1736 C.S. Yoo et al./Combustion and Flame 158 (2011) 1727-1741

zones of premixed flames. Chemical explosive modes (CEM) are
also important for flame extinction as discussed by Lu et al. [61].
As such, in the present study, to further identify the characteristics
of combustion waves of n-heptane/air mixtures under HCCI condi-
tions, CEMA together with the local scalar dissipation rate is
adopted to account for losses due to turbulent mixing. CEMA is also
employed to distinguish pre- and post-ignition mixtures and to
pinpoint the location of the ignition fronts in the DNS cases.

Two cases (i.e., Cases 6 and 9 in Fig. 10) were selected for CEMA
because of their distinctive ignition processes. Figure 16 shows the
isocontours of the timescale of the CEM, Damkéhler number, tem-
perature, and scalar dissipation rate for Case 6 (To = 934 K and
T =15K) at t/t), = 1.0. The timescale of the CEM is the reciprocal
eigenvalue, Jexp, Of the CEM as shown in Fig. 16a, where red indi-
cates explosive or unburned mixtures, and blue indicates non-
explosive or burned mixtures. The sharp boundaries separating
the burned and unburned mixtures are the reaction fronts that
can be either spontaneous ignition or a deflagration wave. Fig-
ure 16b shows alternative definition of Damkdhler number based
on the product of the timescale of the CEM and the scalar dissipa-
tion rate, y. [59,60]:

Dac = Jexp - 1 ' 3)

2D|Vc[%. Note that the progress variable,
/YE9, where YE is the corresponding equilibrium
Yco, + Yco), and D is the thermal diffusivity of the
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local mixture. The solid lines are the ignition fronts extracted from
Fig. 16a. Figure 16c and d shows temperature and scalar dissipation
rate fields together with the ignition fronts, respectively.

Note that a large positive value of Da, (red) in Fig. 16b indicates
that the chemical explosive process dominates the mixing process
and, as such, the mixture is auto-igniting. On the other hand, a
large negative value of Da. (blue) indicates a highly reactive
post-ignition (burned) mixture, where fast chemistry is exhausted
and rate-limited by mixing. It is readily observed from Fig. 16b that
the entire domain is composed of two bulk regions; i.e., the auto-
igniting (red) and the post-ignition (blue) regions, respectively,
separated by the thin reaction fronts. It can also be observed that
Da. upstream of the combustion waves are much larger than unity,
suggesting that the chemical reaction represented by Zexp is also
much faster than the mixing process represented by y.. In general,
the reaction and diffusion terms counterbalance each other in def-
lagration waves, resulting in Da of order of unity. Ahead of the
reaction fronts, however, values of Da much larger than unity
can be observed in Fig. 16b, indicating that the latter are attributed
to spontaneous ignition rather than deflagration. Note that the
temperature difference upstream and downstream of the reaction
fronts in Fig. 16c¢ is relatively small, which is not the case for a nor-
mal deflagration wave, also suggesting that the reaction fronts are
spontaneous ignition fronts.

It is also of interest to note that, while temperature is high in
post-ignition zones, the igniting mixtures, such as those undergoing
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Fig. 16. Isocontours of (a) timescale of chemical explosive mode, (b) Damkoéhler number, (c) temperature, and (d) scalar dissipation rate for Case 6 (Tp =934 Kand T' = 15 K) at

t/‘r° = 1.0. The solid line denotes the ignition front.
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Fig. 17. Isocontours of (a) timescale of chemical explosive mode, (b) Damkéhler number,

at t/‘r?g = 0.6. The solid line denotes the ignition front.

thermal runaway, may also exhibit moderately high temperatures,
and hence, the reaction fronts are difficult to determine only
based on temperature. Similarly, scalar dissipation rates may peak
near the reaction fronts or in auto-igniting zones such that the
reaction fronts may not be clearly identified by the scalar dissipation
rate. Therefore, CEM is a better indicator than temperature and
scalar dissipation rate in classifying the pre- and post-ignition
mixtures.

Figure 17 shows the isocontours for Case 9 (To=934K and
T' =100 K) at t = 1. It is readily observed from Fig. 17b that there
exist three bulk regions; the auto-igniting region (red), the post-
ignition region (blue), and the yellow-greenish region where mix-
ing balances chemical explosion. As the mixing represented by y.
exhibits the same order of magnitude as the chemical explosion
represented by Zexp, the corresponding Da. upstream of the reaction
fronts becomes order of unity as shown in the figure. This result
verifies that the reaction fronts of Case 9 are deflagration waves
rather than spontaneous ignition fronts as explained in the previous
section. The mixtures encompassed by the deflagration waves in
Fig. 17c mostly feature higher temperatures and those outside the
ignition fronts exhibit lower temperature, which coincides with
the structure of a normal deflagration wave. Figure 17d further
shows that the ignition fronts mostly overlap with the strips with
large y. a feature of deflagration waves propagating through
unburned mixtures prior to the occurrence of auto-ignition.
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4.4. High and low initial mean temperatures

To understand the effect of different ignition delays on the igni-
tion characteristics, two additional initial mean temperatures are
also investigated. Six additional DNS were performed with high
(To=1067 K) and low (Tp =754 K) mean temperatures such that
their corresponding homogeneous ignition delays are 1.24 ms
and 4.98, respectively. Readers are referred to Table 2 for the phys-
ical parameters of these cases.

Figure 18 shows the temporal evolution of ¢ with different T for
To=1067 K (Cases 13-15) and 754 K (Cases 16-18). For high Ty
compared with the NTC regime, ignition occurs in a single stage
similar to ignition of a lean hydrogen/air mixture [20] and to the
n-heptane case with Ty = 1008 K (Cases 10-12). Therefore, the ef-
fect of thermal stratification on the ignition characteristics for
the cases with T = 1067 K is also similar to those for a lean hydro-
gen/air mixture and the n-heptane case with To = 1008 K; i.e., as T’
increases, the ignition delay decreases and the mean heat release
rate spreads out more. For cases with T = 754 K, however, the igni-
tion delay and spreading of g are not significantly affected by ther-
mal stratification. For these cases, 7, (=2.49 ms) is much shorter
than 7 (=4.98 ms) such that turbulent straining and mixing
homogenize any thermal stratification prior to second-stage igni-
tion. Hence, second-stage ignition is not significantly affected un-
like first-stage ignition, which is remarkably altered by T. The
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Table 2
Numerical and physical parameters of the DNS for high and low initial mean
temperatures.

Case To(K) T (K) l.(mm) u' (m/s) 7t,(ms) ‘C?g (ms) L(mm) N

13 1067 15 1.24 0.5 2.49 1.24 3.2 640
14 1067 30 1.24 0.5 2.49 1.24 3.2 640
15 1067 60 1.24 0.5 2.49 1.24 3.2 1280
16 754 15 1.24 0.5 2.49 498 3.2 640
17 754 30 1.24 0.5 2.49 4.98 3.2 640
18 754 60 1.24 0.5 2.49 4.98 3.2 1280
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Fig. 18. Temporal evolution of mean heat release rate for different T for (a)
To=1067 K and (b) To = 754 K.

effect of the ratio of turbulence timescale to ignition delay is fur-
ther investigated in the next section.

The ignition characteristics for the cases with high and low T,
are further investigated by examining their mean front speeds as
shown in Fig. 19. For cases with Tp = 1067 K, S; exhibits a charac-
teristics ‘U’ shaped behavior with large T' similar to the cases with
intermediate Ty and the duration of deflagration becomes longer
with increasing T, suggesting that deflagration becomes dominant
at the reaction fronts with high Ty and large T, consistent with the
intermediate mean temperature cases. However, for cases with
low Ty (=754 K), the mean front speeds do not exhibit a character-
istic ‘U’ shape since the predominant combustion mode for these
cases is simultaneous auto-ignition induced by temperature
homogenization due to fast turbulent mixing. Therefore, the resul-
tant mean front speed has a much larger value than the corre-
sponding laminar flame speed.

5. Effect of ratio of turbulence to ignition delay timescale

The effect of turbulence timescale on the ignition characteristics
of a lean n-heptane/air mixture is also investigated. To understand
competitive effects of turbulence timescale and T' on the ignition
characteristics, two specific sets of Top and T (Tp=850K and
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Fig. 19. Temporal evolution of the mean front speed E for two-dimensional DNS
cases for Tp = 1067 and 754 K with different T'.

Table 3
Numerical and physical parameters of the DNS for different turbulence timescale.

Case To(K) T (K) l.(mm) u (m/s) t,(ms) ng (ms) L(mm) N

2 850 15 1.24 0.5 2.49 2.49 3.2 640
19 850 15 0.96 20 0.48 2.49 6.4 1280
20 850 15 391 0.3 13.0 2.49 6.4 1280

9 934 100 1.24 0.5 2.49 2.49 3.2 1280
21 934 100  0.96 20 0.48 2.49 3.2 1280
22 934 100 391 0.3 13.0 2.49 3.2 1280

T=15K; Tp=934K and T =100K) and three turbulence time-
scales (7,=0.48, 2.49, and 13.0 ms) were selected such that four
additional DNS were performed (see Table 3). The cases are com-
pared with Cases 2 and 9 in which 7, is 2.49 ms with identical Ty
and T. The corresponding ratios of turbulence to homogeneous
ignition delay, ‘Et/‘E?g, are 0.2, 5.2, and 1.0.

The temporal evolution of ¢ is examined first as shown in
Fig. 20. Several points are noted from the figure. For cases with
To=850Kand T =15 K (Cases 2, 19, and 20), the overall character-
istics of first-stage ignition are unaffected by the turbulence time-
scales, and 7;, decreases and ¢ is more spread out with increasing 7,
as shown in Fig. 20a. After the first-stage ignition, the overall shape
of ¢ for Case 19 with small 7, is nearly identical to that of the
homogeneous ignition except for the second ignition delay. Simi-
larly, for cases with Tp=934K and T'=100K (Cases 9, 21, and
22), q is more spread out with increasing t, as shown in Fig. 20b.
However, 7 first decreases and then increases with increasing 7
Moreover, short 7, (Case 21) significantly increases ti; compared
to longer 7, (Cases 9 and 22) and its overall shape of § is also sim-
ilar to that of the homogeneous ignition except for the short sec-
ond ignition delay. All of these ignition characteristics are
attributed to the relative timescales between the ignition delay
and turbulence timescales and the overall combustion modes.

To understand the mixing characteristics of flows with different
turbulence timescales, the temporal evolution of T is examined as
shown in Fig. 21. For cases with To=850K and T =15 K (Cases 2,
19, and 20), during first-stage ignition, T for the three cases are
similar since the turbulence timescales in the DNS are much larger
or at least comparable to the first-stage ignition delay: i.e., there is
insufficient time for the turbulence to homogenize the tempera-
ture fluctuations. After first-stage ignition, however, T' for Case
19 decreases below its initial value of 15 K, remaining nearly con-
stant until second-stage ignition starts. On the contrary, T' for Case
20 remains larger than the other two cases and, in particular, the
second peak of T" becomes much greater than the other cases.
Therefore, a short turbulence timescale, 7, (Case 19) relative to
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Fig. 21. Temporal evolution of temperature fluctuation RMS for different turbu-
lence timescales for (a) To = 850 K with T = 15 K and (b) To = 934 K with T = 100 K.

the ignition delay homogenizes the temperature field quickly such
that combustion is more apt to occur by spontaneous ignition
although the ignition delay is increased by diminished extrema
of T'. The net effect of a small ratio of turbulence to ignition delay
timescale is to dissipate heat and radicals from ignition kernels
[26], resulting in an increased t;; and ¢ profile similar to that of

the corresponding homogeneous ignition (as shown in Fig. 21a
comparing Case 19 with 0-D ignition). Turbulent flow with long
7. (Case 20) is, however, unable to homogenize temperature fluctu-
ations within the overall combustion timescale (>7;;) such that
ignition can occur independently in each ignition kernel, and
hence, g is more spread out as shown in Fig. 20a.

For cases with Ty =934 Kand T = 100 K(Cases 9,21, and 22), only
T with short 7, (Case 21) exhibits a similar second ignition delay
behavior as those for cases with Tp =850 K (see Fig. 21b). Similar
to Case 19, turbulent flow with short 7, (Case 21) homogenizes
the temperature field quickly such that combustion is more apt to
occur by spontaneous ignition. For this case, however, the effect of
large T is more significant than that of short turbulence timescale,
leading to the short ignition delay relative to r?g. For cases with
longer 7, (Cases 9 and 22), Figs. 14b and 17 imply that a significant
fraction of the mixture is consumed by deflagration waves, resulting
in the significant increase of T' beyond the first-stage ignition as
shown in Fig. 21b. It is of interest to note that although overall T
values for Case 22 are greater than those for Case 9, t;; for Case 22
is longer relative to Case 9. Therefore, turbulent mixing seems to
be able to enhance the overall combustion by inducing spontaneous
ignition even in deflagration-dominant combustion.

To further identify this non-monotonic ignition delay behavior
for cases with To =934 K and T = 100 K, the fraction of ¢ occurring
in the deflagration mode is shown in Fig. 22. For Case 21 with short
T, the deflagration mode combustion is dominant between the
first and the second ignition. However, the fraction of ¢ from the
deflagration mode nearly vanishes at the peak in heat release rate,
similar to cases with small T (see Figs. 14 and 22a). This verifies
that short 7, can induce spontaneous auto-ignition even for the
case with large T'. For Cases 9 and 22, however, a considerable frac-
tion of ¢ still occurs in the deflagration mode at the point when ¢
peaks, verifying that spreading of § is attributed to the deflagration
mode of combustion. It is also observed from the figure that for
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Fig. 22. Temporal evolution of fraction of heat release rate from the deflagration
mode (thick lines) and heat release rate (thin lines) with different 7,: (a) To = 850 K
with T =15 K and (b) To = 934 K with T = 100 K.
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longer 7., a considerable fraction of g by the deflagration mode per-
sists for a longer duration beyond the peak of g. Together with the
temperature fluctuation behavior shown in Fig. 21, these results
verify that the non-monotonicity in the ignition delay is attributed
to the change of combustion mode according to the ratio of the tur-
bulence timescale to the ignition delay; i.e., mixed mode combus-
tion enhances the overall combustion to a greater extent than pure
deflagration (large ‘ct/‘c%) or spontaneous ignition (small rt/rﬁg)
combustion.

In summary, turbulent mixing, through its competitive role
with auto-ignition generated scalar gradients, plays an important
role in determining the ignition delay. Namely, turbulent mixing
reduces scalar fluctuations and dissipates heat and radicals from
developing ignition kernels. However, comparatively, the extent
of ignition delay change and spreading of heat release rate induced
by turbulence is not as great as that by Tp and T due to the high
sensitivity to temperature of Arrhenius chemical reactions.

6. Conclusions

The effects of thermal stratification (through both mean and
fluctuations in initial temperature) and turbulent mixing time-
scales on auto-ignition of a lean homogeneous n-heptane/air
mixture at constant volume and high pressure are investigated
by direct numerical simulations with a new 58-species reduced
n-heptane/air kinetic mechanism. In the first parametric study,
the homogeneous ignition delay was held constant, and twelve
cases with varying initial mean temperature straddling the NTC re-
gime were studied with different degrees of temperature fluctua-
tions imposed. The displacement speed, Damk&dhler number, and
chemical explosive mode analyses verify that, in general, larger T
induces greater temporal spreading of the mean heat release rate
because the deflagration mode is predominant at the reaction
fronts for large T. However, spontaneous ignition prevails for small
T, and hence, simultaneous auto-ignition occurs throughout the
whole domain, resulting in an excessive rate of pressure rise. For
mean temperatures lower than the NTC regime, e.g. with
To = 850K, the ignition delay is increased with increasing T'. On
the contrary, the ignition delay is significantly decreased with T
for mean temperatures greater than the NTC region (e.g.
To = 1008 K). For mean temperatures within the NTC region, e.g.
with Ty = 934 K, the combined effects of high and low temperature
manifest themselves such that the ignition delay is increased for
small T but is advanced with large T'.

In the second parametric study, the homogeneous ignition de-
lays were halved and doubled for cases with To=1067 K and
To =754 K, respectively. For the cases with high T =1067 K, the
ignition delay is significantly decreased and the temporal spread-
ing of the mean heat release rate is also enhanced with increasing
T, similar to the cases with Top=1008 K. For cases with low
To = 754 K, however, the ignition delay and temporal spreading of
the mean heat release rate are not significantly affected by thermal
stratification. This is because the turbulence timescale (=2.49 ms)
is short relative to the second-stage ignition delay time, and hence,
thermal fluctuations are homogenized by fast mixing prior to the
second-stage ignition. Therefore, the second-stage ignition is not
significantly affected by turbulence.

Finally, in the third parametric study the ratio of the turbulence
to ignition delay timescale was also found to change the ignition
characteristics of the mixtures. A fast turbulence timescale is able
to homogenize the mixture such that ignition is more apt to occur
by spontaneous ignition for both large and small T' cases. Longer
turbulence timescales, however, are not able to homogenize tem-
perature fluctuations prior to thermal runaway. Therefore, for
cases with small T, ignition occurs independently in each ignition

kernel, and for cases with large T, ignition occurs primarily by def-
lagration, resulting in a smooth mean heat release rate. Overall, the
effect of different turbulence timescales on the ignition delay is
small compared with that of thermal stratification.

These results imply that the critical degree of thermal stratifica-
tion for smooth operation of HCCI engines depends on both the
mean initial temperature and the level of fluctuations. Therefore,
tailoring both mean and fluctuations of initial temperature should
be considered to control both HCCI ignition timing and to prevent
an excessive rate of pressure rise.
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