
Incorporation of Detailed Chemical Mechanisms in Reactive Flow Simulations
Using Element-Flux Analysis

Kaiyuan He, Ioannis P. Androulakis, and Marianthi G. Ierapetritou*

Department of Chemical and Biochemical Engineering, Rutgers, The State UniVersity of New Jersey,
Piscataway, New Jersey 08854

An on-the-fly mechanism reduction approach for coupling complex chemistry and computational fluid dynamics
(CFD) is proposed in this paper. The approach consists of element flux analysis and identification of active
species and reactions based on flux magnitudes. A reduced mechanism involving the active species and reactions
is generated to describe the local chemistry. The approach is applied dynamically in the CFD calculation by
generating a locally accurate reduced mechanism for every computational cell and time step, enabling on-
the-fly reduction. The emphasis of this work is on the numerical study of stratified homogeneous charge
compression ignition (HCCI) combustion with detailed chemistry by using the proposed on-the-fly reduction
scheme. A mechanism of n-heptane combustion with 161 species and 1540 reactions is used as the detailed
mechanism in the simulation. KIVA-3V and CHEMKIN are used as the computational platforms. On-the-fly
reduction predictions of species concentrations, temperature, and pressure are in excellent agreement with
solutions obtained with the detailed mechanism but at a tremendously reduced CPU time. The on-the-fly
reduction approach enables detailed characterizations of in-cylinder behaviors in stratified HCCI engines by
incorporating detailed chemical kinetics in engine CFD computations.

Introduction

With increasing computational capability in recent years,
numerous computational fluid dynamics (CFD) models have
been developed to simulate complicated flow physics.1–7 CFD
is widely used in engineering design and analysis to replace
prototype building and testing. Of particular importance is the
automotive industry, where CFD is used on a regular basis to
achieve reductions in design cost and cycle time.8 However, in
order to provide accurate engine simulations, it is necessary to
incorporate detailed chemical kinetics in the flow simulation.
In recent studies, detailed chemical kinetic mechanisms have
been developed to predict combustion behaviors including
ignition delay, combustion modes, and pollutant formation.9–13

Detailed kinetic mechanisms provide a comprehensive descrip-
tion of fuel chemistry; however, they usually consist of hundreds
of species and thousands of reactions. Therefore, integrating
these detailed mechanisms in CFD computations are expensive,
and oftentimes prohibitive. Numerous efforts have been devoted
to tackling the complexity of this integration. These efforts can
be divided into two major categories: detailed chemical kinetics
with simplified flow models and complex CFD computations
with simplified reaction schemes. Simplification of flow models
is usually achieved using the so-called “zone” approach. The
earliest example of this type of approximation was the single-
zone model, which considered the entire engine cylinder to be
a single cell.14 This model was proposed for HCCI engines in
which homogeneous charge was used. However, although
termed “homogeneous”, there are always some inhomogeneities
in HCCI engines due to multiple sources.15 Thus, in later work,
multizone models were developed to divide the combustion
chamber into multiple zones based on temperature and
compositions.1,2 Each zone represents a group of computational
cells that have similar reactive conditions. The average tem-
perature, pressure, and compositions of its member cells are
used to specify the thermodynamic state of each zone.

In addition to flow model simplifications, substantial efforts
have been devoted to the reduction of chemistry calculations.
Approximation of chemistry computations encompasses a
multitude of approaches, including mechanism reduction ap-
proaches, tabulation techniques, and quasi-steady-state ap-
proximation methods. Mechanism reduction approaches target
the identification of redundancy in kinetic mechanisms, i.e.,
identifying redundant species and reactions for given system
states. Mechanism reduction can be performed globally or
dynamically. Global reduction approaches include globally
lumping techniques,16 sensitivity analysis,17–19 optimization-
based approaches,20,21 and element flux analysis approaches.22

These global reduction approaches give rise to a skeletal kinetic
mechanism, which is used for the entire simulation. However,
when the system encounters wide-ranging reactive conditions,
one skeletal mechanism is not able to cover the entire condition
space. To develop locally accurate mechanisms, adaptive
reduction and on-the-fly reduction approaches have been
proposed. Active species are identified using various techniques,
such as mathematical programming approaches,23 graph-based
approaches,23–26 and flux-based approaches.27 Another category
of approximation methods are so-called tabulation approaches,
which employ the idea of constructing a local approximation
table and solving for system variables on the basis of a table
look-up instead of integrating chemical source terms. This
category includes in situ adaptive tabulations (ISAT),28 and
store-and-retrieve representations.29 The third category of
chemistry approximation approaches replaces differential equa-
tions with algebraic equations to reduce stiffness of the kinetic
ODE system. A commonly used technique in this category is
the quasi-steady-state approximations (QSSA) approach.30,31 In
the QSSA approach, fast evolving species are assumed to have
zero source terms and their concentrations are described by
algebraic equations. In doing so, both the dimension and the
stiffness of the kinetic ODE system are reduced.

In our previous work, an on-the-fly kinetic reduction approach
was proposed based on element flux analysis.27 The approach
derives a flux pointer to represent element flux transition rates
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between species. Active species are determined by sorting the
flux pointers in a descending order and applying a cutoff on
the flux. Reactions that only involve the active species are
retained in the reduced mechanism. The proposed on-the-fly
reduction method was validated in a plug flow reactor (PFR)
model and a pairwise mixing stirred reactor (PMSR) model.
Both models only involve simplified flow simulations. There-
fore, in this work, our emphasis is on integrating the on-the-fly
reduction in the multidimensional CFD model to couple detailed
chemical kinetics and complex flow calculations. Using the
detailed chemistry in each computational cell of the CFD
computational mesh, a comprehensive numerical study of
homogeneous charge compression ignition (HCCI) engine
combustion was performed to capture in-cylinder combustion
behavior. As a promising alternative operation mode to con-
ventional diesel and spark-ignited (SI) engines, HCCI has
received increasing attention from the engine industry due to
its potential to achieve diesel-like combustion efficiency and
reduce NOx and soot emissions.15,32,33 The main obstacle in
the application of HCCI is the lack of reliable ignition timing
controlling strategies.15 The control issue stems from multiple
ignition sites in the chamber and cycle-to-cycle variations.15,32,34

Various controlling strategies, including direct injection (DI),35

variable valve actuation (VVA),36 and exhaust gas recircula-
tion,37–39 have been investigated to achieve accurate ignition
timing control. These strategies all introduce additional thermal
and composition inhomogeneities to the in-cylinder mixture. To
achieve an accurate numerical analysis of the stratified HCCI
combustion, detailed kinetic mechanisms need to be incorporated
in the reactive flow calculation of each computational cell.
However, a model with fully integrated engine CFD and detailed
kinetic mechanisms is computationally too expensive for today’s
computers.

The focus of this work is to integrate detailed kinetic
mechanisms in every computational cell of engine CFD by using
the on-the-fly reduction scheme. The objective is to provide a
detailed characterization of in-cylinder behaviors of stratified
HCCI engines and keep the computational time on chemistry
calculations at an acceptable level. The fuel is n-heptane, and
a mechanism including 161 species and 1540 reactions40 is used
as the full mechanism in the analysis. The KIVA-3V code41 is
used as the CFD framework, and CHEMKIN42 is employed to
formulate chemistry and transport. The model is validated with
an idealized case which simulates both thermal and composition
stratifications in HCCI engines.

Model Formulation

The CHEMKIN chemistry solver is integrated in the KIVA-
3V code for chemistry computations during the engine simula-
tion. The on-the-fly reduction scheme is integrated in the KIVA/
CHEMKIN code to develop a locally accurate mechanism for
each computational cell and time step. The reduction scheme
consists of element flux analysis and the identification of active
species and reactions based on flux magnitudes. In our previous
work, we demonstrated how the concept of element flux analysis
provides a pointer to quantify the activity of species and perform
mechanism reduction.22,27 The instantaneous elemental flux of
atom A from species j to species k through reaction i, denoted
as Ȧijk, is defined in eq 1. The total instantaneous flux between
species j and k can be calculated by summing Ȧijk over all the
reactions in which species j and k are involved, as represented
in eq 2.

where qi(t) is the instantaneous rate of reaction i (mol/s), nA,j is
the number of atoms A in species j, nA,k is the number of atoms
A in species k, NA,i is the total number of atoms A in reaction
i, and NR represents the number of reactions in which these
species participate as reactants or products. However, we
demonstrated in ref 27 that eqs 1 and 2 do not properly represent
element flux for quasi-steady-state species induced by partial
equilibrium reactions. This is due to the small net reaction rates
of partial equilibrium reactions compared to their respective
forward and reverse reaction rates. Therefore, the flux pointer

Figure 1. Procedures for integrating the on-the-fly reduction scheme in
KIVA/CHEMKIN code.

Figure 2. 2D numerical mesh of KIVA-3V simulations.
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Ȧijk calculated through eq 1 is small, although a very fast element
transition is taking place between species j and k through
reaction i. To avoid underestimation of element flux for these
quasi-steady-state species, both the forward and reverse reaction
rates are taken into account in the current work. Equation 1 has
been modified as eq 3:

where qifwd and qirev are the reactions rates of forward and
reverse reactions, respectively. The flux pointers computed using
eq 3 weigh the connection between two species by means of
element transition rates.

When integrated in CFD calculations, flux is computed for
all source-sink pairs and sorted in a descending order, providing
a metric to evaluate the activity of each source-sink pair. A
user-selected cutoff value is then chosen to determine the active
species. Species above the cutoff are included in the reduced
mechanism, while species below the cutoff are considered
dormant, i.e., to have zero production rates. Therefore, only
source terms of active species need to be integrated for the given
computational cell, which substantially reduces the size of the
kinetic ODE system and CPU time on chemistry computation.
When the CFD computation advances to the next time step,
the flux analysis and mechanism reduction are repeated on the
basis of new conditions, giving rise to a new reduced mechanism.

The reduced mechanism generated for each computational
cell is then used in CHEMKIN to calculate the composition
change and the heat release, which are passed to the KIVA-3V
code where fluid mechanical processes, including convection
and diffusion steps, are computed. The application of the on-
the-fly reduction method in KIVA-3V is schematized in Figure
1. The numerical mesh used for the analysis is a two-
dimensional axial symmetric grid with 1052 cells at bottom dead
center (Figure 2). The fuel is n-heptane, and a mechanism
including 161 species and 1540 reactions is used as the full
mechanism in the analysis. An ideal case is studied to simulate
both thermal and composition inhomogeneities in HCCI engines.
In a practical HCCI engine, inhomogeneities exist in both bulk
gas and boundary layers due to various sources, including heat
transfer, fuel spray vaporization, and turbulent transport during
compression.43 The test case we examined investigated the
effects of thermal and composition stratifications caused by heat

transfer and spray vaporization. The simulation starts from crank
angle (CA) -30.0° after top dead center (ATDC). The initial
temperature and fuel concentration distributions are shown in
Figure 3. The global equivalence ratio is 0.95, and the average
in-cylinder temperature is 842 K at -30.0° ATDC. The fuel
and temperature stratifications employed in this study constitute
a simplified test case to investigate the ignition behavior of
different regions at different time steps. The range of equivalence
ratios, 0.2-1.6, covers the entire span that might be encountered
in a stratified HCCI engine combustion. Each of the equivalence
ratios in the step gradient covers the entire chamber in the
vertical direction. However, in practical cases, fuel-rich regions
only exist in a small portion of the entire engine chamber, which
results in a much lower global equivalence ratio. Therefore, the
global equivalence ratio (0.95) used in this study is higher than
that in typical HCCI operations, but it provides a simplified
case to investigate the ignition behavior of different regions
under stratified charge. The initial temperature ranges from 750
K to 1100 K, which covers the range of different temperature
schemes of n-heptane oxidation: the low temperature scheme,
negative temperature coefficient (NTC) scheme, and high
temperature scheme.44 Distinct ignition chemistry under different
initial temperatures is well illustrated in this steep temperature
stratification, although a smaller temperature range is expected
in a realistic case. The steep temperature and composition
stratifications also provide an extreme test case to demonstrate
the adaptability of the proposed on-the-fly reduction method
when addressing different reactive conditions. The inhomoge-
neous case is compared to a homogeneous case with an
equivalence ratio 0.95 and a temperature of 842 K at -30.0°
ATDC.

Results and Discussions

The on-the-fly reduction method is demonstrated first in the
PFR model to predict the ignition delay of n-heptane. In our
previous study,24 it was found that a 99% cutoff on element
flux is enough to capture the most important transitions in the
system and maintain the reduced mechanisms at an acceptable
size. However, the cutoff is tunable depending on the specific
requirement of the simulation. When a higher level of accuracy
is required, a larger cutoff can be used, but with increased
computational cost due to larger reduced mechanisms. Two
cutoffs are tested in the current study, 99% and 99.9%. For

Figure 3. Initial temperature and n-heptane concentration of KIVA-3V simulation.
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n-heptane combustion in the PFR model, the on-the-fly reduction
using a 99% cutoff predicts the ignition delay in excellent
agreement with the detailed simulation. Similar accuracy was
achieved by using a 99% cutoff and a 99.9% cutoff in PFR
simulations. Solutions of the on-the-fly scheme using a 99%
cutoff is compared with the detailed simulation in Figure 4.
The on-the fly reduction method accurately predicts the negative
temperature coefficient (NTC) region of n-heptane ignition, and
excellent agreement is observed between the reduced and the
detailed solutions.

In Figures 5 and 6, pressure profiles of the HCCI simulations
in KIVA using on-the-fly reduction and detailed simulation are
compared. In this study, it was found that, in KIVA simulations,
a 99.9% cutoff results in much better accuracy than a 99%
cutoff. Thus, a 99.9% cutoff is used in the following numerical
studies. The on the-fly reduction predicts the ignition timing,
peak pressure, and equilibrium pressure with good accuracy
compared to the detailed solutions. As shown in Figures 5 and
6, the inhomogeneous case exhibits a more pronounced cool
flame behavior (-27° ATDC to -24° ATDC), while the main
ignition occurs 4° earlier than the homogeneous case. The
inhomogeneities also result in a less steep pressure rise at the

main ignition, expanding the combustion by more than one crank
angle. While the on-the-fly reduction retains good accuracy, the
CPU time is tremendously reduced. The average species number
of the reduced mechanisms using a 99.9% cutoff in the
inhomogeneous case is 35, compared to 161 species in the de-
tailed mechanism. Figure 7 compares the CPU time of the
detailed simulation and the on-the-fly reduction of the inhomo-
geneous case. The CPU time consumed by chemistry calcula-
tions (integration of ODEs) is reduced by a factor of 19, while
the overall running time is reduced by a factor of 13. The
overhead due to flux analysis is only 2.5% of the total CPU
time of the on-the-fly reduction case.

In addition to average in-cylinder parameters such as tem-
perature and pressure, the on-the-fly reduction model also tracks
compositions of all species in every computational cell, enabling
a detailed characterization of the in-cylinder combustion
behavior. In-cylinder temperature and fuel concentration dis-
tributions at different crank angles of the two cases are shown
in Figures 8 and 9, respectively. Two ignition sites, region A
and region B, were developed simultaneously at -24.45° ATDC
in the inhomogeneous case, corresponding to different initial
temperatures, 750 K and 1100 K, respectively. Due to heat
transfer from neighboring cells, the effective initial temperature
of region A is lower than 1100 K and region B is higher than
750 K. Simultaneous ignition at these two regions is consistent
with n-heptane ignition delays in the adiabatic PFR (Figure 4).

Figure 4. Autoignition delay of n-heptane in PFR predicted by detailed
simulations and the on-the-fly reduction using a 99% cutoff.

Figure 5. Pressure profiles of inhomogeneous n-heptane combustion in
HCCI engines predicted by the detailed simulation and the on-the-fly
reduction using a 99.9% cutoff.

Figure 6. Pressure profiles of homogeneous n-heptane combustion in HCCI
engines predicted by the detailed simulation and the on-the-fly reduction
using a 99.9% cutoff.

Figure 7. CPU time of n-heptane HCCI combustion simulations in KIVA-
3V.
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The ignition delays of n-heptane at 1050 K and 800 K are the
same, and meanwhile the minimum within the range confined
by these two temperatures. Faster ignition at 800 K and 1050
K leads to earlier ignition in the inhomogeneous case than the
homogeneous case with an initial temperature of 842 K. In the
homogeneous case, as shown in Figure 9, two ignition sites are
developed simultaneously at -22.18° ATDC. The ignition site
near the cylinder center (region D) covers a large portion of
the chamber, generating a near-instantaneous thermal explo-
sion.34 This thermal explosion results in a steep pressure rise,
which might cause engine knock.15,34 On the other hand, in the
inhomogeneous case, the subsonic flame propagation extends
the burn duration and gives rise to a less steep pressure-rise
rate (PRR).

Although region A and region B of the inhomogeneous case
ignite simultaneously, their ignition chemistries are comprised
of different reaction schemes. For n-heptane oxidation, multiple
pathways were identified, each having different activities at
different temperature regimes.9,44 The different oxidation path-

ways of n-heptane are shown in Figure 10. At low temperatures,
two oxygen molecules are added to the primary n-heptane
radicals, forming keto-hydroperoxide radicals. When the tem-
perature increases, the hydroperoxide radicals decompose to
olefin and cyclic ether, instead of reacting with another oxygen
molecule. At high temperatures, �-scission of the primary
n-heptane radicals becomes dominant. To depict the activity of
these pathways at different regions in the cylinder, a representa-
tive species (as highlighted in square boxes in Figure 10) is
chosen from each pathway to monitor the pathway activity. The
high temperature species is the direct product of �-scission of
the primary n-heptane radical, the medium temperature species
corresponds to cyclic ether from hydroperoxide radical decom-
position, and the low temperature species is the product of
second oxygen addition to the hydroperoxide radical. The
activities of the selected species are monitored using the
summation of their instantaneous in-flux and out-flux at each
time step. The instantaneous in-flux and out-flux of each species
provide a measure of species activity and depict species

Figure 8. In-cylinder temperature and n-heptane concentration distributions at different crank angles of the inhomogeneous case.

Figure 9. In-cylinder temperature and n-heptane concentration distributions at different crank angles of the homogeneous case.
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evolution. Fluxes of these three species at regions A, B, and C
(shown in Figure 8) of the inhomogeneous case are compared
in Figures 11-13. In region A (Figure 11), which has a
temperature of 1100 K at -30.0° ATDC, the low T pathway is
the most active in the preignition stage but has little activity in
the thermal runaway stage. The high T species transition exhibits
comparable activity in the preignition and the thermal runway
stages, and the high T pathway dominates the thermal runway
period. The medium temperature pathway is more active in the
thermal runaway than the preignition stage, but with much
smaller flux than the low T and high T pathways. In region B,
which is 750 K at -30.0° ATDC, a two-stage ignition is
observed (Figure 12). Most of the transitions of high T and low
T species take place in the first ignition stage, while little flux
is observed in the thermal runaway stage for these two species.
The flux analysis indicates different reaction pathways at regions
A and B, although these two regions ignited simultaneously.
Region B undergoes two-stage ignition, with most of the fuel

decomposition taking place in the preignition stage. Region A
exhibits one-stage ignition, with the low T pathway the most
active in the preignition stage and the high T pathway dominat-
ing the thermal runaway. However, despite distinct reaction
schemes at region A and region B, these two regions both exhibit
substantial preignition activities, which are critical in the build-
up of the radical pool, which leads to autoignition. In region C,
which corresponds to a temperature of 900 K at -30.0° ATDC,
a different ignition pattern was observed. As shown in Figure
13, a large portion of n-heptane decomposition and primary
n-heptane radical reactions take place in the thermal runaway
stage. This is due to the fact that region C is ignited by flame
propagation before it reaches the autoignition point.

The flux evolutions of the selected species are also analyzed
for region D in the homogeneous case (shown in Figure 9),
which are illustrated in Figure 14. Similar ignition patterns are
observed at region E, which is not shown in the paper. As can
be seen in Figure 14, region D exhibits a small amount of cool
flame activity, while most of the transitions take place at the
main ignition stage, where the high T pathway dominates. A
large amount of heat is released at a short time interval, resulting
in a large PRR.

The numerical results obtained from the above CFD model
with detailed chemistry provide a detailed characterization of
species evolution and element transitions in the engine chamber,
which provide valuable information for engine design, especially
for stratified HCCI engine combustion which involves distinct
chemical kinetics at different regions and combustion phases.

Figure 10. n-Heptane oxidation pathways at different temperature regimes.

Figure 11. Flux analysis of selected species for region A.

Figure 12. Flux analysis of selected species for region B.

Figure 13. Flux analysis of selected species for region C.
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The on-the-fly reduction is realized by performing element flux
analysis for each computational cell and time step. The element
flux analysis relies on the species compositions, temperature,
and pressure. Therefore, although we have focused on a PFR
model and KIVA-3V CFD model in this work, the on-the-fly
reduction method can be extended to any reactive systems that
track the species compositions, temperature, and pressure during
the simulation. Our future work will focus on the investigation
of more realistic HCCI combustion cases, as well as the
extension of the on-the-fly reduction method to more sophis-
ticated reactive flow simulations that target more complex flow
and/or chemistry.

Conclusions

An on-the-fly kinetic reduction method is proposed on the
basis of element flux analysis and is integrated with engine CFD
code KIVA-3V for the simulation of stratified HCCI engines.
The methodology is demonstrated in a test case with both
thermal and composition stratifications in the engine chamber.
The on-the-fly reduction method reproduces detailed solutions
obtained with the full mechanism with good accuracy, but at
tremendously reduced CPU time. By tracking all the species
for every computational cell, the on-the-fly framework provides
a detailed characterization of in-cylinder combustion behaviors
of a stratified HCCI engine, which is essential in investigating
distinct chemical kinetics at different ignition sites. The flux
analysis results reveal that ignition sites developed at different
temperatures experience different oxidation schemes. Autoi-
gnition and forced-ignition regions also exhibit distinct chemical
behaviors. Overall, the proposed on-the-fly reduction method
enables the integration of detailed chemistry in CFD codes with
acceptable computational intensity. The framework provides a
useful tool to investigate the nature of multiple ignition points
and other potential strategies that enhance or control the HCCI
engine combustion.
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