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Abstract: Dual fuel combustion exhibits a high degree of complexity due to the presence of different
fuels like diesel and natural gas in initially different physical states and a spatially strongly varying
mixing ratio. Optimizing this combustion process on an engine test bench is costly and time consuming.
Cost reduction can be achieved by utilizing simulation tools. Although these tools cannot replace the
application of test benches completely, the total development costs can be reduced by an educated
combination of simulations and experiments. A suitable model for describing the reactions taking
place in the combustion chamber is required to correctly reproduce the dual fuel combustion process.
This is why in the presented study, four different reaction mechanisms are benchmarked to shock tube
(ST) and rapid compression machine (RCM) measurements of ignition delay times (IDTs) at pressures
between 60 and 100 bar and temperatures between 671 and 1284 K. To accommodate dual fuel relevant
diesel-natural gas mixtures, methane–propane–n-heptane mixtures are considered as the surrogate.
Additionally, the mechanisms AramcoMech 1.3, 2.0 and 3.0 are tested for methane–propane mixtures.
The influence of pressure and propane/n-heptane content on the IDT based on the measurements is
presented and the extent to which the mechanisms can reflect the IDT-changes discussed.

Keywords: methane–propane–n-heptane mixtures; dual fuel concept; rapid compression machine;
shock tube; ignition delay time

1. Introduction

In the transport sector on land or sea, compression-ignition engines play the dominant role due
to their proven economy, robustness and reliability [1]. Due to the growing stringent environmental
directives such as Euro VI for commercial vehicles and Tier II/Tier III for the maritime sector, more
sophisticated engine concepts and additional technologies such as urea injection [2] are needed to meet
the limits. One approach to reduce pollutant emissions caused by compression-ignition engines could
be the operation in dual fuel mode. Here, a gas–air mixture is fed into the combustion chamber and
ignited by the injection of a diesel pilot jet [3]. Compared to a conventional diesel engine, the nitrogen
oxide (NOx) and sulfur oxide (SOx) content can be significantly reduced [3]. In order to further optimize
the dual fuel engine efficiency and to keep the emission of pollutants as low as possible, it is necessary
to develop a profound understanding of the combustion processes in the combustion chamber. Since
experimental testing on an engine test bench involves high cost and time, it is desirable to support the
engine development by a theoretical model capable of simulating the dual fuel combustion process.
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Furthermore, because of the injection of a diesel jet into a gaseous fuel–air mixture, this model
should accurately reproduce the physical and chemical combustion processes in both the diesel-lean
and the diesel-rich region. Therefore, knowledge of the physical and the chemical processes are
necessary foundations for the simulations. To address the understanding of the chemical processes,
the identification of suitable detailed kinetic models is necessary. This motivates this study to benchmark
different detailed kinetic mechanisms available in the literature at dual fuel engine relevant conditions.

Since diesel fuel is a complex mixture of thousands of hydrocarbon compounds with carbon
numbers between 6 and 28 [4], detailed kinetic models containing all relevant species are often not
available. Therefore, it is convenient to define a surrogate fuel, which is capable to represent the overall
combustion behavior of a general diesel fuel. For dual fuel investigations, n-heptane is a frequently
found diesel surrogate in the literature [5–13]. In most of these studies, natural gas is approximated
by methane. In order to better map the methane number of natural gas, propane and ethane are
often added to methane [10,13–16]. For this reason, and to understand the effect of the admixtures of
methane and propane in the presented study, n-heptane was used as a diesel surrogate, and natural
gas was approximated by methane–propane mixtures.

2. Materials and Methods

2.1. Investigated Reaction Mechanisms

For the investigations of the dual fuel relevant combustion processes, the simulations must be
capable of correctly mapping the ignition and combustion characteristics of the surrogate components.
Four different reaction mechanisms are selected that include a carbon number space of hydrocarbons up
to C7. The first in this work tested mechanism was developed for the simulation of n-heptane oxidation,
and released in 2012 by Mehl et al. [17]. The core structure of the mechanism is based on detailed
C1–C4 oxidation pathways. Additional pathways of saturated and non-saturated linear and branched
hydrocarbons up to C7, and aromatic structures are included to reflect the combustion chemistry of the
larger hydrocarbons. The mechanism was validated in experiments in shock tubes (STs) and rapid
compression machines (RCMs) at pressures between 3 and 50 bar, temperatures from 650 to 1200 K and
stoichiometric fuel/air mixtures. The second used mechanism, published by Cai et al. [18] in 2015, was
optimized for gasoline surrogate fuels. A primary reference fuels (PRF) model based on the mechanism
of Curran et al. [19] was combined with the mechanism for C0–C8 hydrocarbons and various substituted
aromatic species of Narayanaswamy et al. [20]. Furthermore, the mechanism for ethanol oxidation
of Li et al. [21] and the mechanism for NOx-formation of Lamoureux et al. [22] was included. Cai et
al.’s mechanism was validated against ignition delay times (IDTs) measured at a pressure of up to
55 bar, high pressure laminar flame speeds of up to 25 bar, as well as species profiles of PRF mixtures
and ternary mixtures consisting of n-heptane, iso-octane and toluene at pressures up to 12.5 bar.
The third tested mechanism was published in 2016 by Zhang et al. [23]. The mechanism originates
from the mechanism of Mehl et al. [17], with the updated base chemistry for C1–C4 species taken from
AramcoMech 2.0 [24]. Furthermore, updated sub mechanisms of the three pentane isomers published
by Bugler et al., and for n-hexane are included [25–27]. This mechanism was validated against IDTs
measured in STs at pressures up to 55 bar, species profiles from a jet-stirred reactor and laminar flame
speeds of n-heptane at pressures up to 10 bar. The fourth mechanism used for testing, published in
2018 by Huang et al. [14], was specifically developed for the simulation of dual fuel engine combustion
and the prediction of emissions. It includes, in addition to sub mechanisms for the description of
n-butylbenzene and natural gas, an n-heptane mechanism based on the reduced PRF mechanism
of Wang et al. [28]. The n-butylbenzene and partly the natural gas sub mechanism are obtained
through combination of the alkyl-aromatic sub mechanism of Darcy et al. [29] and the C1–C4 reaction
mechanism AramcoMech 1.3 [30]. The natural gas sub mechanism is further including pathways from
Healy et al. [31]. For consideration of aromatic species, the mechanism of Narayanaswamy et al. [20]
is also included. Further soot formation pathways from the PAH sub mechanism developed by
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Wang et al. [32] and NOx-formation pathways from a simple NOx-mechanism [33] are included as
well. For validation, IDTs at pressures up to 50 bar of n-heptane and n-butylbenzene mixtures were
used. Furthermore, the mechanism is validated against experimental flame speeds of n-heptane,
n-butylbenzene and methane at pressures of up to 60 bar.

In addition to the four mechanisms mentioned above, the three versions of the AramcoMech
reaction mechanism are considered in this study for methane–propane mixtures without n-heptane
addition. These are detailed mechanisms for characterizing the kinetic and thermochemical properties of
a large number of hydrocarbons and oxygenated fuels with a carbon number of 1 to 4. The mechanisms
were developed by the Combustion Chemistry Center at NUI Galway and validated against
experimental measurements including data from ST, RCM, different flames and flow reactors. In this
study, simulations were performed with AramcoMech 1.3 (released 2013; considering 253 species and
1542 reactions) [30], AramcoMech 2.0 (released 2016; considering 493 species and 2716 reactions) [24]
and AramcoMech 3.0 (released 2018; considering 581 species and 3037 reactions) [34].

All simulations were performed with the software LOGEresearch, version LSv1.09 [35].
The constant volume (CV) simulations were performed with the CV module of LOGEresearch
at specified initial conditions, like pressure, temperature and simulation time. IDTs are defined in
comparison to the experiments either at the point of maximum rise of pressure or activated CH
(denoted as CH* or CHV in the different mechanism).

To simulate the IDTs that were experimentally determined with the RCM, in LOGEresearch the
reactor module “rapid compression machine” was used. As input parameter the homogeneous fuel–air
mixture, the starting pressure and the starting temperature of the simulated experimental condition
was defined. The machine-specific compression of the mixture was taken into account by considering
the effective volume profile derived from the pressure profile of the associated non-reactive RCM
measurement as described later in Section 2.2.

For simulations of the IDTs of the ST measurements, the “rapid compression machine” reactor
module was applied, too. In contrast to the RCM simulation, the starting pressure and starting
temperature were defined as the pressure and temperature value that were reached in the ST after
the shock wave reflection. In the simulation, the ST facility effects are then taken into account by a
facility-specific pressure increase over time, which is converted into an effective volume profile. A more
detailed description of the RCM and ST facility effects and the calculation of the effective volume
profile can be found in the following chapter.

2.2. Experiments

Compression pressures for large dual fuel engines as used for maritime or off-road applications
can be above 50 bar [36]. This application-relevant pressure regime motivates this study to carry out
the experimental ignition properties of methane–propane mixtures and methane–propane–n-heptane
mixtures at compression pressure values between 60 and 100 bar. The detailed experimental conditions
and a test series overview are given in Table 1. The combination of an ST and an RCM gives
the opportunity to take out the measurements over a wide temperature range of 671 to 1284 K.
The methane–propane mixture, representing the natural gas background in a dual fuel engine, is
chosen so that an air–fuel ratio of 1.9 is reached. Depending on the amount of admixed n-heptane,
the global air–fuel ratio varies between 1.226 and 1.9. Additionally to the experimental data from this
study, from a previous study where the ignitability of methane–propane mixtures at high pressures
was already investigated by Pachler et al. [37], results have also been considered here to benchmark
the reaction mechanisms (test series RCM1.1, RCM1.2 and RCM1.3 in Table 1).
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Table 1. Experimental test matrix of ignitability investigations with a rapid compression machine
(RCM) and a shock tube (ST).

Test Facility Test Series
Fuel Composition Pressure Temperature Reference

CH4
(mol %)

C3H8
(mol %)

xn-C7H16

Defined
by (1)

(bar) (K)

Rapid
compression

machine

RCM1.1 100 0 - 100 906–941 [37]
RCM1.2 95 5 - 100 888–916 [37]
RCM1.3 70 30 - 100 826–865 [37]
RCM2.1 90 10 - 100 803–898 this study
RCM2.2 95 5 0.025 60 701–877 this study
RCM2.3 95 5 0.05 60 671–781 this study
RCM2.4 95 5 0.025 100 709–817 this study
RCM2.5 100 0 0.025 60 720–869 this study

Shock tube
ST1.1 95 5 0.1 60 748–1187 this study
ST1.2 100 0 0.1 60 785–1284 this study

The IDTs for methane–propane–n-heptane mixtures from this study were measured in the
RCM [38,39] and the ST [23] at PCFC (Physico-Chemical Fundamentals of Combustion), RWTH Aachen
University. The reaction chamber of the RCM, the driven section of the ST and their corresponding
mixing vessels along with the tubing are electrically heated to accommodate low vapor pressure fuels.
The initial temperature is monitored by type “T” thermocouples mounted on the reaction chamber of
the RCM and the driven section of the ST. The fuel–air mixtures were prepared with the aid of two
static pressure sensors (STS 1st 0 to 500 mbar (RCM, ST), STS 1st 0 to 5 bar (RCM) and STS 1st 0 to
10 bar (ST)), which monitored the partial pressures required for the mixtures. The dynamic pressure
changes in the reaction chamber of the RCM and the driven section of the ST were recorded with the
help of PCB 113B22 sensors. Additionally, for these high-pressure experiments, the pressure time
history for non-reactive mixtures in the RCM was determined using a Kistler 6125C pressure sensor
along with the PCB for correcting the compressed pressure and quantifying the effect of the thermal
shock. The details of this procedure are given in [40]. The compressed temperature in the RCM was
calculated using the adiabatic compression and expansion routine of Gaseq [41]. The reflected shock
conditions were calculated using an in-house code based on the shock and detonation toolbox [42]
routines implemented for Cantera [43]. The typical pressure trace obtained from both the RCM and ST
is shown in Figures 1 and 2, respectively. The uncertainty in the compressed temperature in the RCM is
estimated to be ±5 K [40]. In the ST the uncertainty in the reflected shock temperature and pressure is
estimated to be 0.7% (K) and 1.5% (bar), respectively. For the uncertainty estimation in the ST, possible
uncertainties in the measurements of initial temperatures and pressures, the shock velocities and the
thermodynamic data are taken into account. A detailed description of the approach is available in [44].
The observed variation in the IDT on the RCM amounts to be 10% and the uncertainty of the IDT
measurements in the ST is assumed to be within 20%, which is on par with other similar facilities [45].

As seen in Figure 1, the RCM pressure profile shows a compression phase and a post compression
phase with a pressure drop due to heat loss. Both these facility-dependent effects compete against
each other in the time scales of the RCM. On the one hand, for the short IDTs measured in the
RCM, the radical pool generation during the compression phase dominates the heat loss effects and
reduces the IDTs compared to an ideal constant volume reactor. On the other hand, for the long IDTs,
the heat loss effect overlooks the effect of radical pool generation and increases the IDT. Therefore,
it is necessary to include both the compression and heat loss phase during the simulation in order to
capture the facility effects accurately [46]. This typically is done with the help of the corresponding
non-reactive experiment, where the oxygen content is replaced by nitrogen in the mixture composition.
The non-reactive pressure profile is then converted into an effective volume profile using isentropic
relations and is further used as an input during simulations [38,45].
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Figure 2. Pressure-time history of an experiment in the ST. The definition of the IDT is shown.

A detailed explanation of the above-mentioned facility effects is described in the work of Sung
and Curran [46]. The non-reactive pressure profiles are available online in Supplementary Materials.
The ST also shows a non-ideal behavior at longer IDTs due to the boundary layers and non-ideal
opening of the diaphragms which constitute to a constant rate of pressure rise at the reflected shock
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conditions as a function of time (dp/dt) [47,48]. The constant pressure rise leads to a temperature
increase, thereby reducing the IDT from its ideal behavior. The ST used in this study showed an
average pressure increase of 8%/ms, which was taken into account in the simulations of the IDT.

3. Results and Discussion

In the following sections, the effect of n-heptane and propane-addition on the IDT will be discussed
in detail, as well as accounting for the pressure dependence seen in the ignition process. In the respective
sections, the extent to which the above-mentioned reaction mechanisms can mimic the measured
behavior also is investigated. In Figure 3 an overview of the RCM and ST results is given. The results
are available online in Supplementary Materials.
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Figure 3. Measured IDTs from the RCM and ST (this study and [37]).

Both the addition of propane and the addition of n-heptane leads to a significant reduction of
the IDT compared to the neat methane case. As already theoretically investigated in a previous
study [49], the reducing effect of n-heptane is more pronounced compared to propane considering
equal admixture quantities. The dominant impact of n-heptane on the IDT compared to propane is
also evident in the ST data, where the measured IDT for the methane–propane–n-heptane mixtures
(86.3 mol %–4.6 mol %–9.1 mol % (ST1.1) and 90.9 mol %–0 mol %–9.1 mol % (ST1.2)) shows hardly
any difference within the measuring uncertainties.

3.1. Effect of Propane

In the above-mentioned work from Pachler et al. [37], the influence of the ignition properties of
propane addition to methane was investigated for mixture ratios of 100 mol % methane, 95 mol %
methane–5 mol % propane, and 70 mol % methane–30 mol % propane experimentally and by simulation
using the reaction mechanism AramcoMech 1.3. To this data, in the present study the gas composition
of 90 mol % methane–10 mol % propane was added to achieve an improved coverage of experimental
conditions. For further discussion, the measurement results of the IDTs against the inverse of the
compressed gas temperature are shown in Figures 4–7 along with the simulated IDTs in the current
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benchmark study. Those results presented are performed at an air–fuel ratio of 1.9 and an end of
compression pressure Pc of 100 bar.

Energies 2019, 12, x FOR PEER REVIEW 7 of 19 

 

 

Figure 4. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 100 

mol % CH4 at λ = 1.9. 

 

Figure 5. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 95 mol 

% CH4 and 5 mol % C3H8 at λ = 1.9. 

Figure 4. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using
100 mol % CH4 at λ = 1.9.

Energies 2019, 12, x FOR PEER REVIEW 7 of 19 

 

 

Figure 4. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 100 

mol % CH4 at λ = 1.9. 

 

Figure 5. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 95 mol 

% CH4 and 5 mol % C3H8 at λ = 1.9. 
Figure 5. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 95 mol %
CH4 and 5 mol % C3H8 at λ = 1.9.



Energies 2019, 12, 3410 8 of 20

Energies 2019, 12, x FOR PEER REVIEW 8 of 19 

 

 

Figure 6. Experimental RCM data (symbols) versus model prediction at Pc = 100 bar using 90 mol % 

CH4 and 10 mol % C3H8 at λ = 1.9. 

 

Figure 7. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 70 mol 

% CH4 and 30 mol % C3H8 at λ = 1.9. 

Like it is mentioned above, the higher the proportion of propane in the methane–propane 

mixture, the shorter is the resulting IDT. At the considered temperature conditions, this behavior 

Figure 6. Experimental RCM data (symbols) versus model prediction at Pc = 100 bar using 90 mol %
CH4 and 10 mol % C3H8 at λ = 1.9.

Energies 2019, 12, x FOR PEER REVIEW 8 of 19 

 

 

Figure 6. Experimental RCM data (symbols) versus model prediction at Pc = 100 bar using 90 mol % 

CH4 and 10 mol % C3H8 at λ = 1.9. 

 

Figure 7. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 70 mol 

% CH4 and 30 mol % C3H8 at λ = 1.9. 

Like it is mentioned above, the higher the proportion of propane in the methane–propane 

mixture, the shorter is the resulting IDT. At the considered temperature conditions, this behavior 

Figure 7. Experimental RCM data (symbols) [37] versus model prediction at Pc = 100 bar using 70 mol %
CH4 and 30 mol % C3H8 at λ = 1.9.



Energies 2019, 12, 3410 9 of 20

Like it is mentioned above, the higher the proportion of propane in the methane–propane mixture,
the shorter is the resulting IDT. At the considered temperature conditions, this behavior could be
explained through the pronounced low temperature chemistry pathways of propane [50], increasing
the reactivity compared to neat methane oxidation behavior.

Assessing the simulation results, a good match between the experimental results and the calculated
IDTs using the AramcoMech 1.3 and 3.0 mechanism can be found for the methane–propane mixtures.
In contrast, AramcoMech 2.0 shows an increasing overestimation of the IDTs with increasing propane
content, reaching an average overestimation of about 130% at 30 mol % propane content. The same
behavior can be observed with the mechanism of Zhang, which is obvious since AramcoMech 2.0 is
included in Zhang’s mechanism. The mechanism of Huang exhibits an overestimating behavior, too.
The calculated IDTs for pure methane are about 65% larger compared to the experimental values. For
the methane–propane mixture with 30 mol % propane addition, an average deviation of a bit more than
20% can be determined. The mechanism of Cai et al. shows a strong underestimated influence on the
IDT-reducing effect of propane. This can be expected, since the Cai et al. mechanism does not include
subsequent pathways of the 2nd O2 addition and therefore no low temperature chain branching, which
promotes the reactivity in this regime, can occur. This limits the simulation possibilities, because
already at a propane content of 10 mol %, the predicted IDTs exceed the simulation time in the limits of
the RCM non-reactive pressure time histories. As a consequence, no results are shown in Figures 6
and 7 presenting the results of a larger propane content than 10 mol %. Only the mechanism of
Mehl et al. of the investigated mechanisms predicts an overestimation of the IDT-reducing effect of
propane addition, leading to shorter IDTs compared to the measurements.

At 30 mol % propane admixed, within the region of the experimental temperatures AramcoMech
1.3 and 3.0 show similar reactivity in agreement to the experimental values, although AramcoMech
3.0 shows a larger slope and, therefore, overall activation energy compared to the results of the other
mechanisms. For a further comparison at a different temperature range, experimental IDTs from
Petersen et al. [51] of methane–propane mixtures measured in an ST are available. With this data it
is possible to compare the results of AramcoMech 1.3 and 3.0 directly at similar gas mixtures like
in the study of Pachler et al. [37], consisting of 70 mol % methane and 30 mol % propane (φ = 1,
~30 bar, 1190–1503 K) and 60 mol % methane and 40 mol % propane (φ = 0.5, 24–28 bar, 1042–1296
K). In Petersen’s work, no device-specific pressure increase after shock wave reflection in the ST is
given. Due to the similar build-up of a ST described in [48], simulations were carried out with a
pressure increase of 4%/ms stated there. In addition, the simulations are also performed without taking
a pressure increase into account.

When comparing the simulation results with the experimental data from Peterson et al., as shown
in Figure 8, it can be found that the IDT-values calculated with the AramcoMech 3.0 mechanism are
closer to the experimental data with an average absolute deviation of 18% in the temperature range
from 1040 to 1280 K, compared to an average absolute deviation of 34% with the mechanism version
1.3 in the same temperature range when no pressure increase is assumed. Considering a pressure
increase of 4%/ms, the averaged deviation is reduced to 12% and 24% using AramcoMech 3.0 and
AramcoMech 1.3, respectively.

3.2. Effect of n-Heptane

For investigating the n-heptane influence on the IDT, comparative experiments are taken out with
a consistent gas mixture with 95 mol % methane, 5 mol % propane, and an air–fuel ratio of 1.9. For
easier comparison, the amount of n-heptane is introduced based on the gas mixture of methane and
propane according the formula.

xn−C7H16 =
[n−C7H16]

[CH4] + [C3H8]
, (1)
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where xn−C7H16 = 0.025, 0.05 and 0.1. Depending on the amount of n-heptane, the resulting global
air–fuel ratio λglobal changes to 1.685, 1.513 and 1.257, respectively. In addition, experiments with
100 mol % methane and n-heptane addition with xn−C7H16 = 0.1 (λglobal = 1.226) were performed and
allowed the comparison of the influence of propane and n-heptane on the IDT (Figures 9–12).
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The addition of n-heptane to the here used natural gas surrogate mixture, strongly reduces
the IDTs compared to the considered pure methane–propane mixtures, in particular at intermediate
temperatures. The reducing effect seems much more pronounced compared to the effect of admixing
just propane to pure methane. As shown in Figures 11 and 12, in the two ST mixtures no pronouncing
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effect to the reactivity is visible by changing from pure methane to a 95 mol % methane–5 mol % propane
mixture. It seems that the n-heptane combustion chemistry is controlling the reactivity, even at these
small amounts of n-heptane addition to the mixtures at small to intermediate temperatures. Comparing
the model results to the experimental data, in the case of the smallest addition of n-heptane (see
Figure 9), the considered mechanisms tend to overestimate the measured IDTs. Only the mechanism of
Huang et al. seems to fit at just one temperature condition, but also shows a wrong behavior in general.
Again, with reducing temperature, the mechanism of Cai et al. shows an increasing deviation from
the experimental values because of the lacking low temperature branching for propane. This effect
decreases with an increasing amount of n-heptane as can be seen in Figures 9–11, when n-heptane
chemistry starts to control the reactivity. This is because the mechanism is designed to reflect PRFs and
gasoline surrogates, where it works perfectly fine [52]. The IDTs calculated with the mechanism of
Zhang et al. and Mehl et al. remain comparable for a temperature above 740 K with an overestimation
of a bit more than 50% at 750 K and 70% at 850 K. The mechanism of Huang et al. shows an increasing
overestimation of the IDTs with decreasing temperatures, leading to an IDT-overestimation of about
150% at 750 K. At a temperature of 700 K, the mechanism of Mehl et al. is the only one whose calculated
IDTs are below the maximal computable IDT based on the non-reactive pressure profiles of the RCM
with an overestimation of about 50%.
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At an n-heptane admixture of xn−C7H16 = 0.05 (see Figure 10), the mechanisms of Zhang et al. and
Mehl et al. show the best approximation to the experimentally determined values in the investigated
temperature range of 670 to 780 K, with an overestimation between 60% and 200%. It is furthermore
noticeable that although both mechanisms show the tendency to overpredict the experimental IDTs the
mechanism of Zhang et al. seems to show the right slope in the results. In comparison, the mechanisms
of Cai et al. and Huang et al. show a much higher overestimation, which is above 400%.

The experimental determination of the IDT with the largest addition of n-heptane (see Figure 11)
is performed in the ST due to the short IDTs. In the temperature range of 950 to 1250 K, all considered
mechanisms show a good approximation to the experimentally determined IDTs, whereby the
mechanism of Huang can reflect the experimental values accurately. In the temperature range of 840 to
890 K, the mechanism of Zhang et al. shows a decrease in the IDTs with increasing temperature and
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thus predicts a negative temperature coefficient (NTC) behavior, although not clearly evident in the
experiments. The mechanisms of Mehl et al. and Cai et al. show a good approximation of the change
in reactivity but tend to overestimate the experimental values in this temperature regime. In contrast,
in the results of the Huang et al. mechanism, the change in the slope of the IDT curve is only small.

To get more insight into the IDT-reducing effect of the propane and n-heptane admixture,
respectively, to methane, the IDT-change by blending methane with 1 mol % propane and 1 mol %
n-heptane, respectively, was calculated. For the simulation, the mechanism of Mehl et al. was used,
assuming a gas temperature of 800 K, a pressure of 60 bar and an air-fuel ratio of 1.43. As shown in the
upper part of Figure 13, an admixture of 1 mol % of propane leads to an IDT reduction of approximately
40%. The IDT (the point of steep rise of temperature) is reduced by about 77% when adding 1 mol %
n-heptane to the methane–air mixture. In addition, the development of the species formaldehyde
(CH2O), hydrogen peroxide (H2O2) and hydroperoxyl radicals (HO2) is presented in Figure 13 for
the three cases. Qualitatively, all three cases show similar trends in these species, which indicates
the transition phase until ignition [53], relative to the related IDT. It is commonly known that the
decomposition of hydrogen peroxide leads to a strong accumulation of OH radicals, which subsequently
causes the ignition. This trend is also visible in the simulated results. The lower part of Figure 13
shows the development of the species CH2O, H2O2 and HO2 as a function of the time normalized to
the IDT. This representation allows the direct comparison of the species concentrations shortly before
ignition for pure methane, methane with propane admixture and methane with n-heptane admixture,
and only minor differences in the profiles are visible.
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Figure 13. Development of the species formaldehyde (CH2O), hydrogen peroxide (H2O2) and
hydroperoxyl radicals (HO2) prior to ignition for a methane-air mixture (top, left), methane-air mixture
with 1 mol % propane addition (top, middle) and methane-air mixture with 1 mol % n-heptane addition
(top, right). The lower part of this figure shows the species development as a function of the time
normalized to the IDT. The simulations were performed at 800 K gas temperature, λ = 1.43 and a
pressure of 60 bar using the mechanism of Mehl et al.
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In order to compare the IDTs of the mixtures with different n-heptane content (Figures 9–11) at
one single determined temperature value, the IDT can be estimated for a temperature of 770 K by
logarithmic interpolation of the experimental data. The results are shown in Figure 14. By doubling
xn−C7H16 from 0.025 to 0.05, the IDT is reduced by 82%. A further doubling of xn−C7H16 to 0.1 results in
an additional reduction by 34%. However, it has to be taken into account that the addition of n-heptane
leads also to a change in the air-fuel ratio. Therefore, the effect of the air-fuel ratio change to the IDT is
discussed in more detail in the following section.
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Figure 14. Interpolated IDT of a gas mixture consisting of 95 mol % CH4, 5 mol % C3H8, and various
amounts of n-C7H16 (variation of xn−C7H16 ) at an end of compression temperature of 770 K and pressure
of 60 bar.

For this, the IDTs of the considered three n-heptane admixtures are simulated at an air-fuel ratio
of 1.257, 1.513 and 1.685 using the mechanism of Mehl et al. It is shown in Figure 15 that the total
change in the IDT gets larger with increasing air-fuel ratio when changing the n-heptane content.
Since facility effects could not be considered in this investigation due to the absence of corresponding
non-reactive pressure profiles at this particular interpolated condition, a direct comparison of the
simulated and measured values is not possible. However, a comparison of relative changes can be
made. Considering the relative change of the IDT compared to the effect of the n-heptane amount
in the mixture, only a minor effect from the change of the air-fuel ratio is visible in the simulated
results. Generally, a doubling of the factor xn−C7H16 leads to a reduction of the IDT by 60% for all three
investigated fuel-air ratios. Further doubling of this factor results in an IDT decrease of approximately
60% again. This is shown in detail in Figure 15. For a deeper understanding of the individual influence
of the air-fuel ratio and xn−C7H16 on the measurement results shown in Figure 14, further experimental
investigations are to be strived for.
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Mehl et al.

3.3. Effect of Pressure

In order to determine the influence of pressure on the IDTs, the experiments with a gas mixture
consisting of 95 mol % methane, 5 mol % propane and xn−C7H16 = 0.025 were carried out with an
increased end of compression pressure Pc of 100 bar. Figure 16 shows a comparison of the measurements
performed at 60 and 100 bar in the temperature range 700 to 900 K.

The increase in pressure reduces the IDT. This behavior is to be expected, since on the one hand
a higher pressure value increases the probability of collisions between reaction partners. On the
other hand, the energy released per unit volume increases, which in turn leads to a faster rise of the
temperature [54]. Depending on the temperature, the increase in pressure from 60 to 100 bar leads
to a reduction in the ignition delay by roughly 70% at a temperature of 800 K and to a reduction
of approximately 40% at 700 K. This already includes the effects of changes in the bath gases of the
experiments. The comparison between the experimental and simulated data at an end of compression
pressure of 60 bar has already been shown in Figure 9. Therefore, just the simulation results at a
pressure value of 100 bar are presented along with the experimental data in Figure 16.

As already seen in the simulation results at 60 bar, also at 100 bar, the mechanisms of Mehl
et al., Zhang et al. and Huang et al. show similar results at 800 K. As the temperature decreases,
the IDT overestimation of Huang et al.’s mechanism increases, leading to an overestimation of more
than 200% at a temperature of around 720 K. The mechanisms of Mehl et al. and Zhang et al. show
similar results over the whole investigated temperature range. At 800 K, the measured values are
overestimated by a bit more than 110%, and at around 710 K the overestimation is reduced to a value
below 70%. The mechanism of Cai et al. again shows an overestimation of the IDTs well over 400% in
the temperature range, where a calculation was not feasible due to the limitation of the maximal length
of the non-reactive pressure traces as discussed above.
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4. Conclusions

In the presented study, IDT measurements of dual fuel surrogates have been performed in an
ST and an RCM at engine relevant conditions. Since in the high-pressure range (>50 bar) hardly any
experimental data is available for the validation of simulated IDTs, experiments for the determination
of the IDTs of various gas mixtures were carried out. Experiments have been performed in the
pressure range of 60 to 100 bar with air-fuel ratios between 1.226 and 1.9. The end of compression
temperature ranged from 671 to 1284 K over both facilities. In addition, various reaction mechanisms
were investigated with regard to their suitability for the calculation of ignition processes, as they occur
in engines in dual fuel operation mode. Fuels typically used in such engines are diesel and natural gas.
Surrogate fuels were defined for a better basis of investigation. Here, n-heptane served as a diesel
substitute and a mixture of methane and propane was used as a natural gas surrogate. The investigated
mechanisms were the C1–C4 species reaction mechanisms AramcoMech 1.3 [30], 2.0 [24] and 3.0 [34],
and the n-heptane mechanisms of Mehl et al. [17], Cai et al. [18], Zhang et al. [23] and Huang et al. [14].
Comparing the simulation results with the experimental data, the following factors were investigated
more closely concerning their influence on the IDT: Propane addition to methane, n-heptane addition
to methane–propane mixtures and the variation of the end of compression pressures.

In the experimental results, in general an addition of propane or n-heptane to the methane mixtures
leads to an increase in reactivity at low to intermediate temperatures, due to the low temperature
branching of the longer alkanes. The effect of enhancement of reactivity is more pronounced for
the addition of n-heptane compared to propane. The n-heptane chemistry already dominates for
comparable small amounts of the reactivity, making the enhancing effect from further propane addition
negligible, as was seen in the ST IDTs.

In the mechanism benchmark, the mechanisms AramcoMech 1.3 and 3.0 showed on average
the smallest deviation from the experimental data. In the calculation of the IDTs of pure
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methane, the mechanism of Zhang was best reproducing the experimental values of all investigated
n-heptane mechanisms.

When n-heptane is added to the methane–propane mixture, the mechanisms of Mehl et al. and
Zhang et al. showed similar results over a wide temperature range with a general overestimation
of the IDTs. The mechanism of Cai et al. reproduces the experimental IDTs at high temperatures
(>1000 K) and largest investigated n-heptane addition. However, as the n-heptane addition and the
temperature were reduced, a strongly increasing deviation could be observed because of the lacking
low temperature branching of the propane sub-chemistry in the mechanism.

At high temperatures and the highest investigated n-heptane admixture, Huang et al.’s mechanism
is able to reflect the experimental values accurately. However, the change of reactivity in the ST results is
underestimated by Huang et al. mechanism. In contrast to that, the mechanism of Zhang et al. predicts
a slight NTC phenomenon although not clearly visible in the experimental data.

The increase in pressure to 100 bar results in a reduction of the IDT. This trend is reproduced
correctly by all mechanisms. Within the comparison of the different mechanisms, the mechanisms
of Mehl et al. and Zhang et al. showed the best approximation to the experimental values in the
investigated temperature range. However, none of the tested mechanisms were able to reasonably
reproduce the measured IDTs at all considered conditions. For a suitable detailed kinetic model for the
dual fuel engine concept an urgent detailed review of the mechanisms is necessary.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/18/3410/s1.
RCM non-reactive pressure traces (ZIP), Experimental IDT results (XLSX).
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