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Skeletal mechanisms for TRF mixtures were generated using DRGEPSA followed by unim-
portant reaction elimination. A detailed mechanism with 1389 species and 5935 reactions was
reduced to different levels of complexity ranging from 386 species and 1591 reactions (low-
est error) to 173 species and 689 reactions (highest error). Validation was performed using
ignition delay and laminar flame speed calculations, and good agreement with the detailed
mechanism was found for the error limits considered. Representative HCCI simulations of nor-
mal and low-load operation were also performed using the skeletal mechanisms. All skeletal
mechanisms predict ignition to within 4 CA degrees, but only the largest skeletal mechanism
to within 1 CA degree. Fuel and CO mole fraction profiles were also compared with good
agreement in general, but noticeable error in the exit CO mole fraction for the very lean
low-load case.

1 Introduction

The development of new internal combustion engine technology such as homogeneous charge com-
pression ignition (HCCI) engines relies on accurate computational modeling to achieve the goals of
increased efficiency and reduced emissions. In particular, chemical kinetics controls the behavior
of HCCI and so simulation requires accurate description of chemistry [1]. Traditionally, gasoline
is represented using a binary primary reference fuel (PRF) mixture of n-heptane and iso-octane
which define 0 and 100 on the octane scale, respectively. In practice the research octane number
(RON) and motor octane number (MON) are used to characterize the ON of real gasoline, and
for PRF mixtures RON = MON [2]. In general, however, real gasoline has a “fuel sensitivity”
defined as: S = RON — MON, and PRF mixtures are unable to capture this behavior. Therefore,
much effort has recently been focused on developing multicomponent surrogate fuels that more
accurately represent the thermochemical properties of gasoline [2-5].

As the number of components in surrogate fuels for gasoline grows, in general the size of the
chemical reaction mechanism grows as well. For example, the mechanism for a three-component
toluene reference fuel (TRF), containing the PRF and toluene, from Mehl et al. [5] consists of
1389 species and 5935 reactions while the mechanism for a four-component surrogate (TRF plus
1-hexene) from the same group has about 1500 species and 6000 reactions [5]. In the worst case,
the computational cost of chemistry scales by the third power of the number of species when
factorizing the Jacobian [6], so models of this size are far too large to include in full-scale CFD



models even without considering other complex models such as spray and turbulence. In addition,
the wide range of time scales associated with the large number of species and reactions induces
stiffness in the governing differential equations. Reduction of the reaction mechanisms is therefore
necessary to incorporate detailed chemistry into practical simulations.

Skeletal reduction is the typical first step in a comprehensive reduction scheme, where unim-
portant species and reactions are removed from the detailed mechanism leaving a standard kinetic
mechanism. Though many skeletal reduction methods have been demonstrated [6-8], much at-
tention recently focused on the directed relation graph (DRG) method, developed by Lu and Law
[9, 10]. Similar to the graphical representation of reaction pathways of Bendtsen et al. [11], the
DRG approach maps the coupling of species onto a weighted directed graph and performs a graph
search initiating at selected target species combined with an error threshold to find unimportant
species for removal. Development of DRG-based skeletal reduction has since focused on variants,
including DRG with error propagation (DRGEP) [12], DRG-aided sensitivity analysis [13, 14],
DRGEP and sensitivity analysis (DRGEPSA) [15], and path flux analysis [16].

In the current work we present skeletal mechanisms generated using DRGEPSA followed by
further unimportant reaction elimination for TRF mixtures at varying levels of detail based on
the detailed mechanism of Mehl et al. [5] and apply these to representative HCCI simulations
of normal and low-load (idling) operation. In doing so we seek to demonstrate that skeletal
mechanisms developed with the current approach can capture the complex blending behavior of
multicomponent fuel blends.

2 Methodology

2.1 Mechanism reduction

In the current work we use the DRGEPSA method of Niemeyer et al. [15], which is based on
the DRGEP of Pepiot-Desjardins and Pitsch [12] followed by a sensitivity analysis of remaining
species. The dependence of one species on another is modeled using a normalized contribution to
the overall production or consumption rate through reactions in which both species participate.
A directed graph is formed based on the direct interactions between species, where the vertices
of the graph represent species and the weighted edges represent the dependence of one species on
another. The overall importance of species is determined by performing a graph search initiating at
user-selected target species; Dijkstra’s algorithm is used for reasons discussed in detail by Niemeyer
and Sung [17]. Pepiot-Desjardins and Pitsch [12] also proposed a coefficient scaling procedure to
better relate the OICs from different points in the reaction system evolution that we adopt here.

In the sensitivity analysis (SA) phase, the remaining species are categorized as “limbo” or
“important” species based on their DRGEP-determined importance values. Each of the limbo
species are removed one-by-one to determine the error induced by their removal then sorted based
on this error. The limbo species are then removed from the skeletal mechanism in order until the
error reaches the user-defined limit.

We employ the same sampling method as given by Niemeyer et al. [15], where constant volume
autoignition simulations are performed using SENKIN [18] with CHEMKIN-III [19]. Species are
considered unimportant and removed if their overall importance value falls below a cutoff threshold
egp, which is selected using an iterative procedure based on a user-defined error limit for ignition
delay prediction [15]. Reactions are eliminated when any participating species are removed. Follow-



Error limit # Species  # Reactions Max. error

Comprehensive  10% 386 1591 9.2%
20% 293 1156 19.8%

30% 276 936 24.3%

High-temp. 10% 199 1011 9.9%
20% 173 752 18.4%

30% 173 689 23.1%

Table 1: Skeletal mechanisms at multiple levels of complexity generated from the detailed mechanism
for ternary TRF mixtures of Mehl et al. [5] using DRGEPSA followed by unimportant reaction
elimination.

ing the application of DRGEPSA, further unimportant reactions are eliminated using the method
of Lu and Law [14], an approach based on the CSP importance index [20]. A reaction is considered
unimportant if its importance is less than a threshold &,¢,., which is determined iteratively using
the user-defined error limit.

2.2 Computational methods

Autoignition simulations are performed using SENKIN [18] with CHEMKIN-III [19]. The laminar
premixed flame simulations are performed using CHEMKIN-PRO [21]. The HCCI engine simula-
tions are performed using the Closed Internal Combustion Engine Simulator of CHEMKIN-PRO;
the engine specifications are taken from Sjoberg et al. [22]: compression ratio of 14, engine speed
1200 rpm, displacement volume 981 cm?®, and connecting rod to crank radius ratio 3.2.

3 Results and discussion

3.1 Skeletal mechanisms and validation

Skeletal mechanisms at varying levels of detail are generated from a detailed mechanism for TRF
(n-heptane, iso-octane, and toluene) mixtures of Mehl et al. [5], containing 1389 species and 5935
reactions, using DRGEPSA followed by further unimportant reaction elimination. Two sets of
constant volume autoignition initial conditions, both covering 1-20 atm and equivalence ratios
0.5-1.5, are used to generate chemical kinetics data: 1) 700-1600 K and 2) 1000-1600 K; the
former is referred to as the comprehensive range and the latter as the high-temperature range.
The ternary mixture used is 60.54/20.64/18.82% (by lig. volume) toluene/iso-octane/n-heptane,
or 69.1/15.4/15.6% by mole fraction, from Morgan et al. [23], which corresponds to RON = 95
and MON = 85. We refer to this mixture as TRF1. Error limits of 10%, 20%, and 30% are used
and the DRGEP target species are n-heptane, iso-octane, toluene, oxygen, and the inert nitrogen
(to prevent removal).

Table 1 summarizes the final results of the reduction for the comprehensive and high-temperature
skeletal mechanisms, respectively. Interestingly, the 20% and 30% high-temperature skeletal mech-
anisms contain the same species, although the final 30% skeletal mechanism has a smaller number
of reactions following unimportant reaction elimination; this is due to a large jump in error pre-
venting the removal of any additional species. In general, however, the skeletal mechanisms consist
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Figure 1: Autoignition validation of comprehensive and high-temperature skeletal mechanisms over a
range of initial temperatures and pressures and at an equivalence ratio of 0.5 using the TRF1
mixture.

of smaller number of species and reactions with increasing error limit and the high-temperature
skeletal mechanisms are all more compact than the comprehensive.

Validation of the comprehensive and high-temperature skeletal mechanisms is performed with
constant volume autoignition simulations over a range of initial conditions for temperature, pres-
sure, and equivalence ratios, using the TRF1 mixture. Representative results for the comprehensive
and high-temperature skeletal mechanisms are presented in Figs. 1a and Fig. 1b, respectively, us-
ing an equivalence ratio of 0.5; the stoichiometric and rich cases are omitted for brevity. All the
comprehensive skeletal mechanisms well predict the results of the detailed mechanism over the full
range of conditions. The high-temperature mechanisms perform well at higher temperatures as
expected but fail to reproduce the low-temperature behavior. This is due to the removal of the
low-temperature chemistry during the reduction procedure. Laminar flame speed calculations of
the TRF1 mixture using the 10% comprehensive and high-temperature skeletal mechanisms are
also performed at atmospheric pressure and with an unburned mixture temperature of 450 K. The
results are are omitted here but both skeletal mechanisms show good agreement with the detailed
mechanism, with the largest error less than 4%.

3.2 HCCI validation

HCCI engine simulations are also performed with each of the skeletal mechanisms at two repre-
sentative conditions: 1) normal operation, with an input pressure of 1 atm and equivalence ratio
of 0.5, and 2) low-load idling operation, with an inlet pressure of 1.3 atm and equivalence ratio
of 0.12 [24]. In order to test the range of applicability of the skeletal mechanisms generated, a
different TRF mixture is used: 69/14/17% (by liq. volume) iso-octane/toluene/n-heptane, com-
parable to ON87 gasoline, from Gauthier et al. [25]. The ON of this mixture is close to that used
in the skeletal reduction so the ignition behavior should be similar. All skeletal mechanisms well
predict ignition, with the largest error in case 1 less than 4 CA degrees and case 2 less than 2 CA
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Figure 2: Mole fractions of n-heptane, iso-octane, toluene, and carbon monoxide near TDC for HCCI
simulations of representative normal operating and low-load (idle) conditions using the 10%
comprehensive skeletal mechanisms. The skeletal mechanism results are shifted so that the
point of ignition coincides with the detailed mechanism.

degrees. Only the 10% comprehensive skeletal mechanism predicts autoignition to an accuracy
under 1 CA degree. Representative results using this skeletal mechanism are shown in Fig. 2; the
mole fractions of the fuels and carbon monoxide are plotted against the crank angle (CA) near
top dead center (TDC). In both cases the fuel breakdown is well reproduced, and the CO profile
in case 1 is captured. However, noticeable error in the CO profile of case 2 is observed. While
the peak CO mole fraction is accurate to ~3%, the error in exit CO mole fraction is 26% which is
unacceptably large since predicting CO emissions is an important metric. It is not known whether
this error is due to the extremely lean mixture of this case (outside the range of conditions used
in the skeletal reduction) or the use of a different TRF mixture; further investigation is underway.

4 Conclusions

Skeletal mechanisms at varying levels of detail for a TRF mixtures are generated using DRG-
EPSA followed by further unimportant reaction elimination and validated using constant volume
autoignition, laminar flame propagation, and HCCI engine simulations. Some conclusions may be
drawn based on the results:

e The sizes of the skeletal mechanisms, even after multiple reduction phases and with generous
error limits, is still too large to be used in practical CFD simulations. Further reduction
strategies and/or dynamic reduction approaches still need to be employed.

e The skeletal mechanisms demonstrated here are able to predict ignition and fuel breakdown
in HCCI simulations. Tight error control (10%) is needed to capture ignition within 1 CA



degree. All the skeletal mechanisms capture the CO profile well for normal operating condi-
tions, but noticeable error in the post-ignition CO prediction occurs at very lean (equivalence
ratio 0.12) mixtures.
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