
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, Damköhler number, tem-
perature, and scalar dissipation rate for Case 6 (T0 = 934 K and
T0 = 15 K) at t=s0

ig ¼ 1:0. The timescale of the CEM is the reciprocal
eigenvalue, kexp, 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 Damköhler number based
on the product of the timescale of the CEM and the scalar dissipa-
tion rate, vc [59,60]:

Dac ¼ kexp � v�1
c ; ð3Þ

where vc is defined by vc = 2Djrcj2. Note that the progress variable,
c, is given by c � Yc=YEq

c , where YEq
c is the corresponding equilibrium

value of Ycð¼ YCO2 þ YCOÞ, and D is the thermal diffusivity of the

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 Dac (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 Dac (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
Dac upstream of the combustion waves are much larger than unity,
suggesting that the chemical reaction represented by kexp is also
much faster than the mixing process represented by vc. 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) Damköhler number, (c) temperature, and (d) scalar dissipation rate for Case 6 (T0 = 934 K and T0 = 15 K) at
t=s0

ig ¼ 1:0. The solid line denotes the ignition front.
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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 (T0 = 934 K and
T0 = 100 K) at t = sig. 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 vc

exhibits the same order of magnitude as the chemical explosion
represented by kexp, the corresponding Dac 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 vc, a feature of deflagration waves propagating through
unburned mixtures prior to the occurrence of auto-ignition.

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
(T0 = 1067 K) and low (T0 = 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 �_q with different T0 for
T0 = 1067 K (Cases 13–15) and 754 K (Cases 16–18). For high T0

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 T0 = 1008 K (Cases 10–12). Therefore, the ef-
fect of thermal stratification on the ignition characteristics for
the cases with T0 = 1067 K is also similar to those for a lean hydro-
gen/air mixture and the n-heptane case with T0 = 1008 K; i.e., as T0

increases, the ignition delay decreases and the mean heat release
rate spreads out more. For cases with T0 = 754 K, however, the igni-
tion delay and spreading of �_q are not significantly affected by ther-
mal stratification. For these cases, st (=2.49 ms) is much shorter
than s0

igð¼ 4:98 msÞ 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 T0. The
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Fig. 17. Isocontours of (a) timescale of chemical explosive mode, (b) Damköhler number, (c) temperature, and (d) scalar dissipation rate for Case 9 (T0 = 934 K and T0 = 100 K)
at t=s0

ig ¼ 0:6. The solid line denotes the ignition front.

C.S. Yoo et al. / Combustion and Flame 158 (2011) 1727–1741 1737



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 T0

are further investigated by examining their mean front speeds as
shown in Fig. 19. For cases with T0 = 1067 K, S�d exhibits a charac-
teristics ‘U’ shaped behavior with large T0 similar to the cases with
intermediate T0 and the duration of deflagration becomes longer
with increasing T0, suggesting that deflagration becomes dominant
at the reaction fronts with high T0 and large T0, consistent with the
intermediate mean temperature cases. However, for cases with
low T0 (=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 T0 on the ignition
characteristics, two specific sets of T0 and T0 (T0 = 850 K and

T0 = 15 K; T0 = 934 K and T0 = 100 K) and three turbulence time-
scales (st = 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 st is 2.49 ms with identical T0

and T0. The corresponding ratios of turbulence to homogeneous
ignition delay, st=s0

ig , are 0.2, 5.2, and 1.0.
The temporal evolution of �_q is examined first as shown in

Fig. 20. Several points are noted from the figure. For cases with
T0 = 850 K and T0 = 15 K (Cases 2, 19, and 20), the overall character-
istics of first-stage ignition are unaffected by the turbulence time-
scales, and sig decreases and �_q is more spread out with increasing st

as shown in Fig. 20a. After the first-stage ignition, the overall shape
of �_q for Case 19 with small st is nearly identical to that of the
homogeneous ignition except for the second ignition delay. Simi-
larly, for cases with T0 = 934 K and T0 = 100 K (Cases 9, 21, and
22), �_q is more spread out with increasing st as shown in Fig. 20b.
However, sig first decreases and then increases with increasing st.
Moreover, short st (Case 21) significantly increases sig compared
to longer st (Cases 9 and 22) and its overall shape of �_q 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 T0 is examined as
shown in Fig. 21. For cases with T0 = 850 K and T0 = 15 K (Cases 2,
19, and 20), during first-stage ignition, T0 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, T0 for Case
19 decreases below its initial value of 15 K, remaining nearly con-
stant until second-stage ignition starts. On the contrary, T0 for Case
20 remains larger than the other two cases and, in particular, the
second peak of T0 becomes much greater than the other cases.
Therefore, a short turbulence timescale, st, (Case 19) relative to

Table 2
Numerical and physical parameters of the DNS for high and low initial mean
temperatures.

Case T0 (K) T0 (K) le (mm) u0 (m/s) st (ms) s0
ig (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 4.98 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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Table 3
Numerical and physical parameters of the DNS for different turbulence timescale.

Case T0 (K) T0 (K) le (mm) u0 (m/s) st (ms) s0
ig (ms) L (mm) N

2 850 15 1.24 0.5 2.49 2.49 3.2 640
19 850 15 0.96 2.0 0.48 2.49 6.4 1280
20 850 15 3.91 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 2.0 0.48 2.49 3.2 1280
22 934 100 3.91 0.3 13.0 2.49 3.2 1280
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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 T0. 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 sig and �_q 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
st (Case 20) is, however, unable to homogenize temperature fluctu-
ations within the overall combustion timescale (>sig) such that
ignition can occur independently in each ignition kernel, and
hence, �_q is more spread out as shown in Fig. 20a.

For cases with T0 = 934 K and T0 = 100 K (Cases 9, 21, and 22), only
T0 with short st (Case 21) exhibits a similar second ignition delay
behavior as those for cases with T0 = 850 K (see Fig. 21b). Similar
to Case 19, turbulent flow with short st (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 T0 is more significant than that of short turbulence timescale,
leading to the short ignition delay relative to s0

ig . For cases with
longer st (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 T0 beyond the first-stage ignition as
shown in Fig. 21b. It is of interest to note that although overall T0

values for Case 22 are greater than those for Case 9, sig 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 T0 = 934 K and T0 = 100 K, the fraction of _q occurring
in the deflagration mode is shown in Fig. 22. For Case 21 with short
st, the deflagration mode combustion is dominant between the
first and the second ignition. However, the fraction of _q from the
deflagration mode nearly vanishes at the peak in heat release rate,
similar to cases with small T0 (see Figs. 14 and 22a). This verifies
that short st can induce spontaneous auto-ignition even for the
case with large T0. For Cases 9 and 22, however, a considerable frac-
tion of _q still occurs in the deflagration mode at the point when �_q
peaks, verifying that spreading of �_q is attributed to the deflagration
mode of combustion. It is also observed from the figure that for
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longer st, a considerable fraction of _q by the deflagration mode per-
sists for a longer duration beyond the peak of �_q. 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 st=s0

ig) or spontaneous ignition (small st=s0
ig)

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 T0 and T0 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, Damköhler number, and
chemical explosive mode analyses verify that, in general, larger T0

induces greater temporal spreading of the mean heat release rate
because the deflagration mode is predominant at the reaction
fronts for large T0. However, spontaneous ignition prevails for small
T0, 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
T0 = 850 K, the ignition delay is increased with increasing T0. On
the contrary, the ignition delay is significantly decreased with T0

for mean temperatures greater than the NTC region (e.g.
T0 = 1008 K). For mean temperatures within the NTC region, e.g.
with T0 = 934 K, the combined effects of high and low temperature
manifest themselves such that the ignition delay is increased for
small T0 but is advanced with large T0.

In the second parametric study, the homogeneous ignition de-
lays were halved and doubled for cases with T0 = 1067 K and
T0 = 754 K, respectively. For the cases with high T0 = 1067 K, the
ignition delay is significantly decreased and the temporal spread-
ing of the mean heat release rate is also enhanced with increasing
T0, similar to the cases with T0 = 1008 K. For cases with low
T0 = 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 T0 cases. Longer
turbulence timescales, however, are not able to homogenize tem-
perature fluctuations prior to thermal runaway. Therefore, for
cases with small T0, ignition occurs independently in each ignition

kernel, and for cases with large T0, 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.

Acknowledgments

The work at Ulsan National Institute of Science and Technology
(UNIST) was supported by the 2009 Research Fund of UNIST. The
work at University of Connecticut was supported by the National
Science Foundation under Grant No. 0904771. Any opinions, find-
ings, and conclusions or recommendations expressed in this mate-
rial are those of the authors and do not necessarily reflect the views
of the National Science Foundation. The work at Sandia National
Laboratories (SNL) was supported by the Division of Chemical Sci-
ences, Geosciences, and Biosciences, Office of Basic Energy Sciences,
and Office of Advanced Scientific Computing Research of the US
Department of Energy. JHC was also supported as part of the Com-
bustion Energy Frontier Research Center, an Energy Frontier
Research Center funded by the US Department of Energy, Office of
Science, Office of Basic Energy Sciences under Award Number
DE-SC0001198. SNL is a multiprogram laboratory operated by
Sandia Corporation, a Lockheed Martin Company, for the US Depart-
ment of Energy under contract DE-AC04-94AL85000. The work at
Princeton University was supported by the Air Force Office of
Scientific Research under the technical monitoring of Dr. Julian M.
Tishkoff, and by the Combustion Energy Frontier Research Center
sponsored by the US Department of Energy.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.combustflame.2011.01.025.

References

[1] J.E. Dec, Proc. Combust. Inst. 32 (2009) 2727–2742.
[2] M. Yao, Z. Zheng, H. Liu, Prog. Energy Combust. Sci. 35 (2009) 398–437.
[3] J.A. Eng, SAE Paper 2002–01–2859, 2002.
[4] A. Hultqvist, M. Christenson, B. Johansson, M. Richter, J. Nygren, J. Hult, M.

Alden, SAE Paper 2002–01–0424, 2002.
[5] A. Babajimopoulos, G.A. Lavoie, D.N. Assanis, SAE Paper 2003–01–3220, 2003.
[6] D. Reuss, V. Sick, SAE Trans. Paper 2005–01–2122, 2005.
[7] J.E. Dec, W. Hwang, M. Sjöberg, SAE Trans. Paper 2006–01–1518, 2006.
[8] M. Sjöberg, J.E. Dec, SAE Trans. Paper 115, 2006, pp. 318–334.
[9] J.E. Dec, W. Hwang, SAE Trans. Paper 2009–01–0650, 2009.

[10] M. Richter, J. Engström, A. Franke, M. Aldén, A. Hultqvist, B. Johansson, SAE
Trans. Paper 2000–01–2868, 2000.

[11] J.E. Dec, M. Sjöberg, SAE Trans. Paper 112 2003–01–0752, 2003.
[12] R.R. Steeper, S.D. Zilwa, SAE Paper 2007–01–0180, 2007.
[13] P.W. Aroonsrosopon, P. Werner, J.O. Waldman, SAE Tran. Paper 113 2004–01–

1756, 2004.
[14] W. Hwang, J.E. Dec, M. Sjöberg, SAE Trans. Paper 116 2007–01–4130, 2007.
[15] H. Nordgren, A. Hultqvist, B. Johansson, SAE Trans. Paper 2005–01–2990, 2004.
[16] J. Hyvönen, G. Haraldsson, B. Johansson, SAE Paper 2005–01–0109, 2005.
[17] H. Persson, A. Hultqvist, B. Johanass, A. Remón, SAE Paper 2007–01–0212,

2007.
[18] R. Sankaran, H.G. Im, E.R. Hawkes, J.H. Chen, Proc. Combust. Inst. 30 (2005)

875–882.
[19] J.H. Chen, E.R. Hawkes, R. Sankaran, S.D. Mason, H.G. Im, Combust. Flame 145

(2006) 128–144.
[20] E.R. Hawkes, R. Sankaran, P. Pébay, J.H. Chen, Combust. Flame 145 (2006) 145–

159.
[21] Y.B. Zeldovich, Combust. Flame 39 (1980) 211–214.
[22] S. Liu, J.C. Hewson, J.H. Chen, H. Pitsch, Combust. Flame 137 (2004) 320–339.
[23] S. Liu, J.C. Hewson, J.H. Chen, Combust. Flame 145 (2006) 730–739.
[24] G. Bansal, H.G. Im, S.R. Lee, Proc. Combust. Inst. 32 (2009) 1083–1090.

1740 C.S. Yoo et al. / Combustion and Flame 158 (2011) 1727–1741

http://dx.doi.org/10.1016/j.combustflame.2011.01.025


[25] H.G. Im, J.H. Chen, C.K. Law, Proc. Combust. Inst. 27 (1998) 1047–1056.
[26] T. Echekki, J.H. Chen, Combust. Flame 134 (2003) 169–191.
[27] S. Tanaka, F. Ayala, J.C. Keck, J.B. Heywood, Combust. Flame 132 (2003) 219–

239.
[28] X. Lü, L. Ji, L. Zu, Y. Hou, C. Huang, Z. Huang, Combust. Flame 149 (2007) 261–

270.
[29] A. Dubreuil, F. Foucher, C. Mouaïm-Rousselle, G. Dayma, P. Dagaut, Proc.

Combust. Inst. 31 (2007) 2886–2897.
[30] G. Bogin Jr., J.-Y. Chen, R.W. Dibble, Proc. Combust. Inst. 32 (2009) 2877–2884.
[31] D.A. Rothamer, J.A. Snyder, R.K. Hanson, R.R. Steeper, R.P. Fitzgerald, Proc.

Combust. Inst. 32 (2009) 2869–2876.
[32] T. Lu, C.K. Law, Combust. Flame 144 (2006) 24–36.
[33] H.J. Curran, P. Gaffuri, W.J. Pitz, C.K. Westbrook, Combust. Flame 114 (1998)

149–177.
[34] H.J. Curran, P. Gaffuri, W.J. Pitz, C.K. Westbrook, Combust. Flame 129 (2002)

253–280.
[35] T. Lu, C.K. Law, Combust. Flame 154 (2008) 153–163.
[36] T. Lu, C.K. Law, C.S. Yoo, J.H. Chen, Combust. Flame 156 (2009) 1542–1551.
[37] R. Sankaran, E.R. Hawkes, J.H. Chen, T. Lu, C.K. Law, Proc. Combust. Inst. 31

(2007) 1291–1298.
[38] X.L. Zheng, T. Lu, C.K. Law, Proc. Combust. Inst. 31 (2007) 367–375.
[39] T. Lu, C.K. Law, Combust. Flame 154 (2008) 761–774.
[40] T. Lu, C.K. Law, J. Phys. Chem. A 110 (2006) 13202–13208.
[41] T. Lu, C.K. Law, Combust. Flame 148 (2007) 117–126.
[42] A.E. Lutz, R.J. Kee, J.A. Miller, SENKIN: A Fortran Program for Predicting

Homogeneous Gas Phase Chemical Kinetics with Sensitivity Analysis, Tech.
Rep. SAND87-8248, Sandia National Laboratories, 1987.

[43] R.J. Kee, J.F. Grcar, M.D. Smooke, J.A. Miller, A Fortran Program for Modeling
Steady Laminar One-dimensional flames, Tech. Rep. SAND85-8240, Sandia
National Laboratories, 1985.

[44] J.H. Chen, A. Choudhary, B. de Supinski, M. DeVries, E.R. Hawkes, S. Klasky,
W.K. Liao, K.L. Ma, J. Mellor-Crummey, N. Podhorszki, R. Sankaran, S. Shende,
C.S. Yoo, Comput. Sci. Disc. 2 (2009) 015001.

[45] C.A. Kennedy, M.H. Carpenter, Appl. Numer. Math. 14 (1994) 397–433.
[46] C.A. Kennedy, M.H. Carpenter, R.M. Lewis, Appl. Numer. Math. 35 (2000) 117–

219.
[47] R.J. Kee, F.M. Rupley, E. Meeks, J.A. Miller, CHEMKIN-III: A Fortran Chemical

Kinetic Package for the Anaylsis of Gas-phase Chemical and Plasma Knietics,
Tech. Rep. SAND96-8216, Sandia National Laboratories, 1996.

[48] R.J. Kee, G. Dixon-Lewis, J. Warnatz, M.E. Coltrin, J.A. Miller, A Fortran
Computer Code Package for the Evaluation of Gas-phase Multicomponent
Transport Properties, Tech. Rep. SAND86-8246, Sandia National Laboratories,
1986.

[49] T. Passot, A. Pouquet, J. Fluid Mech. 118 (1987) 441–466.
[50] C.S. Yoo, Y. Wang, A. Trouvé, H.G. Im, Combust. Theory Model. 9 (2005) 617–

646.
[51] C.S. Yoo, H.G. Im, Proc. Combust. Inst. 31 (2007) 701–708.
[52] E.R. Hawkes, J.H. Chen, Combust. Flame 138 (2004) 242–258.
[53] C.K. Law, Combustion Physics, Cambridge University Press, 2006.
[54] C.H. Gibson, Phys. Fluids 11 (1968) 2305–2315.
[55] T. Echekki, J.H. Chen, Combust. Flame 118 (1999) 308–311.
[56] C.S. Yoo, H.G. Im, Proc. Combust. Inst. 30 (2005) 349–356.
[57] C.S. Yoo, J.H. Chen, J.H. Frank, Combust. Flame 156 (2009) 140–151.
[58] C.S. Yoo, R. Sankaran, J.H. Chen, J. Fluid Mech. 640 (2009) 453–481.
[59] C.S. Yoo, E.S. Richardson, R. Sankaran, J.H. Chen, Proc. Combust. Inst. 33 (2011)

1619–1627.
[60] T. Lu, C.S. Yoo, J.H. Chen, C.K. Law, J. Fluid Mech. 652 (2010) 45–64.
[61] T. Lu, C.S. Yoo, J.H. Chen, The role of chemical explosive mode in flames, in: Fall

Technical Meeting, the Eastern Section Meeting of the Combustion Institute,
College Park, USA, 2009.

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




