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Superknock propensity in a stoichiometric dimethyl-ether (DME)/air mixture with temperature inhomogeneities under realistic IC engine conditions is investigated using two-dimensional
direct numerical simulations (DNS). The developing detonation regime at different conditions
is identified by varying the initial mean temperature lying in the low-, intermediate-, and
high-temperature chemistry regimes, the level of temperature fluctuations, and its characteristic
length scale. We found that the cool flame from the first-stage ignition induces synergistic effects
on promoting knock tendency. First, it significantly decreases a minimum run-up distance
requirement for developing detonation due to the low-temperature chemistry. Second, analyzing
the temporal evolution of the spatial distribution of ignition delay field reveals that the heat
release rate from the first-stage ignition effectively modifies the initial field of the ignition delay
time, thereby shifting the mixture towards the developing detonation regime. The interaction
of multiple ignition kernels is also found to play an important role in enhancing the onset of
detonation.

I. Introduction
Modern internal combustion (IC) engines operate under elevated pressure enabled by downsized boosted technologies
to achieve higher thermal efficiency, higher power-density output per volume, and ultra-low emission. However, being
operated at elevated pressure and high-load conditions leads to a higher propensity of undesired preignition, knock, and
even superknock [1–8]. Superknock is characterized as a developing detonation process featuring excessive pressure
oscillations and extremely high-pressure amplitudes that can damage combustion-chamber components [7, 9–20, 20].
Improved understandings of the superknock propensity and a reliable criterion to predict it are needed to prevent
destructive operation of combustion devices [2, 4, 5, 7, 21–27]. Therefore, first-principle high-fidelity direct numerical
simulations (DNS) with the capability of fully resolving all temporal and spatial scales and the complex interaction of
thermochemistry and turbulence under extreme high-load operating conditions are employed to unravel the mechanism
of abnormal combustion phenomena in combustion devices such as IC engines, shock tubes, and rapid compression
machines (RCM) [2, 3].
In pioneering work [28], Zeldovich classified the five possible modes of an autoignition front propagating in a
thermally inhomogeneous mixture: homogeneous thermal explosion, supersonic auto-ignitive detonation, developing
and developed detonation, subsonic auto-ignitive front propagation, and normal flame deflagration. The classification
was made based on the relative ratio of the spontaneous propagation speed of an ignition front, 𝑆 𝑠 𝑝 , to the laminar flame
speed, 𝑆 𝑠 𝑝 /𝑆 𝐿 , and to the sound speed, 𝑆 𝑠 𝑝 /𝑎, of the local mixture. 𝑆 𝑠 𝑝 is determined by the spatial gradient of the
ignition delay times, i.e., 𝑆 𝑠 𝑝 = |∇𝜏𝑖𝑔 | −1 [28].
Following Zeldovich’s theory, Gu and Bradley [29–31] quantitatively mapped different ignition modes into a regime
diagram expressed in terms of two non-dimensional parameters, 𝜉 and 𝜀, which are defined as:
𝜉 = 𝑎/𝑆 𝑠 𝑝 ,

(1)

𝜀 = (𝑟 ℎ𝑠 /𝑎)/𝜏𝑒 ,

(2)

where 𝜀 is defined as the ratio of the transit time, 𝑟 ℎ𝑠 /𝑎, of the acoustic wave through an igniting hot spot of a radius, 𝑟 ℎ𝑠 ,
to the excitation time, 𝜏𝑒 , in which most of the chemical energy is released. 𝜏𝑒 is defined as the time interval between

1

Fig. 1 The 0-D homogeneous ignition delay time, 𝜏𝑖𝑔 as a function of temperature for a DME/air mixture at 𝜙 of
1, and pressure of 40 atm.
5% of the peak heat release rate (HRR) and the peak HRR. In general, superknock is expected when 𝜉 ranges between 1
to 𝑂 (10) quantity [2, 32–34] that allows the coupling and mutual reinforcement between the acoustic wave and the
autoigniting front, leading to developing detonation featured by an extremely high-pressure amplitude.
The 𝜉 − 𝜀 diagram has been widely adopted in one-dimensional (1-D) DNS studies [11, 14, 35–45], while a few
multi-dimensional DNS studies have been conducted due mainly to computational expense [2–4, 46–48].
Generally, it is found that the fuels exhibiting a sing-stage ignition, e.g., ethanol and gasoline, are found to be more
resistant to superknock development due to their high octane number. On the contrary, the fuels exhibiting a two-stage
ignition, e.g., 𝑛-heptane and dimethyl-ether (DME), are more susceptible to superknock development due to their low
octane number (high reactivity). The low-temperature chemistry is attributed to induce a unique ignition characteristic
called the negative temperature coefficient (NTC) behavior that complicates the knock propensity of two-stage ignition
fuels. However, the fundamental understanding of the ignition process of two-stage ignition fuels with the presence of
thermal fluctuation are not well understood.
To this end, the objective of this study is to provide better understandings of the mechanism of detonation development
in a thermally inhomogeneous DME/air mixture exhibiting two-stage ignition processes. Two-dimensional simulations
are performed by varying the initial mean temperature lying in the low-, intermediate-, and high-temperature chemistry
regimes, the level of temperature fluctuations, and its characteristic length scale. DME exhibiting a strong negative
temperature coefficient (NTC) behavior with a two-stage ignition process is used as a representative of NTC fuels.

II. Numerical methods and initial conditions
The KAUST Adaptive Reacting Flow Solver (KARFS) [2, 3, 41, 49] is used to solves the fully compressible
Navier–Stokes, species and energy equations for gaseous mixtures. An eighth-order finite-difference scheme was
employed for the spatial discretization of the diffusive terms. The convective terms were discretized using a seventh-order
mapped weighted essentially non-oscillatory scheme to capture shocks waves. The solution was advanced in time
using a second-order operator-splitting strategy with a fourth-order explicit Runge–Kutta method for transport and
variable-order backward differentiation formulas for chemistry. Cantera [50] is linked to KARFS for evaluating reaction
rates and thermodynamic and mixture-averaged transport properties. Periodic boundary conditions were imposed in all
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Fig. 2 Representative initial field of temperature at three different mean temperature of 810 K, 940 K, and 1050
K (from left to right, respectively) with 𝑙𝑇 of 5 mm and 𝑇 ′ of 15 K.
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Fig. 3 𝜉 as a function of temperature with 𝜕𝑇/𝜕𝑟 = −2 K/mm for a DME/air mixture at 𝜙 of 1.0, and pressure
of 40 atm.
directions such that ignition occurs in a constant volume.
DME exhibiting a pronounced NTC behavior is chosen as a representative two-stage ignition fuel. A DME skeletal
mechanism consisting of 39 species and 175 reactions [51] was adopted, which was validated over a wide range of
equivalence ratio, pressure, and temperature conditions [51]. The skeletal mechanism for DME oxidation was developed
from the detailed mechanism consisting of 55 species and 290 elementary reactions. More details can be found
in [1, 51, 52].
A systematically parametric set of two-dimensional simulations with the presence of spatial temperature fluctuations
is conducted under realistic engine conditions. The initial mean temperature, the level of temperature fluctuations, and
its characteristic length scale are varied to identify the developing detonation regime in a thermally inhomogeneous
DME/air mixture. All the simulations are performed with initial uniform equivalence ratio, 𝜙0 , and pressure, 𝑃0 , of
1 and 40 atm, respectively, which represent the near top-dead-center conditions of an IC engine [1, 2, 2, 21, 53–61].
As shown in Fig. 1, three initial mean temperatures of 810, 940 K, and 1050 K lying in the low-, intermediate-, and
high-temperature chemistry regime, respectively, are chosen.
The initial isotropic temperature fields are prescribed by an energy spectrum function of Passot and Pouquet
[52–56, 59, 61–64]. A quiescent initial velocity field is imposed for all DNS cases to isolate the effect of temperature
fluctuations as in [2]. Representative initial temperature fields at three different mean temperature of 810 K, 940 K, and
1050 K are shown in Fig. 2.
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Fig. 4 Representative initial field of 𝜉 for three different mean temperature of 810 K, 940 K, and 1050 K with 𝑙𝑇
of 5 mm and 𝑇 ′ of 15 K.

Fig. 5 Representative 2-D contour of temperature field with 𝑇0 of 1050 K, 𝑇 ′ of 15 K, and 𝑙𝑇 of 5 mm overlaid by
the dissipation elements. The white lines mark the boundary between the dissipation elements.

III. Results and discussion
To ensure a mixture falling into the developing detonation regime, the range of 𝜉 is found to be on the order of 1 to
𝑂 (10), and 𝜀 > 1. The computed value of 𝜉 with abs(𝜕𝑇/𝜕𝑟) = 2 K/mm is plotted as a function of temperature for
a DME/air mixture at 𝜙 of 1, and pressure of 40 atm in Fig. 3. Note that the temperature gradient, abs(𝜕𝑇/𝜕𝑟), on
the order of 1 to ∼ 𝑂 (10) K/mm is typically encountered in IC engine conditions. The value, abs(𝜕𝑇/𝜕𝑟) = 2 K/mm,
has been widely used to evaluate the knock propensity of a fuel under engine conditions [65]. Given the range of 𝜉
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between 1 to 𝑂 (10) being prone to detonation development, Fig 3 suggests that three cases with different initial mean
temperatures at the same temperature gradient level have the same propensity of detonation development under the
conditions considered in this study.
In line with the calculation of 𝜉 in Fig. 3 suggested by a simplified 0D model, the developing detonation regime
in multi-dimensional DNS cases can also be identified by choosing a proper set of 𝑇 ′ and 𝑙𝑇 values. By following
the procedure in [2], we found that with 𝑙𝑇 of 5 mm, all the three cases are prone to a strong detonation if a proper
level of 𝑇 ′ distribution is chosen. 𝑙𝑇 of 5 mm is determined through the analysis of the dissipation element theory
[2, 27, 66]. Figure 5 shows a representative 2-D contour of temperature field with 𝑇0 of 1050 K, 𝑇 ′ of 15 K, and 𝑙𝑇 of
5 mm decomposed into dissipation elements. According to Peters et al. [27, 66], the temperature field is subdivided
into the dissipation elements over which the temperature profile is monotonic, ranging from the peak to the trough
of each dissipation element as schematically shown in Fig. 5. For isotropic temperature field fluctuations, Peters et
al. [27, 66] found that the size of hot spot, 𝑟 ℎ𝑠 , is comparable with the mean distance of the dissipation elements, 𝑙 𝐷𝐸 ,
and approximated as 𝑙 𝐷𝐸 ≈ 2𝜆𝑇 , where 𝜆𝑇 is the Taylor mixing scale [27]. In the multi-dimensional problems, 𝑙 𝐷𝐸 is
believed to be a minimum size of a hot spot of unburned reactants required so that it allows a sufficient run-up distance
of detonation development [2].
While not extensively discussed here, we found that due to the non-monotomic behavior of 𝜏𝑖𝑔 as a function of
temperature in the NTC regime, the distribution of dissipation elements based on the temperature field is not exactly
the same with that based on 𝜏𝑖𝑔 field when the temperature field is widely distributed across low-to-high temperature
regimes, i.e., at 𝑇0 ∼ 864 K, 𝑇0 ∼ 1004 K, and/or with 𝑇 ′ > 20 K for the condition considered in this study. As such, we
found that 𝑙 𝐷𝐸 determined through the distribution of the 𝜏𝑖𝑔 field, which directly affects the 𝜉 distribution, allows a
better prediction of the detonation propensity for the NTC fuels (not shown here) [67]. As shown in Fig. 4, the full
detailed information of spatial distribution of 𝜉 is computed for each initial temperature field with 𝑙𝑇 of 5 mm and 𝑇 ′ of
15 K. As such, the corresponding statistical quantities of 𝜉 are also attained to evaluate the knock propensity and knock
intensity levels [2, 3] that will be verified by a series of the 2D DNS results.
6

Weak detonation
0.92

0.94

0.96

4

lT = 5 mm

810 K
940 K
1050 K

Pmax/PVN

810 K
940 K
1050 K

2

0
0.9

T¢ = 3 K

lT = 4 mm

Pmax/PVN

Pmax/PVN

4

15

6

T¢ = 3 K

lT = 3 mm

2

10

810 K
940 K
1050 K

T¢ = 15 K
Strong detonation

5

Mild detonation
0.98

1

1.02

0
0.9

0.92

0.94

t/τig

0.96

t/τig

0.98

1

1.02

0
0.9

0.92

0.94

0.96

0.98

t/τig

Fig. 6 Temporal evolution of the normalized maximum pressure, 𝑃𝑚𝑎𝑥 /𝑃𝑉 𝑁 , with 𝑙𝑇 of 3 mm, 4 mm, and 5 mm
and different levels of temperature fluctuations.
The results of the temporal evolution of the maximum pressure in Fig. 6, are consistent with the expectation from the
initial field of 𝜉 in Fig. 3. Particularly, the peak pressure and the duration of 𝑃𝑚𝑎𝑥 reaching the von Neumann pressure,
∼ 𝑃𝑉 𝑁 , increase with increasing 𝑇 ′, indicating a higher detonation propensity. The cases with 𝑇 ′ of 15 K and 𝑙𝑇 of 5
mm exhibits a strong detonation process regardless of the initial mean temperature lying in three different chemistry
regimes. However, decreasing the length scale of temperature fluctuations, 𝑙𝑇 from 5 mm to 3 mm, hence decreasing the
run-up distance for developing detonation, alleviates knock intensity for all three cases regardless of the increment of
the mean temperature 𝑇0 from 810 K to 1050 K.
The contours of pressure and temperature are shown in Fig. 7 for the case with 𝑇0 of 810 K and 𝑙𝑇 of 3 mm. Figure 7
reveals that a strong autoignition process followed by developing detonation waves at the end of combustion process
when the most of the mixture is consumed. There is not enough a run-up distance that allows a stable detonation front to
form at the onset of the detonation development. Note that 𝑇 ′ of 3 K is intentionally chosen to maximize the detonating
tendency for the cases with small 𝑙𝑇 . In contrast, by increasing 𝑙𝑇 to 5 mm and imposing a high level of temperature
fluctuation, 𝑇 ′ of 15, a few strong detonation waves are already formed at the early time at which a large portion of the
unburned fuel/air mixture (low temperature) still remains. Interestingly, even with a larger 𝑇 ′ > 15 K and the mean 𝜉
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Fig. 7 Contour of pressure and temperature at the onset of detonation (first row), and at the main of ignition
process (second row), for the case with 𝑇0 of 810 K, 𝑙𝑇 of 3 mm, and 𝑇 ′ of 15 K.
value ≫ 10, a strong detonation is still observed for the case with 𝑇0 of 810 K (not shown here) [67].
By performing further in-depth analysis, we found that the cool flame from the first-stage ignition induces twofold
effects on promoting knock tendency. First, it significantly decreases a minimum run-up distance requirement for
developing detonation [67]. Second, by analyzing of the temporal evolution of the spatial distribution of ignition delay
field, we also found that the heat release rate from the first-stage ignition effectively modifies the initial 𝜏𝑖𝑔 field, thereby
shifting the mixture towards the developing detonation regime.

6

Fig. 8 Contour of pressure and temperature at the onset of detonation (first row), and at later time when several
detonation have formed (second row), for the case with 𝑇0 of 810 K, 𝑙𝑇 of 5 mm, and 𝑇 ′ of 15 K.
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IV. Conclusion
The existence of the negative temperature coefficient (NTC) behavior of two-stage ignition fuels is known to
complicate the developing detonation process. This study focuses on how the low-temperature chemistry affects
the run-up distance of detonation when the initial mean temperature lies in different temperature regimes. A series
of two-dimensional direct numerical simulations (DNS) under realistic engine conditions are performed by varying
the initial mean temperature lying in the low-, intermediate-, and high-temperature chemistry regimes, the level of
temperature fluctuations, and its characteristic length scale. Dimethyl ether (DME) exhibiting a representative two-stage
ignition process, and a strong NTC behavior is adopted as a fuel. We found that the minimum running distance allowing
detonation formation in the low-temperature regime is within the same order of magnitude as that in the intermediate- and
high-temperature regime. Particularly, the DNS results reveal that at the same characteristic length scale of temperature
field, the low-temperature cases can form detonation waves, leading to excessive pressure oscillations and extremely
high-pressure spikes. In addition, by analyzing of the temporal evolution of the spatial distribution of ignition delay
field, we also found that the heat release rate from the first-stage ignition effectively modifies the initial ignition delay
field, thereby shifting the mixture towards the developing detonation regime.
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