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ABSTRACT

As an attempt at providing insight to develop bet-
ter modeling strategies for HCCI engines, the ignition
and propagation of areaction front in a premixed fuel/air
stream mixed with hotter exhaust gases is computation-
ally investigated using the opposed-flow configuration.
The effects of heat and radical transport are studied by
imposing various mixing rates on the system. Theresults
show that the scalar dissipation rate and mixtureinhomo-
geneities have a significant effect on auto-ignition of the
local mixture. Two different modes of front propagation
areidentified; the spontaneous propagation mode and the
diffusion controlled mode. In the former case, mixing
slows down ignition due to loss of radicals from the ig-
nition kernel, while in the latter the transport of radi-
calsand heat ismainly responsiblefor propagation of the
front. A criterion to distinguish the two ignition modes
is suggested based on the characteristic time scales of the
auto-ignition and diffusion. The results show that lower
mixing rate and higher pressure in general favors igni-
tion in the spontaneous propagation mode. A parametric
mapping of the ignition delay as a function of the mix-
ture fraction and scalar dissipation rate suggestsasimpli-
fied modeling strategy in multi-dimensional simulation
of HCCI engines.

INTRODUCTION

Thehomogenouscharge compressionignition (HCCI)
engines have recently emerged as a viable choice for a
next-generation internal combustion engine. In an HCCI
engine, fuel and air are well mixed and induced into the
enginecylinder. Thischargeisthen compressedto ahigh
pressure and temperature which ignites the mixture with-
out the need for an externa ignition system. The HCCI
engine shows a potential to combine the advantages of
both Sl and ClI engines, in that the auto-ignition of reac-
tants allows higher efficiencies, while the lean homoge-
neous mixture can substantially reduce the NOx and soot
formation.
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To understand HCCI ignition and to provide predic-
tive tools to identify the engine design parameters, ef-
forts have been made to model HCCI engine combustion
with various levels of complexity. Modeling approaches
range from asimple zero-dimensional formulation which
assumes that fluid motion or mixture inhomogeneities
do not affect auto-ignition’=2 to full 3-dimensional CFD
simulations coupled with detailed chemistry*®. As a
compromise between these two, a multi-zone modeling
approach® has also been applied to account for interac-
tions between adjacent zones, such as heat transfer and
work, while simplifying the detailed flow field and effect
of turbulence on chemical reactions. These wide range
of studies have suggested that a zero-dimensional model
does not properly predict the start of ignition as it does
not account for mixture inhomogeneities. It isimportant
to characterize the ignition event under an environment
similar to HCCI engine.

One of the main challenges towards the devel opment
of the HCCI engineisto control the auto-ignition process
and to achieve smooth energy release during the cycle.
To accomplish these goals, various techniques have been
suggested as a meansto control theignition and combus-
tion processes. Among them, exhaust gas recirculation
(EGR) has been found to be an effective means to re-
duce engine knock and to extend the operating range of
theengine”®. Thereisevidencethat mixture preparation,
inhomogeneity and turbulence can significantly affectig-
nition delay and burn duration®™*. It is anticipated that
these factors can be exploited to achieve the desired op-
erating conditions.

With exhaust gas recirculation, fresh reactants are
mixed with exhaust gases which are at a higher tempera-
ture but are depleted in reactants. This leads to inhomo-
geneities in temperature and mixture composition, and
formation of certain hot spots or kernels which are ini-
tially more reactive than the rest of the mixture. Chemi-
cal reactionsareinitiated in this hot spot and later propa-
gateinto the remainder of the mixtureintheform of are-
action front. Zeldovich'? has identified various regimes
that characterize a reaction front propagating through a
non-uniform mixture, such as (a) a supersonic deflagra-
tion wave (b) a detonation wave (c) a subsonic deflagra-
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tion wave and (d) amolecular and thermal diffusion con-
trolled flame front. In the HCCI application, smooth en-
gine operation requires the combustion to take place in
either of the last two modes only. In this paper, the sub-
sonic deflagration wave will be called the spontaneous
propagation wave, thereby distinguishing it from the dif-
fusion controlled flame front mode. Bradley et al.13
and Chen et al.?> have examined these modes of propa-
gation numerically and observed the presence of a spon-
taneous propagation mode with velocities much larger
than the conventional diffusion controlled flame. How-
ever, the relative importance of these two modes and the
effect of fluid mechanical strain is yet to be understood.
Accounting for the effects of inhomogeneities and
studying the propagation of auto-ignition under different
mixing rates will improve our understanding of the fun-
damental characteristics of HCCI combustion. This will
provide arational and physically-based meansto predict
start of combustion in the engine cycle, which is crucial
to the overall performance of the engine. The main goal
of the present study isto systematically investigate these
effects and provide insights towards more accurate mod-
eling strategiesin the HCCI application. In particular, we
perform a parametric study by imposing different mixing
rates on a reactive mixture with temperature gradient and
study the ignition time and subsequent front propagation.

PROBLEM CONFIGURATION

In practical HCCI engines, temperature inhomoge-
neities occur due to various causes, such as insufficient
mixing with residual exhausts, wall heat transfer, and
variation in compression heating due to differences in
the specific heat ratio, v = C,/C,. However, the pri-
mary source for temperatureinhomogeneitiesis the mix-
ing with residual exhaust gases. Numerical simulations
by Babajimopoulos et al.'® demonstrated that there ex-
ists a very strong correlation between temperature and
mixture composition within an HCCI engine during the
intake and compression stages. Their results also show
that the reactions first initiate at the hotter spots which
have lower amounts of fuel and then propagate into the
colder fuel-rich mixtures.

The main objective of this study is to investigate
the ignition and propagation of the reaction front when
a fresh fuel/air stream is allowed to mix with a hotter
exhaust stream at different mixing rates. The opposed-
flow configuration allows an extensive parametric study
of different conditions at low computational cost. With
fresh fuel/air mixture flowing through one nozzle and
burnt products through the other, various mixing rates
can be imposed by varying the velocity of flow through
the nozzles. This study can be readily extended to differ-
ent types of mixing, such as mixing between two reactant

2

Case P(atm) Tfuel K Texhaust K
1 40 800 1100
2 80 900 1200

Table 1: Pressure and temperature initial conditions.

mixtureswith different composition, by imposing appro-
priate boundary conditions.

The governing equationsfor the opposed flow config-
uration and details of the numerical implementation can
be found in Ref.1”. The steady solutions are obtained
using amodified version of OPPDIF8 and the unsteady
solutions using OPUS™®. These codesareinterfaced with
Chemkin?® and Transport?* for computing the reaction
rates and transport properties.

Methane has been chosen as the fuel for this study,
to avoid the complexity of higher hydrocarbonsand also
because natural gas continuesto be acandidate for HCCI
engines. The full methane-air kinetic mechanism (GRI
3.0)% has been used. Premixed methane/air mixture at
an equivalenceratio of ¢ = 0.3 flowsthrough one nozzle
against another stream of the corresponding products of
complete combustion. A low pressure and a high pres-
sure case, corresponding to pressures at top dead center
of anaturally aspirated and supercharged engine are con-
sidered to account for differences in mixture reactivity.
The pressure and temperatures at the nozzle are givenin
table 1.

RESULTS AND DISCUSSION

For the conditions discussed above, the level of mix-
ing of the two streams can be characterized by a mix-
ture fraction variable, Z. If the fresh CH4/Air and burnt
productsare mixed intheratio, Z : (1 — Z), theresultant
mixture compositionis,
Y. = ZYk’f —+ (1 — Z)Yk’e (1)
where Y}, is mass fraction of species k and subscripts f
and e denote the fuel and exhaust streams respectively.
Similary, temperature of the mixture can be determined
by adiabatically mixing the enthal pies of the two streams
asl
h=Zhs+ (1 — Z)he. 2

Therefore, any given value of Z uniquely determines
the composition and the enthalpy of the mixture. As a
reference case, the auto-ignition delay for the perfectly-
homogeneous mixture corresponding to various Z was
calculated by azero-dimensional model using SENKIN 23,
The results for Case 1 are shown in Fig. 1. Heretheig-
nition delay (7;,) is defined as the time at which 5% of
the total heat release is generated. It is seen that the lo-
cation of shortest ignition delay iscloseto Z = 0, where
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Figure 1: Mixture temperature and homogenous auto-
ignition delays as a function of Z for Case 1.

the fuel concentration is very low but the temperatureis
high.

If we ignore the influence of adjacent mixture and
assume that different points in the Z field ignite purely
based on their local initial conditions, each location in
a mixture field would then ignite at its respective 0-D
auto-ignitiontime. By comparing the results of the coun-
terflow system with these reference conditions, we can
systematically assess and quantify the additional effects
resulting from transport and mixing that occur in actual
combustion systems.

Steady Ignition Limit

For the counterflow cases described in the previous
section, we determine the steady ignition limit by suc-
cessively computing steady solutions at reduced noz-
Zle velocities until the ignition turning point is reached.
Figure 2 shows a typical response of peak temperature
and H mole fraction as the velocity at the nozzle is de-
creased. For Case 1, the ignition turning point occurs at
V = 26.6cm/s. For velocities above this limit, the re-
action is suppressed due to insufficient residence time,
and thus a “frozen” steady solution is obtained. With
the nozzle velocity below thislimit, however, the system
becomes “ignitable” and we can compute the unsteady
transition of the system from a frozen initial state to the
final reacting state as the ignition progresses. In order
to obtain an initial frozen solution, the steady state non-
reacting flow field is determined by artificialy suppress-
ing the reaction rates in the simulation. Then to initiate
ignition, the chemical reactions are turned on.

3

1350 =107
1300 |- 1
1250 q10°
< | 1 s
£1200F 1 £
~ I i Y
[ T~
1150 - T H10°
1100 =
S P T T S -10
159630 a0 50 60 70°
V(cm/s)

Figure 2: Steady ignition turning point behavior of the
premixed CH,/air stream for Case 1.

Effects of Mixing Rate on Ignition

Figure 3 shows evolution of temperature profile for
Case 1. For the solution shown, velocity at the nozzle
inlet was 5 cm/s. The mixture fraction, Z, is determined
at every point in the domain using equation (2). Figure 4
shows the temperature evolution in the mixture fraction
space. It is seen that the auto-ignition initiates at a point
closer to the hot exhaust stream and then develops into
a reaction front which progresses towards the fuel-rich
region. The time history of a mixture at a specific value
of Z is monitored as it undergoes ignition under the in-
fluences of transport processes and the ignition delay is
computed. Asin the homogeneous case, the ignition de-
lay (r;) is defined as the time at which 5% of the total
heat release is produced. When the velocity at the noz-
Zleisincreased, gradientsin the system steepen, thereby
increasing the dissipation rates of heat and radicals.

Figure 5 shows the ignition delay (r;) versus Z for
Case 1 at various nozzle velocities. Also shown are the
reference 0-D auto-ignition delays from Fig. 1 for com-
parison. Firgt, it isnoted that the 0-D auto-ignitiondelays
are shorter than the 1-D results for values of Z 5 0.2
and longer for larger values of Z. A second observa-
tion is that there is a crossing of lines at values of Z
around 0.5, which implies that the strain rate can have
a non-monotonic effect on the ignition delay. These re-
sults show that the effect of diffusional transport on ig-
nition can either delay or advance the ignition event, de-
pending on initial reactivity of the mixture. For mixtures
with very short 7; ¢ (for small Z), the presence of trans-
port processes, asin our counterflow configuration, leads
to loss of heat and radicals from the ignition kernel to
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Figure 3: Evolution of temperature profiles from the
frozen state as ignition progresses for V=5cm/s.
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Figure 4: Evolution of temperature profiles in the mix-
ture fraction space for the case shown infig. 3.

the surroundings, thereby further delaying the ignition
compared to the homogenous counterpart. When ;o is
very long (for large ), however, the diffusion of heat
and radicals from the adjacent reacting zone facilitates
ignition. Therefore, the mechanism of ignition for the
regimes can be clearly distinguished: the former is pri-
marily spontaneous propagation of the chemically-driven
reaction front, while the latter is a front propagation that
is assisted by the diffusion. The transport effect serves
as aloss in the former, and as a crucial component of
ignition in the latter.

The solution procedure is repeated for Case 2 at
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Figure5: Ignition delay as afunction of Z for Case 1 at
various nozzle velocities.
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Figure 6: Ignition time as a function of Z for Case 2 at
various nozzle velocities.

a higher range of nozzle velocities and the results are
shown in Fig. 6. In this case, due to the higher pressure
and temperatures the reactivity of the mixture is higher
and the ignition delays are much shorter, in the order of
milliseconds. Nevertheless, qualitatively similar behav-
ior is observed in terms of the ignition delay versus the
mixing rate.

Front Propagation Speed

It isalso of interest to identify the propagation speed
of the reaction front. Due to the presence of temperature
gradient, adjacent points in space ignite at different in-
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Figure 7: Reaction front speed Sy (symbols) and Sy o
(line) asafunction of Z for Case 2 at V=20cm/s.

stants, either with or without the support of diffusion,
and thereby generate an ignition wave that propagates
through the mixture. Knowing the ignition time 7; at
each spatial location x, the propagation speed of the front

can be defined as
dr;\~" (dn dz\7'

s-(2) (%) o
Therefore, for the unsteady counterflow solutions .Sy can
be determined either directly by evaluating dr; /dz in the
physical spaceor by dr; /dZ inthe mixturefraction space
with the knowledge of Z(x). Likewise, the correspond-
ing 0-D front propagation speed can be determined by

drio dZ\ '
- (2 2)"

az @)
In other words, Sy represents the hypothetical front
propagation speed for the same Z () distribution without
the mixing effects. The difference between Sy and Sy o
indicates the effect of mixing and transport on ignition,
which needsto be accounted for in the multi-dimensional
modeling.

Figure 7 showsthe results of comparison between the
two propagation speeds for Case 2 at a nozzle velocity
of 20cm/s. While there is good agreement for lower val-
uesof Z where spontaneous propagationis dominant, the
differences are substantial for higher values of Z, where
the effects of mixing in facilitating the wave propagation
isclearly shown.

Reaction Front Regimes
Thus far, the characteristics of the two distinct igni-
tion modes have been discussed. We now want to iden-

5

tify an appropriate criterion to distinguish thetwo modes.
This can be done by comparing the characteristic time
scales of diffusion and spontaneous propagation. First,
wedefineacharacteristic length scale, Az, based on flow
strain rate, x, and thermal diffusivity, «, as

©)

This length scale in the physical space is converted to
AZ in the mixture fraction space using the relation

Az = (2)1/2 .

K

7

AZ = Az - d—, (6)
dx
or 1o

(X
AZ = (2&) ’ )
where y isthe scalar dissipation rate defined as,

2

Y= 2a <%> . ®

dx

Therefore, the time scale of diffusion process across the
length scale AZ in mixture fraction spaceis given by
AZ?
Td — .
X
On the other hand, the time taken for the spontaneous
propagation wave to traverse the same distanceis

€)

dTi,O
dz

The ratio of these two time scales is defined as the tran-
sition parameter, 5.

- AZ.

(10)

Tsp =

g=Tle
Td

(11)

For 5 < 1, the time scale of the diffusion processes are
longer and the ignition is in the spontaneous propaga-
tion mode. On the other hand, for 3 > 1, the time
scale of diffusion is shorter and the ignition occurs as
a diffusion-controlled wave propagation. The parameter
(3 can therefore be used as a criterion to demarcate the
two regimes. Figures 8 and 9 show the computed val-
ues of 3 for Cases 1 and 2, and the predicted transition
point based on the criterion 5 = 1. It is noted that, when
the gradients in the mixing layer are steepened dueto an
increase in the nozzle velocity, the fraction of mixture
igniting in the diffusion-controlled propagation mode is
increased. Furthermore, compared to Case 1, a larger
portion of the mixture in Case 2 burns in spontaneous
mode. This shows that an initial condition of higher re-
activity favors spontaneous propagation.

Incidentally, it should be noted that the present anal-
ysis considers a constant pressure system where the ef-
fects of compression heating are neglected. In a constant
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Figure 8: Transition parameter, 3, as a function of the
mixture fraction for various velocities, for Case 1.
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Figure 9: Transition parameter, 3, as a function of the
mixture fraction for various velocities, for Case 2.

volume system, the heat released by the early combus-
tion will raise the pressure and heat up the end gasdueto
compression. Consequently, the predicted ignition delay
may be dlightly longer than the actual engine combustion
cases, although such effect is expected to be small as far
as the determination of ignition is concerned. Neverthe-
less, the results clearly demonstrate that the local dissi-
pation due to inhomogeneity can have asignificant effect
on premixed auto-ignition, similar to the non-premixed
ignition results.
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Figure 10: Mapping of ignition delay time (in s) as a
function of the mixture fraction and scalar dissipation
rate for Case 2.

Parameterization of Mixing Effects

In the previous sections, it was found that the ig-
nition delay of a mixture between methane-air and ex-
haust gases depends primarily on two physical parame-
ters, namely the mixture fraction (Z), which represents
the degree of mixing, and the scalar dissipation rate (),
which is a measure of the rate of mixing. Therefore, a
mapping of the ignition delay in terms of these two pa-
rameters can provide a framework to develop physical
submodels to predict ignition in large-scale simulations.
A multi-dimensional CFD code can compute the mean
mixture fraction and local scalar dissipation rate of dif-
ferent spatial locationsin the cylinder. Sinceignitionisa
highly local phenomena, prediction of ignition based on
cell-averaged quantities can lead to significant error. Pre-
computed results of the 1-D mixing layer solution can
provide a more accurate description of ignition through-
out the grid cells at considerably lower cost.

Figure 10 shows an example of the mapping for Case
2. A range of y space can be spanned by computing a
number of cases at different inlet velocities, as shown
in Fig. 6. The contour plot clearly indicates the gen-
eral trend that the ignition delay becomes longer as the
mixture fraction increases. For a fixed mixture fraction
value, a slight non-monotonic response in the ignition
delay as y increases is aso shown. The dashed line is
the transition between the spontaneous propagation and
the diffusion-controlled propagation modes, asdefinedin
the previous section. It is seen that the region occupied
by the spontaneous propagation mode becomes narrower
asthe scalar dissipation rate increases.
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CONCLUSIONS

Numerical simulations were performed in an op-
posed flow configuration by allowing a stream of fresh
premixed fuel/air mixture flow against burnt exhaust
products. The effect of the mixture composition and
scalar dissipation rate on the auto-ignition delay has been
investigated. It is found that when the gradients in the
system are steepened, the high scalar dissipation ratesin-
crease the auto-ignition delays. The results also show
that the reaction front can propagate in either a spon-
taneous propagation or a diffusion controlled mode. A
parameter to characterize the transition between these
two modeswas proposed by comparing their time scales.
In general, it was found that lower rate of mixing and
higher mixture reactivity promotes ignition in the spon-
taneous propagation mode. Finally, the parameterization
of theignition delay in terms of the mixture fraction and
scalar dissipation rate suggested a physical submodel to
describe ignition in complex multi-dimensional simula-
tions.
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