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1 | INTRODUCTION

Increasing oil prizes, the international CO, emission
reduction targets as well as legislation have led the energy
and transportation sectors to face an intricate and chal-
lenging situation where technological development is

Lars Seidel® | Fabian Mauss*

Abstract

A chemical species lumping approach for reduction of large hydrocarbons and
oxygenated fuels is presented. The methodology is based on an a priori analysis
of the Gibbs free energy of the isomer species which is then used as main criteria
for the evaluation of lumped group. Isomers with similar Gibbs free energy are
lumped assuming they present equal concentrations when applied to standard
reactor conditions. Unlike several lumping approaches found in literature, no
calculation results from the primary mechanism have been employed prior to the
application of our chemical lumping strategy. An 807 species and 7807 individ-
ual reactions detailed mechanism comprising n-decane, a-methylnaphthalene
and methyl decanoate has been used. The thermodynamic data have been ana-
lyzed and 74 isomer groups have been identified within the oxidation of n-decane
and methyl decanoate. The mechanism reduction has led to a mechanism size
of 463 species and 7600 reactions. Thereafter the lumped mechanism has been
checked under several reactor conditions and over a broad range of temperature,
pressure, and equivalence ratio in order to quantify the accuracy of the proposed
approach. In all cases, very good agreement between the predictions obtained
using the lumped and the detailed mechanism has been observed with an over-
all absolute error below 12%. Effects of the lumping procedure on sensitivities and
on isomer concentrations were considered to further demonstrate the validity of
the proposed approach.

KEYWORDS
chemical kinetics, chemical lumping, mechanism reduction

sharply constrained by environmental regulations. Com-
bustion of fossil fuels represents nowadays one of the main
sources of green-house gases and pollutant emissions and
it is therefore subject to more and more stringent emission
standards. Although the movement towards the genera-
tion of renewable energy has seen a tremendous growth
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in the last years, to supply future human energy demands
it is unlikely that fossil fuel combustion will lose the status
of major energy source for the decades to come. Because
of such scenario extensive research has been carried out
toward a deeper understanding of the chemical part of
combustion through the usage of advanced measurement
strategies and chemical kinetic modeling. Together with
experimental investigation, the importance of chemical
kinetics in reacting flows has been widely recognized."?
For this matter, the efficient incorporation of complex
reaction mechanisms in simulation studies represents one
of the main challenges faced by academic and industrial
combustion researchers. Typically, mechanisms that are
realistic and comprehensive consist of many species and
they frequently have vastly different time scales. The com-
bination of these two factors makes their simulation stiff
and computationally expensive. Hence there is the need to
reduce the size and stiffness of detailed mechanisms that
are developed, with minimum loss of chemical fidelity,
before they can be adopted for simulations, especially if
3D computational fluid dynamics (CFD) framework is
concerned. For many applications in fact, the complete
and accurate description of the oxidation system would
involve several thousands of transported scalars leading
to a prohibitive computational cost and a level of accu-
racy over-proportioned with respect to the phenomena of
interest.

Development of reliable systematic reduction methods
that require minimum user input is therefore necessary
and great advancements have been made on this topic
as broadly discussed by Tomlin et al.! and Lu and Law.’
The most straightforward strategy is to identify and explic-
itly remove species and reactions from the mechanism
that have a negligible contribution to the physical con-
ditions of interest. The resulting skeletal mechanisms,
usually of compact sizes, are then suitable for other tech-
niques introducing model assumptions to further reduce
the computational time. These techniques are mostly
based on time scale analysis, such as Quasi-Steady State
Assumption (QSSA),? Intrinsic Low-Dimensional Mani-
folds (ILDM),* or Computational Singular Perturbation
(CSP).> The present work relies on the method called
chemical lumping which consists of combining species
with similar properties. Since mechanisms of large hydro-
carbons typically involve large number of isomers, which
present similar thermal and transport properties, they
can be grouped into representative species, leading to a
noticeable reduction of the mechanism size.

Chemical lumping is usually adopted either as a pow-
erful modeling tool or a convenient reduction technique.
In pyrolysis for instance, the large number of molecules
in hydrocarbon feedstocks complicates dramatically the
development of comprehensive models. Among many
approaches, Nigam et al.® proposed to lump all molecules
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depending on the compound classes (i.e., normal, iso-
paraffins) while the pyrolysis reactions are classified into
four families (i.e., H atom abstraction, beta-scission). Rate
coefficients for both species and reaction lumping were
taken from available experimental data. In most of the
applications though, lumping is employed as a tool to
reduce the computational time needed to solve detailed
chemical models. A significant effort was done to estab-
lish a mathematical strategy to lump a system of ordinary
differential equations (ODEs).” As reported by Lu et al.”
the main aspects to be considered are firstly, the appro-
priate choice of the species to lump; secondly accurate
evaluation of the quantitative contribution of each iso-
mer species to its lump group. Several approaches that
use numerical simplifying assumptions can be found in
literature. For methane conversion, Huang et al.® pro-
posed to choose the lump groups by introducing numerical
criteria based on pre-calculated local concentrations and
rates of formation obtained using the detailed mecha-
nism. A similar procedure was outlined by Watson et al.”
for atmospheric chemistry mechanism reduction where
species were selected to maintain the chemical class, prior
imposing a chemical classification criterion.

For large hydrocarbon applications instead, where more
chemically meaningful assumptions are needed rather
than mere numerical consideration, the general trend for
the choice of the lump group is to identify species having
the same functional group and different distribution of
radical or oxygenated sites on the molecule; isomers as
such. For the estimation of the relative contribution of the
isomers within the lump group several approaches have
been published in the past. Such strategies are based either
on empirical correlations obtained through pre-calculated
reactor experiments'’; on imposition of the QSSA on the
primary mechanism''; on statistical information derived
from calculation performed using the primary mechanism
over a user defined range of conditions'?; on a general
set of conditions imposed to the primary mechanism."
With respect to the latter category, several strategies have
been focused on an accurate quantification of the isomer
contribution, and thus the estimation of the reaction rates,
of the lumped pseudo species. Ranzi et al.'” applied the
QSSA and evaluated the rate constants of the lumped
mechanism through least-square optimization of the
primary product selectivity over a given range of pressures
and temperatures. Their method also included lumping
of parallel reactions with the same reactants and the
stoichiometry of the products was estimated at a given
temperature using the detailed mechanism. Pepiot et al."®
proposed a different procedure based on calculated data
using the detailed mechanism over several sample points
of a user defined physical space. Statistical data on the
isomer contributions were gathered at each sample point
and were used to build fitting functions for the lumped
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TABLE 1 Typical commercial European fuels properties
Property Method Diesel RME
Density at 15°C (kg/m®) DINEN 12185 839.2 8833

DIN EN 3104 3.03 4.46
DIN EN 15195 51.6 55.6
DIN EN 590 42.55 38.23

Kinematic viscosity (mm?/s)
Cetane number (-)

Lower heating value (MJ/kg)

mechanism rates coefficient evaluation. Among other
authors, Chang et al.'* used the so-called decoupling
method for the reduction of a multi-component mecha-
nisms for Diesel combustion. This method assumes that,
even for large species (i.e., n-decane or iso-octane), the
main combustion characteristics are largely influenced
by the small radicals (often included as the Cy_ C, part
of the kinetic scheme). Hence, the oxidation of the large
molecules is heavily simplified while the small molecule
chemistry is described in detail. Wang et al."> applied
and validated the decoupling method on the modeling of
jet-fuel combustion. A small set of lumped reactions was
defined and calibrated with the help of experimental data
and appended to a detailed base chemistry scheme.

All these procedures showed very good agreement
between lumped and detailed mechanism model predic-
tions for the considered set of test cases. However, the men-
tioned methodologies also rely on either expert knowledge
for the formulation of the lumped species/reactions, or on
large sets of experimental/statistical data to be computed
prior the mechanism reduction process. The method pro-
posed in this work aims to define a set of assumptions for
isomers’ lumping, which are based exclusively on known
properties of the detailed mechanism. In the following
sections a short overview of the chemical kinetic scheme
adopted will be given together with a detailed explanation
of the proposed lumping methodology. The quality of the
results obtained using the derived lumped mechanism will
be assessed under different reactor configurations.

2 | CHEMICAL MODEL

The main surrogate fuel components were chosen to
match both European Diesel and Rapeseed Methyl Esther
(RME) properties. Cetane number and lower heating
value of the commercial fuels listed in Table 1 have been
considered, among other properties, as main targets to be
matched by the modeled surrogate fuel mixtures. One of
the surrogate fuel models typically considered to simulate
commercial Diesel is a blend of n-decane and a-methyl
naphthalene respectively in 70% and 30% on a volume
base. Such a mixture has been chosen according to average
European Diesel composition by means of n-alkanes and
aromatic contents and it has been presented in several
papers.'®'® To simulate RME behavior instead, a methyl
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decanoate (MD) reaction mechanism was considered.
Many chemical kinetic studies in the last years proposed
methyl decanoate as the most suitable surrogate fuel for
biodiesel so far.'' In terms of ignition behavior and
pollutants formation this component presented similar
performance to those of biodiesel fuels such as RME."”
The generation of the chemical reaction mechanism
was performed using the procedure described in Refs. 20
and 21 In the first step, the detailed mechanisms for n-
decane and methyl decanoate were generated. The C; to Cg
chemistry was taken from Schenk et al.”’ A wide range of
reactor simulations was performed to validate the perfor-
mance of the single component kinetics and the combined
model was validated.' The thermodynamic data of the
n-decane mechanism were taken from Westbrook et al.'®
The thermodynamic data for species within the methyl
decanoate mechanism are taken from Ref. 17 The transport
data are taken from our in-house data base and literature
study."” As a final step, the n-decane — methyl decanoate
mechanism was compiled with a sub-mechanism for
a-methylnaphthalene (see" for details). The detailed reac-
tion mechanism used for the present work is a detailed
n-decane, a-methyl naphthalene and methyl decanoate
mechanism with 807 species and 7807 reactions.

3 | LUMPING STRATEGY
As mentioned in Section 1, chemical lumping is a use-
ful reduction strategy for large hydrocarbons thanks to
the presence of many isomers. In general, it is achieved
through grouping correlated species such that the number
of variables described by differential equations is reduced.
Furthermore, since species lumping can result in the
same reaction step appearing several times the CHEMKIN
duplicate statement was used in the lumped mechanism
to include the same reaction step. Hence, the computa-
tional cost induced by Jacobian operations and diffusion
is reduced.” In addition to the reduced system complexity,
preservation of the important features of the full scheme,
such as main reaction pathways, must be guaranteed. As
reported by Lu et al.”? lumping has indeed a high potential
to keep the comprehensiveness of the source mechanism
because it is based on the molecular properties of the
species which are valid over a broad range of conditions.
In the present article an automatic isomer lumping
procedure is proposed, based on an a priori analysis of the
thermo data of the detailed scheme. As reported by Tomlin
et al.! it is quite tough, in principle, to find globally valid
a priori assumptions for an automatic lumping procedure
due to the highly non-linear nature of chemically reactive
systems. With respect to the oxidation of the Diesel and
biodiesel surrogate fuels introduced in Section 2, it is
explored herein to what extent chemical reaction schemes
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can be reduced with thermodynamically driven linear
chemical lumping, while keeping an acceptable loss of
accuracy. The two main goals are, on the one hand to build
an automatic procedure that can be easily implemented
in mechanism generators. On the other hand, to build
a mechanism reduction procedure that is independent
of simulation data to be gathered using the detailed
mechanism. A successful attempt in this direction has
been recently proposed by Heberle et al.?> Their proce-
dure allows to automatically identify, and subsequently
lump species belonging to the high temperature fuel
decomposition pathways. The method in ref. 22 relies on
a reference database for the sub-mechanism identification
as well as on an optimization driven fitting procedure to
determine the reaction rates of the lumped scheme. The
present work aims to be applicable to both high and low
temperature pathways. The detailed mechanism on which
the technique has been applied was compiled using classi-
fication of reactions classes as proposed by Curran et al.?
A concise description of the reaction classes described in
ref. 23 are presented in Table 2 for better readability. In
this work we only focus on the lumping method and not
on the compilation of the detailed mechanism, which was
published in ref. 19.

31 |
group

Construction of the isomers’ lump

As a first step the Gibbs free energies of all species of each
isomer class within methyl decanoate and n-decane mech-
anism were assessed and compared to each other. The
minimum relative difference in Gibbs free energy, eval-
uated across the full temperature range (in most cases:
300-3000 K) of the thermodynamic data, was considered
as the main constrain to decide whether to include each
isomer in the lumped pseudo-species. In other words, iso-
mers which showed very small differences in Gibbs free
energy (less than 1kJ everywhere over the full temperature
range) were selected to be part of the lump group under
the assumption that they would present equal concentra-
tions. In the initial phase of the algorithm development
a systematic study (using 1 kJ, 5 kJ, 10 kJ, and 20 kJ)
was performed to identify the Gibbs free energy A that
delivered the most reasonable list of isomer species to be
lumped. For values higher than 1 kJ, it was noticed that
the algorithm suggested to lump species with significantly
different molecular structure and oxidation pathways. The
1 kJ value for the Gibbs free energy A was used also in
other publications.?*?> To verify the validity of this tech-
nique, several constant volume reactor calculations were
performed, and isomer concentrations were analyzed. A
representative outcome of the outlined thermo data anal-
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TABLE 2 Summary of the reaction classes taken used to
compile the detailed model' as initially proposed in Ref. 23

Reaction

class Description

1 Unimolecular fuel decomposition

2 H-atom abstraction from the fuel

3 Alkyl radical decomposition

4 Alkyl radical + O, to produce olefin +
HO,directly

5 Alkyl radical isomerization

6 Abstraction reactions from olefin by OH, H, O,
and CH,

7 Addition of radical species to olefin

Alkenyl radical decomposition

9 Olefin decomposition

10 Addition of alkyl radicals to O,

11 R+R O,=RO+RO

12 Alkyl peroxy radical isomerization RO, = QOOH

13 RO, + H O, = RO,H + 0,

14 RO, + H, 0, = RO,H + HO,

15 RO, 4+ CH; 0, =RO + CH; + 0,

16 RO, +R 0,=RO+R'O+0,

17 RO,H = RO + OH

18 RO decomposition

19 QOOH = QO + OH cyclic ether formation via
cyclization of diradical

20 QOOH = olefin + HO, (Radical site  to OOH
group)

21 QOOH = olefin + carbonyl + OH (Radical site ¥
to OOH group)

22 Addition of QOOH to O,

23 Isomerization of 0,QOOH and formation of
ketohydroperoxide and OH

24 Decomposition of ketohydroperoxide to form
oxygenated radical species and OH

25 Cyclic ether reactions with OH and HO,

ysis and its verification is shown in Figure 1. For both
n-decane and methyl decanoate, the Gibbs free energy
analysis for radical species formed in reaction class 1
(left side chart) and isomers concentration obtained under
constant volume reactor conditions at 800 K, 1 bar and sto-
ichiometric conditions (right side chart) are presented. A
schematic flow analysis with net carbon fluxes of the iso-
mers for the mentioned reactor conditions is also shown.
Considerable differences in Gibbs free energy were noticed
between isomers having radical site in a primary position
and those in secondary.

Such dependency analysis schematically summarized
in Figure 1, was conducted for isomers species formed in
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classes 1, 11, 12, 13. and 18 for all species with five car-
bons or more. The overall trend for n-decane and methyl
decanoate revealed that isomers with either the radical site
or the functional group at a primary site show visibly lower
concentrations compared to radicals with functions or rad-
ical site at the secondary position (see right side charts
in Figure 1). Two types of lumped species were therefore
introduced to describe the oxidation process. The species
are labeled with the prefix LP- for primary and LS- for sec-
ondary species with respect to the positions of the radical
site or the functional group. With respect to the methyl
decanoate analysis only, it is important to underline the fol-
lowing findings: for all isomers’ classes assessed, the Gibbs
free energy of the species having radical site on position
“2” and at the carbonyl group differs overall by 3-4 order
of magnitudes compared to isomers having radical site in
the primary or secondary position. This agrees with the
strong differences in concentrations observed when simu-
lating the mechanism under 0-D constant volume reactor
conditions (see right-side chart in Figure 1A). Isomers hav-
ing radical site in position “2” and “m” were therefore
excluded from the lumped pseudo-species.

As an additional a priori assumption, a special excep-
tion was introduced for reaction class 12 where QOOH is
formed by peroxyl radical isomerization via a 5, 6, 7, or 8
membered rings. As discussed by Ahmed et al.?® the result-
ing four species and their subsequent oxidation reactions
describe the main low temperature reaction paths and are
treated separately. Each path consists of the reactions of
the primary and secondary isomers which are described
above. If the ring size is not taken into account properly, the
linear lumping of all QOOH species results in a complete
reorganization of the low temperature reaction pathways.
The new lumping order is based on the number of C atoms
between the radical position and the OOH group (which
is directly correlated to the ring size of the transition state
when QOOH is formed) after the first internal H-atom
abstraction replacing all C;H;,OOH isomers in the detailed
scheme. Such assumption was found to be necessary since
the Gibbs free energy-based assessment showed almost
no differences and hence suggesting lumping the whole
group. During the validation process however, it was noted
that lumping of all the C;H;,OOH isomers had a strong
impact on the mechanism performance in comparison to
the detailed scheme. Hence, a lumping strategy based on
the ring size was adopted for the hydro-peroxide isomers to
improve mechanism accuracy. Such assumption was con-
sidered viable after analyzing species sensitivity towards
temperature under several constant volume reactor con-
ditions. In LOGEresearch,”’ the sensitivity analysis is a
representation of a simultaneous reaction flow and sen-
sitivity analysis. Sensitivities are transported through the
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mechanism in the sense that a species is rated according
to its own importance and its involvement in the pro-
duction or consumption of important species. The species
sensitivity, defined for each species, represents the species’
sensitivity towards a chosen parameter, and is the sum of
the reaction sensitivities in which the species participates.
A detailed explanation on how the sensitivity is calculated
can be found in ref. 28.

In Figure 2 sample results from a sensitivity analysis
towards temperature for the class 12 species is shown. It
can be seen that isomers having the same ring size, show
very close sensitivities.

If one compares the sensitivity levels of isomers hav-
ing different ring sizes, larger differences can be seen
(i.e., species in Figure 2A against species in Figure 2B). It
was found that also for reaction mechanisms from other
groups”’ the ring size-based lumping is necessary (see also
discussions in chapter 10.3 in refs. 24 and 25).

The combination of the described methodologies led to
the identification of 74 representative isomers. More in
detail, 110 species were lumped in the n-decane part of the
mechanism and 232 species in the methyl-decanoate part.
An additional 76 species were lumped in the base chem-
istry part of the mechanism. In total 418 species from the
detailed mechanism (807 species and 7807 reactions) were
lumped into 74 pseudo-species leading to a final size of the
lumped mechanism of 463 species and 7600 reactions.

3.2 | Calculation of lumped species rate
coefficients

Once the isomers to be included in the group were evalu-
ated, a linear lumping approach was applied. All selected
isomers lumped to one species were assumed to have
equal concentrations. The resulting rate coefficients were
weighted by the rates for the lumped isomers and the
numbers of reactants and products in the reaction equa-
tion. If isomers with different thermodynamic data were
lumped, these differences were considered in the formu-
lation of the calculated rate coefficients of the backward
reactions. In the lumped scheme the total backward reac-
tion is described as the sum of the duplicate reactions with
the different backward rate coefficients of the former iso-
meric species. Once one lumped species is introduced, the
chemical source term w; for the differential equation is
transformed from a single species j, via the isomers 1 to the
lumped species as follows:

Sz Ns
wj = ; (vj,kH<cl.“k>kk) D
-1 i=1
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with Ny denoting the number of reactions, Ng the total
number of species, N; the number of species lumped to L,
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Equation (4) therefore reads as:

Ny N; U/
! i,
@L = 2 ULk H(Ci ki ©)
k=1 i=1
where v;k = v, for i = L. Further lumping of species

transforms the source term sequentially in this manner.

With respect to the thermodynamic properties, the
lumped pseudo-species are given as polynomials based
on the average of those of the species involved in the
lumping group. Specifically, each of the NASA polynomial
coefficients, for both high and low temperature, was lin-
early averaged over the chosen lumped isomers. No addi-
tional refitting procedure was performed for the lumped
species. Such averaging strategy for the NASA polyno-
mials provides reasonable results primarily because the
thermodynamic data for the isomers were compiled from
the same source using the same approach (i.e., Benson
rules) and the same way to calculate the NASA coefficients
(i.e., LU-decomposition). However, to further improve the
applicability of the method, a more advanced strategy
could be implemented in future studies, where the average
thermodynamic properties (i.e., enthalpy, heat capacity)
are computed first and then a new set of polynomial
coefficients is refitted for the pseudo-species.

An exemplary calculation of the rate coefficient is pre-
sented for a lumping step where all the secondary fuel
radicals (C;oHy;-R2, C;oHy;-R3, CoH,; -R4, and CyH,;-R5)
are represented by the pseudo-species LS-C;oH,;. For a
reaction where the secondary fuel radical is on the right-
hand side the rate coefficients in the detailed mechanism
in standard format (A n Ea) is given as:

H—C10H22 +H

=CyH,R2+H, 9.80E7 200 5.002E3 (10)

Since C,oH;R2 is a product, the concentration of the
pseudo-species will have no impact on the resulting
forward rate. For the reverse reaction however (C;oH,;R2
+ H, = n-C;yH,, + H), the reaction rate depends on the
concentration of C;oH, R2. Since we represented four iso-
mer species via LS-C;oH,;, the concentration is assumed
to be four times as high, therefore the reverse rate needs
to be given explicitly while the A factor must be divided
by the number of species in the lumped group (four in this
case). This single reaction is not in equilibrium anymore.
Hence this reaction in the lumped mechanism in standard
format reads as:

n—CyoH,, + H
=LS—CyoH,; +H, 9.80E7 2.00 5002.00

REV/ 1.727879E2 2.97 9831.29 /DUPLICATE

ey
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The reverse rate of the detailed mechanism can be
calculated from the thermodynamic properties and the for-
ward rate. The DUPLICATE statement is necessary since
in the detailed mechanism also the products C;oH,;-R3,
CioH-R4, and C,oH,;-R5 exist. This results in the same
elementary reactions as stated in Equation (11) four times
in total. These reactions can have different rate coeffi-
cients, though. Should the species to be lumped be on the
left-hand side, the reverse rate is not affected, while the for-
ward rate needs to be divided by the number of isomers
in the lumped group instead. The procedure described
above, is executed as a series of lumping steps where the
rate coefficients for a newly introduced pseudo-species are
calculated one after the other. The order in which each
pseudo-species is introduced does not impact the final
mechanism.

4 | RESULTS AND DISCUSSION

To illustrate the effect of lumping on the reaction flow
the simulation results of several combustion systems using
both the detailed (803 species 7807 reactions) and the
lumped mechanism (463 species 7600 reactions) are com-
pared. Both reactions schemes and a list of identified
isomers with its representative lumped species can be
found in the supplementary material. All presented sim-
ulations have been performed using LOGEresearch 1.10.’
In the following paragraphs the results are discussed and
sorted by reactor setups.

4.1 | Constant volume reactor

Modeling of auto ignition was carried out assuming
constant-volume and homogeneous adiabatic condi-
tions. The predicted ignition delay was determined by the
evaluation of the maximum temperature gradient. To com-
prehensively verify the effect of the lumping procedure on
the mechanism performance, single fuel calculations were
performed separately and a mixture including all three
components was tested as well. The motivation behind
the choice of the mixture, comprising 0.71 n-decane -
0.23 a-methylnaphthalene - 0.06 methyl decanoate in
mole fraction, was on the one hand side done based on
the current legislation for European Diesel by means of
aromatic/biodiesel content allowed. On the other hand,
the authors wanted to monitor potential influences of
the lumping on the fuel-fuel interactions and therefore
a blend, which is labeled as “European Diesel model” in
the following sections, was widely studied. In Figure 3
comparisons between ignition delay times predictions
obtained using detailed and lumped mechanisms are
presented for all sets of gas compositions considered. Very
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good agreement was found between detailed and lumped
mechanism predictions at stoichiometric conditions.

However, as logarithmic plots are misleading in estimat-
ing error levels, Figure 4 shows the relative ignition delay
time prediction differences in percentage between detailed
and lumped mechanism on a linear scale for various pres-
sure and equivalence ratios. Each chart row in Figure 4
is obtained for a different fuel labeled as A), B) and C),
or fuel mixture D). To cover most of the typical light-duty
Diesel engine’s combustion regimes, errors were assessed
for a pressure varying between 1 and 120 bar, equivalence
ratio between 0.5 and 3.0. It is noteworthy to mention that
in Figure 4 negative error means under prediction of the
ignition delay, with reference to the detailed mechanism
simulation results, and vice versa.

Good agreement is found for all conditions with an
overall average error within + 10%. To the authors’ opin-
ion, the results in in Figure 4A may suggest that the

proposed methodology to treat the lumped species rate
coefficients (outlined in Section 3.2) can be successfully
applied to straight chain hydrocarbons, with an acceptable
loss in accuracy. Especially in the NTC region the lumped
mechanism showed negligible deviations from the predic-
tions with the detailed mechanism. The current results,
and those in reference,? are in contradiction with those
obtained by Pepiot et al.'”* where a comparison between
different methodologies to evaluate the reaction rates of
the lumped species is presented. In ref. 13 it is shown
that when assuming equal repartition of the reaction rates
for n-heptane isomers, considerable errors (over 200%)
in ignition delay prediction were obtained. This finding
underlines the fact that the correct choice of the isomers
to include in the lumped group is essential and should be
carefully selected.

With reference to Figure 4B, no errors were noticed
when pure a-methylnaphthalene is used. Such results
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were expected as the lumping procedure did not involve
any species belonging to the aromatic oxidation path-
ways. As previously mentioned, such test was of high
importance to verify whether the lumping of a multi-
component mixture influenced the other fuels or not.
As for the methyl decanoate part instead (Figure 4C)
higher deviations (absolute maximum = 21% at T = 800 K,

and ¢ = 2.0) were found just at 1 bar. For this matter,
a deeper investigation was carried out, to explore the
validity of the assumptions made on the calculation of the
lumped species rate-coefficients. As compactly shown in
Figure 5, several 0-D constant volume reactor calculations
were performed between 1 and 4 bar at rich conditions
(¢ = 2.0) in order to compare isomers’ concentration
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profiles between lumped and detailed mechanism. Iso-
mer’s species profiles were compared at 800 K since it was
the condition where the lumped mechanism showed the
lowest accuracy. Figure 5C and D show that concentration
profiles of the single isomers differs much more than those
at pressures of 4 bar. Since the proposed methodology
relies on the assumption of equal concentration of the
lumped species and therefore on equal distributed rates,
higher deviations are expected compared to the detailed
mechanism. In addition, the non-symmetry of the methyl
decanoate molecule might also play a significant role
and explain why such behavior was not noticed for
n-decane.

To check also whether the lumping strategy influenced
anyhow the fuel-fuel interactions, the previously men-
tioned European Diesel model was tested (see Figure 4D).
Overall, the lumping approach did not show to affect the

mechanism performance over the full range of operating
conditions assessed for the three component blend.

A sensitivity analysis at 750 and 950 K, in a similar man-
ner as applied to the n-heptane mechanism from Curran
et al.,”® for both the detailed and the lumped mechanism
was performed. The main focus was on low-medium tem-
perature kinetics of the European Diesel model. Hence,
reactions belonging to classes 1-25 of n-decane and methyl
decanoate part were assumed to be of major importance
for the reactivity at low and medium temperature. The for-
ward rate coefficients of these reactions were multiplied
by a factor of two and the relative change in the igni-
tion delay times was compared. Thus, negative sensitivity
coefficient means that the overall rate of fuel oxidation is
enhanced by the examined reaction. The sensitivity coeffi-
cients were calculated at two different mixture conditions
(@ = 1.0 and 2.0) and two different pressures between the
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detailed and lumped mechanism (p = 13 and 50 bar). All
the investigated sensitivities at the mentioned conditions
are displayed in Figure 6.

Overall, very similar levels of sensitivities were found.
The comparison of the sensitivities of reaction classes for
the detailed and lumped mechanisms is a direct test on
how the reactivity of the kinetic scheme is affected by the
reorganization of the reaction mechanism. Only negligible
deviations were found for main sensitive reaction classes
demonstrating that not only the overall reactivity but also
the class reactivities are maintained after the reduction
process. The conclusion of these findings is that the struc-
ture of the reorganized mechanism is not influenced by
the kinetic assumptions for reaction rates proposed in this
paper. In terms of CPU time a speed-up factor of 1.75
was noted on a single core (Intel i7-7600U from the year
2017) when comparing detailed and lumped mechanisms
computational performances.

4.2 | Perfectly stirred reactor

Another common reactor condition suitable to analyze
fuel oxidation is the perfectly stirred reactor. A stirred reac-
tor with a constant in and out stream can be operated
under steady state conditions which are characterized by
a constant mean residence time of the reactants and a con-
stant composition of the out-stream mixture. This reactor
type is determined by many different boundary conditions
compared to constant volume reactors. Therefore, an addi-
tional test of lumped mechanism predictions against those
from the detailed mechanism is very useful to validate
the reduction methodology and assess the comprehensive-
ness of the lumped mechanism. Reference conditions to
set up the calculations were chosen based on the experi-
ments performed by Dagaut et al.>* for pure n-decane. In
Figure 7 the comparisons between detailed and lumped
mechanisms in terms of absolute predicted species con-
centration (left side charts) and relative percentage error
between the two simulations (right side charts) are shown
using the European Diesel mixture. In accordance with
the convention adopted for the ignition delay error maps
(see Figure 4), also in Figure 7 negative error percentage
means an under prediction, with reference to the detailed
mechanism simulation result, and vice versa. The reactor
conditions refer to an n-decane-air mixture at 10 atmo-
spheres with temperatures varying from 550 to 1050 K.
Only the major species concentration profiles are included
in Figure 7. Overall, the lumped mechanism shows negli-
gible deviations from the detailed one. As seen for the auto
ignition simulation, higher deviations are visible at low
temperature where termination reactions are dominant. It
is noteworthy to mention that the largest deviations are
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found where species concentrations are very low (below
mole fractions le-6) and therefore the error levels on a
linear scale become more visible. However, the absolute
error between lumped and detailed mechanism predic-
tions was found to be below 20% over the full range of
tested conditions.

4.3 | Stochastic reactor engine model
The detailed and the lumped mechanism were further
tested within a direct injected Diesel engine simulation
framework. For these calculations, a 0-D Direct Injec-
tion Stochastic Reactor Model (DI-SRM) was applied. The
0D DI-SRM is a probability density function (PDF) based
method for modeling physical and chemical processes
occurring in an engine cylinder. It is capable to model
effects of inhomogeneities in the gas phase in the com-
bustion chamber due to fuel injection, air-fuel mixing, and
heat transfer. The DI-SRM also allows the usage of detailed
chemical models to simulate fuel oxidation and emissions
formation. A more detailed description of the engine mod-
eling framework and several successful model applications
can be found in literature. -3

The simulation setup was prepared based on the exper-
iments found in ref. 32 where combustion of commercial
Diesel fuel was examined on a direct injected research
engine at one operating condition: 1500 rpm and 7.4 bar
Indicated Mean Effective Pressure (IMEP). Simulations
were carried out for the closed part of the engine cycle:
between -133 Crank Angle Degree (CAD) and 133 CAD
after top dead center. The previously mentioned European
Diesel model was used for both detailed and lumped mech-
anisms simulations. To isolate the effects of the chemical
schemes the entire set of DI-SRM model parameters was
kept the same as in ref. 32 Figure 8 shows the compari-
son between detailed and lumped mechanisms predictions
in terms of in-cylinder pressure and Rate of Heat Release
(ROHR) histories. Relative errors between detailed and
lumped mechanisms predictions are also presented over
crank angle degree to better quantify the accuracy of the
lumping methodology. In agreement with the trends seen
when simulating fundamental chemical reactor systems,
negligible performance differences were noticed between
detailed and lumped mechanisms. The location, on a crank
angle basis, and the maximum value of pressure is almost
perfectly captured by the lumped mechanism. With ref-
erence to the percentage errors over the engine cycle,
fluctuations have been noticed with respect to the detailed
and lumped mechanisms predictions. Although the error
remains in an acceptable range (+ 5% from the detailed
solution), it is important to remind that due to the stochas-
tic nature of the DI-SRM it is expectable to notice a small
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FIGURE 6 Sensitivity coefficients for ignition delays, mixture of 0.71 n-decane — 0.23 For Peer Reviewa-methylnaphthalene - 0.06
methyl decanoate at T = 750, 950 K and ¢ = 1.0, 2.0
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variation in the final results. The reported predictions rep-
resent the average over 50 consecutive simulated engine
cycles.

However, the overall lumped model performances
proved to be of high accuracy with reference to the detailed
mechanism even under more engineering related test cases
using a multi-component mixture.

4.4 | Freely propagating flame

The simulation of laminar flame speed was also consid-
ered as a critical test case for both the detailed and the
lumped mechanism. The motivation was to check the
validity of the reduction approach for a different com-
bustion process at much higher temperatures and for a
diffusion driven problem. In this last subsection a com-
parison between detailed and lumped mechanism laminar
flame speed predictions are presented. Typical conditions
used for laminar flame speed measurements, such as those
adopted by Egolfopoulos et al.,** were taken as reference
to setup the simulations. In the cited references, n-decane
- air mixtures at 1 atmosphere were measured at several
cold side temperatures. In the presented simulation results
though, gas composition was assumed to be European
Diesel model, whereas initial conditions have been fixed
according to the mentioned experimental setups. Since
assessment of the error related to the reduction strategy
was the main concern of the present work, the gas compo-
sition was chosen to consider all the main fuel components
included in the detailed mechanism adopted. In Figure 9
comparisons are given between predicted laminar flame

speeds using detailed and lumped mechanisms at sev-
eral conditions. At the right side of Figure 9 the relative
error in percentage between the two considered chemical
schemes is also shown. Almost no differences were noticed
between the two mechanism performances. Such results
were expected considering the very good trends noticed
already for auto ignition results at high temperatures.

To explore also in the 1-D setup under consideration how
much the reduction strategy discriminates the mechanism
reactivity, a sensitivity analysis has been performed for the
flame speeds at p = 1 bar, stoichiometric and fuel rich
conditions (¢ = 1.0, 1.3). Results are presented in Figure 10.

5 | CONCLUSIONS

A chemical lumping method based on a priori thermody-
namic data analysis has been proposed. It was applied to
the reduction of a large three component reaction mech-
anism where each isomer group was replaced with one
single representative lumped pseudo species. The choice
of isomers was based on their Gibbs free energy val-
ues and the rate coefficients of the resulting lump group
were assigned assuming equal repartition. With respect to
isomers belonging to class 12, an additional assumption,
based on the ring structure has been imposed to improve
mechanism accuracy under low temperature combustion
regimes.

The lumped reaction mechanism was extensively tested
and compared to the detailed mechanism for a variety of
0-D and 1-D combustion systems and found to be in accept-
able agreement with the detailed mechanism solutions.
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Even in the very sensitive NTC region, typical of low
temperature ignition of large alkane and oxygenated fuel
molecules, the lumped mechanism showed to be overall
never beyond 12% of the accuracy of detailed mechanism
predictions. Regarding the applicability of the methodol-
ogy in general purpose mechanism reduction tools, both
the Gibbs free energy assessment and the ring size-based
lumping assumption, can be easily implemented in reduc-
tion codes if the molecule structure is known. However, in
many published mechanisms it is not straight forward to
derive molecule structure and functional group just based
on the species naming. Given the current Chemkin format,
there is no dedicated section, or parameter that allows the
user to get the position of the functional groups in each iso-
mer. On the other hand, it must be noted that the quality of

the thermodynamic data used for each isomer plays a cru-
cial role. Potentially, a more accurate set of thermodynamic
data may make the additional ring-size based assumption
not necessary and hence remove the dependency of the
method on the molecule structure information.

Nevertheless, considering that the present methodol-
ogy aimed to be implemented as a sequential step to
be done right after the detailed mechanism generation
step, where information on the molecule structures is
implicitly known, it was considered acceptable. Further-
more, the resulting mechanism gives an advantageous
starting point for additional model reduction by species
removal techniques. Since the main oxidation pathways
are largely condensed, an easier distinction of “important”
from “unimportant” species is allowed.
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