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Prediction of Ignition Regimes in DME/Air Mixtures with
Temperature and Concentration Fluctuations

Minh Bau Luong ∗, Francisco E. Hernández Pérez †, Aliou Sow ‡, and Hong G. Im §

King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia

The objective of the present study is to establish a theoretical prediction of the autoignition
behavior of a reactant mixture for a given initial bulk mixture condition. The ignition regime
criterion proposed by Im and coworkers based on the Sankaran number (Sa), which is a ratio
of the laminar flame speed to the spontaneous ignition front speed, is extended to account for
both temperature and equivalence ratio fluctuations. The extended ignition criterion is then
applied to predict the autoignition characteristics of dimethyl ether (DME)/air mixtures and
validated by two-dimensional direct numerical simulations (DNS). The response of the ignition
mode of DME/air mixtures to three initial mean temperatures of 770, 900 K, and 1045 K lying
within/outside the NTC regime, two levels of temperature and concentration fluctuations at a
pressure of 30 atm and equivalence ratio of 0.5 is systematically investigated. The statistical
analysis is performed, and a newly developed criterion –the volumetric fraction of Sa < 1.0,
FSa,S , is proposed as a deterministic criterion to quantify the fraction of heat release attributed
to strong ignition. It is found that the strong and weak ignition modes are well captured by
the predicted Sa number and FSa,S regardless of different initial mean temperatures and the
levels of mixture fluctuations and correlations. Sap and FSa,S demonstrated under a wide range
of initial conditions as a reliable criterion in determining a priori the ignition modes and the
combustion intensity.

I. Nomenclature

DNS Direct numerical simulation
SI (WI) Strong (weak) ignition
PDF Probability density function
NC (UC) Negatively-correlated (uncorrelated)
T , p, and φ Temperature, pressure, and equivalence ratio
T0, p0, and φ0 Initial mean T , p, and φ
RMS Root mean square
T ′ & φ′ RMS of T and φ
u′ Turbulent velocity fluctuation
Sa Sankaran number
Sap Predicted Sankaran number
Sa Mean Sa
FSa,S Volumetric fraction of Sa < 1
FS HRR fraction by the spontaneous ignition
τig Ignition delay time
τt (τf ) Turbulent (flame) time scale
SL Laminar flame speed
Ssp Spontaneous front speed
le, lT , lφ Integral length scale of turbulence, temperature, equivalence ratio
Da Damköhler number
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II. Introduction
Advanced low-temperature-combustion (LTC) strategies of downsized and boosted engines offer ultra-low emissions

and higher efficiencies [1–8]. The combustion is chemically driven by spontaneous autoignition process with no direct
means to control the ignition timing and combustion rate. The autoignition process and its timing are highly sensitive
to the fuel types and operating conditions including the intake temperature and pressure, thermal and compositional
non-uniformities of fuel/air mixture, the amount of EGR, cooling temperature. As such, this engine types have issues
of vulnerable pre-ignition, a higher possibility of knock, even super-knock characterized by high-pressure peaks and
oscillations, which may damage the engine block [9–16]. Therefore, a reliable theory to predict such abnormal ignition
phenomena is of critical importance [9, 17–19].

To reduce an excessive heat rise rate (HRR), some levels of thermal and compositional fluctuations are generated to
achieve a smooth combustion process [1–4]. In the presence of thermal and/or concentration fluctuations, T ′ and φ′,
a mixed combustion mode of spontaneous ignition and deflagration co-exists, which helps prolong the combustion
duration, alleviate the fuel consumption rate and lower the peak pressure rise rate (PRR) [20–52].

From the displacement speed and Damköhler number analyses, Yoo et al. [25] found that in general, larger T ′

induces greater temporal distribution of the mean HRR attributed to the predominant deflagration mode at the reaction
fronts for large T ′ [20–22, 25–27, 29, 34, 53]. However, this effect is significantly reduced when the initial mean
temperature, T0, falls within the NTC regime the ignition delay time becomes insensitive to the temperature variations. It
was found that larger length scale and/or T0 in the NTC regime induce a greater amplitude of the PRR oscillation, and the
ignition-front speed of the cases inside the NTC regime travels faster, leading to more interactions between the pressure
wave and the developing reaction fronts, which in turn facilitates the formation of detonation wave [54, 55, 55–60].

In a DNS study, Sankaran and coworkers found that the autoignition of H2/air mixture with different T ′ was
accurately predicted by a nondimensional Sankaran number, Sa, which is proportional to the ratio of laminar flame speed
to the thermal gradient characterized spontaneous propagation speed [20]. In both experimental and computational
studies, Sa was demonstrated as an accurate predictive criterion of the strong/weak mode for homogeneous mixtures in
the presence of thermal non-uniformities [61–65]. Strozzi et al. reported a satisfactory agreement between a quantitative
Sa-based prediction of the occurrence of autoignition fronts and deflagrations and the chemiluminescence images in an
RCM during the early and intermediate stages of combustion [61]. Mansfield et al. conducted experimental studies to
investigate the ignition behavior of syngas and iso-octane within a rapid compression facility (RCF) [62–64]. They
found that the Sa number accurately predicts the location of strong ignition limit a priori for various equivalence ratios
and locations.

Inspired by the Sa-based criterion, Im et al. performed scaling analysis to take into account the turbulent effect on
the ignition process and derived the turbulent ignition regime diagram to identify whether a combustion process is
ignition controlled or flame-propagation controlled [19]. The ignition regimes were classified into three categories: (1)
weak ignition with the dominant mode of deflagration, (2) reaction-dominant strong, and (3) mixing-dominant strong
with the dominant mode of spontaneous ignition. A recent DNS study has been conducted to verify the ignition regime
diagram using syngas [66]. The results were consistent with the predictions by the ignition regime diagram. Grogan et
al. also proposed an alternative ignition regime diagram specifically applicable to rapid compression machines [18].

Previous studies were mainly focused on the fuels with a single-stage ignition. As such, more validations are needed
to verify the prediction of the ignition criterion [19] for complex fuels exhibiting the NTC behavior over a wide range of
temperature, and for different T0 and levels of temperature and concentration fluctuations. In addition, deflagrations
and autoignition fronts were observed during the subsequent combustion processes, so quantifying their respective
contributions to the heat release is desirable. The objective of the present study is twofold: (1) to extend the ignition
regime diagram proposed by Im et al. [19] to accommodate both temperature and concentration fluctuations, and further
validated by a NTC fuel by varying T0, T ′, φ′, and T–φ correlations, and (2) to predictively quantify the combustion
intensity attributed from the spontaneous ignition.

III. Methodology

A. Ignition regime diagram with temperature fluctuations
In this section, the turbulent ignition regime diagram proposed by Im et al. [19] is briefly summarized. The regime

is further extended to apply for both temperature and concentration fluctuations [16]. The turbulent ignition regime
diagram was inspired by the nondimensional Zeldovich-Sankaran criterion. According to Zeldovich’s theory [67], the
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spontaneous propagation speed of an ignition front, Ssp , is expressed as

Ssp = |∇τig |−1, (1)

where τig is the homogeneous ignition delay. If Ssp is sufficiently large and comparable to the speed of sound, the
combustion wave may be coupled with the acoustic wave, leading to rapid pressure-rise and in some circumstances
a detonation. If there is almost homogeneity (nearly zero gradient), Ssp approaches infinity leading to negligible
interactions between the reaction front and pressure wave. In such scenario, thermal explosion is expected to occur as
spontaneous ignition mode, which characterized by extremely high pressure rise rate resulting from the volumetric
autoignition [9, 67]. If there is a large temperature gradient, pressure wave attenuates such that flame front propagation
or deflagration is the controlled mode.

Based on the two characteristic speeds of the laminar flame speed, SL , and the spontaneous ignition-front speed,
Sankaran et al. [20] proposed a nondimensional number, Sa, as

Sa = β
SL
Ssp

, (2)

where β is a weighted factor of 0.5. Sa = 1.0 serves as a threshold to delineate the combustion modes such that Sa
less/greater than unity represents a strong/weak ignition.

To account for the turbulence effect, Im et al. [19] conducted a theoretical scaling analysis to derive a refined
criterion to predict different ignition regimes a priori for an uniform mixture with turbulent velocity and temperature
fluctuations. With an uniform composition, the gradient of ignition delay time, ∇τig, is solely due to temperature
variations, and the equation is expanded by a chain rule as

|∇τig | =

����dτigdT
∇T

���� (3)

where dτig/dT represents the ignition delay sensitivity to temperature, and ∇T is the temperature gradient of the bulk
mixture [19, 66].

In the RANS context, Sa is approximated as

Sa ≈ βSL

����dτigdT

���� ˜|∇T |, (4)

where SL and τig are evaluated using the initial bulk mixture conditions, ˜|∇T | denotes the statistical mean temperature
gradient. By performing the scaling analysis further, Im et al. [19] derived the following expression of the predicted
Sankaran number as

Sap = KDa−1/2
l

, K = β
1

(τf τig)1/2

����dτigdT
T ′

���� (5)

K and T ′ represent the normalized thermal ignition sensitivity, and the magnitude of thermal fluctuation, respectively.
Dal = τt /τig is the integral scale Damköhler number defined as the ratio of the turbulence time scale to the ignition delay
time. τt = l/u′ is the ratio of integral length scale to velocity fluctuation. τf = α/S2

L is the flame time scale, where α is
the thermal diffusivity of the initial bulk fuel/air mixture.

Note that to distinguish with the exact Sankaran criterion in Eq. 2, the predicted Sankaran number in Eq. 5 is
denoted as Sap . Similar to Sa, it is expected for a weak ignition if Sap > 1, and a strong ignition if Sap < 1.

B. Ignition regime diagram with both temperature and concentration fluctuations
The turbulent ignition regime diagram is further extended to account for both temperature and concentration

fluctuations. With the present of both temperature and equivalence ratio fluctuations, ∇τig is expressed by a chain rule as

|∇τig | =

����∂τig∂T
∇T +

∂τig

∂φ
∇φ

���� (6)

where ∂τig/∂T and ∂τig/∂φ are the partial derivatives of τig with respect to temperature and equivalence ratio, which
represent the ignition delay sensitivity to temperature and equivalence ratio, respectively. ∇T and ∇φ are the temperature
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and equivalence ratio gradients of the bulk mixture [19]. Note that ∂τig/∂T and ∂τig/∂φ are fuel-dependent property
while ∇T and ∇φ represent the bulk mixture property which varies for each specific operating condition.

In a real IC engine, depending on many factors including injection strategies, amount of EGR, intake charge heating,
and wall heat loss, fuel properties, different T–φ distributions may occur at the TDC prior to the main auto-ignition
event. Early direct injection may result in uncorrelated T–φ fields because of turbulent mixing and heat transfer. Late
direct injection may produce negatively-correlated T–φ fields attributed to the evaporative cooling of fuel vaporization
and incomplete mixing [23, 27, 29–31, 68]. As a result, the temperature and equivalence ratio fields have a comparable
integral length scale, lT ∼ lφ. A perfect negatively-correlated T–φ distribution yields ∇T = −∇φ, and an identical
integral length scale, lT = lφ such that the K factor is expressed as

K = β
1

(τf τig)1/2

����∂τig∂T
T ′ −

∂τig

∂φ
φ′

���� (7)

In the previous DNS study [23, 24, 29], the scalar integral length scales were reasonably assumed to be identical, lT
= lφ , for the uncorrelated T–φ cases. If there is no correlation between temperature and concentration fluctuations, both
T ′ and φ′ contribute equally to increase K regardless of the sign of ∂τig/∂T and ∂τig/∂φ for the UC cases. Therefore
the K factor is written as

K = β
1

(τf τig)1/2

(����∂τig∂T
T ′

����+����∂τig∂φ
φ′

����) (8)

The generalized expression of the K factor may be written as

K = β
1

(τf τig)1/2

(����∂τig∂T
T ′

���� + s
����∂τig∂φ

φ′
����) (9)

where s is the sign of (∇T̃ · ∇φ̃) ( ∂τig∂T

∂τig
∂φ ) if there exists a correlation between ∇T and ∇φ, otherwise s is positive

regardless of the sign of ∂τig∂T

∂τig
∂φ .

C. Deterministic criterion to quantify combustion intensity
For a given initial condition of T and φ fields of a DNS case, the spatial distribution of ignition delay and in turn

exact Sa (Eq. 2) is computed for every grid point of the entire computational domain. From the exact Sa field, we
propose FSa,S as a predictive metric of combustion intensity. FSa,S is defined as the volumetric fraction of Sa less than
unity over the entire computational domain. As such FSa,S represents the contribution of strong ignition to the overall
combustion process. FSa,S directly links with the heat release from the spontaneous ignition mode, FS , which obtained
from the Da-based analysis in the DNS studies [20–22, 25–30, 33].

The representative contour of τig, Sa, and the corresponding PDF(Sa) for Case 8 is shown in Fig. 1c-d, and Fig. 2,
respectively. The initial conditions of Case 6 (see Table 1) are T0 of 900 K, φ0 of 0.5, T ′ of 30 K, and φ′ = 0.15. The
contribution of strong and weak ignition is visually depicted in Fig. 2 such that FSa,S can also be written as FSa,S =
1∫

0
PDF(Sa)dSa. The contribution of the weak ignition (deflagration) is FSa,W = 1.0 - FSa,S . If FSa,S (FSa,W) approaches

unity, SI (WI) is dominant, otherwise a mixed combustion mode of SI and WI co-exists.

IV. Initial conditions
Twelve 2-D DNS cases listed in Table 1 are simulated by varying three initial mean temperatures of 770 K, 900 K,

and 1045 K and two levels of mixture inhomogeneities, T ′–φ′ of 15 K–0.075 and 30 K–0.15. Both negatively-correlated
(NC) and uncorrelated (UC) T-φ distribution are also examined. A 2-D computational domain of 3.2 × 3.2 mm2 with
1280 × 1280 grids points was used for all DNSs. The corresponding grid resolution is 2.5 µm. This fine grid resolution
is needed to resolve thin flame structures at high pressure. The DNS cases were performed on Shaheen, a 36 rack Cray
XC40 system, at King Abdullah University of Science and Technology (KAUST).

The initial turbulent flow field is prescribed by an isotropic kinetic energy spectrum function of Passot and
Pouquet [69] as the previous DNS studies [21, 23–25, 27, 29, 30, 34, 41, 46, 70–73]. Initial fuel concentration and
temperature fields are also generated by the same energy spectrum with different random numbers to reproduce thermal
and compositional non-uniformities. For all DNSs, the most energetic length scale, le, of 1.0 mm is chosen. The
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Fig. 1 (a-b) Initial fields of temperature and equivalence ratio for Case 6 in Table 1 with T0–φ0 and T ′–φ′ of
900 K–0.5 and 30 K–0.15, respectively, and (c-d) the corresponding ignition delay time and Sa distribution. The
black iso-lines of Sa = 1.0 delineates two distinct regions of Sa < 1 and Sa > 1 which contribute to strong and
weak ignition, respectively.
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Fig. 2 A representative probability density function of Sa distribution, PDF(Sa). SI and WI denote strong
ignition and weak ignition, respectively with a threshold of Sa = 1.

characteristic length scale of the concentration and temperature fields is selected identical to le. Turbulence intensity, u′,
of 1.0 m/s is selected to ensure that the turbulence time scale, τt = le/u′ = 1.0 ms, is comparable to homogeneous τig
of 0.9 m/s. The nearly identical characteristic length scales and timescales for turbulence and scalar fields effectively
enhance turbulence-chemistry interactions [22, 26]. The representative isocontours of initial field of temperature and
equivalence ratio with a negative T–φ distribution for Case 6 in 1 are shown in Fig. 1.

Dimethyl ether (DME) exhibiting a rich NTC behavior is chosen as a representative two-stage-ignition fuel to
investigate the effect of temperature and equivalence ratio fluctuations on the combustion mode by varying the initial
mean temperatures and different fluctuation levels. A 30-species non-stiff reduced mechanism for DME oxidation [74]
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was adopted as a diesel-like-fuel surrogate. The reduced mechanisms for DME oxidation were developed from the
detailed mechanism consisting of 55 species and 290 elementary reactions. The reduced mechanism was validated
under a wide range of equivalence ratio, pressure, and temperature conditions. Details of the reduced mechanisms for
DME oxidation can be found in [74].

Case Type T0 T ′ (K) φ′ u′ τt SL Dal ∂τig/∂T ∂τig/∂φ K Sap
(K) (K) (m/s) (ms) (m/s) (ms/K) (ms)

1 NC 770 15 0.075 1.0 1.0 0.38 1.1 -8.7E-3 -1.14 0.16 0.1
2 NC 770 30 0.150 1.0 1.0 0.38 1.1 -8.7E-3 -1.14 0.31 0.3
3 UC 770 15 0.075 1.0 1.0 0.38 1.1 -8.7E-3 -1.14 0.74 0.7
4 UC 770 30 0.150 1.0 1.0 0.38 1.1 -8.7E-3 -1.14 1.48 1.4
5 NC 900 15 0.075 1.0 1.0 0.71 1.1 3.5E-3 -1.81 1.07 1.0
6 NC 900 30 0.150 1.0 1.0 0.71 1.1 3.5E-3 -1.81 2.14 2.0
7 UC 900 15 0.075 1.0 1.0 0.71 1.1 3.5E-3 -1.81 1.07 1.0
8 UC 900 30 0.150 1.0 1.0 0.71 1.1 3.5E-3 -1.81 2.14 2.0
9 NC 1045 15 0.075 1.0 1.0 1.17 1.1 -7.7E-3 -1.18 0.23 0.2
10 NC 1045 30 0.150 1.0 1.0 1.17 1.1 -7.7E-3 -1.18 0.45 0.4
11 UC 1045 15 0.075 1.0 1.0 1.17 1.1 -7.7E-3 -1.18 1.68 1.6
12 UC 1045 30 0.150 1.0 1.0 1.17 1.1 -7.7E-3 -1.18 3.37 3.2

Table 1 Physical parameters of the twelve 2-D DNS cases. The integral length scales are identical, le = lT =
lφ = 1.0 for all 2-D DNS cases. τig denotes the time at which the maximum HRR occurs, the homogeneous
0D τig is 0.9 for all the three T0. NC and UC denote a negatively-correlated and uncorrelated T-φ distribution,
respectively.
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Fig. 3 (a) Homogeneous ignition delay of DME/air mixture as a function of temperature and equivalence ratio
and its gradient with respect to temperature, ∂τig/∂T , and (b) homogeneous ignition delay as a function of
equivalence ratio and its gradient with respect to equivalence ratio, ∂τig/∂φ, for three different temperatures at
equivalence ratio of 0.5 and a pressure of 30 atm.

Figure 3 shows the homogeneous ignition delay, τig, of DME/air mixture as a function of temperature and equivalence
ratio for various φ0 and T0 at p0 = 30 atm. To compute Sap (Eq. 7 & 8), the sensitivity of ignition delay to T and φ,
∂τig/∂T and ∂τig/∂φ, is needed. Their respective values at T0 of 770 K, 900 K, and 1045 K and φ0 = 0.5 are shown in
Table 1. Two main points are noted from Fig. 3.

First, the ignition delay shows a non-monotonic behavior to temperature. In particular, ∂τig/∂T is positive at the
low- and high-temperature regimes, whereas ∂τig/∂T is negative at the intermediate-temperature regime (i.e., from
830 K to 980 K in Fig. 3). Note that the absolute value of ∂τig/∂T is shown in Fig. 3). This regime is referred to as
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the negative-temperature coefficient (NTC) regime in which the ignition delay increases with increasing temperature.
Because of the non-monotonic behavior of ∂τig/∂T – distinct from single-stage-ignition fuels, the variation of ∂τig/∂T
within/near the NTC regime is marginal compared to those in the low- and high-temperature regimes in which ∂τig/∂T
sharply decreases with increasing temperature. These features help explain the observed DNS results in [25, 29] that
temperature fluctuation is less/more effective if T0 is inside/outside the NTC regime. It is reported that the mixture
within the NTC is more susceptible to autoignition. This behavior on the ignition mode is further quantified by Sap and
FSa,S in the section V.A at different initial T0.

Second, in contrast to the non-monotonic behavior of ∂τig/∂T , ∂τig/∂φ exhibits a monotonic behavior to equivalence
ratio – ∂τig/∂φ decreases with increasing φ. As a result, the ratio of ∂τig/∂T to ∂τig/∂φ,

∂τig
∂T /

∂τig
∂φ , shows a non-

monotonic behavior as ∂τig/∂T–being negative/positive with T0 inside/outside the NTC regime. Therefore, it is
deduced from Eq. 7 that Sa increases (enhances deflagration) if T0 inside the NTC regime ( ∂τig∂T /

∂τig
∂φ < 0) while Sa

decreases (promotes strong ignition) if T0 outside the NTC ( ∂τig∂T /
∂τig
∂φ > 0). It was found in the previous DNS results

[23, 24, 28–31] that a NC T–φ distribution attributed to the cooling effect of heat vaporization has a canceled-out effect
on producing deflagration if T0 outside the NTC regime while it has synergistic effect if T0 inside the NTC regime.
However, the deterministic prediction of the combustion modes by the extended Sap criterion applied for the NTC fuels
for a wide range of T0 at distinct temperature regimes together with different combinations of T ′ and φ′ levels merits
further investigation.

V. Results and discussion

A. Temperature fluctuations
This section is devoted to considering temperature fluctuations only. The presence of both temperature and φ

fluctuations are discussed in the next section. Three levels of T ′ are considered to verify the ignition criterion.
For a given initial field of temperature from a DNS case, exact Sa distribution is computed. Thus, the statistical

Sa-based analysis including the statistical mean Sa, Sa, and the volumetric fraction of Sa < 1, FSa,S , is performed.
Corresponding a Sa number for each DNS case, a single predicted Sa number is also computed. Figure 4 shows the
mean Sa, predicted Sa, and FSa,S as a function of initial mean temperatures.

Two main points are made from Fig. 4. First, Sap accurately captures the combustion modes consistent with the
previous DNS results [25–27, 29]. As shown in Fig. 4, T0 in/near the NTC regime is predicted to result in a strong
ignition (Sap < 1) even with T ′ up to 60 whereas a predominant mode of deflagration (Sap > 1) is observed with a
moderate T ′ for T0 outside the NTC regime. The prediction shows satisfactory agreement with the DNS results in
term of the maximum mean HRR, the HRR fraction from strong ignition from the Damköhler number analyses (not
shown here). More specifically, Yoo et al. [25] found that with T ′ = 60 K, there are more than 93.4% heat release from
spontaneous ignition (SI) at T0 of 850 K & 934 K while 62.3 % heat release from SI at T0 of 1008 K. The corresponding
predicted Sap of n-heptane [25] are Sap = 0.33 & 0.55 (< 1) at T0 = 850 K & 933 K, and Sap = 1.60 (> 1) at T0 = 1008
K, corresponding to SI and WI, respectively.

Note that the prediction of FSa,S for the previous n-heptane and other fuels under various conditions [25–34] is
validated by comparing FSa,S with FS of the previous DNS studies that shows a satisfactory agreement between FSa,S
and FS(not shown here). For example, with T ′ = 15 K, both FSa,S and FS are approximately equal to unity for T0 of 850
K, 934 K, and 1008 K, confirming a purely spontaneous ignition for all these three cases [25]. With T ′ = 30 K, FSa,S are
0.0, 0.0, and 0.92 for T0 of 850 K, 934 K, and 1008 K, respectively, while FS from the Da-based analysis were found
to be 0.98, 0.99, and 0.94 [25]. With T ′ = 60 K, FSa,S are 0.90, 0.91, and 0.66 for T0 of 850 K, 934 K, and 1008 K,
respectively, while FS were found to be 0.94, 0.93, and 0.62 [25]. Even with a high T ′ of 100 K, FSa,S demonstrates a
reliable prediction of FS (FSa,S and FS are 0.68 & 0.63 and 0.73 & 0.62 for T0 of 850 K and 934 K, respectively).

As shown in Fig. 4, the Sa-based prediction for DME/air mixtures is also found to be in line with the previous DNS
results of n-heptane/air mixtures [25, 29] regardless of two different NTC fuels. Note that the selection of T0 of 770 K,
900 K, and 1045 K in three different regimes with respect with the NTC regime is similar to those of Yoo et al. [25] and
Luong et al. [29]. With T ′ increases up to 60 K, in general, both Sap and Sa is greater than unity for T0 beyond the
NTC regime (i.e., T0 = 700 K and 1100 K), the predominant deflagration mode is expected to prevail; whereas for T0
near/inside the NTC regime (i.e, T0 in 770 K–1050 K, strong ignition is more likely to be dominant since both predicted
Sap and mean Sa are less than unity and FS is approximately greater than 0.8.

The second point to make is that Sap is able to reproduce the overall trend of Sa (Fig. 4a-b) except in the vicinity of
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Fig. 4 (a-b-c) Themean Sa, Sa, the predicted Sa, Sap , and the fraction of Sa < 1, FSa,S , as a function of the initial
mean temperature, and (d) FSa,S as a function of normalized Sa with different levels of temperature fluctuations
for DME/air mixtures at φ0 = 0.5.

the discontinuity regime caused by the NTC effect. The magnitude of Sap value is also comparable with the mean
Sa from the statistical Sa-based analysis. In addition, the figure 4d shows a quantitative correlation between Sa and
FSa,S regardless of different T0 and T ′. Note that the nearly-identical correlated pattern between Sa and FSa,S is also
found for different fuel/air mixtures under various conditions (not shown here). Thank to the well-correlated Sa–FSa,S
pattern, the magnitude of either Sa or Sap can be used to estimate FSa,S . With higher Sa corresponds to a lower FSa,S ,
which translates into the lower combustion intensity as shown in Fig. 4d. With Sa < 1.0, it is predicted that there is
approximately more than 60% heat release contributed from the strong ignition mode. Otherwise, with Sa > 1, the weak
ignition is predicted to be predominant. The deterministic Sap-based prediction of combustion mode shows quantitative
and quantitative agreement with previous DNS findings [19–35, 41–45, 66] such that Sap and FSa,S can be used as a
reliable criterion.

B. Temperature and concentration fluctuations
The confident prediction of the mean Sa, FSa,S , and Sap is further examined with the present of both T ′ and φ′ in

this section. Note that equation 7 and Eq. 8 are used for the negatively-correlated and uncorrelated T–φ distribution,
respectively.

Twelve 2-D DNS cases are performed with their physical parameters described in Table 1. The temporal evolution
of the mean heat release rate (HRR) of all the twelve cases is shown in Fig. 5. Note that the cases with a high peak
of the mean HRR and a narrow combustion duration correspond to predominant spontaneous combustion mode (SI)
whereas a low peak of the mean HRR and a long combustion are attributed to greater contribution from deflagration
(WI). Therefore it is expected that all the cases except Cases 4, 7-8, and 12 occurs in a strong-ignition mode whereas
Cases 4, 7-8, and 12 are prevalent in the weak ignition mode. These observations are further verified by the probability
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Fig. 5 The temporal evolution of the mean heat release rate (HRR) for the twelve 2-D DNS cases at three
initial mean temperature, T0 of 770 K, 900 K, and 1045 K and two T ′–φ′ level of fluctuations of 15 K–0.075 and
30 K–0.15. Both negative T-φ correlation (NC–the first two cases, 1–2, 5–6, and 9–10) and uncorrelated T-φ
distribution (UC–the last two cases, 3–4, 7–8, and 11–12) are considered.

density function of Sa, PDF(Sa).
Figure 6 shows that at a low level of fluctuation, T ′–φ′ of 15 K–0.075, the span of PDF(Sa) is primarily distributed

within a range of Sa < 1, indicating the most likely probability of strong ignition. On the contrary, a higher T ′–φ′ of 30
K–0.15 the span of PDF(Sa) is more widely distributed for Case 6, the deflagration mode is expected to prevail; whereas
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(dashed-thick lines) (see Table 1).

for Cases 2 & 10, strong ignition is more likely to be dominant due to their narrow distribution of PDF(Sa) mostly
spanned in the range of Sa < 1. The prediction based on the PDF(Sa) distribution shows an excellent agreement with
the DNS results shown in Fig. 5.

The quantitative prediction of the heat release from SI for these cases is also computed. FSa,S of Cases 1-5-9 and
2-6-1.0 are 0.99-0.94-1.0 and 0.80-0.56-0.97, respectively. The predicted Sa for twelve cases included in Table 1 is also
in line with the DNS results. Most of the cases have Sap less than or close to unity except for Cases 4, 6, 8, and 12. The
satisfactory agreement with the DNS results again verifies the reliably deterministic prediction of the FSa,S and Sap
metric.

VI. Conclusions
The ignition regime diagram proposed by Im et al. [19] was extended to account for both temperature and

concentration fluctuations. The autoignition modes of DME/air mixtures at the engine-relevant conditions with thermal
and/or concentration non-uniformities were examined to validate the extended ignition criterion. The twelve 2-D DNS
cases were performed to validate the predictive accuracy. It was demonstrated that the combustion modes of strong/weak
ignition were well captured by the predicted Sankaran number, Sap . Sap = 1 serves as a predictive metric to adequately
delineate the transition between the weak and strong ignition regimes. In addition, the HRR fraction from strong
ignition, FS , representing the ignition intensity, is quantified a priori by the fraction of Sa < 1, FSa,S with a satisfactory
agreement.
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