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A reduction approach for coupling complex kinetics with engine computational fluid
dynamics (CFD) code has been developed. An on-the-fly reduction scheme was used to
reduce the reaction mechanism dynamically during the reactive flow calculation in
order to couple comprehensive chemistry with flow simulations in each computational
cell. KIVA-3V code is used as the CFD framework and CHEMKIN is employed to for-
mulate chemistry, hydrodynamics and transport. Mechanism reduction was achieved
by applying element flux analysis on-the-fly in the context of the multidimensional
CFD calculation. The results show that incorporating the on-the-fly reduction
approach in CFD code enables the simulation of ignition and combustion process
accurately compared with detailed simulations. Both species and time-dependant
information can be provided by the current model with significantly reduced CPU
time. VVC 2009 American Institute of Chemical Engineers AIChE J, 56: 1305–1314, 2010
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Introduction

As the increase of computational capability in recent
years, more accurate computational fluid dynamics (CFD)
models have been developed. The fundamental basis of any
CFD model is the solution of Navier-Stokes equations.1

Further complicating factors are that the flow occurs in a
complex geometry, the incorporation of turbulence, and the
integration of detailed chemical kinetics. To describe turbu-
lence several models have been developed such as direct nu-
merical simulation (DNS) method2 and k-e model.3 In recent
years much progress has been made in CFD model develop-
ment for engines. For example, studies have been conducted
for direct-injection diesel engines,4,5 indirect-injection diesel
engines,6 stratified-charge rotary engines,7 and homogene-
ous-charge compression ignition engines.8,9 Although these
engine simulation codes are comprehensive and can predict
engine details to some extent, they are not entirely predictive
for the combustion process due to the wide range of combus-

tion time scales and engine conditions. Thus, submodels
have been developed to capture the short time scale proc-
esses such as drop vaporization10–12 and turbulence disper-
sion.13,14 A detailed review of CFD packages and their capa-
bility is given in.15

CFD code packages have been developed to include both
the fluid dynamics models and these complementary submo-
dels for engine simulation. However, most of these packages
are for commercial use and the source codes are generally
not available. In this study, KIVA code16 has been selected
as the engine model, since it is one of the most commonly
used CFD packages and has the ability to calculate three-
dimensional (3-D) flows in engine cylinders, arbitrary piston
shapes, and capture the effects of turbulence and heat gra-
dients near walls. The package has been widely used in
engine simulations to predict ignition and combustion pro-
cess.17–19 The more essential factor is that the source code
of KIVA is accessible and thus it can be used in model de-
velopment work as a test bed.17 Given the model’s capability
to capture detailed flow properties, it has also been widely
recognized that incorporating detailed chemistry in CFD cal-
culation to describe a reactive flow is necessary. The realiza-
tion of this has motivated continuing development of CFD
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hand-in-hand with a corresponding development of detailed
fundamental kinetic models consisting of hundreds of species
and thousands of reactions. However, the integration of
detailed kinetic mechanisms in CFD calculation often con-
sumes extremely long CPU time due to the large system of
nonlinearly coupled stiff ordinary differential equations
(ODE) system. Previous studies have demonstrated that even
with mechanisms with species less than 50, over 90% of the
CPU time was consumed in solving the ODE systems in re-
active flow calculation.20,21

To integrate comprehensive chemistry in fluid calculation
without introducing too much computational intensity, sev-
eral methodologies have been proposed which generally fall
in three categories: skeletal mechanism reduction, adaptive
reduction, and on-the-fly reduction. Skeletal mechanism
reduction approaches develop a global reduced mechanism
to define the entire simulation. This category includes the
redundant species identification and sensitivity analysis
approaches proposed by Turanyi22 and Rabitz,23 the quasi-
steady-state-assumption (QSSA) and partial equilibrium
approximations,24,25 the intrinsic low-dimensional manifolds
(ILDM),26 the computational singular perturbation
(CSP),27,28 the direct-relation-graph (DRG) method,29–31

the optimization-based mathematical programming
approach,32–34 and the element flux analysis based
approach.35 However, a global mechanism cannot be always
accurate for various conditions that are confronted in a reac-
tive flow. Thus, adaptive kinetic reduction strategy has been
explored to use different mechanisms for different condi-
tions. Several adaptive schemes have been proposed such as
in situ adaptive tabulations (ISAT),36 the ‘‘store and
retrieve’’ approach,37 and the reduction scheme subject to
the validity of temperature, pressure, and species composi-
tions.38,39 In our previous work, an adaptive framework was
developed based on flux graph analysis and clustering algo-
rithms.40 Adaptive reduction approaches are more accurate
than globally reduced mechanisms; however, they rely on
the development of a library of reduced mechanisms which
requires priori analysis of the simulations. Due to the wide
range of conditions encountered in chemical systems, the
union of the feasible regions of reduced mechanisms in the
library may not cover all possible reactive conditions. This
deficiency has led some researchers to explore on-the-fly
reduction methodologies which do not rely on a priori anal-
ysis. The on-the-fly reduction schemes analyze local reactive
conditions and dynamically develop reduced mechanisms
which are locally accurate during the reactive flow simula-
tion. Liang et al.19 proposed an on-the-fly approach based on
the direct relation graph method.29–31 In our previous work,
an on-the-fly reduction scheme based on the element flux
analysis was proposed. The element flux analysis was first
introduced by Revel et al.41 and was implemented in mecha-
nism reduction by Androulakis et al.35 The carbon flux
between reacting species are calculated at each simulation
time step and sorted in descending order. By setting a user-
selected cutoff value, active species with large element flux
can be identified, which constitute the local reduced mecha-
nism to define the chemistry at this particular time step. No
a priori analysis or information is needed for this approach,
and the active species can be identified effectively without
extensive computational overhead.

In our previous work, reactor models with simple geome-
try have been used to validate the on-the-fly reduction meth-
odology. However, it is necessary to further validate the
reduction scheme in a multi-dimensional CFD model which
simulates hydrocarbon fuel combustion in more realistic
engines. Thus, in this work, the on-the-fly reduction scheme
is integrated in the framework of KIVA-3V16 using a 2-D
numerical mesh with moving boundaries which simulates ho-
mogeneous charge compression ignition (HCCI) combustion.
The on-the-fly reduction scheme is applied to each computa-
tional cell at each time step and reduced mechanisms are
generated dynamically to describe the local chemistry.

Element flux analysis and on-the-fly reduction scheme

The mechanism reduction methodology used in this work
is based on the hypothesis that the element flux can depict
the reactive propensity more accurately than mass fraction T
and P. The element flux analysis, first introduced by Revel
et al.41 provides a pointer which quantifies the activity of
sources and sinks in a reaction system. The instantaneous
elemental flux of atom A from species j to species k through
reaction i, denoted as A

�
ijk, was defined as Eq. 1 in Revel’s

article. A
�
ijk has the same sign as the net reaction rate qi(t),

in other words, A
�
ijk is positive if the reaction is shifting in

the direction from specie j to k and negative from k to j. The
total instantaneous flux from specie j to specie k can be cal-
culated by summing A

�
ijk over all the reactions in which spe-

cies j and k are involved, as represented in Eq. 2

A
�
ijkðtÞ ¼ qiðtÞ nA;jnA;k

NA;i
(1)

_AjkðtÞ ¼
XNR

i¼1

_AijkðtÞ (2)

where qi(t) is 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 that these species
participate as reactants or products. However, Eqs.1 and 2 may
result in information loss when quasi-steady-state species or
partial equilibrium reactions exit. For quasi-steady-state
species, flux in is defined to be positive while flux out is
negative. When the net flux is calculated in Eq. 2, flux in and
flux out will cancel each other which results in a small net
flux. Similar problem might stem from the existence of partial
equilibrium reactions. For partial equilibrium reactions, their
large forward and reverse reaction rates may result in a small
net reaction rate, which is the qi(t) used to evaluate A

�
ijk in

Eq.1. To avoid information loss when addressing quasi-steady-
state species and partial equilibrium reactions, both the
forward and reverse reactions rates should be taken into
account separately when calculating flux. Eq.1 has been thus
improved to the following form

A
�
ijkðtÞ ¼ ðjqifwdðtÞj þ jqirevðtÞjÞ nA;jnA;k

NA;i
(3)

where qifwd and qirev are the reactions rates of forward and
reverse reactions, respectively. The absolute values of both
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forward and reverse reaction rates can ensure no significant
information loss when evaluating element flux for both partial
equilibrium reactions and quasi-steady-state species. To
clarify the way the calculation are implemented we have
provided in Appendix I a section of our FORTRAN
implementation of flux code, where we follow a standard
CHEMKIN notation. The flux is estimated at every time step
(IT). The maximum number of FROM - TO species pairs that
have element transfer is Nspecies�Nspecies. However, not every
pair is connected in the mechanism. To avoid unnecessary
CPU time on looping over species pairs that are not connected,
a loop over all reactions (NII) is employed instead of a two-
level loop over all species (Nspecies�Nspecies).

To develop locally accurate reduced mechanisms for dif-
ferent reactive conditions, all non-zero element flux pointers
AJK at each time step are sorted in a descending order.
Then a user-selected cutoff value is applied on the flux.
Only species above the cutoff which are characterized by
relatively larger flux are retained in the reduced mechanism.

Having determined an efficient scheme for obtaining
reduced mechanisms based on flux analysis, the next step is
to integrate the reduction scheme in reactive flow simulation.
Based on the reduced species set identified in the flux analy-
sis, a reduced mechanism is generated on-the-fly using the
CHEMKIN application. The concentrations of species in the

reduced mechanism are then integrated, while the species
that are not included in the reduced mechanism are consid-
ered as dormant (to have zero production rates) at current
time step. Their concentrations are kept unchanged in the
main function and are not integrated in CHEMKIN applica-
tion. Therefore, substantial CPU time can be saved on inte-
grating dormant species. As the system advances to next
time step, the flux analysis and reduction process are re-
called and a new reduced mechanism is generated. Com-
pared to adaptive reduction schemes, which construct a
library of reduced mechanisms a priori and assume the
union of feasible regions of these mechanisms covers the
entire condition space encountered in the simulation, the
main advantage of dynamic mechanism generation is that,
accurate mechanisms can be developed based on local reac-
tive conditions.

Demonstration of the on-the-fly scheme in KIVA-3V

To validate the proposed on-the-fly reduction scheme, a
detailed n-pentane oxidization mechanism consists of 385
species and 1895 reactions42 is used in KIVA-3V. KIVA-3V

Figure 1. Numerical mesh of KIVA-3V used in this
study.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 1. Engine Parameters and Operating Conditions

Parameter Value

Engine speed 700 rpm
Compression ratio 16:1
Fuel n-pentane
Start of calculation �40
Initial pressure 5 bar
Equivalence ratio 1.0

Figure 2. In-cylinder pressure and temperature profiles
of n-pentane combustion in KIVA simulation
at 725 K and 5 bar.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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handles the fluid mechanical processes on a highly resolved
mesh grid. For 2-D simulation of HCCI engines, the chal-
lenge for mesh generation is its geometry complexity and
moving piston and valves. Since the HCCI engine combus-
tion is mainly controlled by chemical kinetics, only the tem-
perature gradient near the engine walls and pistons are taken
into account in the present study. In order to provide high
enough resolution to describe the geometry of the HCCI
engine, and meanwhile keep the computation task accessible
to current computers, a 2-D numerical mesh which has
approximately 1,000 cells at bottom dead center (BDC) posi-
tion is generated for the simulation, as shown in Figure 1.
All the cells are sorted so that deactivated cells are placed at
the beginning of the cell computational vector followed by
active cells. The calculation only loops over all active cells.
By doing this sort, the mesh is block-structured and thus
eliminates the necessity of maintaining large regions of
deactivated cells and results in a reduction of both storage
and computer time for complex geometries. To demonstrate

that the proposed on-the-fly scheme is able to capture the re-
active propensity of the system, KIVA simulations were
monitored from �40 to 30 after top dead center (ATDC).
System temperatures at �40 ATDC are chosen as 725 K,
820 K, and 1000 K to represent low, intermediate, and high-
temperature combustion, respectively. Typical HCCI opera-
tions starting from �180 ATDC at 300 K to 450 K will heat
the cylinder to the range of 700 K to 900K when piston
reaches �40 ATDC.43,44 The simulations in this work were
monitored from �40 ATDC to 30 ATDC because the major
part of combustion occurs in this range and simulations of
the full compression process (from �180 ATDC to 180
ATDC) would require substantially more CPU time. Detailed
engine parameters and run conditions are listed in Table 1.

Results of the on-the-fly scheme have been compared with
simulations using the detailed mechanism. The detailed
mechanism consists of 385 species and 1,895 elementary
reactions. The average size of reduced mechanisms gener-
ated in the on-the-fly reduction is 82 species and 451 ele-
mentary reactions. Figures 2–4 illustrate pressure and tem-
perature profiles of HCCI operations with 725 K, 820 K, and

Figure 3. In-cylinder pressure and temperature profiles
of n-pentane combustion in KIVA at 820 K
and 5 bar.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4. In-cylinder pressure and temperature profiles
of n-pentane combustion in KIVA at 1000 K
and 5 bar.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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1000 K at �40 ATDC, respectively. As shown in the pres-
sure and temperature profiles, both the ignition timing and
the peak pressure are well predicted by the on-the-fly
scheme. Since the on-the-fly scheme dynamically develops
accurate mechanisms for local conditions, at each time step
a small mechanism is capable to capture most of the reactive
propensity of the system. Thus although the average size of
mechanisms in the on-the-fly simulation are small compared
to the detailed mechanism, excellent accuracy can be
achieved.

Concentration histories of fuel, oxidizer, OH radical, and
product H2O are compared with detailed simulation in Fig-
ure 5, which also showed encouraging agreement and further
validated the effectiveness of the on-the-fly scheme. CPU
times for the on-the-fly reduction scheme and the detailed
simulation are compared in Figure 6. Three factors are rep-
resented in the figure: (1) the overhead introduced by the
flux analysis and mechanism reduction; (2) CPU time for
chemical kinetics calculation; and (3) CPU time for flow
calculation. As we can see from the detailed simulation,
more than 90% of the total CPU time was spent on resolv-
ing the chemistry part. Using the on-the-fly simulation, the
CPU time spent for the chemistry part was significantly
reduced while flow calculation was comparable with the
detailed simulation. The overhead introduced by the flux
analysis and mechanism reduction comprises less than 5%
of the total CPU time of the on-the-fly simulation. By com-
paring the CPU times on all these parts, the on-the-fly
scheme reduced the chemistry calculation by a factor of 30
and the overall CPU time by a factor of 20.

The general information such as temperature and pressure
profile is not able to represent the detailed pathways, thus,
some species-dependent and time-dependent information are
needed to get a comprehensive picture of the combustion
process. Considering the n-pentane oxidation for example,
as shown in Figure 7 the ignition follows different pathways
under different operating conditions. To depict the activity

level of different pathways, three species are monitored in
the simulation: the radical after the second oxygen addition
C5H10OOH1-3O2 to represent the low-temperature oxidation
pathway, the epoxide C5H10O1-3 to represent the intermedi-
ate temperature oxidation pathway, and the olefin C3H6 to
indicate the high-temperature beta-scission pathway. Distri-
bution patterns of temperature and these key species in the
cylinder at 725 K, 820 K, and 1000 K are illustrated in Fig-
ures 8–10. In Figures 8–10, the x and y axis are the two
dimensions of the numerical mesh of the KIVA model,
while z axis represents the temperature or species mole frac-
tions. As shown from the temperature and species distribu-
tion profiles, at 725 K the radical C5H10OOH1-3O2 reaches
a high level and goes through similar evolution patterns as

Figure 7. Primary oxidation pathways of n-pentane
combustion.

Figure 6. CPU time distribution of detailed simulation
and on-the-fly scheme of n-pentane combus-
tion in KIVA.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]Figure 5. Species mass fractions of n-pentane com-

bustion in KIVA at 1000 K and 5 bar.

Lines represent the detailed simulation and markers repre-
sent the on-the-fly simulation. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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the ignition propagates. Meanwhile, C5H10O1-3 and C3H6

are kept at a low level. Similar correlations can be observed
at the intermediate temperature (820 K) ignition, where
C5H10O1-3 is highly active while C5H10OOH1-3O2 and
C3H6 demonstrate a low activity. At high-temperature (1000
K), beta-scission pathway dominates the oxidation, thus
C3H6 is active while C5H10OOH1-3O2 and C5H10O1-3 is
not accumulated. The typical species have different activity
levels at different ignition conditions. By tracking species
in the system, the proposed approach can provide species-
dependant and time-dependant information of specific
interest, which is usually not available in conventional

experiments and simulations with simplified chemical
kinetics.

Conclusions

The on-the-fly mechanism reduction methodology based
on element flux analysis has been validated in an HCCI
engine model in KIVA-3V. Excellent agreement on tempera-
ture, pressure and species compositions was observed
between the on-the-fly simulation and the detailed simulation.
Varying sizes of reduced mechanisms were generated based
on local reaction condition and the CPU time was reduced by

Figure 8. Evolution patterns of typical species of different pathways compared with n-cylinder temperature profile.

The first column represents crank angle �16.96 degree, the second column represents crank angle �16.70 degree, and the third column
represents crank angle �16.44 degree. X and Y axis represent the cell index of the numerical mesh as shown in Figure 1. Initial condi-
tions: T ¼ 725 K, P ¼ 5 bar. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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20-fold. The results from n-pentane combustion in engine
simulation have demonstrated that integrating the on-the-fly
scheme in CFD model provides a powerful tool to illustrate
detailed species-dependant and time-dependant information
about fuel combustion, of particular importance is complex
fuels for which simulation using detailed mechanism is com-
putationally too expensive. Thus, the on-the-fly reduction
scheme shows great potential in providing accurate virtual
experimental environment for complex fuel combustions with
moderate CPU time.

In the methodology developed so far, the on-the-fly
scheme develops reduced mechanisms based on the full
array of species composition and system temperature and
pressure, thus for any typical combustion simulations, using
either 0-dimensional reactor model or a multi-dimensional
CFD model, the reduction scheme can be integrated in the
calculation with negligible computational overhead. The
methodology also provides a user-selected cutoff value used
in the flux analysis; this tunable value enables users to com-
promise between the level of accuracy and the computational

Figure 9. Evolution patterns of typical species of different pathways compared with in-cylinder temperature
profile.

The first column represents crank angle �4.02 degree, the second column represents crank angle �3.76 degree, and the third column rep-
resents crank angle �3.50 degree. X and Y axis represent the cell index of the numerical mesh as shown in Figure 1. Initial conditions: T
¼ 820 K, P ¼ 5 bar. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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complexity. In the cases where accuracy is the first priority,
higher cutoff will be appropriate, while in the systems where
computational intensity is the biggest obstacle, lower cutoff
will ensure integrating comprehensive chemistry using less
CPU time.
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Appendix I. Pseudo Code of Element Flux
Analysis

Species participating in each reaction (K and K1) are iden-
tified, and if two species contain the element of interest
(pseudo code line 4 and line 8), we use the stoichiometric
coefficients ISTOIC and ISTOIC1 to determine whether the
two species have a reactant/product relationship (pseudo
code line 10). Then the summation of the absolute values of
forward and reverse reaction rates and number of atoms of
element NELE in species K and K1, and this specific reac-
tion determine the flux value between these two species
(pseudo code line 15 and 16). The flux pointer for the two
species AJK(IFROM, ITO) of current time step is created
and stored.
• ICWKR: CHEMKIN work array containing all neces-

sary information for describing the reactions and the associ-
ated thermodynamics
• NII: number of reactions in the mechanism
• MXSP: maximum species allowed per reaction
• ICNK: memory location defined by CHEMKIN
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• ISTOIC: stoichiometirc coefficient
• NCF: CHEMKIN function determining whether species

‘‘K’’ contains element ‘‘NELE’’
• Qfwd: array containing forward reaction rate calculated

internally via CHEMKIN
• Qrev: array containing reverse reaction rate calculated

internally via CHEMKIN

1 DO I ¼ 1, NII
2 DO N ¼ 1, MXSP-1
3 K ¼ ICKWRK(ICNK þ (I-1)*MXSP þ N � 1)
4 IF (K .NE. 0 .AND. NCF(NELE,K) .GT. 0) THEN
5 ISTOIC ¼ ICKWRK(ICNU þ (I-1)*MXSP þ N � 1)
6 DO N1 ¼ Nþ1, MXSP
7 K1 ¼ ICKWRK(ICNK þ (I-1)*MXSP þ N1 - 1)
8 IF(K1.NE.0.AND.NCF(NELE,K1).GT.0) THEN
9 ISTOIC1 ¼ ICKWRK(ICNU þ (I-1)*MXSP þ

N1 � 1)

10 IF(K.NE.K1.AND.ISTOIC*ISTOIC1.LT.0) THEN
11 IFROM ¼ K
12 ITO ¼ K1
13 NAJ ¼ ABS(ISTOIC)*NCF(NELE,IFROM)
14 NAK ¼ ABS(ISTOIC1)*NCF(NELE,ITO)
15 AJK(IFROM,ITO) ¼ AJK(IFROM,ITO)
16 þ (ABS(Qfwd(I))þABS(Qrev(I)))*NAJ*NAK/

(NAI(I))
17 ENDIF
18 ENDIF
19 ENDDO
20 ENDIF
21 ENDDO
22 ENDDO
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