, have been measured using an RCM at LTC relevant pressures and 
temperatures, in the ranges of 10–20 bar and 650–1000 K, respectively. Equivalence ratio has 
been varied by independently changing the oxygen mole fraction and the fuel mole fraction, 
thereby illustrating the individual effects of oxygen concentration and fuel loading on diesel 
autoignition. Autoignition results of these four CRC surrogates are compared among them and 
with those of CFA#2. Some degree of agreement in autoignition response between each CRC 
surrogate and CFA#2 is observed, while discrepancies are also identified and discussed. 
Furthermore, these newly-acquired data will be used to develop validated chemical kinetic 
models to predict combustion chemistry at engine relevant conditions, in collaboration with 
Lawrence Livermore National Laboratory. 
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1. Introduction 

Because of increasingly stringent engine emissions and fuel economy standards, there is an 
urgent need for developing future diesel engines with higher efficiency and lower emissions. 
Advanced combustion technologies, such as low temperature combustion (LTC), are currently 
being pursued to develop next-generation diesel engines. These LTC engines are designed to 
operate at lower temperatures, great degree of premixing, and higher dilution levels. In such LTC 
modes, the overall reactivity leading to ignition is constrained, which results in increasing 
dominance of fuel chemistry. Moreover, the flame structure, the heat release rate profile, and the 
temperature stratification are also different from those observed in conventional compression 
ignition engines [1,2]. As a result, the understanding of the autoignition characteristics of diesel 
fuels under low-to-intermediate temperatures becomes important. In order to achieve the goal of 
higher efficiency and lower emissions diesel engines, both experimental and computational 
investigations need to be conducted. Experimentally, the autoignition results of diesel at low-to-
intermediate temperature will help developing a comprehensive understanding of diesel ignition, 
as well as provide validation database for model development. Computationally, a 
comprehensive chemical kinetic model of diesel is imperative for accurate prediction of ignition 
and emissions characteristics of diesel engines. Because diesel fuels contain hundreds, even 
thousands of species, the composition of diesel is too complex to model. Therefore, it is 
necessary to develop a surrogate fuel, which is a simpler mixture that can capture the essential 
chemical/physical properties and performance characteristics of the target diesel fuel to sufficient 
accuracy, but for the sake of computational tractability contains approximately 10 or fewer pure 
“palette” compounds [3]. As a result, the development of diesel surrogates and their chemical 
kinetic models is vital in reducing the design cycle of future diesel engines. 

In this study, a rapid compression machine (RCM) has been used to obtain the autoignition 
data of lean to rich fuel mixtures at engine relevant conditions for the four multicomponent 
diesel surrogates recommended by the Coordinating Research Council (CRC), including 4-
component V0a, 5-component V0b, 8-component V1, and 9-component V2, that were 
formulated to emulate the certified ultra-low-sulfur research-grade diesel, CFA#2, supplied by 
Chevron Philips. Table 1 lists the compositions of the four CRC diesel surrogates, taken from 
Mueller et al. [3]. The autoignition results of surrogates are compared with those of CFA#2 at the 
same test conditions to determine how well the surrogates represent and emulate CFA#2 based 
on ignition delay time and experimental pressure traces. The effects of pressure, temperature, 
fuel loading, and oxygen concentration on autoignition of diesel and surrogates have also been 
investigated. The objectives of this study are to achieve a comprehensive understanding of diesel 
ignition and collaborate with Lawrence Livermore National Laboratory (LLNL) to validate and 
refine the LLNL diesel surrogate model. Both experimental results and chemical kinetic models 
will contribute to predictive multidimensional engine simulations with realistic chemistry. 
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Table 1: Compositions of four CRC diesel surrogates; adopted from Mueller et al. [3]. 

 
NHXD: n-hexadecane NOD: n-octadecane NEI: n-eicosane  2MHPD: 2-methylheptadecane 
HMN: iso-cetane (2,2,4,4,6,8,8-heptamethylnonane)  NBCX: n-butylcyclohexane 
TIPCX: 1,3,5-triisopropylcyclohexane TDEC: trans-decalin PHP: perhydrophenanthrene 
TMB: 1,2,4-trimethylbenzene TIPB: 1,3,5-triisopropylbenzene TET: tetralin 
1MN: 1-methylnapthalene 
 
2. Experimental Specifications 

The RCM facility shown in Figure 1 is used to compress gas mixtures to elevated pressures and 
temperatures using a fast moving piston which is brought to rest towards the end of compression. 
Post compression, the piston is held stationary thus providing a constant volume reactor. This 
RCM is designed to reduce bulk fluid motion and thermal in-homogeneities, thereby providing 
an ideal platform for studying chemical kinetics and ignition characteristics of a fuel. The present 
RCM consists of a pneumatic cylinder, a hydraulic cylinder, and a reaction chamber, in which 
the reactant gas mixture is compressed by a creviced piston arrangement during each 
experimental run. First, the creviced piston in the reaction chamber is retracted from the top dead 
center to the bottom dead center. It is held in place by pressurized oil in the hydraulic cylinder. 
When the solenoid valve is triggered, the pressure in the hydraulic chamber is released and the 
creviced piston moves forward, driven by the high-pressure air tank and the pneumatic piston 
inside the pneumatic cylinder. The creviced piston is then decelerated and stopped by a stopping 
ring and groove mechanism. The compression stroke of the RCM typically takes a time in the 
range of 25–50 ms. A thermal-shock resistant, dynamic pressure transducer (Kistler 6125C) is 
equipped on the reaction chamber for dynamic pressure measurements during experiment. The 
compression ratio of this RCM can be varied by changing the length of stroke or/and the 
clearance volume. Here, split shims are used to vary the clearance between hydraulic cylinder 
and the reaction chamber, while the stroke can be adjusted by using spacers. More details about 
the RCM design and operation can be found in [4,5]. 
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Figure 1: Schematic of the present RCM facility. 

 
Each of the diesel/oxidizer and surrogate/oxidizer mixtures is prepared in a stainless steel 

mixing tank. A magnetic stirrer is placed at the center of the tank bottom to provide a mixing 
mechanism. A rupture disc is used as a safety measure against accidental overpressure within the 
tank. For the current study, the mixture is prepared at room temperature, with liquid 
diesel/surrogate fuel injected directly inside the mixing tank using a glass syringe, followed by 
oxygen and nitrogen filled into the tank on a barometric measure in the desired O2:N2 molar 
proportion. Recognizing that the gas heating effect can occur during the tank filling process as 
the line enthalpy is converted to tank internal energy, we always ensure filling each gas to the 
target pressure while the tank temperature is within ±1.5 ºC of the room temperature. The mixing 
tank, the manifold, and the reaction chamber, all equipped with heating tapes, are heated to the 
desired preheat temperature 420 K for 4 hours before starting the experiments to ensure complete 
vaporization of liquid diesel/surrogate fuel and a homogeneous mixture. It is also noted that for 
ensuring CFA#2 diesel fuel injected to the mixing tank is completely vaporized, the amount of 
fuel injected has been calculated to ensure the partial pressure of the fuel/oxidizer mixture is less 
than 14 Torr when preheating the mixing tank to 420 K, which has been indicated and discussed 
in [1]. For the four CRC surrogates, we ensure that the partial pressure of diesel/surrogate is less 
than half of its saturated vapor pressure at the preheat temperature 420 K. In order to monitor the 
wall temperature uniformity of the reaction chamber, three thermocouples are used and evenly 
distributed along the outside wall of the reaction chamber. The temperature range of the three 
thermocouples is typically 413‒423 K when the set preheat temperature is 420 K. 

Figure 2 shows the saturated vapor pressure of the components of the diesel surrogates as a 
function of temperature. The compositions of the four CRC surrogates, as well as the 
abbreviation of the component names can be found in Table 1. For Figure 2, it includes all the 
components from V0a, V1, and V2. n-Eicosane (NEI) is the component that only exists in the 
V0b surrogate. The purple line in Figure 2 represents the preheat temperature of 420 K, Also, the 
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red line in Figure 2 indicates the lowest possible temperature of the RCM system, which is set to 
be 408 K. When heating the RCM to 420 K, the temperature readings of all temperature-
measuring points on mixing tank, reaction chamber, and manifold are within 410‒423 K. 
Therefore, we select 408 K as the lowest temperature limit to ensure no condensation. This also 
means that when preheating the mixture before experiments, we have chosen a margin of 12 K 
and to ensure that the partial pressure of each surrogate component is still lower than its 
saturated vapor pressure at 408 K. From Figure 2 it can be observed that in this temperature 
range, when designing the test matrix, the top five components require attentions to avoid 
condensation are NEI, n-octadecane (NOD), n-hexadecane (NHXD), iso-cetane (HMN), and 1-
methylnapthalene (1-MN), because their saturated vapor pressures are relatively lower. 
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Figure 2: Plot showing the saturated vapor pressures of CRC surrogate components as a function of temperature. 
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2.1 Test Matrix Design and Limitations 

The test conditions investigated in the current study are outlined in Table 2, which have been 
designed to show the effect of pressure, fuel loading, and oxygen concentration on the ignition 
delay time, and to cover wide range of temperature windows in the Arrhenius plot. The 
equivalence ratios (ϕ), molar percentages of mixture constituents (Xi), and compressed pressures 
(PC), which is the pressure at the end of compression, have been specified in Table 2, and for 
each set of (ϕ, Xi, PC), the temperature windows covered in Arrhenius plots for experimental 
ignition delays, including low temperature regime (LTR), negative temperature coefficient 
(NTC) regime, and intermediate temperature regime (ITR), are also specified. The mixture 
conditions varying from fuel lean, stoichiometric, to fuel rich are investigated herein in order to 
provide data at wider equivalence ratio range for chemical kinetic model development and 
validation. From Table 2, it is noted that not all temperature windows can be covered in 
Arrhenius plots for some test conditions, which is because of the limitations such as partial 
pressure, ignition delay time, and exothermicity in the compression stroke. These limitations are 
explained in the following, with V0b as an example, as it includes the highest amount of heavy 
component (i.e., n-octadecane of 23.5% mole percentage) compared with the other three CRC 
surrogates. Table 3 further summarizes the experimental conditions of V0b and CFA#2, as well 
as the limitations for not being able to cover the entire curve of Arrhenius plot for V0b. 

The compressed temperature (TC), namely the gas temperature at the end of compression, is 
used as the reference temperature in reporting the present RCM data, and is deduced from the 
measured pressure trace by using the assumption of “adiabatic core hypothesis” [6]. Under this 
hypothesis, it is assumed that the heat loss from the core volume of the reaction chamber only 
occurs in a thin boundary layer near the wall, and the central core region is adiabatic by 
modeling the heat loss as an effective reduction in the compression ratio [7,8]. Thus, the 
compressed temperature can be calculated by , where P0 is the initial 
pressure, T0 is the initial temperature, and γ is the temperature-dependent specific heat ratio. 

Table 2: Test conditions for CFA#2 diesel and CRC surrogates. 

 Oxidizer Xfuel 
(%) 

XO2 
(%) 

XN2 
(%) 

PC 
(bar) 

Regime 
Covered for 

CFA#2 

Regime 
Covered for 

V0a 

Regime 
Covered for 

V0b 

Regime 
Covered for 

V1 
 

Regime 
Covered for 

V2 

0.5 Air 0.51 20.9 78.59 10 LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

LTR/ITR LTR/NTC/ 
ITR 

0.69 Diluted 0.51 15.12 84.37 10 LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

1.02 Diluted 0.51 10.24 89.25 10 LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

- NTC/ITR LTR/NTC/ 
ITR 

1.02 Diluted 0.51 10.24 89.25 15 LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

LTR/ITR NTC/ITR LTR/NTC/ 
ITR 

2.0 Diluted 0.51 5.12 94.37 20 
LTR/NTC/ 

ITR 
LTR/NTC/ 

ITR 
ITR LTR/NTC/ 

ITR 
LTR/NTC/ 

ITR 

0.7 Diluted 0.36 10.47 89.17 15 LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 

NTC/ITR LTR/NTC/ 
ITR 

LTR/NTC/ 
ITR 
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Table 3: V0b test matrix and limitations, along with the test conditions of CFA#2. 

 Oxidizer Xfuel 
(%) 

XO2 
(%) 

XN2 
(%) 

PC 
(bar) 

Regime Covered 
for CFA#2 

Regime Covered 
for V0b 

 
Limitation 

0.5 Air 0.51 20.9 78.59 10 LTR/NTC/ITR LTR/NTC/ITR - 
0.69 Diluted 0.51 15.12 84.37 10 LTR/NTC/ITR LTR/NTC/ITR - 
1.02 Diluted 0.51 10.24 89.25 10 LTR/NTC/ITR - IDT 
1.02 Diluted 0.51 10.24 89.25 15 LTR/NTC/ITR NTC/ITR PV0b  

1.02 Diluted 0.51 10.24 89.25 20 LTR/ITR - PV0b 

2.0 Diluted 0.51 5.12 94.37 20 LTR/NTC/ITR ITR PV0b 

0.7 Diluted 0.36 10.47 89.17 15 LTR/NTC/ITR NTC/ITR IDT 
0.35 Air 0.36 20.9 78.74 15 - LTR/ITR Exothermicity 
0.35 Air 0.36 20.9 78.74 10 - ITR IDT 
 

2.1.1 Partial Pressure of V0b (PV0b) Consideration 

As mentioned earlier, when preparing a fuel/oxidizer mixture, we always ensure that the partial 
pressure of each component in V0b is less than half of its corresponding saturated pressure at the 
preheat temperature of 420 K. It is noted that the highest fuel molar percentage (Xfuel) in diesel 
autoignition study is set to be 0.51%. Therefore, when heating from room temperature to 420 K, 
the highest pressure of the test mixture in the mixing tank can be 1280 Torr, with the saturated 
pressure and partial pressure of n-octadecane to be 3.1 Torr and 1.54 Torr, respectively. When 
PC=15 bar, the required P0 for data points in the LTR and NTC regime is typically in the range of 
900–1700 Torr. Hence, only a small part of NTC and ITR can be covered for Xfuel=0.51% at 
PC=15 bar, starting at the end-of-compression temperature of TC=780 K with P0=1050 Torr, 
resulting in the data points in the LTR not available for Xfuel=0.51% at PC=15 bar. When PC=20 
bar, the required P0 for data points in the LTR and NTC regime is typically in the range of 1300–
2200 Torr. As a result, experimental data of V0b are not available for test conditions with 
Xfuel=0.51% at PC=20 bar. 

 

2.1.2 Ignition Delay Time (IDT) Consideration 

We choose not to report data points that have total ignition delay times longer than 100 ms 
because we are concerned about the effect of residual vortex (if any) on the core region of 
reaction chamber after long duration that may lead to inhomogeneity. For =1.02 with 
Xfuel=0.51% at PC=10 bar, the ignition delay data of V0b are not available because based on the 
autoignition results of V0b at =0.69 and PC=10 bar, as well as the CFA#2 result at =1.02 and 
PC=10 bar, it can be inferred that data points of V0b in both the LTR and NTC regime will 
exceed 100 ms. 

 

2.1.3 Exothermicity during the Compression Stroke Consideration 

For =0.35 with Xfuel=0.36% at PC=15 bar, the NTC regime is not available because of some 
exothermicity in the compression stroke is noted from the pressure trace comparison of reactive 
experiment and its nonreactive counterpart (obtained by replacing O2 with N2 in the test 
mixture). Figure 3 shows an example of pressure trace with exothermicity near the end of the 
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compression stroke, marked by a red rectangle, by comparing the reactive and nonreactive 
experimental pressure traces with the same initial pressure and machine settings. It can be 
observed that there is a discrepancy near the end of compression, showing that the reactive 
experiment can reach higher pressure and temperature at the end of compression as compared to 
the nonreactive experiment. Therefore, those ignition delay data with exothermicity during the 
compression stroke are not included in the Arrhenius plots. 
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Figure 3: Comparison of experimental reactive and nonreactive pressure traces of V0b/oxidizer mixtures of =0.35 
in air at =15 bar with the same initial pressure and machine settings. The compressed temperature based on the 
nonreactive experiment is TC=809 K. 
 

2.2 Vaporization check of CFA#2, V0a, and V0b 

The vaporization checks have been conducted to ensure that fuel injected into the mixing tank 
have vaporized completely. Theoretically, Table 4 shows the saturated vapor pressures and 
partial pressures of the five components mentioned earlier that have lower saturated vapor 
pressures at preheat temperature at 420 K and 408 K. This table is calculated based on the 
highest pressure in the mixing tank of 1280 Torr at 420 K with the highest fuel molar percentage 
of 0.51%. It can be observed that the partial pressure of each component is less than half of its 
corresponding saturated pressure at 420 K, and is also less than its corresponding saturated 
pressure at 408 K. 

Table 4: Saturated vapor pressures of some components at 420 K and 408 K and their partial pressures. 

 

Saturated Vapor Pressure at 
preheat 420 K (Torr) 

Saturated Vapor Pressure 
at preheat 408 K (Torr) 

Maximum Partial 
Pressure (Torr) 

1-MN 49.16 31.42 1.39 

HMN 33.28 20.02 2.39 

NHXD 9.03 5.06 1.83 

NOD 3.1 1.66 1.55 

NEI 1.12 0.57 0.05 
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Experimentally, the vaporization checks were carried out by preheating the mixing tank to 420 
K, then injecting a known mass of fuel and recording the time history of the pressure inside the 
tank. The pressure calculated from the ideal gas law for the same known fuel mass was set as a 
reference, which assumes that the fuel has completely vaporized in the mixing tank. The 
vaporization check results of CFA#2, V0a, and V0b are shown in Figure 4, with the error bars 
indicating that the full scale uncertainty of the pressure transducer is 0.05%, thus resulting in an 
uncertainty of ±2.6 Torr. Note that V0a and V0b are respectively the most and least volatile 
surrogates among the four CRC surrogates. In addition, the fuel masses injected into the 
preheated mixing tank for the results shown in Figure 4 are 1.64 g, 1.85 g, and 0.93 g for CFA#2, 
V0a, and V0b, respectively, which are equal to or even more than the mass of fuel in the highest 
fuel loading conditions planned in the present RCM experiments. It is seen from Figure 4 that for 
diesel and surrogates, more than 85% of the reference pressure was reached instantly after the 
liquid fuel was injected into the tank. After that, the pressure reached to ~95% of the expected 
value rapidly and this remained unchanged for more than an hour. These vaporization checks 
therefore demonstrate that the uncertainty of fuel partial pressure in the mixing tank is 
consistently ~5%. 
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Figure 4: Measured time-history of pressure in the mixing tank after liquid fuel injection for (a) CFA#2, (b) V0a, 
and (c) V0b. The pressure calculated from the ideal gas law assuming complete vaporization is also shown as a 
reference. 
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2.3 Ignition Delay Definition and Experimental Repeatability 

Figure 5(a) shows a representative pressure trace of V2/oxidizer at PC=20 bar, TC=699 K, and 
=1.02 with dilution, demonstrating the definitions of ignition delay times used in this study. The 
end of compression point was regarded as the starting point of ignition delay time, which is set 
as t=0 ms. In Figure 5(a),  indicates the first-stage ignition delay time and τ indicates the total 
ignition delay time, with both of them being identified based on the respective local maximum of 
the time derivative of the pressure trace. The non-reactive pressure trace of the same 
experimental condition has also been shown in Figure 5(a) as a reference. For each reactive set 
of PC and TC, the corresponding non-reactive pressure trace is measured by replacing oxygen 
with nitrogen to characterize the heat loss effect on the ignition process and to verify that no heat 
release has occurred during the compression stroke. Four to five consecutive runs were taken for 
each experimental condition to ensure data repeatability, which can be seen in Figure 5(b), with 
representative pressure traces of V1/oxidizer at PC=20 bar, TC=840 K, and =2.0 with dilution. 
The typical scatter was found to be less than 10% of the reported ignition delay value, which is 
closest to the mean of the consecutive runs. 
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Figure 5: (a) Definitions of first-stage and total ignition delay times, and the corresponding non-reactive pressure 
trace of V2/oxidizer at =20 bar, =699 K, and =1.02 with dilution. (b) Pressure traces of V1/oxidizer at PC=20 
bar, TC=840 K, and =2.0 with dilution showing the experimental repeatability of the current study. 
 

The ignition delay data scatters of CFA#2 diesel and the four CRC surrogates are further 
compared to provide additional checking on the potential fuel condensation issue. Table 5 
demonstrates the scatter checks for CFA#2 and CRC surrogates at the same representative 
conditions. From Mueller et al. [3], the sequence of surrogates that have higher mole fraction of 
n-octadecane is V0a>V2>V1>V0b. If condensation were to occur in experiments of surrogates 
with more heavy components, the scatters are expected to increase with increasing heavy 
component mole fraction in the surrogate. However, the scatters shown in Table 5 are not 
increasing as the amount of heavy component increases. Table 6 further shows the scatter checks 
for CFA#2 diesel and CRC surrogates at different temperatures representing LTR, NTC regime, 
and ITR. It is noted that the scatter of V0b at TC=840 K is not shown in Table 6, which is 
because this data point at =0.5 and PC=10 bar is not available due to exothermicity during the 
compression stroke. Again, for CFA#2 diesel and each surrogate, the scatters are not decreasing 
as temperature increases. Thus, it can be inferred from both Table 5 and Table 6 that there is no 
apparent condensation issue in our RCM experiments. 
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Table 5: Ignition delay scatter checks for CFA#2 diesel and CRC surrogates at the same representative 
conditions. 

 

P
C
 

(bar) 
T

C
 (K) Scatter of 

CFA#2 Scatter of V0a Scatter of V2 Scatter of V1 Scatter of V0b 

0.5 10 702 3.1% 1.6% 7.9% 4.7% 2.2% 
2.0 20 840 5.1% 8.2% 6.7% 3% 6% 
2.0 20 920 4.2% 4.9% 8.3% 2.5% 1.2% 

 
Table 6: Ignition delay scatter checks at varying temperatures for CFA#2 diesel and CRC surrogates. 

 
=1.0 

P
C
=20 bar 

=1.0 
P

C
=20 bar 

=1.0 
P

C
=20 bar 

=0.69 
P

C
=10 bar 

=0.5 
P

C
=10 bar 

T
C
 (K) Scatter of CFA#2 Scatter of V0a Scatter of V2 Scatter of V1 Scatter of V0b 

702 4.6% 4.6% 4.8% 2.1% 2.2% 

840 5.1% 8.2% 6.7% 8.7% ‒ 

920 4.2% 4.9% 8.3% 4.5% 6.3% 

 

3. Results and Discussion 

3.1 Effects of Pressure, Fuel Loading, and Oxygen Concentration on IDT 

Figure 6 shows the effect of varying pressure on total and first-stage ignition delays of the four 
CRC surrogates. It can be observed that both the total ignition delays and first-stage ignition 
delays decrease with increasing pressure, but the effect of pressure on first-stage ignition delays 
is less pronounced. For V1 at =1.02, it is seen from Figure 6(c) that only part of V1 data points 
in the LTR are reported. This is because for PC=10 bar, the ignition delay times in the LTR are 
more than 100 ms; for PC=15 bar, on the other hand, the total pressure in the mixing tank at 420 
K cannot provide sufficient initial pressure to reach the target PC, which is the limitation of 
partial pressure mentioned earlier. 

Figure 7 shows the effect of varying fuel loading on ignition delays for the four CRC 
surrogates at PC=15 bar. It can be observed that the total ignition delays are seen to decrease with 
increasing equivalence ratio (fuel loading) from =0.7 to =1.02, but there is not much fuel 
loading effect observed on first-stage ignition delays. 

Figure 8 further shows the effect of oxygen concentration on the total and first-stage ignition 
delays of the four CRC surrogates at PC=10 bar. It is seen that lowering the oxygen mole fraction 
increases both the total and first-stage ignition delays, and this effect on total ignition delays is 
still more pronounced. 



15 
 

1

10

100

1 1.1 1.2 1.3 1.4 1.5

(a) V 0a,

P
C

=10 bar

P
C

=15 bar

Ig
ni

tio
n 

de
la

y 
(m

s)

1000/T
C

 (K -1)
 

1

10

100

1 1.1 1.2 1.3 1.4 1.5

P
C

=10 bar

P
C

=15 bar

Ig
ni

tio
n 

de
la

y 
(m

s)

1000/T
C

 (K -1)

(b) V 0b,=0.35

 

1

10

100

1 1.1 1.2 1.3 1.4 1.5

P
C

=10 bar

P
C

=15 bar

Ig
ni

ti
on

 d
el

ay
 (

m
s)

1000/T
C

 (K -1)

(c)  V 1,  =1.02

 

1

10

100

1 1 .1 1 .2 1 .3 1 .4 1 .5

P
C

=10bar

P
C

=15bar

P
C

=20bar

Ig
ni

ti
on

 d
el

ay
 (

m
s)

1000/T
C

 (K -1)

(d ) V 2, =1.02

 
Figure 6: Effect of compressed pressure on total and first-stage ignition delays for (a) V0a/oxidizer mixtures at 
=1.02 with dilution, (b) V0b/oxidizer mixtures at =0.35 in air, (c) V1/oxidizer mixtures at =1.02 with dilution, 
and (d) V2/oxidizer mixtures at =1.02 with dilution. Filled symbols correspond to total ignition delays and open 
symbols correspond to first-stage ignition delays. 
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Figure 7: Effect of fuel loading on total and first-stage ignition delays at PC=15 bar for (a) V0a, (b) V0b, (c) V1, and 
(d) V2. Filled symbols correspond to total ignition delays and open symbols correspond to first-stage ignition 
delays. 
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Figure 8: Effect of oxygen concentration on total and first-stage ignition delays at PC=10 bar for (a) V0a, (b) V0b, 
(c) V1, and (d) V2. Filled symbols correspond to total ignition delays and open symbols correspond to first-stage 
ignition delays. 
 

3.2 Autoignition Comparison of CRC Surrogates and CFA#2 

Figure 9 compares the ignition delay results of the four CRC surrogates and CFA#2 under 
various experimental conditions listed in Table 2. According to the current result, it can be 
concluded that the discrepancies of total ignition delays of CFA#2 and CRC surrogates are more 
noticeable in the LTR and NTC regime, while their total ignition delays gradually overlap as 
temperature increases. Also, the overall ranking of total ignition delay times for CFA#2 and CRC 
surrogates are: V0b > V2 > V1 > CFA#2 > V0a. For the first-stage ignition delays, while the 
discrepancies are smaller compared to total ignition delays in the LTR, it can be observed that 
the first-stage ignition delays of V1, V2, and V0b are consistently longer than those of CFA#2 
and V0a. 
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Figure 9: Autoignition results comparison of CRC surrogates and CFA#2 at all test conditions shown in Table 2. 
Filled symbols correspond to total ignition delays and open symbols correspond to first-stage ignition delays. 
 

To further access how well the four CRC surrogates emulate the ignition response of CFA#2, 
their experimental pressure traces are compared with the same machine settings in RCM 
experiments. Figure 10 demonstrates these comparisons for representative pressure traces with 
the same machine settings in terms of number of shims and spacers used for varying geometric 
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compression ratio for =0.5 in air/𝑃𝐶=10 bar, =0.7 with dilution/𝑃𝐶=15 bar, and =1.02 with 
dilution/𝑃𝐶=15 bar, respectively. Nonreactive pressure traces with the same test conditions and 
machine settings have also been shown in Figure 10 to substantiate that there is no exothermicity 
in the compression stroke and to demonstrate the extent of heat loss after the end of compression. 
It can be observed that with similar heat loss characteristics, the surrogate with a shorter total 
ignition delay has a higher post-ignition pressure rise. In terms of the peak pressure after hot 
ignition, V0a is about 15% higher than CFA#2, while V0b, V1, and V2 are comparable with 
CFA#2. This may be due to the multi-dimensional effects inside the reaction chamber that occur 
during the hot ignition process involving the exchange of mass and energy among the core 
region, the boundary layer, and the piston crevice [9]. These factors, coupled with the chemical 
reactions and heat release, could lead to different pressure and temperature rises after hot 
ignition for different fuels, with the most reactive V0a exhibiting the highest peak pressure. 
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Figure 10: Plot showing the pressure trace comparison of CFA#2 and CRC surrogates under test conditions of (a) 
=0.5 in air/𝑃𝐶=10 bar, (b) =0.7 with dilution/𝑃𝐶=15 bar, and (c) =1.02 with dilution/𝑃𝐶=15 bar. 
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4. Concluding Remarks 

Autoignition of CRC diesel surrogates have been studied in a rapid compression machine at low-
to-intermediate temperatures and elevated pressures. Vaporization checks have been conducted 
theoretically and experimentally before RCM experiments to ensure that there is no condensation 
inside the mixing tank. The effects of pressure, fuel loading, and oxygen concentration on total 
and first-stage ignition delay times were demonstrated for the four CRC surrogates. In addition, 
the ignition delay times of the four CRC surrogates have been compared with those of CFA#2 
under various experimental conditions, with the discrepancies of total ignition delay times more 
noticeable in the LTR and NTC regime, and gradually overlap as temperature increases. 
Furthermore, the overall ranking of total ignition delay times for CFA#2 and CRC surrogates 
shows: V0b > V2 > V1 > CFA#2 > V0a, while the first-stage ignition delay times of V1, V2, and 
V0b are consistently longer than those of CFA#2 and V0a. These RCM results will be used to 
validate and refine chemical kinetic models of diesel fuels to predict combustion chemistry under 
engine relevant conditions for development of advanced diesel engines. 

 

5. Future Work 

(1) A chemical kinetic model of diesel surrogates is under development at Lawrence 
Livermore National Laboratory (LLNL). 

(2) Manuscripts for journal publication consideration that document the current 
experimental results of CFA#2 and the four CRC surrogates, as well as the comparison 
of experimental data with the simulated results using the LLNL diesel surrogate model 
will be submitted to CRC for review and approval when ready. 

  

6. List of Acronyms 

CRC Coordinating Research Council 

IDT Ignition Delay Time 

ITR Intermediate Temperature Regime 

LLNL Lawrence Livermore National Laboratory 

LTC Low Temperature Combustion 

LTR Low Temperature Regime 

NTC Negative Temperature Coefficient 

RCM Rapid Compression Machine 
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function of temperature. 
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Figure 3. Comparison of experimental reactive and nonreactive pressure traces of V0b/oxidizer 
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V0a/oxidizer mixtures at =1.02 with dilution, (b) V0b/oxidizer mixtures at =0.35 in 
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Figure 9. Autoignition results comparison of CRC surrogates and CFA#2 at all test conditions 
shown in Table 2. Filled symbols correspond to total ignition delays and open 
symbols correspond to first-stage ignition delays. 

Figure 10. Plot showing the pressure trace comparison of CFA#2 and CRC surrogates under test 
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(1) “Ignition_Delay_Data_Diesel_Surrogates.xlsx”: Tabulated RCM ignition delay data. 

(2) “CFA#2_P_V_history.zip”: Experimental pressure and volume traces of CFA#2 diesel. 

(3) “V0a_P_V_history.zip”: Experimental pressure and volume traces of CRC V0a 
surrogate. 

(4) “V0b_P_V_history.zip”: Experimental pressure and volume traces of CRC V0b 
surrogate. 

(5) “V1_P_V_history.zip”: Experimental pressure and volume traces of CRC V1 surrogate. 

(6) “V2_P_V_history.zip”: Experimental pressure and volume traces of CRC V2 surrogate. 

 


