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a b s t r a c t

The effects of temperature and composition stratifications on the ignition of a lean n-heptane/air mixture

at three initial mean temperatures under elevated pressure are investigated using direct numerical simula-

tions (DNSs) with a 58-species reduced mechanism. Two-dimensional DNSs are performed by varying several

key parameters: initial mean temperature, T0, and the variance of temperature and equivalence ratio (T′ and

φ′) with different T − φ correlations. It is found that for cases with φ′ only, the overall combustion occurs

more quickly and the mean heat release rate (HRR) increases more slowly with increasing φ′ regardless of

T0. For cases with T′ only, however, the overall combustion is retarded/advanced in time with increasing T′
for low/high T0 relative to the negative-temperature coefficient (NTC) regime resulting from a longer/shorter

overall ignition delay of the mixture. For cases with uncorrelated T − φ fields, the mean HRR is more dis-

tributed over time compared to the corresponding cases with T′ or φ′ only. For negatively-correlated cases,

however, the temporal evolution of the overall combustion exhibits quite non-monotonic behavior with in-

creasing T′ and φ′ depending on T0. All of these characteristics are found to be primarily related to the 0-D

ignition delays of initial mixtures, the relative timescales between 0-D ignition delay and turbulence, and the

dominance of the deflagration mode during the ignition. These results suggest that an appropriate combi-

nation of T′ and φ′ together with a well-prepared T − φ distribution can alleviate an excessive pressure-rise

rate (PRR) and control ignition-timing in homogeneous charge compression-ignition (HCCI) combustion. In

addition, critical species and reactions for the ignition of n-heptane/air mixture through the whole ignition

process are estimated by comparing the temporal evolution of the mean mass fractions of important species

with the overall reaction pathways of n-heptane oxidation mechanism. The chemical explosive mode anal-

ysis (CEMA) verifies the important species and reactions for the ignition at different locations and times by

evaluating the explosive index (EI) of species and the participation index (PI) of reactions.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Among many low-temperature combustion (LTC) engines,

homogeneous-charge compression ignition (HCCI) engines have

emerged as one of the most probable alternatives to conventional

gasoline and diesel engines. HCCI engines are designed to operate

under low-temperature conditions by utilizing lean, highly-diluted,

well-mixed fuel/air charge with elevated compression ratios. There-

fore, they can provide high diesel-like thermal efficiency and
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void excessive NOx and particulate emissions without the help of

igh-price after-treatment devices.

Despite their advantages over the conventional internal combus-

ion (IC) engines, however, the development of practical HCCI en-

ines remains challenging mainly due to two unresolved issues: an

xcessive pressure-rise rate (PRR) which may lead to pressure ringing

nd even to engine knocking, and unprecise ignition-timing control.

uel/air mixture in HCCI engines is usually well-premixed, and auto-

gnited by the compression heating by the piston motion. Therefore,

verall combustion in an HCCI engine cylinder is generally believed

o occur by simultaneous auto-ignition, which may lead to an exces-

ive PRR, ultimately damaging the engine block. In addition, the auto-

gnition in the HCCI engine is primarily determined by the in-cylinder

onditions such as overall pressure, temperature, equivalence ratio,
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nd their fluctuations and hence, the precise control of ignition tim-

ng of HCCI combustion should be achieved by a well-designed mix-

ure composition and the amount of exhaust gas recirculation (EGR)

1–4].

One of the most effective methods to overcome the excessive PRR

nder high-load operating conditions in the HCCI engines is to gen-

rate a sequential ignition event by using in-cylinder mixture inho-

ogeneities. Numerous experimental and numerical studies of HCCI

ombustion have shown that thermal and compositional stratifica-

ions of the in-cylinder fuel/air mixture can provide a smooth com-

ustion process under high-load conditions by changing the combus-

ion mode from spontaneous ignition into a mixed combustion mode

f spontaneous ignition and deflagration [1–21].

In many previous direct numerical simulation (DNS) studies [7–

3], it was found that thermal stratification may effectively control

gnition timing and smooth out the excessive PRR regardless of the in-

ylinder mean temperature near the top dead center (TDC). However,

he management and utilization of the in-cylinder thermal stratifi-

ation is not straightforward and as such, it still remains challeng-

ng to apply thermal stratification to the development of prototype

CCI engines [1,14,15]. Instead, stratified-charge compression igni-

ion (SCCI) combustion, which introduces a certain degree of fuel

nhomogeneities in fuel/air mixture, has been devised as another

romising remedy for the problems in HCCI combustion. In gen-

ral, fuel inhomogeneities may induce a sequential ignition event, re-

ulting in a prolonged combustion process under certain conditions

12,14,16,17].

In practice, the fuel stratification for SCCI combustion can

e achieved by multiple high-pressure injectors with precisely-

ontrolled injection timing [3,4,16]. In two-stage injection, for in-

tance, the main portion of fuel is first supplied during the intake

troke using a port fuel injector to generate relatively-homogeneous

uel/air mixture [16] and additional fuel (up to 20% of total fuel vol-

me) is then directly injected during the late compression stroke or

ear the TDC to introduce a certain degree of fuel concentration strat-

fication [4]. Typically, a higher degree of in-cylinder fuel stratifica-

ion can be obtained by increasing the fraction of directly-injected

uel and/or retarding direct injection timing [22]. Due to the practical

mportance of SCCI combustion, many fundamental studies of SCCI

ombustion with different fuels have been performed [1,14–33].

Several DNS studies of ignition of thermally and compositionally

tratified hydrocarbon/air mixtures have been carried out [12,34–

6]. Mittal et al. [34] investigated the ignition characteristics of n-

eptane/air mixture with uncorrelated thermal and compositional

tratifications under HCCI and diesel combustion limits to develop

generalized multi-regime representative interactive flamelet (RIF)

odel. Although several different levels of fluctuations were adopted

or two-dimensional (2-D) DNSs, only uncorrelated temperature and

omposition fields were considered to validate the RIF model and as

uch, the discussion was also limited to the model validation. Luong

t al. [12] elucidated the ignition characteristics of a lean biodiesel/air

ixture with both temperature and composition inhomogeneities

nder HCCI conditions by using 2-D DNSs. It was found that a har-

onious combination of composition and temperature fluctuations

an prevent an excessive heat release rate (HRR) and control the igni-

ion timing more effectively than temperature fluctuation only. How-

ver, the ignition of a lean biodiesl/air mixture under HCCI conditions

xhibit relatively-weak NTC behavior and as such, the effects of the

trong NTC behavior of fuel/air mixture on the HCCI combustion were

ot fully appreciated.

Recently, Talei and Hawkes [35] investigated the effects of

egatively-correlated temperature and composition stratifications on

he ignition of n-heptane/air mixture with different levels of mixture

tratification. They found that negatively-correlated fields always ad-

ance the overall combustion compared to 0-D ignition regardless

he degree of the stratifications. However, their parametric study was
imited to only a few cases with negatively-correlated temperature

nd composition fields within the NTC regime. More recently, Bansal

t al. [36] examined the characteristics of auto-ignition of stratified

imethyl ether (DME)/air mixture using 2-D and 3-D DNSs. It was

ound that compression heating can alter the overall HCCI combus-

ion by lowering temperature gradient of the initial field. It was also

ound that the overall combustion of negatively-correlated case oc-

urs primarily by spontaneous ignition but that of uncorrelated case

eads to conventional premixed deflagrations. In most studies, how-

ver, the effects of temperature and composition stratification to-

ether with their correlation on HCCI combustion were investigated

ragmentarily and as such, it is not simple to generally understand

ach effect on HCCI/SCCI combustion.

Therefore, the objective of the present study is twofold: (1) to elu-

idate the effects of initial mean temperature in conjunction with

oth thermal and compositional stratifications on the ignition char-

cteristics of realistic hydrocarbon fuel/air mixture under HCCI con-

itions in a comprehensive manner by performing 2-D DNSs and

2) to provide a better understanding of its temporal and spatial

gnition characteristics with the chemical explosive mode analysis

CEMA). In this study, n-heptane is adopted as a hydrocarbon fuel,

hich exhibits a strong NTC behavior under HCCI conditions. Note

hat n-heptane has been widely used as a viable surrogate in both

xperimental and numerical studies to elucidate the ignition charac-

eristics of the HCCI combustion [9].

. Numerical method and initial conditions

For the present DNSs, Sandia DNS code, S3D, was used to solve

he compressible Navier–Stokes, species continuity, and total energy

quations. S3D was linked with CHEMKIN and TRANSPORT software

ibraries [37,38] to evaluate thermodynamic and mixture-averaged

ransport properties. A fourth-order explicit Runge–Kutta method

39] and an eighth-order central differencing scheme [40] were em-

loyed for time integration and spatial discretization, respectively. A

enth-order filter was also applied to eliminate any spurious high-

requency fluctuations in the solution. For a detailed description of

he numerical methods, readers are referred to [41]. Periodic bound-

ry conditions were imposed in all directions of the computational

omain and as such, the ignition of an n-heptane/air mixture occurs

t a constant volume.

As in [9], the 58-species n-heptane/air reduced mechanism was

dopted. Although the 58-species reduced mechanism is significantly

implified from the detailed mechanism, it still shows a good agree-

ent with the detailed mechanism and experiments in terms of igni-

ion delays, flame propagation speeds, and extinction residence times

nder a wide range of initial temperature, equivalence ratio, and

ressure conditions. The stiffness removal technique was adopted

o remove any chemical timescales shorter than 10 ns [42]. This

echnique has been extensively validated through numerous homo-

eneous and 1-D ignition test cases, and 2-D DNS applications [9–

3,42].

For all DNSs, the initial mean equivalence ratio, φ0, and initial uni-

orm pressure, p0, are 0.45 and 40 atm, respectively. Several para-

etric studies were performed to elucidate the effects of the initial

ean temperatures, T0, with the variances of temperature, T′, and/or

quivalence ratio, φ′, on the ignition of a n-heptane/air mixture un-

er HCCI conditions. Total 23 2-D DNSs were carried out by varying

hree key parameters: (1) T0 of 805, 933, and 1025 K, (2) T′ of 0, 15,

nd 60 K, and (3) φ′ of 0, 0.05, and 0.10. Three initial mean temper-

tures with identical 0-D ignition delay, τ 0
ig
, of 1.5 ms were selected.

etails of the physical parameters for the 23 DNS cases are listed in

able 1.

Note that Dec and Hwang [5] found that thermal stratifica-

ion level naturally occurring in an HCCI engine is approximately
′ = 13.3 K which corresponds to T′ = 15 K in the present study. In
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Table 1

Physical parameters of Cases 1–23. BL represents a baseline case with either T′ only or φ′ only. UC and NC represent uncorrelated

T − φ and negatively-correlated T − φ distribution, respectively.

Case Type T0 T′ φ0 φ′ le lTe lφe u′ τ t τ 0
ig

(K) (K) (mm) (mm) (mm) (m/s) (ms) (ms)

1 BL 805 15 0.45 – 1.25 1.25 – 0.83 1.5 1.5

2 BL 805 60 0.45 – 1.25 1.25 – 0.83 1.5 1.5

3 BL 805 – 0.45 0.05 1.25 – 1.25 0.83 1.5 1.5

4 BL 805 – 0.45 0.10 1.25 – 1.25 0.83 1.5 1.5

5 BL 933 15 0.45 – 1.25 1.25 – 0.83 1.5 1.5

6 BL 933 60 0.45 – 1.25 1.25 – 0.83 1.5 1.5

7 BL 933 – 0.45 0.05 1.25 – 1.25 0.83 1.5 1.5

8 BL 933 – 0.45 0.10 1.25 – 1.25 0.83 1.5 1.5

9 BL 1025 15 0.45 – 1.25 1.25 – 0.83 1.5 1.5

10 BL 1025 – 0.45 0.10 1.25 – 1.25 0.83 1.5 1.5

11 NC 805 15 0.45 0.05 1.25 1.25 1.25 0.83 1.5 1.5

12 NC 805 60 0.45 0.05 1.25 1.25 1.25 0.83 1.5 1.5

13 NC 805 15 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

14 NC 805 60 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

15 NC 933 15 0.45 0.05 1.25 1.25 1.25 0.83 1.5 1.5

16 NC 933 60 0.45 0.05 1.25 1.25 1.25 0.83 1.5 1.5

17 NC 933 15 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

18 NC 933 60 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

19 NC 1025 15 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

20 UC 805 15 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

21 UC 805 60 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

22 UC 933 60 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5

23 UC 1025 15 0.45 0.10 1.25 1.25 1.25 0.83 1.5 1.5
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addition, Kokjohn et al. [43] found that with the presence of fuel strat-

ification produced by the direct injection, the range of φ is about 0.1–

0.8, which corresponds to φ′ = 0.1 at φ0 = 0.45. However, depending

on the fuel injection process such as the inject timing and the mass

ratio of PFI to DI, the corresponding T − φ distribution can vary sig-

nificantly. As such, for a given φ′ of 0, 0.05, and 0.1, three different T′
of 0, 15, and 60 K are adopted. Through this choice of T′ and φ′, the ig-

nition characteristics of n-heptane/air mixture under HCCI conditions

can be investigated in a comprehensive manner.

The initial mean temperatures are deliberately chosen such that

they lie within or near the NTC regime. Therefore, the ignition char-

acteristics of a n-heptane/air mixture can be investigated in three

different regimes of the low-, intermediate-, and high-temperature

chemistry. In the same way, φ0 and φ′ are carefully selected to main-

tain local φ below unity as in experiments [4], which is supposed

to prevent excessive NOx generation in real engines. The initial con-

ditions are representative of the TDC under high-load conditions in

highly air-diluted HCCI combustion [44,45]. The 0-D homogeneous

ignition delay is evaluated from the 0-D simulation of a homogeneous

n-heptane/air mixture of φ0 at initial T0 and p0. Henceforth, τ ig de-

notes the time at which the maximum mean HRR occurs for all 0-D

and 2-D simulations. The superscript 0 represents the 0-D homoge-

nous ignition.

An isotropic kinetic energy spectrum function by Passot and Pou-

quet [46] is adopted to prescribe the initial turbulent flow field as in

[6–13,47–49]. The initial turbulence decays over time since the com-

bustion occurs in a constant volume without any mean shear layer. In

general, large turbulence intensity is not favored for the SCCI com-

bustion because it can significantly homogenize mixture inhomo-

geneities [4,12]. Therefore, intermediate turbulence intensity, u′, of

0.83 m/s and most energetic length scale, le, of 1.25 mm are specified

to match the corresponding turbulence timescale, τ t, of 1.5 ms, with

τ 0
ig

and that in real HCCI engines ( ∼ O(1) ms).

It is of interest to note that the temporal evolution of 3-D turbu-

lence is qualitatively different from that of 2-D turbulence due to the

3-D vortex-stretching effect. However, it is still valuable to investigate

HCCI combustion with 2-D turbulence because the effect of turbu-

lent mixing on HCCI combustion is less important than that of mix-
ure stratifications [6–11,30,36,50]. As such, it is reasonable to expect

hat the overall HCCI combustion characteristics of 2-D DNSs may not

e very different from those of 3-D DNSs as discussed in [19,36,50].

oreover, for many parametric DNS studies, it is more feasible to per-

orm 2-D DNSs than extremely-expensive 3-D DNSs.

Temperature and concentration fields are also generated from the

ame energy spectrum as turbulence with different random num-

er. The most energetic length scales of temperature and composition

uctuations, lTe and lφe, are 1.25 mm for all cases. The identical char-

cteristic length and time scales for turbulence and scalar fields are

pecified and hence, most effective turbulent mixing of initial mix-

ures can be elucidated in the present study [10].

At the TDC prior to the main auto-ignition event, different T − φ
orrelations may exist due to such factors as fuel delivery strategy,

njection timing, amount of EGR, intake charge heating, and wall heat

oss. In the present study, two most-probable scenarios are examined

s another parameter for DNSs: (1) uncorrelated (UC) T − φ fields

esulting from the early direct injection in the one-stage injection

n combination with EGR and turbulent mixing, and (2) negatively-

orrelated (NC) T − φ fields caused by the evaporative cooling of the

econd late-direct injection in the two-stage injection together with

hort mixing time [30,51]. Although the uncorrelated T − φ fields

annot be achieved without expensive intake charge heating, the UC

ases are considered here to compare the effect of UC fields with that

f NC fields. In addition to two T − φ correlations, cases with T′ or
′ only are simulated to isolate their effects on the ignition although

ases with φ′ only are unrealistic. Figures 1 and 2 show several ini-

ial T − φ relations together with a representative isocontour of the

nitial equivalence ratio field for Case 14.

A square box of 3.2 × 3.2 mm2 discretized with 1280 grid points

n each direction was used for all 2-D DNSs. The fine grid resolu-

ion of 2.5 μm is required to resolve thin flame fronts generated by

ocally-high temperature and/or equivalence ratio and as such, the

hinnest reaction layers in 2-D DNSs are resolved with at least 11–15

rid points. The 2-D DNSs were performed on the IBM Blue Gene/P

f the Supercomputing Laboratory at King Abdullah University of Sci-

nce and Technology (KAUST). Each of the DNSs required approxi-

ately 0.8 million CPU-hours.
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. Effects of T′ and φ′ at different T0

.1. 0-D ignition characteristics

In general, HCCI combustion is believed to occur through volu-

etric auto-ignition and as such, the characteristics of the 0-D igni-

ion delay, τ 0
ig
, of lean n-heptane/air mixtures is first examined here
o gain an insight into the effects of T′ and φ′ on n-heptane HCCI com-

ustion. Figure 3 shows the 0-D ignition delay of lean n-heptane/air

ixtures with different φ0 as a function of T0 at p0 = 40 atm. It

s readily observed from Fig. 3 that for the low and high tempera-

ure regimes outside the NTC regime (T0 < 800 K or T0 > 1000 K),
0
ig

is more sensitive to T0 than φ0. However, for T0 within/near the

TC regime (800 K < T0 < 1000 K), τ 0
ig

is more sensitive to φ0

han T0 compared to the low and high temperature regimes. This is

rimarily because the NTC regime occurs within the intermediate-

emperature range (e.g., 875 K < T0 < 975 K for φ0 = 0.45), where

he low/intermediate temperature heat release advances the second-

tage ignition more in time with decreasing T0 such that τ 0
ig

is rela-

ively constant. Moreover, it is further attributed to the strong NTC

ehavior at relatively-large φ0. This strong NTC behavior occurs be-

ause the temperature increase induced by the first-stage ignition be-

omes significant at relatively-large φ0, resulting in the advancement

f the second-stage ignition.

The sensitivity of the ignition of hydrocarbon/air mixtures to

emperature and composition variations under HCCI conditions has

een reported in many previous numerical and experimental stud-

es [9,12,14,15,17,23,52]. For example, in 2-D DNSs of the ignition of

-heptane/air mixture [9], it was found that the overall combustion

roceeds in different ways depending on the relative location of T0

o the NTC regime and the degree of T′. It was also reported from

12,14,15] that the HCCI combustion of high-reactivity fuel/air mix-

ure exhibiting two-stage ignition (e.g., diesel, PRF73, and n-heptane)

s highly sensitive to mixture stratification. For low-reactivity fuel/air

ixture with only one-stage ignition (e.g., gasoline, iso-octane, and

thanol), the overall combustion is less sensitive to fuel stratification

nder naturally aspirated HCCI conditions [14,15,17,23,52]. However,

t was found that under boosted intake pressure, the HCCI combus-

ion of gasoline/air mixture becomes highly sensitive to fuel stratifi-

ation [22,53,54].

All of these different ignition characteristics under HCCI con-

itions are primarily attributed to initial mixture conditions such

s mean temperature and equivalence ratio from which the over-

ll combustion can go through different reaction pathways: low-,

ntermediate-, and high-temperature chemistry. In the following

ections, therefore, the overall ignition characteristics of thermally

nd/or compositionally stratified n-heptane/air mixture with differ-

nt T − φ correlations are elucidated at three different T0, which may

nvolve different reaction pathways.

.2. Effects of T′ or φ′ at different T0: BL cases

To elucidate the effect of temperature or composition fluctuation

nly on the overall ignition characteristics of n-heptane/air mixture

nder HCCI conditions, 10 baseline (BL) cases with either T′ only or
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φ′ only are examined. Figure 4 shows the temporal evolution of mean

pressure, p, and mean HRR, q̇, for the BL cases (Cases 1–10) together

with the corresponding 0-D homogeneous ignitions during the first-

and second-stage ignition. Note that unlike cases with T0 = 805 and

933 K, cases with T0 = 1025 K have no first-stage ignition due to

their relatively-high T0 as shown in Fig. 4c; their ignition process

is thus solely determined by the transition from the intermediate-

temperature to high-temperature chemistry.

3.2.1. First-stage ignition: BL cases

For the BL cases with T0 = 805 K (Cases 1–4), it is readily observed

from Fig. 4a that q̇ is more spread out over time and its peak is signif-

icantly reduced with increasing T′ but they do not change much with

increasing φ′ compared to their corresponding values of 0-D ignition.

This is primarily because the first-stage ignition is governed by the

low-temperature chemistry which is more sensitive to T than φ as
entioned above. Moreover, under the present initial conditions, the

rst-stage ignition delay, τ 0
ig,1

, is much shorter than the turbulence

imescale, τ t (= τ 0
ig

), and as such, the effect of turbulent mixing on

he first-stage ignition is negligible. This implies that the first-stage

gnitions of local mixtures with different T (Cases 1 and 2) occur spon-

aneously with wide time difference, resulting in the temporal spread

f q̇. On the contrary, local mixtures with different φ (Cases 3 and 4)

gnite simultaneously at the same time and as such, the overall first-

tage ignition proceeds similarly to the 0-D ignition.

For T0 = 933 K (Cases 5–8) in Fig. 4b, however, the overall first-

tage ignitions are quite similar to the 0-D ignition regardless of T′
nd φ′. From many 0-D ignition simulations, it is found that unlike

ases at T0 = 805 K, τ 0
ig,1

remains nearly the same for different T0

round 933 K. This is because the strength of the first-stage igni-

ion manifested in the maximum HRR is significantly reduced with

ncreasing T0 and as such, the effect of T0 on the first-stage ignition
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ecomes significantly limited. Moreover, the first-stage ignition does

ot change much with φ as discussed above and as such, the overall

rst-stage ignition for cases with T′ only or φ′ only proceeds sim-

larly to the corresponding 0-D ignition. In summary, the first-stage

gnitions of local mixtures occur spontaneously with only time differ-

nce due to τ 0
ig,1

< τt and T′ has a first-order effect on the first-stage

gnition at low T0 in which strong first-stage ignition occurs.

.2.2. Second-stage ignition: BL cases

For the characteristics of the second-stage ignition of the BL cases,

everal observations are made from Fig. 4d–f. First, q̇ is more spread

ut over time and its peak is more decreased with increasing T′ or
′ for all cases regardless of T0. These results are attributed to the

eneral effects of temperature and composition stratifications found

n many previous DNS studies [6,8–13,35]; as the degree of T′ or φ′ is

ncreased, the deflagration mode of combustion rather than the spon-

aneous ignition mode prevails during the main combustion event,

esulting in the reduction of the peak q̇.

Second, the ignition delay, τ ig, behaves non-monotonically with
′ (Cases 1, 2, 5, 6, and 9) at different T0 but it is always decreased

ith increasing φ′ regardless of T0 (Cases 3, 4, 7, 8, and 10). More

pecifically, as T′ is increased, τ ig is increased for low T0 of 805 K;

hereas, it is decreased for high T0 of 1025 K. For intermediate T0 of

33 K, however, τ ig is slightly increased with small T′, while being

ecreased with large T′, exhibiting the combined effects of both low

nd high T0 near the NTC regime as found in [9].

These ignition characteristics can simply be understood by ex-

mining the distribution of τ 0
ig

of initial fields as demonstrated in

9,12,13]. Figure 5 shows the 95% range of τ 0
ig

for the initial mixture

elds for the BL cases. The 95% range of τ 0
ig

represents the span of τ 0
ig

n the initial mixture, wherein T and φ lie within 95% of the range of

ach parameter centered at T0 and φ0. Note that local mixture with

he shortest τ 0
ig

is more likely to auto-ignite first and as such, it may

etermine the start of the main combustion, while the span of τ 0
ig

ay decide the duration of the main combustion. Nascent ignition

ernels from mixtures with the shortest τ 0
ig

develop into wave-like

ronts and propagate to consume adjacent unburnt fuel/air mixtures.

eanwhile, new ignition kernels also develop due to increased tem-

erature and pressure, which leads to a sequential ignition process

y the combustion mode of deflagration and/or the mode of sponta-

eous ignition.

As shown in Fig. 5, the shortest τ 0
ig

and its 95% range become

maller and larger, respectively with increasing T′ or φ′. As such, the

tart of the main combustion can be advanced in time and its duration

an be prolonged, consequently spreading out the mean HRR over

ime. However, the overall combustion for Case 4 is finished much

ater than that for Case 2 and even that for the 0-D ignition. This is

ecause most of local mixtures in Case 4 have much longer ignition

elay than τ 0
ig

and hence, they are mainly consumed by the deflagra-

ion mode of combustion, which leads to the significant retardation

f the overall combustion compared to 0-D ignition. Moreover, since

he turbulent timescale is nearly identical to the fastest τ 0
ig

of the mix-

ures, significant turbulent mixing can also delay the overall combus-

ion by dissipating heat and radicals in nascent ignition kernels. How-

ver, the range of τ 0
ig

for Case 5 in Fig. 5b is narrow and their values

re nearly comparable to the 0-D ignition delay. As such, their overall

ombustion becomes more like 0-D ignition as shown in Fig. 4b.

It is also readily observed from Fig. 4 that unlike the cases with
′ only, the overall combustion of the BL cases with φ′ only (Cases

, 4, 7, 8, and 10) is advanced in time and the duration of the main

ombustion is prolonged with increasing φ′ regardless of T0. The BL

ases with φ′ only involve relatively-wide range of τ 0
ig

and mixtures

ith shorter ignition delays compared to the corresponding 0-D ig-

ition as shown in Fig. 5. Therefore, deflagrations rather than spon-
aneous ignition evolve earlier than τ 0
ig

and propagate into adjacent

nburnt mixtures, resulting in the advancement of the overall com-

ustion and distribution of the mean HRR. It is also of interest to note

hat when T0 lies within the high temperature regime (Case 10 with

0 = 1025 K), wherein the overall combustion is primarily governed

y the high-temperature chemistry, fuel stratification becomes less

ffective in reducing the peak q̇ and advancing τ ig. Moreover, in this

igh temperature regime, small T′ induces quite similar result to that

y large φ′ in terms of the advancement of the overall combustion

9,12].

.3. Effects of negatively-correlated T − φ fields: NC cases

To understand the effect of two different T − φ correlations on the

gnition of n-heptane/air mixture, the temporal evolution of the mean

RR for the negatively-correlated (NC) and uncorrelated (UC) cases at

hree different T0 is shown in Fig. 6 together with the BL cases. Dur-

ng the first-stage ignition, the overall combustion for all NC and UC

ases proceeds quite similarly to that of the BL cases with the same
′ regardless of φ′. As discussed above, this is because the first-stage

gnition is mainly determined by the low-temperature chemistry sen-

itive to temperature variation, and is not affected by turbulence mix-

ng of which timescale, τ t, is much longer than τ 0
ig,1

.
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Fig. 6. Temporal evolutions of the mean HRR for the BL (left column) and NC and UC (right column) cases with T0 = 805 K (a and d), T0 = 933 K (b and e), and T0 = 1025 K (c and f)

during the second-stage ignition. The first-stage ignitions are shown in the small boxes.
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For the second-stage ignition of the NC cases, several points are to

be noted from Fig. 6d–f. First, for cases with T0 = 805 K and 1025 K,

the negative T − φ correlation has an adverse effect on the overall

combustion in terms of HRR distribution; the peak q̇ is significantly

increased and the duration of the main combustion is reduced com-

pared to those of the BL cases. In addition, the overall combustion is

finished much later than that of the corresponding BL case.

These results are primarily attributed to the characteristics of the

0-D ignition delays of initial mixtures and the turbulence timescale

relative to τ 0
ig

. As shown in Fig. 7a and c, the 0-D ignition delays for

Cases 11 and 19 spans relatively-narrow range close to 1.5 ms such

that the overall combustion may occur by the spontaneous ignition

even though it is slightly delayed for Case 11 and advanced for Case

19. Moreover, the turbulent timescale is similar to the 0-D ignition

delays for the cases and hence, turbulence can effectively homog-

enize the initial mixture, resulting in the retardation of the overall

combustion. For Cases 12–14, the 0-D ignition delays of most mix-
ures are much greater than 1.5 ms and as such, turbulence with τ t of

.5 ms can dissipate effectively heat and radicals from nascent igni-

ion kernels and homogenize mixtures. As a result, the overall com-

ustion is retarded. These results verify that the positive effects of

emperature inhomogeneities in the initial mixture on the HCCI com-

ustion can be diminished by fuel stratification if it is introduced into

he engine cylinder opposite to thermal stratification, leading to rapid

olumetric ignition [12,28–30].

Second, for cases with intermediate T0 of 933 K (see Fig. 6e), the

egative correlation of T − φ fields has a positive effect on the overall

ombustion by spreading out q̇ over time and reducing the peak q̇.

hese results can also be understood by examining 0-D ignition de-

ays of initial mixtures. As shown in Fig. 7b, the negatively-correlated

− φ fields for Cases 15–18 induce much shorter 0-D ignition delays

f the initial fields than τ 0
ig

of 1.5 ms. Therefore, it can be expected that

ascent ignition kernels can successfully develop into deflagrations,

hich consequently advance the overall combustion and distribute
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he mean HRR over time. Moreover, for cases with the same T′, the

hortest 0-D ignition delay for φ′ = 0.10 is much smaller than that for

mall φ′ of 0.05 and as such, the overall combustion is more advanced

ith large φ′ for cases with same T′.
It is of interest to note from Fig. 7b that for cases with φ′ = 0.10,

he shortest 0-D ignition delay for Case 16 is much smaller than that

or Case 18 and as such, it may be expected that the overall combus-

ion for Case 16 is finished much earlier than that for Case 18. In real-

ty, however, the overall combustion of the two cases proceeds quite

imilarly to each other. The characteristics of overall combustion may

e determined not only by the shortest 0-D ignition delay but also by

he number of ignition kernels which can successfully develop into

eflagrations.

To further elucidate the ignition characteristics of the NC cases at

0 = 933 K, the instantaneous isocontours of HRR field at the times

f 5%, 50%, and 95% cumulative q̇, and the maximum q̇ are shown in

ig. 8. The local HRR, q̇, is normalized by the maximum HRR of the

orresponding 0-D ignition, q̇0
m = 1857 J/mm3 s. For Case 16, deflagra-

ion waves emanate from nascent ignition kernels much earlier than
hose for the other cases because the shortest 0-D ignition delays in

ase 16 is smaller than those in other cases. For Cases 16 and 18, how-

ver, the temporal evolution of q̇ are not quite different. At time of 5%

umulative q̇, more corrugated deflagration waves are observed for

ase 18 than for Case 16, implying that Case 18 has more nascent igni-

ion kernels which ultimately develop into deflagrations than Case 16.

This qualitative observation can be verified by examining the

robability density function (PDF) of τ 0
ig

and its spatial gradient,

∇τ 0
ig
|, of initial mixtures as shown in Fig. 9. It is readily observed

hat only the PDF of τ 0
ig

of Case 16 exhibits non-zero values near
0
ig

= 0.5 ms and the PDF of τ 0
ig

of Case 18 has a peak at τ 0
ig

= 0.95 ms,

hich is greater than those of other cases. These results imply that

ven though the ignition kernels start to develop earlier in Case 16

han in Case 18, more deflagrations in Case 18 consume unburnt mix-

ures faster than in Case 16. Therefore, the overall combustion of the

wo cases proceeds similarly to each other. It is also observed from

he figure that the PDF of |∇τ 0
ig
| of Case 18 is slightly more distributed

p to very large |∇τ 0
ig
| than that of Case 16, which implies that once
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Fig. 8. Isocontours of normalized HRR for Cases 15–18 (from left to right) at times of 15% (first row), 40% (second row), and 95% (last row) cumulative mean HRR and at the

maximum HRR (third row).
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deflagration waves are developed, the deflagration mode can prevail

more in Case 18. The characteristics of deflagration mode of combus-

tion are further discussed in the next section.

For the cases with small φ′ of 0.05 (Cases 15 and 17), however,

large T′ tends to advance the overall HCCI combustion and increase

the peak q̇ sightly. In addition, for cases with the same φ′, τ ig for

the negatively-correlated cases are shorter than those of the corre-

sponding BL cases with φ′ only (Cases 8 and 9); for example, τ ig for

the BL case (Case 9) and negatively-correlated cases (Cases 16 and 18)

are approximately 0.91 and 0.85, respectively. Furthermore, as shown

in Fig. 9, the PDFs of τ 0
ig

and |∇τ 0
ig
| of Case 17 are more distributed

than those of Case 15 and as such, the deflagration mode is expected

to prevail more in Case 17 than Case 15. All of these results imply

that negatively-correlated T − φ fields at intermediate T0 within the

NTC regime have a synergistic effect of advancing the overall com-

bustion and smoothing out the PRR and HRR under high-load HCCI

combustion.

3.4. Effects of uncorrelated T − φ fields: UC cases

As mentioned above, the uncorrelated T − φ distribution prior to

the main combustion event is another scenario which may occur
n HCCI combustion [12,30]. For completeness, four cases with un-

orrelated T − φ distribution (Cases 20–23) are examined to under-

tand the combined effects of temperature and composition inhomo-

eneities in/near the NTC regime on the overall HCCI combustion.

Several observations can be made for the UC cases from Fig. 6d–f.

nlike the NC cases, the overall combustion of all UC cases is more

dvanced in time and the duration of the main combustion is further

ncreased regardless of T0 compared to their corresponding 0-D igni-

ion. The 95% range of 0-D ignition delay for the UC cases (see Fig. 7d–

) can further identify the ignition characteristics of the UC cases; the

verall HCCI combustion occurs rapidly because the fastest ignition

elay is much shorter than τ 0
ig

= 1.5 ms and the mean HRR is more

istributed over time due to the wide spread of ignition delay.

Even though the overall combustion characteristics for all UC

ases seem to be analogous in many ways, different behaviors of the

verall combustion for different T0 can be observed. For cases with

0 = 805 K (Cases 20 and 21), the temporal distribution of the mean

RR by uncorrelated T − φ field becomes more significant than the

orresponding BL cases with φ′ only (Cases 3 and 4), which is pri-

arily attributed to the wider range of ignition delay of the UC cases.

n the same context, uncorrelated large T′ and φ′ in Case 21 tend to

etard the overall combustion compared to Case 4 with φ′ only. The
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ccurrence of ignition kernels and their development into deflagra-

ions happens at the same time due to their similar fastest ignition

elay. However, it takes more time to consume the whole fuel/air

ixture of Case 21 with wide range of ignition delay than does Case

with relatively narrow range of ignition delay.

However, for cases with T0 = 933 K (Case 22) and 1025 K (Case

3), the uncorrelated T − φ fields advance the overall combustion

nd spread out the mean HRR compared to the BL cases with T′ only

r φ′ only, which is also attributed to the shorter fastest ignition de-

ays and wide range of ignition delay in the initial fuel/air mixture.

or Case 22, moreover, the effect of uncorrelated T − φ field becomes

omparable to that of negatively-correlated T − φ field because in

he NTC regime, the 95% range of ignition delay for the UC cases be-

omes comparable to that for the NC cases and as such, the overall

CCI combustion of the UC case proceeds similarly to that of the NC

ases. In summary, the uncorrelated T − φ distribution has a syner-

etic effect in preventing excessive PRR by temporally distributing q̇

ompared to the BL cases with T′ only or φ′ only.

.5. Combustion mode

In the previous sections, the spontaneous ignition and defla-

ration modes of combustion are discussed without any quantita-

ive analysis. As such, in this section, the occurrence of deflagration

ode during combustion is quantitatively measured by adopting the

amköhler number, Da, defined as [9–12,55,56]:

a = ω̇k

| − ∇ · (ρYkVk)| , (1)

here Yk, Vk, and ω̇k denote the mass fraction, diffusion velocity, and

et production rate of species k, respectively. Yc ≡ YCO2
+ YCO is used

or the Damköhler number analysis.

To delineate between the deflagration and spontaneous ignition

odes, Da in the diffusive limit is identified from a series of 1-D

aminar simulations at various φ0. Note that the diffusive limit rep-

esents a condition in which deflagration wave propagates without
uto-ignition or diffusion balances reaction [7–12]. From the simula-

ions, it is found that Da in the diffusive limit is approximately 2.0.

ote that in the diffusive limit under the present specific conditions,

a becomes larger than unity because the mixture upstream of the

eflagration wave is highly reactive, and as such, the reaction term

f Da becomes larger than the diffusion term [9–12]. In the present

tudy, combustion is determined to occur by the deflagration mode

hen the corresponding Da is less than 2.0.

Figure 10 shows the temporal evolution of the fraction of HRR

rom the deflagration mode for all DNS cases. It is readily observed

hat prior to the main ignition, most of heat release occurs in the de-

agration mode except for Cases 1, 5, 11, and 19 in which T′ and/or
′ are relatively small. It is also found that in most cases, the fraction

f HRR from the deflagration mode is rapidly reduced near the oc-

urrence of the peak q̇. These results verify that for large T′ and/or φ′
ases, combustion occurs primarily by the deflagration mode during

he early stage of ignition; however, the mixed mode of deflagration

nd spontaneous ignition takes it over during the main combustion

rocess. Note that at the final stage of ignition, the fraction of HRR

rom the deflagration mode increases up to unity because ω̇c in Eq.

1) vanishes, consequently leading to Da = 0.

To further identify the effect of deflagration mode on the charac-

eristics of HCCI/SCCI combustion, the maximum HRR, burning dura-

ion, and total HRR fraction from the deflagration mode for all DNS

ases are listed in Table 2. In general, the total HRR fraction from the

eflagration mode is increased with increasing T′ and/or φ′, resulting

n the reduction of the maximum HRR and the increase of the burning

uration. For the NC cases (Cases 12 vs. 14, 15 vs. 17, and 16 vs. 18),

owever, the total fraction of HRR is reduced when T′ is increased

rom 15 K to 60 K. As T′ is increased, more mixtures outside the NTC

egime are included in the initial field and as such, the canceling ef-

ect of negatively-correlated T − φ fields outside the NTC regime is

nhanced and the first order effect of φ′ on the HCCI combustion is

lightly reduced.

In summary, deflagration waves can successfully develop at the

arly stage of combustion only if the shortest τ 0
ig

of initial mixture

nduced by large T′ and/or φ′ is small enough. This early development

f deflagrations can render relatively-large portion of combustion to

ccur by the deflagration mode, which significantly contributes to the

emporal spreading of the mean HRR, and the reduction of the peak q̇

nd τ ig as shown in Table 2.

. Chemical aspects of the ignition

In this section, the effects of the initial mean temperatures and

emperature/composition stratifications on the overall HCCI combus-

ion are further elucidated by examining the temporal evolution of

mportant species together with the overall reaction pathways of n-

eptane oxidation. Moreover, the spatial characteristics of the igni-

ion are also identified by chemical explosive mode analysis (CEMA).

.1. Characteristics of temporal species evolution

Prior to analyzing the characteristics of important species, the

verall reaction pathways of n-heptane oxidation relevant to HCCI

ombustion are first discussed to obtain the insight of the chemical

spects of HCCI combustion. Readers are referred to Fig. 11 for

schematic of the reaction pathways composed of three differ-

nt routes: low-, intermediate-, and high-temperature chemistry

57–60].

The low-temperature chemistry of n-heptane oxidation is first ini-

iated by the H-atom abstraction from a fuel molecule, RH, reacting

ith molecular oxygen (RH + O2 → R + HO2). As such, HO2 increases

ignificantly as a result of rapid n-heptane decomposition during the

rst-stage ignition. Alkyl radical, R, then reacts with O to produce
2
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Fig. 10. Temporal evolution of the fraction of heat release rate from the deflagration mode and mean heat release rate for the BL (left) and NC/UC (right) cases.
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alkylperoxy radical, RO2, via R + O2 + M → RO2 + M. The rate of ad-

dition of O2 to alkyl radical and its equilibrium depend strongly on

pressure, temperature, and equivalence ratio and hence, the tempera-

ture threshold for separating the low- and high-temperature reaction

path varies depending on specific conditions. Next, RO2 radical iso-

merization occurs to form hydroperoxyalkyl, QOOH, (RO2 � QOOH)

followed by another O2 addition (QOOH + O2 → O2QOOH). The over-

all rate of the low-temperature chemistry is primarily controlled by

the rate of chain branching reactions through the production and de-

composition of keto-hydroperoxide, KOOH; i.e., O2QOOH → KOOH +

OH and KOOH → OH + KO.

The low-temperature reaction cycle is suppressed when temper-

ature exceeds a critical value at which the competing reaction (R +

O2 → olefin + HO2) terminates the first-stage ignition. Between

the first- and second-stage ignition, the intermediate-temperature

chemistry, which is actually the combination of the low- and high-

temperature chemistry, dominates the ignition of n-heptane/air mix-

ture; alkyl radical and hydroperoxyalkyl species convert into the

other fuel species (e.g., cyclic ether species, olefins, and ketenes) plus

OH and HO . In this period, the rate of temperature increase is sig-
2
ificantly reduced due to a lower reactivity of the system. Over a cer-

ain temperature threshold, the chain-branching reaction of hydro-

en peroxide (H2O2 + M → OH + OH + M) becomes highly reactive,

esulting in large enough temperature increase to initiate the chain

ranching reactions at high temperatures, controlled by H + O2 →
+ OH. At this point, the high-temperature chemistry becomes pre-

ominant over the low-temperature chemistry and the second-stage

gnition starts to occur.

The high-temperature chemistry of n-heptane oxidation can be

imply understood as a process of sequential decomposition of large

uel species to small fragments, down to CH2O, HCO, H2O2, HO2, CO,

tc. At the final stage of the ignition, therefore, reaction pathways in-

olve the core of H2/CO oxidation mechanism [57,60].

Based on the above discussion of the overall reaction pathways,

he temporal evolution of the mean mass fraction of important

pecies (e.g., n-C7H16, HO2, H2O2, OH, CO, and CO2) and the mean HRR

s shown in Figs. 12–14 for DNS cases at three different T0 together

ith their corresponding 0-D ignition cases. Three distinct behav-

ors of the species are readily observed from the figures depending

n T .
0
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Table 2

Quantitative data of the DNS cases. q̇m is the maximum mean HRR; τ bd is the burn duration which represents

the period from 10% to 90% cumulative HRR; q̇de f is the total fraction of HRR from the deflagration mode.

Case Type T0 (K) T′ (K) φ′ τig/τ
0
ig

q̇m/q̇0
m τbd/τ 0

ig
q̇de f (%)

1 BL 805 15 – 1.02 0.29 0.12 9.3

2 BL 805 60 – 1.05 0.16 0.15 47.2

3 BL 805 – 0.05 0.97 0.27 0.12 28.3

4 BL 805 – 0.10 0.89 0.15 0.15 46.0

5 BL 933 15 – 1.01 0.46 0.07 4.8

6 BL 933 60 – 0.90 0.27 0.09 28.2

7 BL 933 – 0.05 0.98 0.27 0.09 23.2

8 BL 933 – 0.10 0.91 0.15 0.10 40.6

9 BL 1025 15 – 0.95 0.18 0.05 27.1

10 BL 1025 – 0.10 0.94 0.14 0.07 31.4

11 NC 805 15 0.05 1.06 0.65 0.10 14.9

12 NC 805 15 0.10 1.05 0.33 0.12 33.1

13 NC 805 60 0.05 1.10 0.28 0.14 29.0

14 NC 805 60 0.10 1.12 0.46 0.11 25.6

15 NC 933 15 0.05 0.95 0.20 0.08 32.5

16 NC 933 15 0.10 0.84 0.12 0.13 48.1

17 NC 933 60 0.05 0.90 0.24 0.07 24.6

18 NC 933 60 0.10 0.86 0.16 0.11 38.7

19 NC 1025 15 0.10 0.99 0.35 0.04 11.9

20 UC 805 15 0.10 0.94 0.14 0.15 56.8

21 UC 805 60 0.10 0.95 0.12 0.17 64.3

22 UC 933 60 0.10 0.85 0.12 0.13 49.9

23 UC 1025 15 0.10 0.90 0.11 0.13 44.9

Fig. 11. Schematic of reaction pathways of n-heptane oxidation at different temperatures [57].
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First, for Cases 4 and 11 (see Fig. 12c and d), almost all n-heptane

s rapidly consumed by the low-temperature chemistry (RH + O2 →
+ HO2) and as such, HO2 mass fraction increases significantly and

as its first peak during the first-stage ignition, which is similar to

heir corresponding 0-D case with T0 = 805 K. Since T′ for Cases 4

nd 11 are relatively small compared to those of other cases (Cases

, 14, and 21), the overall combustion proceeds similarly to their cor-

esponding 0-D ignition during the first-stage of ignition; however,

or Cases 2, 14, and 21 with relatively large T′, the wide span of the

rst-stage ignition delay in the initial mixture results in the gradual

eduction of n-heptane and increment of HO2, which is manifested in

he relatively-small and temporally-distributed HRR during the early

tage of the ignition (see Figs. 4a and 6 a). In either case, however,

he temporal spread of HRR (Cases 2, 4, and 21) during the second-

tage ignition is manifested in a gradual increase of OH and decrease

f H2O2 as the high-temperature chemistry dominates the overall
ombustion, implying that the overall combustion occurs not only by

he spontaneous ignition mode but also by the deflagration mode of

ombustion.

Second, for cases with T0 = 933 K (see Fig. 13), only a small fraction

f n-heptane is rapidly consumed during the first-stage ignition and

hen, it decreases linearly until the end of combustion. Since the HRR

rom the first-stage ignition at T0 = 933 K is much smaller than at T0

805 K, the consumption of n-heptane for cases with T0 = 933 K dur-

ng the first-stage ignition becomes smaller compared to cases with

0 = 833 K. For all cases with T0 = 933 K, HO2 has two peaks at the

rst- and second-stage ignition; as discussed above, the first peak oc-

urs through RH + O2 → R + HO2 and the second is attributed to the

ccumulation of HO2 via R + O2 → olefin + HO2 of the intermediate-

emperature chemistry. Similar to cases with T0 = 833 K, the tem-

oral distribution of the mean HRR during the second-stage ignition

s manifested in the progressive increment of OH and reduction of
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Fig. 12. Temporal evolutions of the mean mass fractions of important species and mean HRR at T0 = 805 K for (a) 0-D ignition, (b) Case 2, (c) Case 7, (d) Case 11, (e) Case 14, and (f)

Case 21.
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H2O2. These results are consistent with the previous DNS study of ig-

nition of primary reference fuel (PRF)/air mixtures of which T0 lies

within the NTC regime [13].

Third, for cases with T0 = 1025 K (see Fig. 14), n-heptane is first

gradually consumed and then, the consumption rate keeps increas-

ing till the end of the overall combustion. At high T0 of 1025 K,

there is no first-stage ignition and the intermediate-to-high temper-

ature chemistry govern the ignition such that the consumption of

n-heptane and accumulation of HO2 occurs gradually through the

intermediate-temperature chemistry as shown in Fig. 11. As deflagra-

tions developed from ignition kernels propagate into unburnt mix-

ture, significant heat release starts to occur and CO and OH levels in-

crease rapidly. At the final stage, the unburnt mixture is consumed

primarily by the spontaneous ignition and as such, the mass fraction

of CO and HO2 decreases rapidly. It is also of interest to note that the

level of H2O2 concentration is relatively low compared to that at T0 =
805 and 933 K. At high temperature, H2O2 decomposes rapidly into

OH via H2O2 + M → OH + OH + M and as such, remains relatively

constant till the thermal ignition.
 t
Overall, the evolution characteristics of important species for 2-

DNS cases are similar to those of the corresponding 0-D ignitions

nd the departure from the 0-D ignition is primarily attributed to the

xistence of deflagrations during the combustion, which is controlled

y the degree of T′ and φ′ and their spatial correlation.

.2. Chemical explosive mode analysis

In this section, CEMA is adopted to understand the spatial igni-

ion characteristics of the lean n-heptane/air mixture by identifying

ontrolling species and elementary reactions at different locations

nd time. CEMA has been applied to various DNS problems such as

urbulent lifted jet flames in heated coflows [56,61–63], turbulent

eacting jet flames in cross flows [64,65], and ignition of hydrocar-

on fuel/air mixtures under HCCI conditions [9,11–13,66]. From these

tudies, CEMA has been proved as a reliable computational flame di-

gnostics (CFLD) tool to systematically detect important species and

eactions for premixed flames and limit phenomena including igni-

ion and extinction.
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Fig. 13. Temporal evolutions of the mean mass fractions of important species and mean HRR at T0 = 933 K for (a) 0-D ignition, (b) Case 6, (c) Case 8, (d) Case 15, (e) Case 16, and

(f) Case 22.
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CEMA is briefly explained here and for more details of CEMA, read-

rs are referred to [61,63]. The differential governing equations for a

hemically-reacting flow can be described in discretized form as:

Dy

Dt
= g(y) = ω(y) + s(y), (2)

here D/Dt is the material derivative, which can be replaced by d/dt

n the Lagrangian coordinate, and y represents the solution vector of

pecies concentrations and temperature. The chemical source term

s denoted as ω, while all non-chemical source terms such as diffu-

ion in flames and homogeneous mixing term in stirred reactors are

epresented by s.

The Jacobian of the chemical source term, Jω ( ≡ ∂ω/∂y), includes

he local chemical information of local mixture and as such, it can

e used to determine the chemical feature of the mixture. For this

urpose, a chemical mode is defined as an eigenmode of Jω, which is

ssociated with an eigenvalue, λe, and a corresponding pair of the left

nd right eigenvectors, be and ae. A chemical explosive mode (CEM)
s a chemical mode of which real part of the eigenvalue is positive:

e(λe) > 0.

The existence of a CEM indicates that the local mixture auto-

gnites if there are no thermal and radical losses. In the same way,

he auto-ignition of a local mixture exhibiting CEM may be delayed

r even fail if the mixture loses significant heat or radicals by strong

ixing or diffusion. Nevertheless, CEM remains an intrinsic chemical

eature of ignitable mixtures. It is also of interest to note that the crit-

cal flame features including ignition, extinction, and premixed flame

ront locations, are closely related with the transition of CEMs from

xplosive (Re(λe) > 0) to non-explosive (Re(λe) < 0) state as shown

n [9,12,13,66].

The competition between the local CEM and mixing loss can be

uantitatively measured by a Damköhler number defined as Dac =
e · χ−1 [61–63,66]. χ is a scalar dissipation rate defined as χ =
D|∇c|2, where c and D are a progress variable and the thermal dif-

usivity of the local mixture, respectively. In the present study, c is

valuated using c = Yc/Y
Eq
c , where Yc = YCO2

+ YCO and Y
Eq
c is the cor-

esponding equilibrium value of Yc which is found to be 0.09 for the
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Fig. 14. Temporal evolutions of the mean mass fractions of important species and mean HRR at T0 = 1025 K for (a) 0-D ignition, (b) Case 9, (c) Case 19, and (d) Case 23.
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present DNS cases. It should be noted that Dac = 1 is an important

criterion for limit phenomena detection. Specifically, at a mixture ex-

hibiting Dac = 1, reaction balances mixing, which occurs usually at

the ignition front or flame front; whereas Dac � 1 indicates that re-

action dominates over diffusion and mixture with Dac � 1 will most

likely auto-ignite.

The contribution of each variable and reaction to the CEM can be

quantified by evaluating the explosive index (EI) of each variable and

participation index (PI) of each reaction, which can identify critical

chemical kinetic processes during the ignition. The EI and PI vectors

are defined as [63,66]:

EI = |ae ⊗ b
T
e |

sum(|be ⊗ b
T
e |)

, (3)

PI = |be · S ⊗ R|
sum(|(be · S) ⊗ R|) , (4)

where S and R represent the stoichiometric coefficient matrix and

the vector of the net rates for reactions, respectively and the operator

⊗ represents the element-wise multiplication of two vectors. A 88-

species skeletal mechanism for n-heptane oxidation [9] is used for

CEMA to analytically evaluate Jω, ae, and be.

Figure 15 shows the isocontours of HRR, temperature, n-heptane

mass fraction, the log-scale of Re(λe), and the EI values of important

variables which exhibit relatively-large EI values for Case 16 at t/τ 0
ig

=
0.67. Henceforth, the range of each color legend in figures is deter-

mined by the maximum and minimum values of each variable. Two

points are to be noted from the figure. First, it is readily observed from

Fig. 15a–d that mixture with Re(λe) < 0 has already ignited while the

ignition of mixture with Re(λe) > 0 is still underway. In between the

two distinct regions, there exist thin deflagrations with large HRR and

Dac ∼ O(1). Second, temperature, n-heptane, and H2O2 are the main

variables that control the ignition in the unburnt region. More specif-

ically, temperature and n-heptane are the main source of the CEM at
elatively-low temperature region (T ∼ 1000 K) while H2O2 becomes

mportant for the ignition of unburnt mixture at relatively-high tem-

erature region (T ∼ 1100 K). This is because fuel decomposition still

ccurs at the relatively-low temperature region with large fuel con-

entration. At T ∼ 1100 K, however, the chain-branching reaction of

2O2 becomes highly reactive, which subsequently results in initiat-

ng high temperature chemistry.

In addition, CO and OH are found to be the most important

pecies in the burnt region (see Fig. 15h and i) in which the high-

emperature chemistry remains controlling the combustion process.

t is also found from 1-D profiles of important species and their EI

alues (not shown here) that from upstream to downstream through

eflagrations, EI of CO increases nearly up to unity from zero while EIs

f temperature and H2O2 vanish rapidly, which is consistent with the

haracteristics of n-heptane oxidation observed in freely-propagating

remixed flames and auto-ignition [66].

To further identify critical reactions involving the important

pecies, the isocontours of PI values of important reactions with large

I values are shown in Fig. 16. Note that Fig. 16f shows the cumula-

ive PI value of R293–R300 through which fuel converts into various

somers of alkyl radicals: RH + (OH, HO2) → R + (H2O, H2O2). It is gen-

rally believed that CO + OH → CO2 + H (R7) and H + O2 → O + OH (R8)

re two critical reactions in a hydrocarbon/air combustion process re-

ardless of specific fuel type [60]. In the present study, both reactions

re also found to be important to the CEM especially across the de-

agrations. This is primarily because R7 is the main conversion path

f CO to CO2 and R8 is the most important chain-branching reaction

t high temperature. In addition, HO2 formation reaction, H + O2 + M

HO2 + M (R24), is also found to be important at the deflagrations

ecause it is one of the most exothermic reactions in hydrogen/air

remixed flames [60].

In the unburnt region upstream of the deflagrations (see Fig. 16e

nd f), however, it is readily observed that the chain branch-

ng of H2O2 (R48) and the generation of alkyl radical and H2O2
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Fig. 15. Isocontours of (a) HRR, (b) temperature, (c) YC7 H16
, (d) sign(Re(λe)) × log(1+|Re(λe|)), and EI of (e) temperature, (f) n-heptane, (g) H2O2, (h) CO, and (i) OH for Case 16 (T0 =

933 K, NC: T′ = 15 K and φ′ = 0.10) at t/τ 0
ig

= 0.67. The white solid line represents Dac = 1.0. (For interpretation of the references to color in this figure, the reader is referred to the

web version of this article).
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R292–R300) are the most important reactions to the CEM. Consis-

ent with the EI analysis above, the conversion of fuel to alkyl radical

nd H2O2 is important for unburnt mixtures with T ∼ 1000 K and

elatively-high fuel concentration; however, the chain branching re-

ction of H2O2 becomes more important at T ∼ 1100 K. The result

mplies that H2O2 generated from fuel decomposition reactions be-

omes reactive at relatively-high temperature region, consequently

nducing the thermal ignition of the unburnt mixtures as explained

arlier.

The same EI and PI analyses are applied to Case 16 at τ ig (=
.83τ 0

ig
). Figures 17 and 18 show the isocontours of EI and PI values

f the most important species and reactions. Even at the maximum

RR time, thin deflagrations with high HRR and Da ∼ O(1) are read-

ly observed with similar characteristics to those of nascent deflagra-

ions at t = 0.67τ 0
ig

in terms of EI and PI values. Unlike the ignition

haracteristics at the early time, however, significant heat is released

pstream of the deflagrations by the thermal ignition of unburnt mix-

ures, which is manifested in large EI values of temperature together

ith relatively-small EI values of H2O2 and non-zero EI values of OH.

he occurrence of thermal ignition in the unburnt region is also man-

fested in relatively-large PI values of high-temperature chain branch-
 e
ng reaction (R8) and HO2 formation/consumption reactions (R24 and

47). Since temperature of the unburnt mixtures is in 1200–1600 K

ange, the high-temperature chemistry dominates the intermediate-

emperature chemistry; the high-temperature chain-branching reac-

ion (R8) becomes more important to the CEM than H2O2 decompo-

ition reaction (R49). It is also of interest to note that since n-heptane

s already decomposed into smaller radicals, it is in low concentra-

ion and has little effect on the CEM based on EI and PI values (see

igs. 17c and f, and 18 f).

. Discussion

In the present study, the effects of turbulence and compression

eating on the ignition characteristics of HCCI/SCCI combustion are

ot investigated not only because it requires too many parametric

NS cases but also because their effects may be expected from previ-

us DNS studies [7–13,36,50].

In general, the overall HCCI combustion with large u′ and short

t proceeds more similarly to the corresponding 0-D ignition be-

ause turbulence with large u′ and short τ t is more apt to homog-

nize the initial mixture as found in [7–9,11,12]. In the spark-assisted
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Fig. 16. Isocontours of PIs of controlling reactions for Case 16 (T0 = 933 K, NC: T′ = 15 K and φ′ = 0.10) at t/τ 0
ig

= 0.67. The white solid line represents Dac = 1.0.

Fig. 17. Isocontours of (a) HRR, (b) temperature, (c) YC7 H16
, (d) sign(Re(λe)) × log(1+|Re(λe|)), and EI of (e) temperature, (f) n-heptane, (g) H2O2, (h) CO, and (i) OH for Case 16 (T0 =

933 K, NC: T′ = 15 K and φ′ = 0.10) at t/τ 0
ig

= 0.83. The white solid line represents Dac = 1.0.



M.B. Luong et al. / Combustion and Flame 162 (2015) 4566–4585 4583

Fig. 18. Isocontours of PIs of controlling reactions for Case 16 (T0 = 933 K, NC: T′ = 15 K and φ′ = 0.10) at t/τ 0
ig

= 0.83. The white solid line represents Dac = 1.0.
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ompression ignition (SACI) combustion [10,36] and HCCI combus-

ion with very large T′ [13], however, turbulence with large u′ and

hort τ t can advance the overall combustion. In both cases, the short-

st ignition delay of the initial mixture is much smaller than turbu-

ent mixing timescale such that the evolution of nascent ignition ker-

els to deflagrations is not affected by the turbulence.

In our previous study [13], the ratio of the shortest ignition de-

ay represented by the lowest 10% ignition delay of initial mixture

o turbulent mixing timescale is defined as the ignition Damköh-

er number, Daig ≡ τt/τig,10%, such that it exhibits O(10) values in

he SACI and HCCI combustion with very large T′. In such cases,

nce the deflagration waves develop successfully from the ignition

ernels, turbulence with large u′ tends to enhance turbulent burn-

ng rate by increasing turbulent flame area because most HCCI/SACI

ombustion occur within the corrugated flamelet and thin reac-

ion regimes of the premixed turbulent combustion regime diagram

67,68].

This general description of the effects of turbulent mixing and de-

agration on the HCCI combustion can directly be applied to the SCCI

ombustion. As mentioned earlier, large T′ in the HCCI combustion

annot be easily achieved without expensive fuel charge heating and

s such, the shorter ignition delay and larger Daig of initial mixture

an be achieved by adopting the fuel stratification in the SCCI com-

ustion. As shown in Fig. 3, the initial ignition delays can be more

istributed by the fuel stratification than by the temperature strat-

fication in the intermediate T0 within the NTC regime. Therefore,

urbulent mixing may enhance the overall SCCI combustion if Daig

f the initial mixture is large enough. However, in the SCCI combus-

ion, large φ′ cannot be expected because local large φ can produce

ore NOx emission and as such, the distribution of local φ needs

o be strictly below unity as demonstrated in previous experimental

tudies [24,43]. From this point of view, it may be conjectured that

igh turbulent mixing generally retards the overall SCCI combustion

y homogenizing the initial mixture stratification.
 a
To overcome the disadvantage of the SCCI combustion in devel-

ping deflagration waves by reducing the shortest τ 0
ig
, the concept

f reactivity-controlled compression ignition (RCCI) combustion has

een devised, in which small τ 0
ig

can be achieved by utilizing two dif-

erent types of fuels: one is high-reactivity fuel such as diesel and

he other is low-reactivity fuel such as gasoline. The effect of turbu-

ent mixing and deflagration on the RCCI combustion is an ongoing

esearch topic.

It is also of importance to mention that the combustion phase rel-

tive to the TDC can alter the overall HCCI combustion as found in

36,50]. Based on the results in [36,50], it can be conjectured that

f combustion occurs near/prior to the TDC, the overall HCCI com-

ustion in the present DNSs can be advanced in time by the com-

ression heating during the compression stroke, featuring in higher

eak PRR and shorter burning duration. In experiments, however, the

CCI combustion is designed to occur after the TDC to avoid such

xcessive PRR under high load conditions. In this situation, the over-

ll HCCI combustion with low T′ and/or φ′ can be further retarded

y the expansion effect during the power stroke, resulting in much

ower peak PRR and longer burning duration. This expansion effect on

CCI combustion can be more enhanced by the negatively-correlated

− φ fields in the low temperature regime. On the contrary, large T′
nd/or φ′ can still advance the overall HCCI combustion with higher

eak PRR and shorter burning duration even if combustion occurs af-

er the TDC. This is because large T′ and/or φ′ can render the overall

ombustion to occur right after the TDC. These conjectures, however,

eed to be verified by another set of DNSs.

From the present study, it can be concluded that considering the

nitial mean temperature and the degree of NTC behavior of given

uel/air mixture, the degree of thermal and compositional stratifica-

ions and their correlations need to be carefully chosen to prevent the

xcessive PRR and determine the ignition timing of HCCI combustion.

urthermore, the present DNS data sets can be utilized to develop

nd validate several turbulent combustion models for HCCI/SCCI
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combustion including flamelet-based models [69], probability den-

sity function (PDF)-based models [70], and conditional moment clo-

sure (CMC)-based model [71,72] because these models have been re-

ported not to reproduce correctly the results of DNSs of HCCI/SCCI

combustion with large T′ and/or φ′ [69–72].

6. Conclusions

The ignition characteristics of thermally- and/or compositionally-

stratified lean n-heptane/air mixture under HCCI conditions were in-

vestigated by performing 2-D DNSs with a 58-species reduced mech-

anism. From the parametric study, the effects of T′, φ′, and their spa-

tial correlations on the ignition of n-heptane/air mixture were eluci-

dated at three different T0 of 805, 933, and 1025 K. It was found from

the 2-D DNSs:

1. For the BL cases with φ′ only, the overall combustion occurs more

quickly and the mean HRR increases more slowly with increasing

φ′ regardless of T0.

2. For the BL cases with T′ only, the overall combustion is re-

tarded/advanced in time with increasing T′ for low/high T0 rel-

ative to the NTC regime resulting from a longer/shorter overall ig-

nition delay of the mixture; for intermediate T0 within the NTC

regime, however, the overall combustion is slightly retarded with

small T′, while being advanced with large T′, exhibiting the com-

bined effects of both low and high T0 near the NTC regime.

3. For the NC cases, the negative T − φ correlation has an adverse

effect on the overall combustion at low and high T0: the peak q̇ is

significantly increased while the duration of the main combustion

is reduced compared to their corresponding BL cases.

4. For intermediate T0 within the NTC regime, however, the

negatively-correlated T − φ fields has a synergistic effect on the

overall combustion by spreading out q̇ over time and reducing the

peak q̇.

5. For the UC cases, the mean HRR is more distributed over time and

the overall combustion is more advanced in time compared to the

corresponding BL cases with T′ or φ′ only except for cases with

low T0.

6. For cases with low T0, however, the overall combustion is more re-

tarded in time while the mean HRR is more distributed over time

compared to the corresponding BL cases with φ′ only.

These results are primarily attributed to the characteristics of the

0-D ignition delays of initial mixtures such as the shortest τ 0
ig

and

the span of τ 0
ig
, which are determined by T′, φ′, and their correla-

tion at different T0. These results suggest that an appropriate combi-

nation of T′ and φ′ together with a well-prepared T − φ distribution

can provide a smooth ignition process and control ignition-timing in

HCCI/SCCI combustion.

Chemical explosive mode analysis together with the characteris-

tics of temporal evolution of species identifies important species and

reactions for the ignition of n-heptane/air mixture at different loca-

tions and time. In regions where the spontaneous ignition mode of

combustion is predominant, temperature, H2O2, and n-heptane are

identified as the key species for the CEM prior to thermal ignition

while the chain branching reaction of H2O2 and the conversion re-

action of n-heptane to alkyl radical and H2O2 are the main reactions

of the intermediate-temperature chemistry. During thermal ignition,

however, temperature is found to be the predominant variable and

high-temperature reactions represented by H + O2 → O + OH are re-

sponsible for the thermal ignition. At deflagrations, temperature, CO,

and OH are found to be the most important variables while the con-

version reaction of CO to CO2 and high-temperature chain branching

reaction of H + O2 → O + OH are identified to be important to the
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