
Proceedings
Proceedings of the Combustion Institute 31 (2007) 2903–2911

www.elsevier.com/locate/proci

of the

Combustion
Institute
Flamelet-based modeling of auto-ignition
with thermal inhomogeneities for application

to HCCI engines

David J. Cook a,*, Heinz Pitsch a, Jacqueline H. Chen b,
Evatt R. Hawkes b

a Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, USA
b Combustion Research Facility, Sandia National Laboratories, Livermore, CA 94551, USA
Abstract

Homogeneous-charge compression ignition (HCCI) engines have been shown to have higher thermal
efficiencies and lower NOx and soot emissions than spark ignition engines. However, HCCI engines expe-
rience very large heat release rates which can cause too rapid an increase in pressure. One method of reduc-
ing the maximum heat release rate is to introduce thermal inhomogeneities, thereby spreading the heat
release over several crank angle degrees. Direct numerical simulations (DNS) with complex H2/air chem-
istry by Cook and Pitsch [D.J. Cook, H. Pitsch, Western States Section of the Combustion Institute, Boise,
Idaho 06S-08, 2006] showed that both ignition fronts and deflagration-like fronts may be present in systems
with such inhomogeneities. Here, an enthalpy-based flamelet model is presented and applied to the four
cases of varying initial temperature variance presented in Cook and Pitsch [D.J. Cook, H. Pitsch, Western
States Section of the Combustion Institute, Boise, Idaho 06S-08, 2006]. This model uses a mean scalar dis-
sipation rate to model mixing between regions of higher and lower enthalpies. The predicted heat release
rates agree well with the heat release rates of the four DNS cases. The model is shown to be capable of
capturing the combustion characteristics for the case in which combustion occurs primarily in the form
of spontaneous ignition fronts, for the case dominated by deflagration-type burning, and for the mixed
mode cases. The enthalpy-based flamelet model shows considerably improved agreement with the DNS
results over the popular multi-zone model, particularly, where both deflagrative and spontaneous ignition
are occurring, that is, where diffusive transport is important.
� 2006 Published by Elsevier Inc. on behalf of The Combustion Institute.

Keywords: Ignition; HCCI; Flamelet model
1. Introduction

Homogeneous-charge compression ignition
(HCCI) engines have recently been the subject of
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much research effort for both their low NOx

(oxides of nitrogen) and soot emissions, and high-
er thermal efficiency compared to spark ignition
(SI) engines. While significant progress has been
made, these engines continue to suffer from
high carbon monoxide (CO) and unburnt hydro-
carbon (UHC) emissions [1]. Additionally, HCCI
engines experience high heat release rates, which
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sometimes can lead to too rapid a pressure rise.
Both the CO and UHC emissions and the heat
release rates are strongly related to the level of
temperature and mixture composition inhomoge-
neities in the cylinder gases.

While HCCI refers to a type of combustion
which typically has an approximately homoge-
neous charge in terms of mixture composition, the
charge experiences large stratification in the enthal-
py field due to wall heat loss or heating because of
hot valves combined with incomplete turbulent
mixing between the bulk gases and gases in near
wall regions. This stratification typically causes
regions in the center of the cylinder to ignite first,
followed later by regions closer to the cylinder
walls. This stratification can lead to the occurrence
of both volumetric and front-like combustion
modes [2]. HCCI engines also have stratification
of mixture composition due to incomplete mixing
of the Exhaust Gas Recirculation (EGR) and the
fresh charge, or due to late phased Direct Injection
(DI). Here, only the effects of thermal inhomogene-
ities will be considered. These effects on CO and
UHC emissions and on heat release rates will be
briefly discussed below.

The relatively high CO emissions in HCCI
engines are a consequence of the strategy used
to achieve the main goal of reducing NOx. Exper-
imentally, it has been found that CO emissions
originate in regions where the gas temperature
does not exceed 1500 K [3]. Yet, in order to limit
NOx emissions, HCCI engines are run in a way
that achieves low peak temperatures. This is gen-
erally accomplished by running the engines very
lean or, more commonly, highly diluted with sig-
nificant internal or external EGR. Such operating
strategies can result in a maximum burnt gas tem-
perature below 1850 K, and therefore lead to low
NOx emissions. Having a maximum burnt gas
temperature below 1850 K in the cylinder implies
that regions strongly affected by wall heat loss
conditions will be favorable for producing higher
CO emissions.

Unburnt hydrocarbon emissions come from
regions in the cylinder where auto-ignition does
not occur. These regions are typically either
extremely dilute, as in the case of a partially strat-
ified charge from direct injection, or are strongly
affected by wall heat loss, or both. Another major
cause of UHC emissions is cycles in which misfire
occurs. Although, this cause of UHC emissions
will likely become less significant with future
improvements in operation control, it will still
be important to model misfire correctly in the
design of new engines and the development of
novel control strategies.

The presence of thermal inhomogeneities tends
to decrease the maximum heat release rates by
spreading it over several crank angle degrees.
One possible strategy to suppress overly rapid
pressure rise is to introduce inhomogeneities of
temperature or mixture fraction in order to pro-
duce the desired heat release rate [4]. A charge
with non-negligible levels of thermal inhomogene-
ities will have some hot and some cold regions.
Gas in the hot regions will tend to ignite first, fol-
lowed by regions that are a little cooler, until final-
ly, the gas in the cold regions ignites. Turbulence
in the engine will also mix these regions on large
and smaller scales, so that the thermal stratifica-
tions occur on all turbulent scales. The larger
the level of inhomogeneity, the lower the maxi-
mum heat release rates will be.

Thus, thermal inhomogeneities affect the com-
bustion emissions and heat release rates in HCCI
engines. As experimental data suggest that cylin-
der flow and turbulence play an important role
in HCCI combustion [5], a better understanding
of its interaction with chemical kinetics could be
used to reduce CO and UHC emissions and con-
trol the heat release rates in HCCI engines. These
effects have been modeled using multiple zones,
where ignition of gas with a smaller enthalpy
defect (i.e., gases less affected by wall heat loss)
affects gases with higher levels of enthalpy defect
only through the increased pressure associated
with the volumetric expansion of the ignited gases
[6–8]. Additionally, fully coupled CFD and chem-
istry studies have been done, in which the chemi-
cal source terms have been evaluated using mean
values, and a low-order correction for the effects
of turbulence have been used in the combustion
process [9]. In the present study, the effect of ther-
mal inhomogeneities on combustion is modeled
using a flamelet-like approach proposed by Cook
et al. [10] and Cook and Pitsch [11]. In this model,
the flamelet-type equations are solved in a nor-
malized enthalpy space. Transport across this
enthalpy space physically represents interaction
between gases of higher and lower levels of enthal-
py defect. The model is validated using DNS data
of constant volume auto-ignition of H2/air with
thermal inhomogeneities conducted by Refs.
[12,13]. Results are also compared with an ideal-
ized multi-zone model [14].
2. Enthalpy-based flamelet modeling

In this section, a derivation of the enthalpy-
based flamelet equations will be given. The low
Mach number transport equations for species
mass-fractions and total enthalpy are as follows
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where Yi is the mass fraction of species i, H is the
total enthalpy, q is the density, D is the molecular
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diffusivity assumed equal for all species, _xi is the
chemical source term for species i, p is the pres-
sure, _qDh accounts for volumetric heat loss such
as radiation, and vj is the velocity in the xj-direc-
tion. The term total enthalpy here refers to an
enthalpy defined as

H ¼
X

i

Y ihi; ð3Þ

where hi are the species enthalpies defined to in-
clude the heats of formation.

Since the enthalpy here is the main parameter
leading to local changes in the auto-ignition
behavior, the (x1,x2,x3)-coordinate system will
be transformed into a system which locally aligns
with the enthalpy gradients. In the following anal-
ysis of this transformation, the x1-coordinate is
assumed to be normal, and the x2- and x3-coordi-
nates are assumed to be tangential to an iso-en-
thalpy surface. This transformation is made such
that

ðt; x1; x2; x3Þ ! ðs;H ;H 2;H 3Þ; ð4Þ
where enthalpy is introduced as a new indepen-
dent coordinate. This implies that the new
independent coordinate, H, is attached to an iso-
surface of enthalpy and that the new coordinates
H2 and H3 lie within this surface. Hence, the
transformation leads to

o
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; ð5Þ
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Applying Eqs. (5) and (6) to Eq. (1) and making
use of Eq. (2) to cancel terms results in the trans-
formed form of the equations,
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where the scalar dissipation rate in enthalpy-space
was introduced as,

vH � 2D
oH
oxj

oH
oxj

: ð8Þ

The first term on the right hand side of Eq. (7)
represents a convection term in enthalpy space.
This term is not present in the mixture fraction
formulation of the flamelet equations because
mixture fraction is a conserved scalar, while
enthalpy is not. The temperature equation can
similarly be expressed in enthalpy space and is
here omitted for brevity.
2.1. Asymptotic analysis

Two different regimes of auto-ignition in
HCCI engines can be identified [1]. For the first,
chemical kinetics are the dominate physical pro-
cess with mixing and heat transfer only influenc-
ing initial conditions for combustion.
Experimental support for this viewpoint exists
for 4-stroke HCCI engines with low levels of strat-
ification [15–17]. In the second, mixing influences
combustion on a microscopic level and under
some circumstances, found mostly in DI engines
with high levels of stratification, combustion is
limited by mixing [18,19]. Recently, there has been
a move toward operating HCCI engines under
more stratified conditions in order to achieve
desired engine operating characteristics such as
lower emissions through direct injection, higher
power from 2-stroke engines [20], and suppress
the occurrence of too rapid pressure rise and low-
er peak pressures through extended heat release
rates [4].

Hence, we will consider these regimes first
independently, and finally for both regimes.

2.1.1. Homogeneous reactor regime
For all HCCI engines, some level of either

thermal or charge stratification exists. Heat losses
at the cylinder walls create thermal boundary lay-
ers which along with the hotter gasses in the center
of the cylinder represent thermal stratification.
For sufficiently low levels of stratification or suffi-
ciently long stratification length-scales, molecular
mixing effects are small [21,22]. In this limit, com-
bustion is dominated by chemical kinetics and dif-
ferent locations in the cylinder can be reasonably
approximated as homogeneous reactors which
only interact by pressure work. While it is uncer-
tain that an HCCI engine ever operates in this
limit, this modeling strategy has been successfully
advanced and widely used in the form of multi-
zone models [6–8]. In this section, an asymptotic
analysis of this limit will be applied to Eq. (7).

For the case of chemical kinetics dominated
flow, spatial changes are small. Introducing a nor-
malized coordinate x ¼ �x, the coordinate trans-
formation, Eq. (4), becomes t; x1; x2; x3 ! s;H ;
H 2;H 3 with H 2;3 ¼ �H 2;3. Then, for Eq. (6) follows

r ¼ �r o

oH
þ �rH?; ð9Þ

and the transformation yields
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Since in the limit of auto-ignition without spatial
enthalpy variations, implying �! 0, both the
accumulation term and the chemical source term
have to remain, the scaling for these terms has
been chosen appropriately. Then, keeping only
the leading order terms leads to
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¼ q _xi: ð11Þ

Solution of Eq. (11) over the range of enthalpies
representative of an HCCI engine would repre-
sent a multi-zone type modeling approach. Note
that Eq. (11) is different from simply neglecting
the diffusion term in Eq. (1), because of the dif-
ferent coordinate system that is attached to iso-
enthalpy surfaces. It is also interesting to note
that the convection term along iso-enthalpy sur-
faces appearing in Eq. (10) is Oð�Þ, and hence
more important than the diffusive transport
terms, which are Oð�2Þ. If the velocity fluctua-
tions occur on a scale larger than an ignition ker-
nel, this convection term could be considered in a
Lagrangian description. Otherwise, this term is
responsible for turbulent mixing within the igni-
tion kernel.
2.1.2. Propagating diffusive front regime
For the limit of large spatial enthalpy gradi-

ents, spatial variations in the direction of the
enthalpy gradient are large compared to chang-
es along iso-enthalpy surfaces. Then, an analy-
sis very similar to the flamelet analysis of
Refs. [23,24] can be carried out. A stretched
enthalpy-coordinate can be introduced such
that

f ¼ e�1ðH � H refÞ ð12Þ

f2;3 ¼ H 2;3: ð13Þ

Then, from Eq. (6) follows
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Introducing this into Eq. (7) yields
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The scalings for the accumulation term, the chem-
ical source term, and the pressure term have been
chosen such that these terms are of leading order.
The former two have to remain for an auto-igni-
tion problem, the latter to ensure energy
conservation.

Retaining only the leading order terms in Eq.
(15), results in flamelet-type equations in enthalpy
space given by,
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þ q _xi: ð16Þ

The difference between Eqs. (16) and (11) is that
the former includes diffusive transport in the
enthalpy direction. However, Eq. (16) reduces to
Eq. (11) in the limit of low levels of thermal
stratification.

2.2. Nondimensionalization

In order to simplify the numeric solution of the
these equations, the enthalpy coordinate will be
normalized by defining a new coordinate n as

n ¼ H �H0ðsÞ
H1ðsÞ �H0ðsÞ

¼ H �H0ðsÞ
DHðsÞ : ð17Þ

H0(s) and H1(s) represent the minimum and max-
imum enthalpies in the system so that 0 6 n 6 1.

Now a simple coordinate transformation is
performed to transform the enthalpy-based flam-
elet equations from H and s space into n and s*

space. The transformation rules are as follows,

o

os
¼ o

os�
þ on

os
o

on
ð18Þ

o

oH
¼ on

oH
o

on
: ð19Þ

In order to simplify this transformation a new var-
iable, which represents a convective velocity in n-
space, is introduced as
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Applying the transformation rules in Eqs. (18)
and (19) to the enthalpy space flamelet equations
given by Eq. (7) results in the normalized enthal-
py-based flamelet equations in final form as given
by
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Here, Cp represents the specific heat of the mix-
ture. Note that in the application of the model,
the temperature equation in Eq. (21) can be re-
placed by the definition of the enthalpy, Eq. (3).
3. Numerical simulations

3.1. Direct numerical simulation

To validate this modeling approach, DNS
results of the auto-ignition of a lean hydrogen-
air mixture in a closed volume in the presence of
an inhomogeneous initial temperature field by
Refs. [12,13] are used. The initial conditions
include a uniform mixture composition field with
equivalence ratio of 0.1, initial pressure of
41 atm, mean initial temperature of 1070 K, and
a turbulent Reynolds number of 213.5. Further
details of the DNS code, the initialization, and
computational grid can be found in Ref. [12].
The DNS used a detailed H2/air chemical mecha-
nism by Mueller et al. [25] with nine species and 42
reactions. Five different cases are studied here.
The first four cases are identical, except that each
had a different level of thermal stratification. The
root-mean-square values of the initial temperature
fluctuations, T 0, were 3.75, 7.5, 15, and 30 K for
the four cases, respectively. All these cases have
been computed considering differential diffusion
by using non-unity Lewis numbers. A fifth case
was computed at the conditions of case 3 (T 0 of
Table 1
Summary of conditions for all DNS cases

Case T0 (K) Differential diffusion

1 3.75 Yes
2 7.5 Yes
3 15 Yes
4 30 Yes
5 15 No
15 K), but using unity Lewis numbers for all
species. A summary of all five cases is given in
Table 1.

3.2. Modeled simulations

A fully implicit one-dimensional finite differ-
ence code was used to solve the combustion mod-
el, Eqs. (21) and (22). An equidistant grid of 101
points in n-space was used. The maximum and
minimum enthalpies, H1 and H0, were taken from
the DNS. Additionally, the enthalpy dissipation
rate, vH, as defined by Eq. (8), appears as a
parameter in the enthalpy-based flamelet equa-
tions. For this study, it was taken from the DNS
data as the mean enthalpy dissipation rate condi-
tioned on enthalpy. Furthermore, in order to cal-
culate the pressure, a probability density function
(PDF) of enthalpy is needed. This was also taken
from the DNS data. Average species mass frac-
tions and temperature were calculated by,

bY i ¼
Z 1

0

Y iðnÞP ðnÞdn ð23Þ

bT ¼ Z 1

0

T ðnÞP ðnÞdn; ð24Þ

where P(n) is the PDF of normalized enthalpy
taken from the DNS, and b indicates a mean
quantity for the system. An average molecular
weight was then calculated using average species
mass fractions calculated with Eq. (23). The aver-
age pressure was calculated from the mean quan-
tities using bp ¼ bqRu

bT = bW , where Ru is the
universal gas constant. The time rate of change
in average pressure was calculated using a second
order upwinding Adams–Bashforth method. With
these quantities, all parameters used in the model
are taken from the DNS data. For an actual appli-
cation of the model in an engine simulation, mod-
els have to be provided for the enthalpy
dissipation rate and the enthalpy PDF. Each of
the five cases discussed below was calculated using
the proposed model with the same initial condi-
tions and chemical mechanism as the DNS.

For this model to be applied to a CFD simula-
tion of an engine, the PDF of enthalpy and the
enthalpy dissipation rate must be modeled.
Although enthalpy is different from mixture frac-
tion, both quantities could be expressed using
standard models. For example, one choice for
the modeled PDF of enthalpy is a beta function.
The coupling of the combustion model to CFD
follows the representative interactive flamelet
(RIF) approach [26]. Additionally, in a real
engine, both thermal and mixture composition
inhomogeneities must be considered. Cook and
Pitsch [27] have developed a two-dimensional
flamelet-type model based on mixture fraction
and a modified enthalpy. The modified enthalpy
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has been formulated to remove the functional
dependence of enthalpy on mixture fraction,
thereby making the two-dimensions statistically
independent.
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Fig. 1. DNS results for cases 1–4. (Top) PDFs of the
magnitude of diffusion tangential to enthalpy iso-
surfaces in the H2 mass fraction equation normalized
with the chemical source term. (Bottom) PDFs of the
magnitude of diffusion in enthalpy-normal direction in
the H2 mass fraction equation normalized with the
chemical source term.
4. Results

The main assumption in the derivation of the
enthalpy-based flamelet model is that either diffu-
sion is dominant in the direction normal to enthal-
py iso-surfaces, or diffusion is unimportant
altogether. To test the validity of this assumption
in HCCI environments, the relative importance of
diffusion in enthalpy-normal direction, diffusion
tangential to enthalpy iso-surfaces, and the chem-
ical source term has been assessed from the DNS
data. Although the DNS data used in the present
study cannot exactly represent HCCI engine con-
ditions, it will be shown below that the data covers
a broad range of conditions, ranging from the
homogeneous reactor regime to the deflagration
dominated regime, and might hence provide some
insight. The magnitudes of the enthalpy-normal
and the tangential component of the diffusion
term in Eq. (1) normalized by the magnitude of
the chemical source term in that equation have
been evaluated locally from the DNS data for
the H2 mass fraction. From this, the PDFs of
these quantities have been computed at the time
of maximum heat release in the volume and the
isolevel surface YH2

= 0.00033, which corresponds
to the location of the largest magnitude of the dif-
fusion term in Eq. (1).

The PDFs of these quantities are shown in
Fig. 1. The chemical source term-normalized tan-
gential diffusion is shown in the upper, the nor-
malized normal diffusion in the lower panel. It is
observed that for all cases the tangential diffusion
component of diffusion is small compared to the
chemical source term everywhere in the field.
For cases 1 and 2, tangential diffusion is hardly
ever larger than 5% of the chemical source term.
The PDF of enthalpy-normal diffusion shows that
this process is small compared to the chemical
source term for case 1, but with increasing levels
of inhomogeneity from case 1 to 4, this term
become more significant and non-negligible. For
case 4, there is a large probability for normal dif-
fusion and the chemical source term to be of the
same order of magnitude, which is characteristic
of deflagrative burning. The finding that either
normal diffusion is dominant or the entire diffu-
sion process is negligible compared with the chem-
ical source term is also supported from the joint
PDF of both quantities, which is not shown here.

Another interesting observation can be made
from Fig. 1. This figure shows that case 3 appar-
ently has regions where normal diffusion is impor-
tant, and other regions where transport is
negligible compared with the magnitude of the
chemical source term. This case is hence com-
prised of regions of homogeneous reactor type
auto-ignition, and other regions of deflagrative
burning. Previous authors have shown that for
combustion in HCCI engines operated with large
levels of inhomogeneities, flow and mixing are
leading order effects [5,18,19]. The results shown
here indicate that for such engines normal diffu-
sion could be a significant effect while tangential
diffusion is negligible.

Figure 2 shows the results of the model for
cases 1–4 from left to right. The top row of plots
in Fig. 2 is the heat release rate normalized by the
maximum heat release rate of the homogeneous
constant volume combustion case (2.27E+09 J/
kg/s), and is plotted as a function of time normal-
ized by the homogeneous ignition delay time
(2.9 ms). The bottom row in Fig. 2 shows the mag-
nitude of the diffusion term and chemical source
term in the hydrogen mass fraction equation,
Eq. (21). These are plotted at the time of maxi-
mum heat release for each of the four cases.



Fig. 2. (Top row) Heat release rate versus time for cases 1, 2, 3, and 4 are shown from the DNS, the enthalpy-based
flamelet model (H-flamelet), the multi-zone model (multi-zone), and the enthalpy-based multi-zone model (H-MZ).
(Bottom row) Budget terms for H2 mass fraction flamelet equation from the simulation. The sum of these two terms plus
the velocity term in enthalpy-space gives the rate of change.
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Consistent with the DNS results for the PDFs
shown in Fig. 1, as the level of enthalpy inhomo-
geneity increases, the relative importance of the
modeled diffusion term increases. For case 1,
(T 0 = 3.75 K), the diffusion term is negligible com-
pared to the chemistry term, while the relative
magnitude of the diffusion term for case 4
(T 0 = 30 K) is on the order of the chemistry term
indicating propagating flame fronts. Cases 2 and 3
appear to be composed of a mixture of the two
combustion modes where diffusion is non-negligi-
ble. These observations agree with the analysis of
this DNS by Hawkes et al. [12], where the front
propagation velocity was compared to the laminar
burning velocity. A comparison of the DNS data
in Fig. 1 and the model results in Fig. 2 shows that
the model captures the general trend of increased
importance of diffusion normal to iso-contours of
enthalpy for increasing levels of thermal
inhomogeneity.

The comparison of the model predictions and
the DNS data of heat release rates is shown in
the upper row of figures in Fig. 2. The enthalpy-
based flamelet model is in excellent agreement
with the DNS data for all four cases with combus-
tion modes ranging from homogeneous auto-igni-
tion, over mixed modes, to deflagration-type
combustion. While the model was constructed to
satisfy the limits associated with the homogeneous
and the deflagration regimes, the results show that
the model is also valid in transition regimes
between these two limits.

In order to compare the enthalpy-based flam-
elet model to a standard type model used in HCCI
simulations, results of a multi-zone model from
Hawkes et al. [14] are also plotted in Fig. 2. The
multi-zone calculations were initialized from the
DNS data and 60,000 zones were used. The zones
interacted only through pressure work since con-
vection and diffusion between zones was not con-
sidered. Since case 1 most closely approximates
the homogeneous reactor limit, which corre-
sponds to chemical kinetics dominated combus-
tion, the multi-zone model is capable of
achieving reasonable agreement for this case.
However, as the level of inhomogeneity increases
and mixing becomes increasingly important from
case 1 to case 4, the multi-zone results become
increasingly worse while the enthalpy-based flam-
elet model continues to correctly model the phys-
ics. This is not too surprising, given that it was not
intended to perform well in the presence of signif-
icant deflagrative burning. But the comparison
demonstrates that the multi-zone model is not
applicable in situations where diffusion controlled
burning occurs. The results obtained from a differ-
ent formulation of the multi-zone model in enthal-
py space according to Eq. (11) are also shown in
Fig. 2. In contrast to the MZ model, this formula-
tion considers the temporal evolution of the
enthalpy PDF. The results are improved com-
pared with the MZ model, but the temporal devel-
opment of heat release is still predicted incorrectly
for the cases with higher inhomogeneities.

The bottom figure of Fig. 1 shows that for
cases 2–4, there is a wide range of the relative
magnitude of the diffusion term compared with
the reaction rate. Similarly, Hawkes et al. [12]
showed that in case 3, at a given time, the reacting
fronts in different regions of the flow exhibited
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varying levels of ignition-front and deflagration-
type burning. For this reason, it is interesting that
one flamelet with the mean enthalpy dissipation
rate is capable of producing this level of agree-
ment with the heat release rate of the DNS.

Since the enthalpy-based flamelet model in the
present form does not include differential diffu-
sion effects, a fifth DNS case (case 5) with the
same conditions as case 3 (T 0 = 15K), but with
unity Lewis numbers was also investigated. The
enthalpy-based flamelet model and DNS heat
release rates for case 5 are plotted in Fig. 3.
The heat release rate plot shows almost indistin-
guishable results from the DNS data, while the
multi-zone model predicts a much lower heat
release rate. This demonstrates that the slight dis-
crepancies seen in Fig. 2 are mainly due to the
unity Lewis number assumption. However, this
assumption could be more relevant for higher
Reynolds number cases typical of real engines,
where molecular transport effects become less
important.
5. Conclusions

An enthalpy-based flamelet model for auto-ig-
nition of mixtures with initial temperature fluctu-
ations was presented and applied to five DNS
cases with varying levels of thermal inhomogenei-
ty. These cases covered a range of combustion
modes from mostly homogeneous auto-ignition
or ignition fronts to mostly deflagration-type
combustion. In the mostly homogeneous auto-ig-
nition case, T 0 = 3.75 K, the chemical source term
in the enthalpy-based flamelet equation for hydro-
gen was dominant over the diffusion term. For the
mostly deflagration case, T 0 = 30 K, these terms
were of the same order. The case with
T 0 = 15 K, consisted of a mixed mode of both
ignition-fronts and deflagrations, where the diffu-
sion term was smaller than the chemical source
term, yet it was shown to be important. The
enthalpy-based flamelet model showed good
agreement with DNS heat release rates for all five
cases. This model was constructed to accurately
model the homogeneous reactor and the diffusive
burning combustion limits. The agreement with
DNS data over a range of these regimes indicates
that the model is capable of capturing the physics
associated with both of these limits as well as
mixed regimes. The multi-zone model only
showed good agreement with DNS for the chem-
ical kinetics dominated case. For cases where mix-
ing is important, the multi-zone model fails to
represent the combustion accurately. Some dis-
crepancy between the enthalpy-based flamelet
model and the DNS data was observed for the
four cases where the DNS included differential dif-
fusion effects. However, the DNS case with unity
Lewis number was in near perfect agreement with
the DNS. At larger Reynolds numbers the non-
unity Lewis number effects are not as significant
and, therefore, this model is expected to perform
well.
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Comments
Simone Hochgreb, Cambridge University, UK. What
is the potential efficiency of this method relative to meth-
ods that handle chemistry/reaction rate terms directly
such as CMC?

Reply. For the model presented here, two additional
scalar equations without chemical source terms have to
be solved. Hence, the computational overhead is very
modest. A conditional moment closure (CMC) model
that handles the types of flows we have discussed does
not exist. CMC models are typically formulated to de-
scribe variations in mixture fraction, which is constant
in our case. However, one could formulate a model that
uses the enthalpy as a conditioning variable, which
would lead to equations similar to the model we have
presented, in case similar closure assumptions are used.
However, the CMC equations are four-dimensional
and time dependent. Also, one of these equations has
to be solved for each species in the mechanism. The com-
putational requirements for this would be enormous.
These equations could then be solved on a mesh that is
courser than the fluid flow mesh, which reduces the com-
putational time. But this could be quite complicated giv-
en the complex geometry and moving boundaries of
piston and valves.

d

Derek Bradley, Leeds University, UK. With lean
hydrogen–air mixtures an auto-ignition front and a flame
front can co-exist. However, with very lean hydrocarbon–
air mixtures it is more probable that the turbulence would
cause any embryonic flame to be extinguished.

Reply. We have found that depending on the condi-
tions small-scale flame fronts can be dominant or
small-scale ignition fronts, or both can exist at the same
time. The main point of our paper is not that one of
these is more important, but that the model can give
excellent predictions in both limiting regimes and in
the mixed regime, and can therefore be used irrespective
of which mode is more important. However, we have
performed simulations for a typical HCCI geometry
with a very lean propane mixture, and found that even
under these conditions, the small-scale flame propaga-
tion mode was dominant.
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