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Abstract

Direct detonation initiation (DDI) emerging from a hot spot requires a minimum runup distance to ensure
the coherent coupling between the pressure wave and the heat release in the ignition zone. According
to Zeldovich’s theory, an ignition front is formed by a monotonic ignition delay distribution. Therefore,
in principle, the characteristic length scale representing a runup distance of DDI should be based on the
distribution of τig over which τig variation is monotonic. However, lhs based on either temperature or
concentration inhomogeneities is usually used. Thus, we proposed a new rigorous method to determine
the effective runup distance lrd of DDI regardless of the existence of the spatial variation of tempera-
ture or concentration inhomogeneous fields and the nonmonotonic ignition behavior due to the negative
temperature coefficient (NTC) behavior. Particularly, lrd is directly determined through the mean dis-
tance of dissipation elements of the 0D ignition delay field distribution, rather than relying solely on the
temperature/concentration field. We found that the runup distance was shortened by approximately a
factor of two for a hot spot that has temperature variation spanning across the NTC regime. As such, a
longer hot-spot size is required for DDI. In addition, a better prediction of ignition modes was achieved
by defining the normalized front speed as a statistical mean over each runup-distance element.

1 Introduction

Zeldovich [1] theory classified ignition regimes that rely on the speed of a spontaneous ignition front,
Ssp, relative to the speed of a deflagration, SL, and the speed of sound, a. Ssp is determined through the
spatial gradient of the ignition delay time, Ssp = |∇τig|−1. Based on this theory, Bradley and Gu [2, 3]
further developed a ξ−ε diagram to discen the ignition regimes where ξ=a/Ssp, and ε= lhs/(aτe); ε
is defined as the ratio of the residence time, lhs/a, of the acoustic wave within the hot spot with a length
of, lhs, to the excitation time, τe.

This diagram has been widely used to identify the ignition modes of the end gas under highly-boosted
engine conditions. For fuels that exhibit low-temperature chemistry (LTC), however, the prediction of
ignition modes evolving from autoignitive hot spots becomes more complicated. Therefore, many stud-
ies have studied the effects of LTC and the associated negative temperature coefficient (NTC) regime on
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the detonation peninsula [4–19]. It was found that a hot spot may induce multiple ignition fronts due
to the low- and intermediate-temperature chemistry, and the interaction of multiple ignition fronts pro-
motes detonation occurrence [7, 9, 11, 12]. Previous studies found that the prediction of ignition modes
becomes inconsistent for different fuels in the presence of temperature/concentration inhomogeneities,
especially for the fuels exhibiting a strong NTC behavior such as Dimethyl ether (DME) and n-heptane
[7, 9, 11, 12].

The present study, therefore, proposes a new method to accurately determine the characteristic length
scale of direct detonation initiation by autoignitive hot spots, so-called the effective runup distance lrd,
regardless of the existence of the nonmonotonic ignition behavior due to the negative temperature coef-
ficient (NTC) behavior, and the spatial variation of temperature or concentration inhomogeneous fields
[20–22]. In the presence of the NTC regime, the mean distance of dissipation elements of the ignition
delay field, lDE , serves as the characteristic length scale of hot spots. The evaluation of ξ−ε through lrd
allows a better prediction of ignition modes [11, 12].

2 Results and discussion

As shown in Fig. 1, Dimethyl ether (DME) exhibiting pronounced low-temperature chemistry with
multi-stage ignitions and a strong negative temperature coefficient (NTC) behavior is chosen to represent
NTC fuels. A 39-species skeletal mechanism [23] is used. The mechanism was validated over a wide
range of engine conditions.
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Fig. 1: Homogeneous ignition delay time of a stoichimometric DME/air mixture at constant volume of
40 atm as a function of temperature. τig,1 and τ0ig denotes the timing of the peak HRR of the first-stage
ignition and the main ignition, respectively.

2.1 Analysis of one-dimensional hot spots

To reveal the effect of the NTC regime on the determination of lrd, three distinct cases with varied Ths
are shown in Fig. 2In principle, the development of a detonation wave emerging from a hot spot, needs a
minimum runup distance to ensure the mutual coupling between the pressure wave and the heat release
in the ignition region. However, lhs based on either temperature or concentration inhomogeneities that
induce the τig variation does not serve as an accurately representative quantity for the determination of
lrd, leading to an inaccurate evaluation of ξ−ε [11, 12]. For example, when the range of temperature
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Fig. 2: a Initial temperature profile with T0 of 810 K and varied Ths, and b-d the spatial distribution
of their corresponding τig, ξ, ε. Dot symbols denote the midpoint of hot spots at which ξ and ε are
computed. Square symbols indicate the mean ξ values. lrd,1−3 denotes the τig-based runup distance. BL
and D denote baseline and detonation, respectively. First row: Baseline case with T0 = 810 K and
∆T =14.6 K, resulting in ξ=5 and ε=4.4. Second row: 1D hot spot with T0=810 K and ∆T =88 K,
resulting in ξ= 5 and ε= 4.5 computed the midpoint of the hot spot (dot symbols), and the mean ξ1−2
values of 6.3 and 19. Third row: a 1D hot spot of Case D3 with T0 =810 K and ∆T =271 K resulting
in three lrd,1−3. The BL case also added for a direct comparison between D3 and BL [11].

variation crosses over the NTC regime, the conventional determination of ξ-ε by the midpoint of lhs can
lead to an inaccurate determination of ignition modes due to the non-monotonic τig distribution.

As shown in Fig. 2, when the temperature variation spans across the NTC regime, τig exhibits a non-
monotonic distribution, leading to a decrease in lrd. As such, it requires a longer lhs to form DDI. The
second row of Fig. 2 shows that when a hot spot has temperature lying in both low- and intermediate-
temperature regimes, it induces a non-monotonic variation in τig distribution. Particularly, the hot spot
length of 4 mm is subdivided into two lrd,1−2 elements of 1.5 mm, and 2.5 mm with the corresponding
mean value of ξ of 6.3 and 19 computed for each lrd element [11]. If computed at the midpoint of the
hot spot, its ξ=5 and ε=4.5, meaning that DDI is expected for this case. However, unlike the BL case
with lrd = lhs =4 mm > lm that can form DDI, no DDI is observed for this case despite their ξ=5 and
lhs=4 mm. No DDI was found for this case [11] because the effective actual runup distance, lrd,1−2, is
approximately equal to a half of lhs – insufficient runup distance to form DDI. If lrd is used to compute
ε, ε= lrd/aτe, no DDI is predicted to occur by this correction.
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For Case D3 in the third row of Fig. 2, D3 with the increased lhs of 8 mm can form DDI inside the hot
spot. D3 With the large temperature variation spanning across the low-to-high temperature regime can
develop into triple ignition fronts as dictated by three lrd elements, lrd1, lrd2, and lrd3 that are associated
with high-, intermediate-, and low-temperature chemistry, respectively (see [11]). Note that only the
element associated with lrd2 = 4.1 mm can form DDI due to its sufficient runup distance, lrd2 > lm
while the lrd1 and lrd3 elements cannot form DDI within their lrd due to their much shorter lrd and
higher mean ξ.

In summary, the low-temperature chemistry makes a prediction of ignition modes more complicated,
especially if the temperature variation spans over the NTC regime. The length scale of the monotonic
distribution of τig is demonstrated to be more accurate in the interpretation of ignition modes. As such,
εt and ξ determined at the midpoint of each lrd element, and the mean value of ξ evaluated for each lrd
element should be adapted for a better prediction of ignition modes.

2.2 Statistical analysis of dissipation elements

From the understanding of the effect of the NTC regime on the determination of lrd in the preceding 1D
section, in the presence of the NTC regime, the τig-based lDE is found to be shorter than the temperature-
based lDE by approximately a factor of two [11, 12].In the multi-dimensional problems, consistently,
the τig-based lDE should also be adopted in the computation of the predictive ξp and εp parameters [12].

According to the theory of dissipation elements [24], the characteristic length scale representing the size
of hot spots in the isotropic temperature field fluctuations can be evaluated through the mean distance of
dissipation elements (DE), lDE . Initially, lDE is defined as the length scale over which the temperature
profile is monotonic [24]. In the presence of the NTC regime, however, the τig field is not monotonically
varied with temperature. The τig-based lDE (the distance over which the τig profile is monotonic,
ranging from the peak to the trough of each dissipation element) is therefore carried out in this section
in determining the characteristic length scale of hot spots instead of the temperature-based lDE [12].

Fig. 3: Representative initial temperature field at T0 of 810 K and T ′ of 15 K.

To quantitatively determine the characteristic length scale of hot spotsin the presence of the isotropic
temperature field fluctuations as representatively shown in Fig. 3, the initial field of τig is decomposed
into dissipation elements (DE) instead of decomposing the initial temperature field. DE of τig of two
contrasting cases (T0 of 810 K versus 864 K) together with their probability density function (PDF) at
various T0 and T ′ = 15 K are shown Fig. 4 and Fig. 5. As readily seen in Fig. 4 and Fig. 5, T0 of 864
K (one of the extrema of τig in the NTC regime in Fig. 1) exhibits a narrower range of lDE distribution
and thus a smaller mean lDE than that of T0 outside the NTC regime. lDE as a function of T0 in Fig. 6
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Fig. 4: Spatial distributions of τig and dissipation elements (DE) at T0 of a 810 K and b 864 K and
T ′ = 15 K.
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Fig. 5: PDF of dissipation elements (DE) at different T0 and T ′ of 15 K. Dots denote the mean value of
DE, lDE .

reveals that lDE of T0 in the vicinity of the extrema of the NTC regime becomes smaller almost by a
half. Three lT values are analyzed in Fig. 6 to show a consistently observed trend.

Unlike the τig-based lDE , lDE of the baseline (BL), which is obtained by decomposing the temperature
field into DE, does not show the shortened lDE in this regime, indicating that the temperature-based lDE

may lead to an inaccurate determination of the characteristic length scale of hot spots for NTC fuels.
For the isotropic energy spectrum adopted in this study, we found that lDE is approximately equal to a
half of the two-point autocorrelation integral length scale, lDE

∼= let/2 for non-NTC fuels.

We are performing multi-dimensional direct numerical simulations (DNS) over a wider spectrum of dif-
ferent initial conditions under internal combustion (IC) engine conditions for a comprehensive validation
of the predictive accuracy of our proposed model [12]. More detailed information will be discussed in
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Fig. 6: The mean distance of dissipation elements (DE) against T0 at three lT and T ′ of 15 K. Two dots
mark the extrema of τig.

the presentation.
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