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Abstract: In this study, a reaction mechanism is presented that is optimized for the simulation of
the dual fuel combustion process using n-heptane and a mixture of methane/propane as surrogate
fuels for diesel and natural gas, respectively. By comparing the measured and calculated ignition
delay times (IDTs) of different homogeneous methane–propane–n-heptane mixtures, six different
n-heptane mechanisms were investigated and evaluated. The selected mechanism was used for
computational fluid dynamics (CFD) simulations to calculate the ignition of a diesel spray injected
into air and a natural gas–air mixture. The observed deviations between the simulation results
and the measurements performed with a rapid compression expansion machine (RCEM) and a
combustion vessel motivated the adaptation of the mechanism by adjusting the Arrhenius parameters
of individual reactions. For the identification of the reactions suitable for the mechanism adaption,
sensitivity and flow analyzes were performed. The adjusted mechanism is able to describe ignition
phenomena in the context of natural gas–diesel, i.e., dual fuel combustion.

Keywords: dual fuel combustion; methane–propane–n-heptane mixtures; ignition delay time; reaction
kinetics; computational fluid dynamics simulation; rapid compression machine; shock tube; sensitivity
analysis; flow analysis

1. Introduction

Future emission legislations require new technologies and technological improvements in the
field of internal combustion engines in terms of engine concepts and alternative fuels like e-fuels [1],
biofuels [2] and fuel blends [3]. The favorable availability of gaseous fuels will increase the importance
of so-called dual fuel combustion processes. This is especially true for road freight traffic, off-road
applications and marine propulsion. In this combustion process, a homogeneous, lean fuel gas mixture
is introduced into the combustion chamber and ignited with a diesel jet. Thus, two fuels contribute
to the overall energy conversion, but for cost and emission reasons, the combustion process should
be operated with the maximum gas content. In comparison to pure diesel operation, the emission of
CO2, NOx, SOx and particulate matter can be in part reduced significantly by the operation in dual
fuel mode [4]. Due to the use of local gas deposits, the demand is increasing to be able to operate the
combustion process with fuel gases of different methane number and high inert gas content, e.g., in the
form of bio and lean gases. However, the feasible gas content is subject to combustion process-specific
limits. The processes in dual fuel combustion are very complex and not yet understood in detail:
On the one hand, the jet preparation and ignition of the diesel fuel in the fuel gas, and on the other
hand the flame propagation in the fuel gas, the extinction of the flame and the knocking combustion
must be taken into account.
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The target of the presented study was to investigate the kinetically controlled ignition and
combustion processes in dual fuel operation. For the calculation of the auto ignition of the unburned
mixture, models are required, which can reflect the interaction of the different fuels in the mixture
correctly. Based on published reaction mechanisms, the aim was to develop a reaction mechanism
capable of reproducing the auto ignition of the diesel pilot fuel as well as the flammability of the
gas–air mixture influenced by it. For the validation of the reaction mechanism, experimentally
determined ignition delay times (IDTs) of homogeneous fuel mixtures for the investigation of basic
ignition properties, as well as inhomogeneous fuel mixtures for mapping the engine combustion
process were used. The IDT simulations of homogeneous mixtures were performed with the software
LOGEresearch (Version LSv1.09, LOGE AB, Lund, Sweden) [5]. The data needed for the evaluation
were measured with a rapid compression machine (RCM) and a shock tube (ST) [6,7]. The IDT
calculation of inhomogeneous mixtures was performed with the software AVL FIRETM (Version 2018.1,
AVL List GmbH, Graz, Austria), whereby the experimental comparative data were measured with a
rapid compression expansion machine (RCEM) and a combustion vessel [8].

2. Materials and Methods

2.1. Reaction Mechanism Selection

Diesel fuel is a complex mixture of thousands of hydrocarbon compounds with carbon numbers
between 6 and 28 [9]. Detailed kinetic models containing all relevant species are often not available.
Furthermore, the consideration of a large number of species would lead to an enormous computational
effort. Therefore, it is convenient to define a substitute fuel that can represent the overall combustion
behavior of diesel fuel. For dual fuel investigations, n-heptane is a common diesel substitute [10–14]
and was used as a surrogate in this investigation. With a cetane number (describing the ignitability
of the fuel) of 56 [15], n-heptane is well suited as surrogate fuel, since, according to the DIN EN590
standard from October 2009, diesel has to show a minimum cetane number of 51 [16]. As with diesel
fuel, it is also necessary for natural gas to define a substitute fuel. A commonly used substitute is
methane [17–19]. However, in order to better map the methane number (measure of knock resistance)
of natural gas, a mixture of methane and propane as substitute fuel was defined in the present study.
Since n-heptane was used as a diesel substitute, various n-heptane mechanisms have been investigated
concerning their suitability for calculating the ignition properties of fuel blends used in dual fuel
studies. The selection process was carried out by comparing measured and simulated IDTs of various
homogeneous methane–propane–n-heptane mixtures in the pressure range 60 to 100 bar, temperature
range 701 to 1284 K and an air–fuel equivalence ratio between 1.226 and 1.9. The IDTs were determined
with the help of the RCM and ST at PCFC (Physico Chemical Fundamentals of Combustion), RWTH
Aachen University. A detailed description of the experimental procedure and the measured values
is available in [6,7]. The mechanism search ranged from the very compact Complete San Diego
mechanism (version 2016-12-14) with n-heptane extension (version 2015-03-01) [20], which takes into
account a total of 301 reactions, to the very large mechanism of Zhang et al. [21] with more than
5000 reactions. Before the San Diego mechanism could be used, the Complete San Diego mechanism
and the n-heptane sub-mechanism had to be merged together. This overall mechanism was then read
in with LOGEresearch and a new mechanism, transport and thermal file was exported. This process
ensured that, on the one hand, there was no double definition of species, and on the other hand, that the
transport and thermodynamic files were shortened to those species that were actually used by the
mechanism. Further investigated mechanisms on the shortlist were the n-heptane mechanisms version
2 and 3.1 of the Lawrence Livermore National Laboratory (LLNL) [22,23], the n-heptane mechanism of
Cai et al. [24] and the n-heptane skeleton mechanism of Zeuch et al. [25]. Figure 1 shows an overview
of the number of considered species, as well as the number of reactions of the respective mechanisms.
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Figure 1. Number of species and reactions of the investigated reaction mechanisms.

The evaluation of the reaction mechanisms was carried out with a total of 10 different homogeneous
fuel mixtures and the comparison of measured and simulated IDTs. An overview of the mixtures
considered, the corresponding temperature range, pressure value and air–fuel equivalence ratio are
given in Table 1. The study, in which the presented mechanism was developed, also included the
experimental investigation of the dual fuel combustion using an experimental engine. Results of
the engine tests are not part of this publication; however, the operating conditions of the engine
were considered in choosing the composition and test conditions of the homogeneous mixtures to be
investigated. Due to the spray injection, the diesel concentration shows a large spatial inhomogeneity
in the combustion chamber. To account for this variation in the study of homogeneous fuel mixtures,
mixtures with different n-heptane contents between 0 and 9 mol % were studied. In the case of the
investigation of inhomogeneous mixtures with the RCEM and by computational fluid dynamics (CFD)
simulations, which will be shown in the next section, the test conductions were also related to the
working conditions of the experimental engine.

Table 1. Overview of the considered homogeneous mixtures for the evaluation of the investigated
n-heptane mechanisms.

Test
Facility

Fuel Composition Pressure Temp. Ref.

CH4
(mol %)

C3H8
(mol %)

C7H16
(mol %)

λ

(−) (bar) (K)

Rapid
compression

machine

100 0 0 1.9 100 906–941 [7]
95 5 0 1.9 100 888–916 [7]
90 10 0 1.9 100 803–898 [6]
70 30 0 1.9 100 826–865 [7]

92.68 4.88 2.44 1.685 60 701–877 [6]
90.48 4.76 4.76 1.513 60 671–781 [6]
92.68 4.88 2.44 1.685 100 709–817 [6]
97.56 0 2.44 1.67 60 720–869 [6]

Shock tube
86.36 4.55 9.09 1.257 60 748–1187 [6]
90.91 0 9.09 1.226 60 785–1284 [6]
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In the case of methane–propane–n-heptane mixtures, a mixture of 95 mol % methane and 5 mol %
propane served as the surrogate base mixture to which n-heptane was added. The comparison with the
methane numbers (MNs) of natural gas from different extraction areas [26–29] in Figure 2 shows that
the MN of the natural gas surrogate base mixture lies in the middle between very knock-resistant and
easy-knocking natural gases. The MNs were determined with the Cummins Westport Fuel Quality
Calculator [30].
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Figure 2. Methane numbers of various natural gases from different extraction areas.

For the simulation of the RCM measurements, in LOGEresearch the module “rapid compression
machine” at a specific fuel composition, fuel–air equivalence ratio, starting temperature and starting
pressure of the not yet compressed mixture was used. The RCM facility effects, which describe
the non-ideal behavior of the test facility and the machine-specific compression of the mixture is
taken into account by reading in the effective volume profile derived from the pressure profile of the
associated non-reactive RCM measurement. Details on determining the effective volume curve are
available in [6,31]. As shown on the left side of Figure 3, the time span between the point of complete
compression of the mixture and the maximum pressure rise due to ignition defines the IDT. For the
simulation of ST measurements, the “rapid compression machine” module was used too. However,
in this case, the temperature and pressure values that were reached in the ST after the shockwave
reflection were used as starting values for the simulation. The IDT is thus defined as a time difference
between the simulation start and the achievement of the maximum pressure increase due to the ignition
as shown on the right side of Figure 3. The measurement of the pressure in the ST after the shock wave
reflection shows a machine-specific increase of 8%/ms, resulting from the boundary layers and the
non-ideal opening of the diaphragms [32,33] and is taken into account in the simulation, otherwise
a significant deviation of the IDT would result if the IDT is in range of 1 ms or larger. The constant
volume (CV) simulations were performed with the CV module of LOGEresearch at specified initial
conditions, like pressure, temperature and simulation time. The IDT definition is identical to that of
the ST simulations.
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Figure 3. Simulated pressure history and ignition delay time (IDT) definition for rapid compression
machine (RCM, left) and shock tube (ST, right) simulations.

In the following, Figures 4–9 show the comparison between the experimentally determined IDTs
represented with symbols and the calculated IDTs shown with lines. Since facility effects were taken
into account in the simulations of the RCM data using a non-reactive pressure profile, the simulation
time was limited to the pressure time history. In the case that the calculated IDT is above the time
length of the non-reactive pressure profile, a value cannot be specified.
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Figure 9. Experimental data (symbols) [6,7] versus model prediction (lines) using the mechanism of
Zhang et al. [21].

At a temperature higher than 1000 K and an n-heptane addition of about 9 mol %, the mechanism
of Cai et al. shows an excellent reproduction of the experimental values. However, at T < 1000 K
and an n-heptane admixture of < 5 mol %, the comparison between measured and calculated data
shows large deviations. Furthermore, the IDT-reducing effect of propane addition to methane cannot
be reproduced. This originates from the fact, as explained in [6], that the mechanism of Cai et al.
does not include subsequent pathways of the 2nd O2 addition and therefore no low temperature
chain branching, which promotes the reactivity in this regime. In the case of Zeuch’s mechanism,
the calculated values at temperatures of less than 1000 K also show large deviations from the measured
data, which is why this mechanism was not considered for further investigation. Thus, the most
promising candidates were the LLNL n-heptane v3.1 mechanism (since version 2 showed a larger
deviation than version 3.1), the Complete San Diego mechanism with n-heptane extension and the
mechanism of Zhang et al. In the next step, the deviation between simulation and measurement
result was examined more closely. For this purpose, the percentage deviation between simulated and
measured values was calculated. The temperature at the end of compression in the RCM simulation
was calculated using the reaction mechanism and shows slightly different values when using different
mechanisms. Thus, the simulation results and measured values are mostly not available at the exact
same temperatures. Due to this fact, an interpolation of the experimental data was performed and the
relative distance between measurement and simulation results was determined. Since an interpolation
and no extrapolation was performed, only the temperature range in which both the simulation and the
experimental values are available was included in the analysis. The results are shown in Figure 10.
In the evaluation of all fuel mixtures investigated, the Complete San Diego mechanism with n-heptane
extension shows the smallest maximal deviation. In addition, it is the smallest of all mechanisms
investigated with a number of 301 reactions and a consideration of 64 species so that the mechanism
can directly be used in CFD simulations without causing unmanageable computing times. For these
reasons, this mechanism was selected for further consideration.



Energies 2019, 12, 4396 9 of 32
Energies 2019, 12, x FOR PEER REVIEW 9 of 32 

 

Figure 10. Percentage deviation between measurement data and simulation results using the 
mechanism LLNL n-heptane v3.1 [23] (left), Complete San Diego mechanism with n-heptane 
extension [20] (middle) and the mechanisms of Zhang et al. [21] (right). 

2.2. Investigation of Inhomogeneous Fuel Mixtures 

In dual fuel operation, the fuel components are not homogeneously distributed in the 
combustion chamber. After sucking in and compressing a gas–air mixture, a diesel jet is injected into 
the combustion chamber. When the conditions for auto ignition are reached, the pilot fuel is rapidly 
converted followed by a flame front propagating into the entire combustion chamber. In order to 
theoretically investigate this process, the use of CFD simulations is necessary. In the context of this 
work, CFD simulations of the pilot injection were carried out in AVL FIRETM to investigate the 
ignition behavior of the spray plume in pure air and a lean natural gas–air mixture. The pilot fuel is 
modeled by a discrete droplet approach that describes the spray with a statistically sufficient number 
of parcels consisting of physically identical droplets. The start velocity of the droplets was derived 
from Schlieren measurements in a constant volume vessel applying an approach of constant 
momentum along the spray axis. This was necessary to depict the experimentally observed spray 
propagation in the ballistic working regime of the injector, which is common for dual fuel operation 
with small diesel amounts. For further details concerning the experimental setup and the spray 
modeling refer to Reference [8]. The ignition of the pilot fuel is simulated using the general gas phase 
reactions module available in AVL FIRETM. Thereby, the detailed chemistry is solved in the gas phase 
in each computational cell at every time step. The turbulent flow field is modeled using the k-ζ-f 
turbulence model implemented in AVL FIRETM. Turbulence chemistry interaction is for simplification 
reasons not taken into account. Due to the fact that n-heptane was chosen as a surrogate for diesel, 
the gaseous pilot fuel is defined as n-heptane, while the liquid fuel is physically treated as diesel. This 
is necessary to depict the penetration of the liquid phase and the evaporation of the fuel droplets 
correctly. The direct integration of the reaction chemistry provides a suitable method to describe the 
influence of the natural gas on the decomposition of n-heptane during the ignition delay. 

At first, the ignition in pure air was investigated on a simplified cylindrical spray box mesh. The 
mesh is designed for a single jet and contains spatial refinements in the spray area. The computational 
mesh includes cells from 1 mm to 125 µm close to the nozzle. The ignition delay in the simulation is 
defined by the duration from the start of injection (SOI) and the maximum temperature gradient in 
the simulation domain. It was compared with experimental data from the combustion vessel. The 
ignition delay in the experiment was evaluated using OH-signal measurements. Thereby, the 
detectability of OH signal in half of the conducted injections determines the IDT. Figure 11 depicts 
the measured and the simulated IDTs over temperature for a constant chamber pressure of 60 bar. 
The simulations using the Complete San Diego mechanism with n-heptane-extension tend to 

Figure 10. Percentage deviation between measurement data and simulation results using the mechanism
LLNL n-heptane v3.1 [23] (left), Complete San Diego mechanism with n-heptane extension [20] (middle)
and the mechanisms of Zhang et al. [21] (right).

2.2. Investigation of Inhomogeneous Fuel Mixtures

In dual fuel operation, the fuel components are not homogeneously distributed in the combustion
chamber. After sucking in and compressing a gas–air mixture, a diesel jet is injected into the combustion
chamber. When the conditions for auto ignition are reached, the pilot fuel is rapidly converted followed
by a flame front propagating into the entire combustion chamber. In order to theoretically investigate
this process, the use of CFD simulations is necessary. In the context of this work, CFD simulations of the
pilot injection were carried out in AVL FIRETM to investigate the ignition behavior of the spray plume
in pure air and a lean natural gas–air mixture. The pilot fuel is modeled by a discrete droplet approach
that describes the spray with a statistically sufficient number of parcels consisting of physically identical
droplets. The start velocity of the droplets was derived from Schlieren measurements in a constant
volume vessel applying an approach of constant momentum along the spray axis. This was necessary
to depict the experimentally observed spray propagation in the ballistic working regime of the injector,
which is common for dual fuel operation with small diesel amounts. For further details concerning
the experimental setup and the spray modeling refer to Reference [8]. The ignition of the pilot fuel is
simulated using the general gas phase reactions module available in AVL FIRETM. Thereby, the detailed
chemistry is solved in the gas phase in each computational cell at every time step. The turbulent flow
field is modeled using the k-ζ-f turbulence model implemented in AVL FIRETM. Turbulence chemistry
interaction is for simplification reasons not taken into account. Due to the fact that n-heptane was
chosen as a surrogate for diesel, the gaseous pilot fuel is defined as n-heptane, while the liquid fuel is
physically treated as diesel. This is necessary to depict the penetration of the liquid phase and the
evaporation of the fuel droplets correctly. The direct integration of the reaction chemistry provides a
suitable method to describe the influence of the natural gas on the decomposition of n-heptane during
the ignition delay.

At first, the ignition in pure air was investigated on a simplified cylindrical spray box
mesh. The mesh is designed for a single jet and contains spatial refinements in the spray area.
The computational mesh includes cells from 1 mm to 125 µm close to the nozzle. The ignition delay
in the simulation is defined by the duration from the start of injection (SOI) and the maximum
temperature gradient in the simulation domain. It was compared with experimental data from the
combustion vessel. The ignition delay in the experiment was evaluated using OH-signal measurements.
Thereby, the detectability of OH signal in half of the conducted injections determines the IDT. Figure 11
depicts the measured and the simulated IDTs over temperature for a constant chamber pressure of
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60 bar. The simulations using the Complete San Diego mechanism with n-heptane-extension tend to
underestimate the IDT for a temperature of 823 K, while they show an overestimation for temperatures
higher than 900 K.
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The ignition of diesel in a gas–air atmosphere was investigated using a RCEM. The test rig is
equipped with a pneumatically driven connecting rod, which follows the kinematics of a real engine
crank drive around the top dead center. During the test procedure, the combustion chamber is charged
with a natural gas–air mixture, which is compressed by the piston during the compression stroke.
Close to the top dead center the pilot fuel is injected and ignites the mixture. The cylinder pressure is
thereby recorded by a pressure transducer mounted in the cylinder head. For the CFD simulations, a
moving mesh is generated that depicts the geometry of the RCEM combustion chamber. The refinements
in the spray area are transferred from the spray box investigations, to ensure a comparable mixture
preparation. For further information on the experimental setup and the computational method refer to
Reference [8]. The simulations of the dual fuel combustion were carried out with an energetic diesel
share of 5%, 20% and 40%, whereby, for illustration, in the following consideration results with 20%
share are discussed in detail. Figure 12 illustrates the measured and simulated pressure traces for diesel
and dual fuel combustion. The injected amount of diesel and the injection timing is kept constant.
While the ignition delay for pure diesel, defined as duration from start of injection to the first pressure
rise, can be predicted quite well by the Complete San Diego mechanism with n-heptane-extension,
a larger deviation can be seen for the dual fuel case. The IDT-increasing effect of the natural gas
addition is overestimated compared to the experimental results.
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Figure 12. Pressure traces from the computational fluid dynamics (CFD) simulation and measured
values from a rapid compression expansion machine (RCEM) for diesel and dual fuel combustion with
20% energetic diesel share. The diagram in the top left corner shows the corresponding simulated
temperature traces.

2.3. Mechanism Adjustment

Adapted from the comparison of the combustion vessel measurements with the CFD spray box
results shown in Figure 11, it can be supposed, based on the data available and the assumption of
a linear progression of the curve between the measuring points, that the mechanism calculates the
IDT correctly at a gas temperature of around 880 K. At 823 K the IDT is underestimated, at 923 K and
higher an overestimation is apparent. In order to determine which reactions can be used to improve
the mechanism, the oxidation pathway of n-heptane was considered in more detail.

Assessing the results of the RCEM simulations in Figure 12, the experimentally determined
ignition time is reproduced well for injecting diesel into the compressed air. At the time point of
starting the diesel injection the gas temperature is 847 K, as shown in the diagram in the top left corner
of Figure 12. Due to the progressive compression of the gas, the temperature continues to rise to 863 K.
From this point on, a further increase in temperature can be seen, which is above the value achievable
by the compression of the gas. This is an indication of the onset of the diesel reaction. After this steeper
temperature rise and the achievement of 873 K, it comes to ignition, which is characterized by a strong
increase of the temperature. The considered temperature values in the RCEM simulation are close to
those values in the spray box simulation at which the difference between the measured and calculated
IDT is small, which is an indication that that the RCEM and spray box simulations are in line with
each other.

When natural gas is added, the RCEM simulation shows a strong overestimation of the ignition
delay. Due to the presence of methane, reaction paths leading to a reduction of the overall reactivity
are likely to become more pronounced, resulting in an increase of the IDT. This reactivity-reducing
effect seems to be overestimated by the mechanism. Therefore, reactions which gain importance in the
admixture of methane are examined in more detail in the following section.

2.3.1. Determination of the Most Important Reactions

The Complete San Diego mechanism with n-heptane extension consists of 301 elementary and
lumped reactions. In order to determine which reactions at a certain fuel composition and defined
ambient conditions (pressure, temperature, fuel–air equivalence ratio) have a high influence on the
total reaction speed and are thus decisive for the IDT, the performance of sensitivity analyzes is
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expedient. Since LOGEresearch was used for the sensitivity analysis, the temperature or a species
considered by the reaction mechanism were available as analysis target [34]. Figure 13 shows the
pressure curve in the time range of ignition of an n-heptane–air mixture with a fuel–air equivalence
ratio of 1 at 750 K and 60 bar and a methane–air mixture with a fuel–air equivalence ratio of 1 at 950 K
and 60 bar, both simulated with a CV reactor. Furthermore, the molar fraction profiles of the species O,
H, OH, CH and HO2 are presented, which represent reactive intermediates during the combustion
process. Assessing the course of the CH mole fraction when igniting the n-heptane–air mixture and
the methane–air mixture, the formation rate of this radical shows a strong increase shortly before the
point of ignition (steepest rise in the pressure curve). Due to the assumption of adiabatic conditions in
the constant volume reactor, the temperature after ignition remains constant at about 3000 K. At these
conditions, the CH-radical is the only one of the investigated species whose concentration drops by
more than three orders of magnitude shortly after ignition. Thus, this radical occurs only in the ignition
area in significant quantities. In the following sensitivity analysis, it has been assumed that increasing
the reaction rate coefficients of those reactions which favor the formation of CH radicals results in a
faster initiation of ignition, leading to a reduction of the IDT. Therefore, the species CH was chosen as
analysis target.
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Figure 13. Simulated chronological mole fraction sequence of the species O, H, OH, CH and HO2 as
well as the pressure curve in the range of ignition of an n-heptane–air mixture at φ = 1, T = 750 K and p
= 60 bar (left) and a methane–air mixture at φ = 1, T = 950 K and p = 60 bar (right) using a CV reactor.

As an example, Figure 14 shows the simulated time-dependent sensitivity profile of reaction
297 (n-C7H15 + O2 ↔ n-C7-QOOH) towards the species CH for an n-heptane–air mixture at φ = 1,
T = 750 K and p = 60 bar. In addition, the pressure curve can be seen, where, by definition, the ignition
point is located at the point of fastest pressure increase. Shortly before the ignition (i.e., in the period
in which CH is significantly formed), the sensitivity increases sharply and falls afterwards into the
negative range momentary. Since only the sensitivity values up to the point of ignition are of interest
for the determination of the maximal positive or negative sensitivity value, only results in the period
up to ignition were considered. In the diagram, this area is highlighted blue. It has to be mentioned
that all sensitivity values shown in this study take into account both the forward and the reverse
direction of the reactions.
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Figure 14. Simulated time-dependent sensitivity sequence of the reaction 297 (n-C7H15 + O2 ↔

n-C7-QOOH) towards CH in the area of ignition for an n-heptane–air mixture at φ = 1, T = 750 K and
p = 60 bar.

Another way to determine the influence of the reactions on the IDT is to perform a sensitivity
analysis towards the temperature. Ji et al. [35] showed that there is a direct correlation between
temperature sensitivity and IDT sensitivity. As an example, Figure 15 shows a comparison of the
sensitivity towards the species CH and the temperature, simulated with an n-heptane-air mixture at
60 bar and φ = 1. It can be seen that the temperature-dependent sensitivity curves of both analyzes
show a qualitatively similar course and thus both methods are suited for further mechanism analyzes.
However, to avoid confusion, all further sensitivity analyzes shown in this study have been performed
consistently towards the species CH.
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Figure 15. Comparison of sensitivity towards species CH (left) and sensitivity toward temperature
(right) simulated with an n-heptane–air mixture at φ = 1 and p = 60 bar.

2.3.2. Investigation of n-Heptane Oxidation

As previously stated, the diesel spray ignition calculated via CFD simulation results on the one
hand in a small IDT at 823 K, and on the other hand at 923 K and higher, and the IDT is overrated as
shown in Figure 11. To determine the most influential reactions, a sensitivity analysis towards CH was
performed with an n-heptane–air mixture in the temperature range 700 to 1000 K at a pressure of 60 bar
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and a fuel–air equivalence ratio of 0.5, 1.0 and 2.0 to assess the influence of a fuel-lean, stoichiometric
and fuel-rich mixture on sensitivity. The course of the sensitivities is shown in Figure 16.
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Figure 16. Temperature-dependent sensitivity towards CH of the most sensitive reactions using an
n-heptane–air mixture at 60 bar and a fuel–air equivalence ratio of 0.5, 1.0 and 2.0 for the simulation.

At a fuel–air equivalence ratio of 0.5, a sign change of the sensitivity values can be determined
between 960 and 970 K. This can be explained by the fact that the pressure curve in the area of the
ignition shows two steep rises. As shown in Figure 17, up to 960 K, the second rise has the highest
slope, which defines the point of ignition at this position. From 970 K, the slopes of the two rises
change so that now the first rise shows the largest slope. By shifting the position of the largest pressure
increase, the point of ignition also changes by definition. As a result, when searching for the maximum
positive or negative sensitivity value, value ranges of different sizes are scanned; thus, the maximum
value can vary and even change the sign. In Figure 17, the scan range is highlighted in blue. However,
with the results of the sensitivity analysis, reactions with high positive or negative sensitivity values in
the considered temperature range were determined and are listed in Table 2.

Energies 2019, 12, x FOR PEER REVIEW 14 of 32 

 

of 60 bar and a fuel–air equivalence ratio of 0.5, 1.0 and 2.0 to assess the influence of a fuel-lean, 
stoichiometric and fuel-rich mixture on sensitivity. The course of the sensitivities is shown in Figure 
16. 

 
Figure 16. Temperature-dependent sensitivity towards CH of the most sensitive reactions using an 
n-heptane–air mixture at 60 bar and a fuel–air equivalence ratio of 0.5, 1.0 and 2.0 for the simulation. 

At a fuel–air equivalence ratio of 0.5, a sign change of the sensitivity values can be determined 
between 960 and 970 K. This can be explained by the fact that the pressure curve in the area of the 
ignition shows two steep rises. As shown in Figure 17, up to 960 K, the second rise has the highest 
slope, which defines the point of ignition at this position. From 970 K, the slopes of the two rises 
change so that now the first rise shows the largest slope. By shifting the position of the largest 
pressure increase, the point of ignition also changes by definition. As a result, when searching for the 
maximum positive or negative sensitivity value, value ranges of different sizes are scanned; thus, the 
maximum value can vary and even change the sign. In Figure 17, the scan range is highlighted in 
blue. However, with the results of the sensitivity analysis, reactions with high positive or negative 
sensitivity values in the considered temperature range were determined and are listed in Table 2. 

 
Figure 17. Time-dependent sensitivity towards CH of reaction 299 from Table 2 and the pressure 
curve simulated with an n-heptane–air mixture at φ = 0.5, start pressure of 60 bar and a start 
temperature of 960 K (left) and 970 K (right). 

Figure 17. Time-dependent sensitivity towards CH of reaction 299 from Table 2 and the pressure curve
simulated with an n-heptane–air mixture at φ = 0.5, start pressure of 60 bar and a start temperature of
960 K (left) and 970 K (right).



Energies 2019, 12, 4396 15 of 32

Table 2. Overview of the reactions with a high sensitivity value derived from the results shown in
Figure 16.

Reaction Number Reaction Equation

273 C7H16 + HO2 ↔ H2O2 + n-C7H15
296 n-C7H15 + O2 ↔ C7H14 + HO2
297 n-C7H15 + O2 ↔ n-C7-QOOH
298 n-C7-QOOH↔ HO2 + C7H14
299 n-C7-QOOH + O2 ↔ n-C7-OQOOH + OH
300 n-C7-OQOOH↔ OH + CH2O + CO + C2H4 + n-C3H7

2.3.3. Investigation of the Influence of Methane on the IDT

In order to determine the influence of the admixture of methane the total reactivity, starting from a
methane-n-heptane–air mixture with 50 mol % methane and 50 mol % n-heptane, the methane content
was increased gradually and the effect on the sensitivity values examined. As shown in Figure 18,
the addition of methane leads to an increase of the IDT. The reactions of the n-heptane sub-mechanism
(reactions 269 to 301) were not considered in this analysis since only reactions should be identified
that could be used to change the calculation of the ignition behavior for a methane admixture without
influencing n-heptane reactions directly to allow an individual adaptation of the sub-mechanisms
later. Figure 19 shows the sensitivity towards CH of reactions 1 to 268 with increasing the admixture
of methane. The analysis was carried out at a fuel–air equivalence ratio of 0.5, 1.0 and 2.0, again
to assess the impact of methane addition at fuel-rich, stochiometric and fuel-lean conditions. At a
fuel–air equivalence ratio of 0.5, a sign change of the sensitivity values can be seen, which, as already
discussed in Section 2.3.2., can be explained by a shift in the scanned value range. Furthermore, it can
be stated that the absolute sensitivity values increase with increasing CH4 content. For the sake of
clarity, the display of a legend has been omitted in Figure 19. Instead, in the diagram column with a
95 mol % methane admixture, the reactions with the highest sensitivity values are directly labeled and
are summarized in Table 3.
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Table 3. Overview of the most sensitive reactions shown in Figure 19.

Reaction Number Reaction Equation

17 2 HO2 ↔ H2O2 + O2#
18 2 HO2 ↔ H2O2 + O2##
38 CH2O + OH↔ HCO + H2O
40 CH2O + HO2 ↔ HCO + H2O2
42 CH4 + OH↔ H2O + CH3
44 CH4 + O2 ↔ CH3 + HO2
45 CH4 + HO2 ↔ CH3 + H2O2
51 CH3 + HO2 ↔ CH3O + OH
52 CH3 + O2 ↔ CH2O + OH
242 n-C3H7 + O2 ↔ C3H6 + HO2

In order to determine which of the reactions listed in Table 3 are most suitable for the mechanism
adaptation without affecting the n-heptane oxidation, a flow analysis [34] has been performed with
an n-heptane–air mixture at 950 K, 60 bar and φ = 1. The result is shown graphically in Figure 20.
The values given in Figure 20 represent the netto flux in mol/m3 from one species to the next in the
time period from the start of the simulation to the point of ignition. For the sake of clarity, only those
flows are shown which correspond to 99% of the maximum flow rate or which are necessary in order
to be able to display the species CH3, CH4, CH2O and n-C3H7 and to avoid dead ends in the diagram.
It can be seen that the fluxes to and from the species CH3, CH2O and n-C3H7 are up to 20 times larger
compared to the flux to and from the species CH4. Based on this observation, it can be stated that CH4

plays quantitatively only a minor role in the oxidation of n-heptane using the Complete San Diego
mechanism with the n-heptane extension. Since reactions 17 and 18 are important in both the oxidation
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of methane and n-heptane, the approach for the mechanism adaptation was to use the reactions 42, 44,
and 45 to have an as small as possible effect on the n-heptane oxidation.
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2.4. Adaption of Arrhenius Parameter

The optimization of the reaction mechanism was performed via manual tuning of Arrhenius
parameters of individual reactions where they have been iteratively adjusted in several development
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loops under constant balancing of 0D-simulations performed with LOGEresearch and CFD simulations
done with AVL FIRETM with the corresponding experimental data. Both the thermodynamic data and
the transport data remained untouched throughout the whole optimization process. An example of
the effect of changing the frequency factor A of reaction 299 shown in Table 2 by ±10% on the reaction
rate coefficient and the IDT is presented in Figure 21. It can clearly be seen that the change of the
frequency factor A only leads to a significant change of the IDT at a temperature of more than 840 K.
As shown in Figure 16, this temperature corresponds to the value at which the sensitivity of reaction
299 increases noticeably.
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2.4.1. Adaption of Methane Chemistry

In order to allow a comparison of the reaction rate coefficients before and after the adaptation
with an as large as possible number of reference data from literature, data from the NIST (National
Institute of Standards and Technology) database [36] were included in the optimization process. In the
case of reaction 42, a total of 88 data sets [37–109] over the temperature range 178 to 3000 K were
used for comparison. For reaction 44 and 45, six [42,45,108,110–112] and three [42,45,113] data sets
in the temperature range 300 to 2500 K were available. For the reaction 42, 44 and 45, the adaption
was performed by changing the activation energy of the respective elementary reactions. The largest
adjustment was made in reaction 42, which shows, as exhibited in Figure 19, the highest sensitivity in
the temperature range considered compared to reaction 44 and 45 and thus a correspondingly large
impact on the overall reactivity. Furthermore, in the publication of Fu et al. [114] it is shown that
reaction 42 contributes significantly to the increase in IDT when methane is added to an n-heptane–air
mixture through the depletion of OH radicals. Therefore, to curb the consumption of OH radicals by
reaction 42, the activation energy was increased leading to a reduction of the reaction speed. As can be
seen in Figure 19, the reactions 42, 44 and 45 show different courses of the temperature-dependent
sensitivity. Based on this, the reactions 44 and 45 were utilized to fine-tune the mechanism adaptation
by analyzing which reaction in which temperature range could be used for increasing or decreasing
the IDT so that through the interaction of the adjustment of all three reactions a maximum reduction of
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the deviation between the simulations and experiments in the respective temperature range could
be achieved.

In the following Figures 22–24, the temperature-dependent reaction rate coefficients before
(original parameter) and after the mechanism adaptation (adapted parameter), as well as the fitted
reaction rate coefficient determined using the NIST database are shown. Using the extended Arrhenius
approach (1),

k = A·Tβ·e(−
EA
R·T ), (1)

(with the frequency factor A, the temperature exponent β, the activation energy EA, the temperature
T and the universal gas constant R) and the values given in the NIST database for the Arrhenius
parameters, the reaction rate coefficients for each data set in the specified temperature interval were
calculated with a temperature resolution of 1 K. All these calculated data points were used to compute
a fit function. The fit was performed with the software Origin (OriginPro 2017, OriginLab Corporation,
Northampton, MA, USA) [115], where the extended Arrhenius approach served as basis for the
nonlinear fitting procedure. The green shaded area in the diagrams represents the 95% prediction band
of the fit function. The small diagram in the upper right corner shows a closer look to the progression
of the reaction rate coefficient in the temperature range of 800 to 1000 K. At this point it is important
to mention that the authors are aware that for example in the case of the well-studied reaction 42,
the change in the activation energy is large. It should be noted, however, that it was not the target
to develop a mechanism that could be generally used for a variety of problems, but to develop a
mechanism specifically optimized to get the best possible agreement between the experiment and
simulation results for the given parameter range in this study.
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2.4.2. Adaption of n-heptane Chemistry

For the optimization of the n-heptane chemistry, an adaption of the reactions 296 to 300 shown in
Table 2 was performed, all of which belong to the low-temperature n-heptane sub-mechanism. In the
selection of the reactions, the deviation between simulation and measurement result in homogeneous
and inhomogeneous mixtures were analyzed and with the help of the temperature-dependent
sensitivities of the respective reactions as shown in Figure 16, the reactions most suitable for an
adjustment of the ignition properties were determined. In contrast to the adaption of the methane
reactions, the considered n-heptane reactions are mostly lumped and are not included in the NIST
database. Therefore, a comparison as shown in Section 2.4.1. was not feasible. The reaction rates
of the San Diego n-heptane sub-mechanism are based on the work of Ranzi et al. [116] and were
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published by Prince et al. [117] and updated shortly thereafter [118]. In order to obtain clues about
an arguable shift of the reaction rate coefficients when changing the Arrhenius parameters of the
respective reactions, reaction mechanisms related to the work of Ranzi and/or based on it were
examined regarding the parameters used there. One of the considered mechanisms containing lumped
reaction was published by Stagni et al. [119], where Ranzi was involved. In the publication of Prince
et al. [118], a comparison between the simulation results using the San Diego mechanism and the
n-heptane mechanism developed by LLNL is shown. This detailed mechanism differentiates between
different isomeric structures of the reactants and products. The reaction rate coefficients of the
individual reactions were used for comparison purposes. Furthermore, the detailed mechanism of
Zhang et al. [21], which is based on the LLNL n-heptane mechanism, was considered. It should be
noted, that a direct comparison of the reaction rate coefficients cannot be made, since the overall
reaction rate coefficient must first be calculated considering the isomer concentrations occurring [120].
In this study, the reactions of the detailed mechanism were mainly used for assessing the order of
magnitude of the reaction rate coefficients in the case of reaction 296 to 298 in Table 2. In the San
Diego mechanism, the reaction sequence n-C7H15 + O2 ↔ C7H15O2 ↔ n-C7-QOOH is summarized
by the reaction n-C7H15 + O2↔ n-C7-QOOH. Prince et al. [117] justified this by the assumption that
the isomerization to the hydroperoxyalkyl radical n-C7-QOOH is fast enough so that its rate need not
be considered. Based on this, in the case of the mechanisms of LLNL and Zhang et al., the reaction
rate coefficients of the reaction C7H15 + O2 ↔ C7H15O2 (considering various isomers of C7H15 and
C7H15O2) were used for the comparison of the coefficients. In the LLNL mechanism, not the parameters
for the reaction C7H15 + O2↔ C7H15O2, but for C7H15O2↔ C7H15 + O2 are given. Since the reverse
rate parameters for this reaction are not defined in the mechanism, the corresponding reverse rate
parameters were calculated with LOGEresearch. In the case of the lumped reactions 299 and 300, due to
the lack of further data, only comparisons were made with the data published by Prince et al. [117,118],
where the latest data correspond to those of the San Diego mechanism. In Figures 25–29, the reaction
rates coefficients before and after the adaptation, as well as the comparison with reference data are
shown. Since the detailed mechanisms of LLNL and Zhang et al. consider different isomers, the
numbers of the respective reactions in the mechanism are given in the legends of Figures 25–27.
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Figure 25. Comparison of the reaction rate coefficient of reaction 296 (n-C7H15 + O2 ↔ C7H14 + HO2)
before and after adaptation as well as the rate coefficients used in the mechanism of Ranzi et al. [116],
Stagni et al. [119], LLNL [23] and Zhang et. al. [21].
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Figure 26. Comparison of the reaction rate coefficient of reaction 297 (n-C7H15 + O2 ↔ n-C7-QOOH)
before and after adaptation as well as the rate coefficients of the reaction C7H15 + O2 ↔ C7H15O2 in
the mechanism of LLNL [23] and Zhang et. al. [21].
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Figure 27. Comparison of the reaction rate coefficient of reaction 298 (n-C7-QOOH↔HO2 + C7H14)
before and after adaptation as well as the rate coefficient used in the mechanism of Stagni et al. [119],
LLNL [23] and Zhang et. al. [21].
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Figure 29. Comparison of the reaction rate coefficient of reaction 300 (n-C7-OQOOH↔ OH + CH2O
+ CO + C2H4 + n-C3H7) before and after adaptation as well as the rate coefficients published by
Prince et al. [117,118].

3. Results

In the course of the iterative mechanism optimization process, the simulation results of the
original mechanism were continuously compared with the adapted mechanism for homogeneous and
inhomogeneous mixtures and the measurement results, deriving the next adaptation steps therefrom
with the focus on minimizing the deviation between CFD simulation results and the measured values.
As shown in Figure 11, the simulation results of the pilot fuel in air as a function of temperature show
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an overestimation of the IDT at a temperature of 923 and 973 K, and an underestimation at 823 K.
By adapting the reactions of the low-temperature n-heptane chemistry, it was possible to significantly
reduce the ignition delay time at 923 and 973 K, as shown in Figure 30. The IDT at 823 K could be
slightly increased. The difficulty in adapting the mechanism to correctly reproduce the ignition of the
diesel jet in air was to achieve an IDT increase as well as a decrease in a fairly narrow temperature
window between 823 and 923 K. As can be seen in Figure 16, only two reactions show a considerable
sensitivity change in this temperature range. It should be noted that in the course of the mechanism
optimization process, versions of the mechanism were developed which were able to reproduce all
spray box IDTs well; however, the RCEM simulations with these versions showed unacceptable large
deviations from the measured values. In the final version of the mechanism, the reactions were adjusted
so that the deviations between measured and simulated spray box IDTs were reduced as much as
possible without negatively influencing the RCEM simulation results.
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As the comparison between the simulation results of homogeneous mixtures before and after the
mechanism adaptation in Figure 31 shows, the adaption process leads to an increase of the IDT in
methane–air and methane–propane–air mixtures for a propane addition of up to 10 mol %, and thus to
an approximation of the experimental data. In the case of adding 30 mol % propane, the IDT-reducing
effect is still overestimated and requires further analysis in future studies. For mixtures with an
n-heptane-admixture between 2 and 5 mol %, a decrease of the IDT is detectable for temperatures
below 755 to 730 K (depending on the mixture composition and pressure). As the temperature rises,
an increasing overestimation of IDT is evident. Only for the methane-n-heptane mixture without
any propane addition, a continuous increase in IDT is detectable. In the simulation of the IDT of
mixtures with about 9 mol % n-heptane content, a continuous reduction of the IDT can be observed
for temperatures lower than 1050 K. At higher temperature, the high-temperature chemistry gets
dominating and only a minimal difference between the simulation results using the mechanism before
and after the adaptation can be determined. Compared to the experimental data, the IDT reduction
for the mixtures with 9 mol % n-heptane does not represent an improvement, but is a consequence of
the compromise that was made, since, as previously mentioned, the main target was to reduce the
deviations between CFD simulations and measurements results. This becomes clear when considering
the effect of the mechanism adaption on the RCEM simulation results shown in Figure 32. By the
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adaption of the mechanism, the time of the ignition, which was massively overestimated in the case of
injecting diesel into the natural gas–air mixture, can now be reproduced well. In addition, a reduction of
the pressure increase, and thus an approximation to the measured values, can be determined. The still
too large pressure increase can be attributed to a too fast flame propagation in the premixed natural
gas–air mixture, which needs further consideration in future studies. Nevertheless, the mechanism
optimization provides a reaction mechanism that is able to describe ignition phenomena in the context
of natural-gas diesel dual fuel combustion. When simulating the injection of diesel into air, a slight
reduction of the IDT by a bit less than 80 µs can be determined. After ignition, however, the pressure
curve remains almost identical. The adapted mechanism and the associated thermodynamic- and
transport data are available online at Supplementary Materials.
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4. Conclusions

The dual fuel combustion process, which is very complex and not fully understood yet,
was investigated in detail. The aim was to investigate the kinetically controlled combustion process
with the fuels diesel and natural gas, experimentally as well as theoretically. In order to simulate
the combustion process, the availability of a suitable reaction mechanism is indispensable. In the
presented study, n-heptane was used as a diesel surrogate and natural gas was substituted by
a mixture of methane and propane. Based on this surrogate fuel definition, various n-heptane
mechanisms available in the literature were investigated regarding their suitability for describing the
dual fuel combustion process. By the comparison of the measured and calculated IDTs of several
homogeneous methane–propane–n-heptane mixtures, the Complete San Diego mechanism with
n-heptane extension [20] turned out to be the most promising candidate in terms of IDT variance and
mechanism size. In addition to the comparison of the ignition properties of homogeneous mixtures,
inhomogeneous mixtures were studied experimentally with an RCEM and a combustion vessel and
theoretical by CFD-simulations. When injecting diesel into compressed air, an underestimation of the
IDT by the simulation at temperatures of about 800 K was detectable; increasing the temperature above
900 K showed an overestimating behavior. RCEM-investigations showed that the addition of methane
to air led to a strong overestimation of the IDT by the CFD-simulation. With the target to reduce
the determined deviations between the CFD-simulation and the experiment, an adaptation of the
mechanism was performed. This was done by adjusting the Arrhenius parameters of corresponding
elementary and lumped reactions. Reactions suitable for the mechanism adaptation were determined
by means of sensitivity and flow analyzes. In total, eight reactions of the 301 reactions comprising
mechanisms were adapted: three methane reactions and five reactions of the low temperature n-heptane
sub-mechanism. With the adjustment, it was possible to reduce the deviation between measured and
calculated IDT for the injection of diesel into compressed air. Likewise, the strong overestimation
of the IDT when admixing methane to the compressed air could be reduced, so that the adapted
mechanism is able to describe ignition phenomena in the context of natural gas–diesel dual fuel
combustion. However, it should be noted that the adapted mechanism is a version specially optimized
for the requirements defined in this study. Some changes made to the Arrhenius parameters were
large, so caution is advised when using the adapted mechanism for simulation at different conditions.
For future investigations, the target is to further optimize the adjustments carried out and to take into
account more reactions in order to minimize the individual alteration of the elementary and lumped
reactions and thus to obtain a universally applicable reaction mechanism with comparable good results,
as provided by the mechanism presented here.
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