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1. Introduction

Detailed reaction mechanisms of practical fuels provide accu-
rate predictions of the combustion process over wide ranges of
temperature, pressure and compositions. For large hydrocarbons,
the detailed description typically includes hundreds of species par-
ticipating in thousands of elementary chemical reactions. Incorpo-
rating such a detailed reaction mechanism into multidimensional
simulations is practically impossible. In addition to the large
number of variables, discretization of the spatial terms and the
disparate time scales result in excessively large systems of stiff
nonlinear ordinary differential equations (ODEs). Reactive flow
simulations using detailed reaction mechanisms have demon-
strated that a significant part of the total computational cost is
spent in solving the stiff ODEs for species with negligible concen-
tration [1]. Different methods for reducing the computational cost
have been proposed in the literature. A brief overview of the
reduction approaches is presented below while more detailed
descriptions can be found in recent reviews [2-4].

The solution storage/retrieval approaches are based on the
tabulation of frequently visited states during the simulation. The
quantities are stored only for the accessible regions of the chemi-
cally admissible space. The in situ Adaptive Tabulation (ISAT) [5],
Piecewise Reusable Implementation (PRISM) [6] and orthogonal
polynomials storage method [7] belong to this category.

Other methods are based on the decomposition of motion in
phase space into fast and slow. Various methods are used to find
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an accurate description of the slow subsystem which dominates
the long-time behavior. The group of species associated with the
fast timescales can then be represented (usually implicitly) as
functions of the species associated with the slow subspace. The
Quasi Steady State Approximation (QSSA) and the Partial Equilib-
rium Assumption (PEA) are two well known classical methods for
this purpose [8]. The Computational Singular Perturbation (CSP)
[9], Intrinsic Low Dimensional Manifold (ILDM) [10] and Method
of Invariant Manifold (MIM) [11] were proposed based on the
dynamical systems point of view for model reduction which stems
from the attractive low dimensional Slow Invariant Manifold (SIM)
concept. In the resulting reduced schemes the differential equa-
tions for the fast-evolving species are replaced by systems of alge-
braic equations or tables, and the reduced system is significantly
less stiff than the original set of equations. Although simplified
models obtained by reduction techniques can reduce the computa-
tional cost, retaining maximum fidelity to the underlying non-lin-
ear dynamical system is not possible when the fast and slow time
scales are not sufficiently decoupled. For example, in the case of
oscillatory dynamics, reduced model based on QSSA have been
shown to miss the bifurcation type (sub- vs. supercritical) and sig-
nificantly modify the amplitude of the limit cycle [12]. In addition,
there can still be a significant computational cost associated with
the solution of the typically non-linear system of algebraic equa-
tions and/or the retrieval of information from the tables. For large
reaction mechanisms, unimportant species and reactions should
therefore be eliminated prior to using reduction methods based
on time scale analysis [13].

The third group of methods introduces skeletal reduction tech-
niques. The skeletal mechanism can be generated by eliminating
reactions and/or species [1,14]. Elimination of unimportant reac-
tions can be performed using, for example, sensitivity analysis
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[15], the importance index of CSP [16], Principal Component Anal-
ysis (PCA) [17] or optimization-based methods [18,19]. Due to
their nonlinear coupling, the direct elimination of species is more
challenging. CSP [16,20-23], Directed Relation Graph (DRG)
[13,24-27], DRG with Error Propagation (DRGEP) [28,29], DRG-
Aided Sensitivity Analysis (DRGASA) [30,31], Transport Flux-Based
DRG (TFBDRG) [32], Path Flux Analysis (PFA) [33,34] and necessity
analysis [35] have been employed for species elimination. In addi-
tion, species with similar thermal and transport properties and dif-
fusivities can be lumped together to further reduce the size of the
skeletal mechanism [36-38]. Selecting important species during
the simulation (on the fly model reduction) is also possible as pro-
posed for example by the Dynamic Adaptive Chemistry (DAC)
reduction method [39,40]. The aforementioned methods can be
combined with storage/retrieval approaches [41].

For large mechanisms, approaches which select species based
on the slow/fast decomposition bear heavy computational cost be-
cause of the timescale analysis of the Jacobian matrix of the asso-
ciated large system of ODEs. On the other hand, QSSA, PEA and
sensitivity analysis require additionally mechanism-dependent
knowledge. The methods which are based on the graph structure
relation between species sometimes need a careful a priori choice
of the group of target species [39].

In addition to timescale analysis, thermodynamic properties of
the system have been used to determine low dimensional mani-
folds. The Rate Controlled Constrained Equilibrium (RCCE) is based
on the second law and assumes that the system state evolves
through a sequence of constrained-equilibrium (or quasi-equilib-
rium) states, which are obtained by maximizing entropy subject
to a small number of constraints imposed by certain classes of
rate-controlling reactions [42,43]. It has been shown that in some
cases the RCCE manifold results in large errors in the evolution of
the reduced system in comparison with the detailed description,
particularly for species with small concentration [44]. Entropy pro-
duction has also been used for the slow/fast timescale decomposi-
tion of dynamics and construction of the SIM. In particular, the
closest to the equilibrium trajectory known as Minimal Entropy
Production Trajectory (MEPT) was considered as the SIM [45]. As
it was shown in [46], however, low dimensional manifolds result-
ing from methods employing classical thermodynamic functions
can only approximate the actual SIM. Nevertheless, in the scope
of chemical kinetics, important reactions in different regions of
composition space can be characterized by the local entropy pro-
duction [47,48].

In the present study, the relative contribution of elementary
reactions in the total entropy production is proposed as a criterion
for the construction of accurate skeletal reaction mechanisms. The
important reactions are identified based on their relative contribu-
tion to the total entropy production being larger than a user-spec-
ified threshold. This criterion leads to a procedure that is easy to
implement without any prior knowledge about the detailed mech-
anism. Skeletal mechanisms of different sizes can be obtained by
choosing the threshold based on desired deviation from the results
obtained with the detailed reaction mechanism.

A significant reduction in the number of species as well as the
stiffness of the system is reported here for the case of a detailed
mechanism for n-heptane. The skeletal mechanisms are shown to
provide very accurate results at a fraction of the computational
cost in comparison to the detailed mechanism for various cases
over a wide range of thermodynamic conditions. Compared to
the other methods such as [13,23], the same level of reduction
can be achieved with the much simpler entropy production
analysis.

The paper is organized as follows. In Section 2, the basic notion
of the entropy production for chemical kinetics is briefly reviewed.
The features and algorithm of the method for skeletal mechanism

reduction are presented in Section 3. In Section 4, the algorithm is
applied on a database generated using a detailed n-heptane mech-
anism and two skeletal mechanisms are validated in terms of igni-
tion delay time, in a homogeneous engine model, a perfectly stirred
reactor and laminar premixed flame. Conclusions are drawn in Sec-
tion 5. Finally, instructions on the numerical procedure of the en-
tropy production analysis are presented in the appendix.

2. Entropy production for chemical kinetics

For the sake of completeness, the notion of the entropy produc-
tion is briefly reviewed in this section following the formalism of
[49]. For a detailed discussion of the entropy and entropy produc-
tion concepts for chemical kinetics and other systems the reader is
also referred to [50,43].

The changes in the entropy for a system at local equilibrium is
expressed as

ds = d*S+d"s (1)

where superscripts ‘in’ and ‘ex’ denote the change of the system en-
tropy due to interactions inside the domain and with its environ-
ment [49].

Chemical reactions describe the change in the number of moles
of the n, reactants represented by the vector N = (Ny, ... ,NHS)T. The

change in the chemical composition of the species is the result of n,
reversible reactions,

N N
> ViNi=Y ViNi, k=1,....n, (2)
i=1 i=1

where, the v}, and v}, are the stoichiometric coefficients of the ith
species in the kth reaction for the reactants and products, respec-
tively. The rate of progress g, of the kth reaction is given by the dif-
ference of the forward and reverse reaction rates

ng ns

G = G5, — Gr, = ke J[IN0"* — ke T[N,

i=1 i=1

k=1,....n 3)

where [N;] denotes the molar concentration of the ith species and kj,
and k;, are the forward and reverse rate constants of the kth reac-
tion having the Arrhenius form

b =T exp () @)
C

with Ay, By, Ex and R. being the pre-exponential factor, temperature
exponent, activation energy and ideal gas constant, respectively.
The reverse and forward rate constants are related via the equilib-
rium constant, K¢,

kfk
ki, = Ke, (3)
where
A AHC I (v
Ke, = exp( Rk _ﬁ) (Ract;z) (6)

Pam = 1 bar, and ASY, AH? are the entropy and enthalpy changes for

reaction k.
For a closed homogeneous system, the rate of change of the
concentration of the ith species is given by

d[N; . " , )
Lt’] =[N =) Vi = Vi, i=T1,...,m (7)
k=1
Using the reactor volume V, we can rewrite (7) in vector form as
dN .
T VI =fm) ®)
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The change of the ith species in the kth reaction is related to the
change in the extent of the reaction, &, as

dN;

———=d¢, i=1,....,n; k=1,...,n 9)
Vik = Vik ¢ ’ '

where

d¢y

d_t< =V(g; —¢qy,) (10)

The fundamental equation of chemical thermodynamics in
terms of the internal energy reads

dU = TdS — pdV + 3 pdN; (11)

i=1

1; being the chemical potential of the ith species

ou .
=== , i=1,....n 12
& (aNi>s,v,N,#,f ’ (12)
The de Donder affinity ([51]) of reaction k is defined as
o= XV~ Vio, k=1, (13)

In the absence of deviations from the principle of detailed bal-
ance ([43]), o becomes

% = R.Tln (qfk> (14)

T

The change in the number of moles of each species can be
decomposed into the change due to irreversible chemical reactions,
d"N;, and exchange of matter with the system exterior, d™N; [52].

dN,' = dmNi + dexN,',

For open systems, the entropy exchange with the exterior is of
the form

dU +pdvV 3 wd™N;
T T

while the entropy change due to the change in mole numbers with
respect to chemical reactions reads

i=1,....n (15)

dé’x

(16)

diﬂs El 1:uzdm (17)
For a closed system, d*N = 0 so that dN = d"N and the entropy

production due to a chemical reaction is,

d"s 18 dN,

W TR (18)

where ' can be written in terms of the extent of reactions using
9),

dN; & dé

= ki) g (19)

k=1

Hence, entropy production is

d"s s dé, y

5 = TZ Z (Vi = vie) (20)
which, by using the affinity definition can be written as (13),

dm 1 < ko

Z k 3 (21)

Using (10) and (14), the total entropy production per unit
volume, a positive semi-definite function which vanishes at
equilibrium, becomes

d‘"S q
f*Rquk q,)In <qfk> >0 (22)

T

Finally, the relative contribution of each reaction to the total en-
tropy production at time ¢, r(t) is defined as

in -1
r(t) = (%) {&(qf,( ~g,)In (fli)} (23)

From Eq. (23) it is clear that for reactions at equilibrium
r.(t) =0.

3. Skeletal reduction using entropy production analysis

In this paper, the relative contribution of each reaction to the
total entropy production is considered as a measure of its impor-
tance. The steps for finding the subset of the reactions that at the
time ¢ of interest forms the skeletal mechanism are summarized
below:

1. Identify the most-contributing reactions, i.e. the reactions which
contribute at least € to the total entropy production

ni(t) > € (24)

2. Identify the important species, i.e. the species participating in
the most-contributing reactions.

3. Generate the skeletal mechanism at time t by eliminating the
non-important species from the detailed description using a
slightly modified version of MECHMOD 3.42 [53].

Note that each important species participate in at least one
most-contributing reaction. Following step 3, the skeletal mecha-
nism contains not only the most contributing reactions, but all ele-
mentary reactions which include important species on both sides
as well. Further reduction of the number of reactions (with the
same number of species) would necessitate further analysis such
as reaction path or atomic flux [33] to quantify the contribution
of each reaction in the total production or consumption rate of
the species.

The local analysis of the entropy production can be applied at
different time instants during the temporal evolution of the system
state. The analysis can be extended to a database of trajectories
computed for a range of pressures, initial temperatures and com-
positions to construct a global skeletal mechanism. The most-con-
tributing reactions are considered as the reactions which at least
once have a significant contribution in the entropy production of
the whole database, and the final skeletal mechanism is valid with-
in the range of conditions represented by the sample data. The
algorithm of the present simple procedure is provided in appendix
A using CHEMKIN’s notation [54].

Finally, it should be pointed out that the term ¢y /q,, in the log-
arithm of (22) must be strictly positive. This condition is violated in
two cases:

(a) irreversible reactions where the backward reaction rate is
zero (q,, = 0);

(b) when low negative concentrations result from numerical
issues (g, < 0 and/or g, < 0).

In case (a) the ¢, , and in the case (b) g;, and/or g, should be set
to be a small (chemlcally insignificant) positive number (e.g. 107°°
in our study). The problem of partially irreversible limit in chemi-
cal thermodynamics is addressed in the recent study [55].
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4. Skeletal mechanism for n-heptane

The kinetics of n-heptane is of interest not only as its own right
as a representative of the kinetics of higher hydrocarbons display-
ing the Negative Temperature Coefficient (NTC) regime and multi-
stage ignition, but also as one of the components of the Primary
Reference Fuel (PRF) used for octane rating for internal combustion
engines [56].

The comprehensive mechanism for n-heptane consisting of 561
species and 2539 reactions (LLNL mechanism version 2, [57]) was
developed to study oxidation for pressures in the range
1 < p <42 atm, initial temperatures between 550 and 1700 K,
equivalence ratio ¢ from 0.3 to 1.5, and nitrogen-argon dilution
from 70% to 99% [58]. The detailed mechanism which will be re-
ferred to as D561 below has been used for the development of re-
duced schemes by various approaches [13,23,26,38,59].

The local entropy production analysis is performed at the four
time instants during the isobaric and isenthalpic auto-ignition of
a stoichiometric mixture at initial temperature and pressure
To = 650 K, p = 1 atm marked in Fig. 1 in order to identify the reac-
tions contributing at least € = 0.05 to the total entropy production.

The analysis reveals that initially (t = 0's) the important reac-
tions are those of oxygen attacking the fuel to produce HO, and
the heptyl radical isomers

nC;Hig + 0= C7H;53 + HO,

nC;Hig + 0, = C7H1752 +HO,

nC7H15 + 02 = C7H;54 + HOZ

nC;Hig + 0 = C7H;5] + HO,

During the first pre-ignition period (t = 0.02 and 0.056 s), reac-

tions with OH radicals abstracting H from the fuel

nC7H16 +OH= C7H;52 + HzO

nC;Hyg + OH= C7H{53 +H,0

thermal decomposition

C7H]4OOH£5 - C7H140£5 -+ OH
C7H14OOH;6 = C7H14055 + OH
C7H]4OOH;4 - C7H140174 + OH

and ketohydroperoxides decomposition

nC7l<et24 — HC3H7CHO + CH3COCH2 + OH
nC7ket35 — C2 H5CHO + Cz Hs COCH2 + OH

3400 {{(a) nC,H,+0,=C_H, -1/2/3/4+HO, -
nC_H, +OH=C_H -2/3+HO, N
3000 {  nC,KET,=nC,H,CHO+CH, COCH +OH N
nC KET, =C,H, CHO+C H, COCH roH (@ B
2600 ,(b) nc KET, _CH CHO+n( H (OCH +OH

C7HHOOH2 C7HHO 5+OH

C,H,,00H,-6=C,H, 0,-5+OH
CH,.00H.-4=CH, 0.-4+OH

g 2200
H

CH,CHO+0,=CH,0+CO+0OH
1800 ,(L)OCIIOII ()Il+7CIl()

HOCHO+OH =H,0+CO,+H

HOCHO+H =H_+CO_+

1400 {{(d) HOCHO+OH =H,0+CO+OH
H+OH=H,0

CO+0 = CO,

1000 = @
a
DL
00 | | |
0 0.020.040.060.08 0.1 0.120.140.16 0.18 0.2
t [s]

Fig. 1. Temporal evolution of temperature computed using the detailed mechanism
and the major elementary reactions at different times (¢ =1,p=1atm,
To = 650 K).

contribute significantly to entropy production. The most-contribut-
ing reactions during the period before the second ignition (t = 0.1 s)
are the ones producing formaldehyde (CH,0) and carbon monoxide
(CO)

CH,CHO + 0, — CH,0 + CO + OH
0,C,H40H — OH + 2CH,0

The analysis of post-ignition at t = 0.16 s shows that the most-
contributing reactions are those producing the main products (CO,,
CO and H,0)

HOCHO + OH — H,0 + CO, + H
HOCHO +H — H, + CO, + H
HOCHO + OH — H,0 + CO + OH

The distribution of entropy production among reactions for dif-
ferent times is summarized in Fig. 2.

It should be noted that the important reactions, products and
oxidation path found here on the basis of the entropy production
analysis are in agreement with the results of the kinetic description
of n-heptane oxidation [58] and the CSP analysis [23].

Entropy production analysis was then performed on a solution
database for auto-ignition in the range of pressures 1, 5, 10,
20 atm, initial temperatures 650 < To < 1400 K resolved with a
step of 50 K, equivalence ratios ¢ = 0.5,0.8,1.0,1.2,1.5 and differ-
ent threshold values €. The dependence of the error in the ignition
delay time and the number of species in the skeletal mechanism on
the threshold are plotted in Fig. 3 for p =1 atm, To = 650 K and
¢ = 1.0. The non-monotonicity of the error curve has also been ob-
served in other species elimination techniques based on analysis of
reactive states [34,60].

Two skeletal mechanisms with 161 species in 688 reactions and
203 species in 879 reactions obtained with € = 0.006 and 0.002
and henceforth referred to as R161 and R203, respectively, were
selected for validation. It should be noted that smaller schemes
can be readily constructed, albeit at the cost of narrower range of
applicability and/or lower accuracy. Similar species can also be
lumped together as proposed in [38,26] to further reduce the size
of the mechanism.

The size of the mechanism obtained by the entropy production
analysis is comparable with other reduction approaches. With the
same quality of reduction, a skeletal mechanism including 188 spe-
cies and 842 reactions was obtained by DRG [13], and 177 species
and 768 reactions or 185 species and 786 reactions by CSP [23].

4.1. Auto-ignition of homogeneous mixture

Ignition delay times in the constant pressure and enthalpy reac-
tor computed using the skeletal and detailed mechanisms are com-
pared in Fig. 4. Both skeletal mechanisms reproduce the ignition
delay well over a wide range of pressures, equivalence ratios and
temperatures including the NTC region. As expected, better agree-
ment is obtained at high pressures and temperatures and the error
for R161 is higher than that of R203.

Species elimination with the help of entropy production leads
not only to an ODE system of reduced dimensionality but also with
lower stiffness. The evolution of the fastest timescale, 7, defined
by the inverse of the most negative eigenvalue of the Jacobian ma-
trix for the D561, R203 and R161 schemes is plotted in Fig. 5, to-
gether with the time history of temperature. The fast timescale is
monotonically decreasing towards equilibrium, while there are
sharp drops during the two ignition stages. The difference between
the timescales of the detailed and skeletal mechanisms are several
orders of magnitude which in combination with the reduced num-
ber of variables results in a significant reduction in computational
time even for homogeneous autoignition computations. CPU times
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nC7Hy + Oz = C7Hi5—3 4+ HO,

nC7Hyg + Oz = C7Hi5—2 + HO»

nC7Hyg + Oz = C7His—4 + HO

nCrHyg + Oy = CrHi5—1 + HO»

CHyCHO + 0, = CH;0 + CO + 0C

0:C2H,0H = OH +2CH,0

HCO+0;=CO+ HO,

CHy0+OH = HCO + H0

CrH1402-5 + OH = CyHg + CyH;COCH; + Ho0
CHyy05-5 + OH = CHy,COCH, + CyHy—1 + Hy0)
HOCHO + HO, = Hy0,+ CO + OH

20H(+M) = Hy05(+M)

CyHsOH-10, = CoH;CHO + CHy0 + OH
CyHy+ 0y = CH,0 + HCO

0 2 4 6 8 10 12
mxlOQ

()

1511

CyHO0H,~5 = CyHyy 055 + OH
CyHO0H;~6 = CyHyy 055 + OH
CrH,00H,~4 = CrHyy 0,4 + OH
= nC3H;CHO + CHsCOCH, + OH
cets = CoHsCHO + CyHsCOCH, + OH.
= CHyCHO + nC3H;COCH, + OH

nCrHyg + OH = CyHys—2 + Hy0

nCrHyg + OH = CyHys—3+ Hy0
CrH;00H,~405 = nCrketas + OH
C7H1300Hy~50, = nCrkety; + OH

0 2 4 6 8 10 12 14
7'k><102

(b)

HOCHO + OH = Hy0 + COs + H|
HOCHO+ H = Hy +CO2 + H
HOCHO + OH = H»0 + CO + OH

HOCHO+ H = Hy + CO+ OH

010 20 30 40 50 60 70
ri X 10

(d)

Fig. 2. Entropy production contributions of elementary reactions using the detailed mechanism (To = 650 K,;p =1 atm and ¢ = 1); (a)t=0s,(b)t =0.03s,(c) t = 0.1, (d)

t=0.16s.

F g 600
2| -1 550
10°F 4
F - 500
SRl 450
g 10 F 1 4008
g F 1 400 2
> ol 13503
5 10 3003
g ’ it 2508
I RN —— Ignition delay error | =
g 10 N --- Number of Species | 200:2
S N
= b T 4150
107 F " 100
i =50
-3 | | I 0
10 0 0.005 0.015 0.02

0.01
€

Fig. 3. Number of species in the skeletal mechanism and relative error in the
ignition delay time as a function of the threshold (¢ = 1.0,p = 1 atm, Ty = 650 K).

s]
—
(=)

I

| | | | |
0.8 1 12 1.4 1.6
1000/T, [1/K]

Fig. 4. Ignition delay times computed with the different reaction mechanisms
(D561: solid line, R203: circles, R161: dashed line).

for the calculation of 1s of the ignition process for three initial
temperature are summarized in Table 1 using the stiff ODE

10— T T T i — 100
T, ]
9 fast
107 f------ 5 - 2200
i ', T
0O L Th L. 2000
o - - 1800
L 10 F N —
300 1600
& [ 1 | &
EN0TE — psel : 1400
- [ o—oR203 ! |
10 --- RI6I E 1200
F ! 1000
14
10 800
10" E 1 600
0 0.05 0.1 0.15 0.2
t[s]

Fig. 5. Temporal evolution of the temperature and the fastest timescale of the
homogeneous autoigintion system for the skeletal (R203: circles with solid line,
R161: dashed line) and detailed (solid line) mechanism (¢ =1.0,p =1 atm,
To = 650 K).

Table 1
CPU times (seconds) for the integration of the isobaric and isenthalpic reactor for 1 s
(¢ =1,p=1atm).

Ty = 600 K To = 650 K To = 700 K To = 750 K
D561 1119 97.5 98.7 88.5

R203 108 10.0 9.1 8.5

R161 6.6 6.5 6.0 5.7

integrator DVODE [61]; the speed up for R203 and R161 compared
with D561 is around 10.3 and 16, respectively. Similar order of
timescales for n-heptane was also reported in [59]. It should be
noted that the unrealistically fast time scales of the order of
107" s may well be an artifact of the way the detailed mechanisms
for such complex fuels are generated (automatic generation based
on the so-called reaction classes [58]).

The corresponding curves of the total entropy production per
volume are compared in Fig. 6. The peaks in the entropy produc-
tion correspond to the ignition stages; the entropy production
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0 ‘ \ 9 4200
1078 — Dse1 ! ]
£ - < R203 - 3800
107 F
; 3400
— F
“g 10*F 3000
o E
v o 2600
= 10°F
= : 2200 &
3 3
Z10'F -| 1800
0 E 1400
107 f
; 1000
10—12 q | | 600
0 0.05 0.1 0.15
t[s]

Fig. 6. Time history of the entropy production (D561: solid line, R203: circles,
R161: dashed line) for ¢ = 1.0,p = 1 atm, To = 650 K.

history of the detailed solution is well reproduced by both R203
and R161. At equilibrium the entropy reaches its maximum and
dS/dt tends to zero (Fig. 6) albeit at a decreasing rate (Eq. (22)).
In the presence of irreversible reactions and negative concentra-
tion resulting from numerical issues (as is the case here), the value
of dS/dt at long times is affected by the value chosen for the regu-
larization of zero or negative reaction rates (see Section 3).

4.2. Perfectly stirred reactor

The skeletal mechanisms were further validated in a Perfectly
Stirred Reactor (PSR) simulation. The stoichiometric mixture of n-
heptane with the inlet temperature, Tp = 650 K is considered at
different pressures and for an extended range of residence times.
The reactor temperature and OH mass fraction as a function of
the residence time are plotted in Fig. 7(a) and (b), respectively.
The profiles calculated with the R161 and R203 agree very well
with those of the detailed mechanism for all residence times and
pressures. In addition, the turning points are also accurately cap-
tured with the skeletal mechanisms, proving that the complex
dynamics of n-heptane is reproduced by the skeletal mechanisms
over a wide range of conditions.

4.3. Single-zone engine model

In the absence of spatial inhomogeneities, a single-zone engine
model can be used for a reciprocating engine with adiabatic
boundary conditions [62]. The governing equations for the tempo-
ral evolution of the species mass fractions, Y;, temperature and
pressure read

d oW
dt = p

dr 1/ d(1/p) Sedw) -
E_cy( P4 0 (25)
_RTp

P=w

where p,W and c, are the density, mean molecular weight and
mean specific heat at constant volume of the mixture, and R, the
ideal gas constant. Thermodynamic properties, production rates,
@;, and specific internal energy, e;, of the ith species are computed,
using the CHEMKIN library [54]. The change of density in time is the
function of the cylinder volume and the total mass of the reacting
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Fig. 7. The dependence of the reactor temperature (a) and OH mass fraction (b) on
pressure and residence time in a PSR (¢ = 1, inlet mixture temperature T;, = 650 K)
(D561: solid line, R203: circles, R161: dashed line).

mixture. The change of volume, V(t), can be related to the crank
angle, 6 [62]

V() 1
v = 15 = 1F(0) (26)
with

f(0)=1/a+1 —cos(0(t)) — (I/a)2 — sin(0(t)) (27)
where V. is the clearance volume (minimum cylinder volume), [/a
is the ratio of the connecting rod length to the crank radius and r,
is the compression ratio. The simulation are carried out for an en-
gine with V. = 125 ml, I/a = 3 and r. = 10. The initial temperature
and pressure for the lean mixture (¢ = 0.8) at —40° ATDC (after top
dead center) are 750 K and 5 atm, respectively. The pressure and
temperature traces for 700 rpm are compared in Fig. 8(a) and (b):
the differences between the results are of the same order as for
the ignition delay. The profiles for selected species in Fig. 8(c) and
(d) shows excellent agreement for the major species and radicals
even at very low concentrations. It should be noted that the skeletal
mechanisms are constructed using data in the range
1 < p < 20atm, but in this case the pressure is increasing up to
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Fig. 8. Time history of (a) temperature, (b) pressure, and (c-d) selected species concentration profiles for the single-zone engine model. The lean fresh mixture (¢ = 0.8) is
injected at —40° ATDC with p, = 5 atm and T, = 750 K (D561: solid line, R203: circles, R161: dashed line).

47 atm. As mentioned in Section 4.1, the agreement between the
skeletal and detailed models are generally better at high pressures.

4.4. Premixed flame

The accuracy of the skeletal mechanisms generated using data
for a homogeneous system were finally validated in an atmo-
spheric 1-D laminar premixed flame with an unburned mixture
temperature T, = 650 K using the PREMIX code of CHEMKIN
[63]. The laminar flame speed, S;, is reproduced to within a maxi-
mum difference in the laminar flame speed for both R161 and R203
with respect to D561 that is less than 2 cm/s (Fig. 9(a)). The
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Fig. 9. (a) Laminar flame speed S, and (b) flame temperature Ty (p =1 atm,
unburned mixture temperature T, = 650 K; D561: solid line, R203: circles, R161:
dashed line).

computed flame temperatures T; are in excellent agreement
(Fig. 9(b)). The flame structure is also accurately captured as shown
in Fig. 10 for the stoichiometric mixture.

The computational time with the skeletal mechanisms is at
least one order of magnitude lower since the significant reduction
in the number of species drastically reduces the computational
cost for the evaluation of the right hand side and the Jacobian.

It should be stressed that Eq. (22) describes only the contribu-
tion of the reaction to the total entropy production. However, the
premixed flame application demonstrates the validity of the skele-
tal mechanism generated using homogeneous reactor results. In a
laminar flame the total entropy generation includes not only
chemical reactions but also, contribution of viscosity, heat conduc-
tion and mass diffusion. It has been shown however [64] that the
major process for entropy production is entropy generation due
to the chemical reactions.

5. Conclusions

In this work, we have proposed and validated the entropy pro-
duction analysis for the skeletal reduction of detailed mechanisms.
Important reactions are identified based on their relative contribu-
tion to the total entropy production above a user-specified thresh-
old. Application to the detailed LLNL2 mechanism for n-heptane
with 561 species resulted in skeletal mechanisms with 203 and
161 species. The same comprehensive mechanism has been used
for skeletal reduction with different approaches. For
600 < T<1800K,1<p<40atm and 0.5 < ¢ < 1.5, 188 species
by DRG, and for 700 <T<1100K, 6.5<p<40atm and
0.5 < ¢ < 2.0, 177 and 185 species by CSP are available in the lit-
erature with comparable accuracy with the skeletal mechanisms
found by entropy production analysis. The skeletal mechanisms
exhibit good agreement not only for the homogeneous auto-ignit-
ing system, PSR and a single-zone engine model, but also for the
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spatially varying laminar premixed flames where diffusion of heat
and species plays an important role. In addition to the lower num-
ber of species, the skeletal mechanisms are less stiff than the de-
tailed mechanism and computational implementations show
significant speedup.

The proposed approach can be easily applied on large detailed
mechanisms of realistic fuels to produce skeletal schemes with
promising ratio of reduction (e.g. 71% reduction for R161). Even
for simpler hydrocarbon fuels like CH4 (53 species and 256 reac-
tions [65]), the same analysis for lean condition shows significant
reduction down to 21 species and 87 reactions. For smaller detailed
mechanisms (e.g. hydrogen oxidation with 9 species and 21 reac-
tions [66]), the analysis results in schemes with smaller number
of reactions but with unchanged number of species. The physical
basis of the entropy production analysis and the simplicity of the
algorithm warrants the investigation of its potential for the effi-
cient adaptive (on-the-fly) chemistry reduction.
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Appendix A. Code segment for the entropy production analysis

A database ‘samples.dat’ is generated by the constant enthalpy
and pressure batch reactor solution, using the detailed mecha-
nism for initial conditions covering the range of interest. Pressure,
p, temperature, T and mass fraction of all species Y, are stored
row-wise in the file ‘sample.dat’. KK and II are the number of spe-
cies and reactions, respectively, and ICWRK and RCWRK the inte-
ger and real CHEMKIN work arrays. The stoichiometric matrix is
stored in NUKI, forward and reverse reaction rates in the FWDK
and REVK arrays, while the relative contribution of reactions to

the total entropy production DSDT is stored in DSDTK. If its
contribution is larger than the threshold, CUTOFF, the reaction
is flagged in the array REINDX. Species participating in important
reactions are flagged in array SPINDX. A slightly modified version
of MECHMOD 3.42 [53] was used to generate the skeletal mech-
anisms by eliminating unimportant species from the detailed
scheme.

1 OPEN (unit =10,file=‘samples.dat’,form=‘formatted’)
2 100 CONTINUE

% READ (UNIT = 10, FMT = %,END = 200) P,T, (Y (K),K = 1,KK)
4 CALL CKYTX (Y,ICKWRK,RCKWRK,X)

5 CALL CKKFKR (P,T,X,ICKWRK,RCKWRK,FWDK,REVK)

6 DOK =1,IT

v DSDTK (K) = 0.0d0

8 ENDDO

9 DSDT =0.40

10 DOK =1,II

11 IF (FWDK (K).LE.0.0d0) FWDK (K) = 1.0D-50

12 IF (REVK (K).LE.0.0d0) REVK (X) = 1.0D-50

13 DSDTK (K) = RUx (FWDK (K)-REVK (K) ) (log ( (FWDK (K)/REVK (K))))
14 DSDT = DSDT + DSDTK (K)

15  ENDDO

16 DOK=1,II

17 IF ((DSDTK (K)/DSDT).gt.CUTOFF) ENT_IDX (K)=1
18  ENDDO

19 GO TO 100

20 200 CONTINUE

21 J =0

22 DOK =1, 1II

23 IF (ENT_IDX (K).eq.l) THEN

24 J =T +1

25 REINDX (J)=K

26 ENDIF

27  ENDDO

28  CALL CKNU (KK, ICKWRK, RCKWRK, NUKI)
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29  DOI =1,KK

30 SPINDX (I)=0
31 ENDDO
32
33 DO K =1, SIZEINDX
34 J =REINDX (K)
35 DOI =1,KK
36 IF (NUKI (I,J).ne.O) THEN
37 SPINDX (I)=1
38 ENDIF
39 ENDDO
40 ENDDO
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