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Motivation (1)

* Develop necessary technologies to enable low
emissions combustion systems to be developed for
aero-propulsion engine applications.

* Develop and validate physics-based models to enable
quantitative emissions and performance predictions
using combustion modeling.

* Accurate prediction of fuel combustion and pollutant
emissions requires comprehensive detailed chemical
reaction mechanisms.
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Motivation (2)

« However, detailed mechanisms for hydrocarbons of
interest contain too many species/reactions and time
scales to be used 1n practical combustion simulations.

— Detailed mechanism for n-alkanes C¢-C, (Westbrook et al.
CNF 2009): 2115 species and 8157 reactions.

* Reduction of these large reaction mechanisms 1s needed.
— Construction of a skeletal mechanism

— Development of a reduced description based on the skeletal
mechanism.
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Skeletal Reduction Methods

Skeletal Reduction: removal of unimportant species and reactions to
reduce mechanism size

e Sensitivity analysis (Rabitz 1983, Turanyi 1990)
e (CSP (Valorani 2006, 2007; Prager 2009)
e Optimization (Bhattacharjee 2003, Oluwole 2006, Mitsos 2008)
e Level of importance (LOI) (Lovas 2009)
e Simulation error minimization connectivity method (SEM-CM) (Nagy 2009)
e Directed relation graph (DRG) (Lu 2005)
e DRG-aided sensitivity analysis (DRGASA) (Lu 2007)
e DRG with error propagation (DRGEP) (Pepiot-Desjardins 2008)
e Path Flux Analysis (PFA) (Sun 2009)
Current Approach:

» Directed Relation Graph with Error Propagation and Sensitivity Analysis
(DRGEPSA)
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Objectives

e Develop computationally efficient and robust suite for
automatic generation of skeletal and reduced mechanisms
at various levels of complexity with limited user input.

e Detailed description of skeletal reduction method
DRGEPSA.

e Demonstration of mechanism reduction capability using
detailed LLNL mechanisms of n-heptane, iso-octane, and
n-decane.

e Demonstration of validity of n-decane high-temperature
skeletal mechanism using autoignition, perfectly stirred
reactor, and laminar premixed flame simulations.
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Mechanism Automatic Reduction Software (MARS) — (1)
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Mechanism Automatic Reduction Software (MARS) — (2)
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Directed Relation Graph (DRG)

* Method used to develop skeletal mechanisms at

various levels of complexity.

* Graph theory-based method to 1dentify important
species for designated target species using a

normalized contribution value.

 Efficient method to 1dentify and eliminate

unimportant species.
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DRG/DRGASA Method (1)
* Coupling of species determined by
e normalized contribution to overall

* Directed arrow shows dependence of one
®\ @ species to another.
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DRG/DRGASA Method (2)

e Species B where 7,5 < gpr( 1s removed from the dependent set
for target species A (epgg 1S a small value, e.g. 0.1).

e Skeletal mechanism consists of set of dependent species for

designated target species (fuel, oxidizer, important pollutants,
etc) based on depth first search (DFS).

e Species with epr <7, <€* (e.g. 0.5) are then analyzed with
sensitivity analysis to produce a minimal skeletal mechanism for

a given error threshold.
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DRGEP Method (1)

« Extension of DRG considering error

i
‘Zl ”VA10)5
AB_
max PA,C)

propagation along species paths.

* Identifies more unimportant species for an
P, = Z max ((), v, a)i) equivalent error.

i=1,1 _ .
* Species B where R ,; < ggp 1s removed from

Cy= Z max (O’ ~ Vi a)i) the dependent set for target species A.

i=1,1

7 _ 1—_[ ” r 45, — Path-dependent interaction coefficient for path
A5, p S p between species A and B.
R 4 = max (I" ) R ;5 — Overall Interaction Coefficient (OIC)
all paths p ’
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DRGEP Method (2)

DRG: R,, =max [maX(VAB,rBD)9maX(rAC9rCD)9maX(rAC9rCE9rED )}

DRGEP: RAD :max[(rAB 'rBD))(rAC 'rCD)a(rAC "Te °rED):|

R, 1s the overall interaction coefficient of species D to

the target species A
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DRGEPSA Method (1)

 Sensitivity analysis (SA) included to eliminate more
unimportant species, but computationally expensive.

* By using DRGEP prior to SA phase, more species can be
removed than with DRGASA to produce a smaller final
mechanism for the same mechanism performance.

 DRGEP alone 1s insufficient because the relationship
between interaction coefficient and induced error in
global properties is unclear for some species, requiring
sensitivity analysis.
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DRGEPSA Method (2)

 DRGEP produces a preliminary skeletal mechanism.

— Removed species: R ;5 < €gp

* Species are classified into two categories based on overall
interaction coefficient:

— Limbo species: egp <Rz < €* (e.g. 0.2 - 0.4)
 analyzed with SA
— Retained species: R ;> €*

« retained in mechanism without analysis
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DRGEPSA Method (3)

* SA is performed by removing each species in the limbo
category one at a time and calculating the induced error.

* Species are arranged 1n order based on the differences
between induced errors and the error of the DRGEP
skeletal mechanism.

— Many species do not change the mechanism performance
compared to the DRGEP mechanism, so using induced errors
alone for ranking would be incorrect.

* The final skeletal mechanism 1s generated by removing

species one at a time 1n order until the resulting error
reaches the required tolerance level.
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DRGEPSA Reduction Capability Extended to
LLNL Mechanisms

* n-Heptane
— Detailed: 561 species and 2539 reactions
— Skeletal: 108 species and 406 reactions

* iso-Octane
— Detailed: 857 species and 3606 reactions
— Skeletal: 165 species and 779 reactions

* n-Decane
— Detailed: 2115 species and 8157 reactions (covering Cg-C, ()
— Skeletal: 202 species and 846 reactions

— High-temperature skeletal: 51 species and 256 reactions
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DRGEPSA Example (1)

Constant volume ignition of n-heptane: initial conditions 600—1600 K,
1-20 atm, and $=0.5—1.5 from detailed mechanism of Curran ef al. 1998:

— Maximum tolerable error: 30%

— Target species: n-heptane, oxygen, nitrogen, H-radical

Detailed | DRG | DRGEP | DRGASA | DRGEPSA

Species 561 211 173 153 108

Reactions 2539 | 1044 868 691 406

Maximum Error 21% 28% 24% 27%
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Ignition Delay, sec

Ignition Delay, sec

DRGEPSA Example (2)
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DRGEPSA Example (3)
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DRGEPSA Example (4)

Constant volume ignition of IS0-octane: initial conditions 600—1600 K,
1-20 atm, and $=0.5—1.5 from detailed mechanism of Curran et al. 2002:

— Maximum tolerable error: 30%

— Target species: iso-octane, oxygen, nitrogen, H-radical

Detailed | DRG | DRGEP | DRGASA | DRGEPSA

Species 857 275 232 211 165

Reactions 3606 722 1140 885 779

Maximum Error 13% 15% 26% 19%
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Ignition delay, sec

Ignition delay, sec

DRGEPSA Example (5)
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n-Decane Skeletal Mechanisms

* Two skeletal mechanisms generated from constant volume
autoignition N-decane from mechanism of Westbrook et al.
2009 (2115 species, 8157 reactions):

— Initial conditions: 600-1600 K, 1-20 atm, and ¢ = 0.5-1.5
(comprehensive mechanism)

 Skeletal mechanism: 202 species, 846 reactions

— Initial conditions: 1000-1300 K, 1.0 atm, and ¢ = 0.5—1.5 (high-
temperature mechanism)

 Skeletal mechanism: 51 species, 256 reactions

« Validation performed with autoignition, PSR, and
PREMIX.
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Ignition Delay, sec

Ignition Delay, sec

n-Decane Skeletal Mechanism: Autoignition Results (1)
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n-Decane Skeletal Mechanism: Autoignition Results (2)
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Temperature, K

Temperature, K

n-Decane Skeletal Mechanism: PSR Results
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n-Decane Skeletal Mechanism: PREMIX Results
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Summary

* By combining error propagation and sensitivity analysis,
DRGEPSA provides greater reduction of large mechanisms with
equivalent performance compared to the DRGASA and DRGEP
methods.

« DRGEPSA can be used to generate skeletal mechanisms to match
the performance of large reaction mechanisms in predicting
autoignition with acceptable error.

— By limiting the range of validity to that desired, skeletal
mechanisms for use in large-scale simulations can be developed.

— The n-decane high temperature skeletal mechanism shows good
performance in external validation (PSR, laminar flame speed)

* As one component of MARS package, DRGEPSA provides simple
and automated method to generate skeletal mechanism.
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