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1 Introduction

Reduced mechanisms that are well validated in homogeneous autoignition are widely adopted in
detonation modelling. However, such reduced mechanisms may not be suitable for modelling
deflagration to detonation transition (DDT) due to its very different characteristics from homogeneous
autoignition. For instance, reactivity gradients are important for DDT, but not of concern in
homogeneous autoignition. More discussion on the suitability of reduced mechanisms in detonation
modelling is needed. For this purpose, first, this work uses dimethyl ether (DME) ignition as an example
to investigate the effects of chemical mechanisms on deflagration to detonation transition modelling
with a hot/cold spot. The observations are then applied to assist in mechanism reduction of the n-heptane
detailed mechanism, in particular to assess the reduced mechanisms used for DDT modelling.

2 Methodologies

2.1 Mechanism reduction

In this work, the DRGEP method and the PFA method are used for mechanism reductions. For
simplicity's sake, detailed descriptions are omitted here but can be referred to the original works [1, 2].

The DRGEP method is one of the most widely used methods for mechanism reduction. In the DRGEP
method, the relation coefficient r,, , along a specific reaction pathway p from species 4 to species B is

calculated in a geometric damping way, i.e., multiplying the direct relation coefficient along p. The
DRGEP coefficient R,, is then defined as the maximum relation coefficient along all possible reaction

pathways from 4 to B. If the R, is larger than a given threshold, species B will be retained to ensure
the accurate prediction of target species A. Usually, fuel species, together with oxidizer, critical radicals
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or products are manually selected as target species at the beginning of reduction. The PFA method is
another widely used reduction method. In the PFA method, relation between a species C and a pre-
selected target species D is quantified based on the flux for both the first and second generation. The
first-generation flux of target species D via the species C is referred to the direct interaction of the species
C in the consumption and production of target species D. The second-generation flux is referred to flux
between D and C via a third reactant M, which is utilized in this work.

2.2 Numerical setup for detonation modelling

Two typical fuels for detonation research, DME and n-heptane, are considered in this study. The
chemical mechanisms from Ref. [3, 4] for DME and Ref. [5] for n-heptane are used here. The transient
autoignition front propagation initiated by a hot or cold spot is simulated in a one-dimensional planar
configuration. The length of the computational domain is 3 cm with reflective boundary conditions on
both sides. The domain is filled with stochiometric fuel/air mixture at the pressure of 40 atm. The left
side of the domain is set to be an ignition spot with a 6 mm length and a constant temperature gradient
dT, / dx (negative for hot spot, positive for cold spot). The temperature 7} outside the ignition spot is

uniform. The critical temperature gradient (CTG) at which autoignition is comparable to an acoustic
time is given as:

an,\ . fdc)
(Ejj“ [dTOJ (1

where a is local sound speed, 7 is ignition delay time. The CTG values at given 7, will be used
for further analysis of deflagration to detonation transition (DDT).

The simulations are performed using our recently developed software DeepFlame [6], an open-source
platform for reacting flow simulations. In these one-dimensional detonation simulations using
DeepFlame, an adaptive mesh refinement (AMR) algorithm is implemented to refine cells in chemically
intense areas (i.e., near the reaction front) with a criteria of normalized density gradient. The initial grid
size here is set to 0.1 mm. The minimum mesh size after refinement is 0.0125 mm, as the maximum
refinement level is set to 3. With AMR, a computational speedup of around one order of magnitude is
achieved [6]. For the following n-heptane detonation, the simulation cost using the detailed mechanism
is around 4000 CPU hours, while the one using the reduced mechanism is around 200 CPU hours.

3 Results and Discussions

3.1 Effect of chemical mechanisms on deflagration to detonation transition

This part utilizes two different chemical mechanisms of dimethyl ether (DME) from different sources to
model the reaction front propagation from both hot spot and cold spot. One mechanism is the Zhao’s
mechanism with 55 species [3]. The other one is a recently developed 113-species NUIG mechanism
[4]. Ignition delay times of stoichiometric DME/air mixture at 40 atm are calculated using the two
mechanisms separately. Fig. 1 shows obvious difference for same initial temperatures. For example, the
temperature of 1000 K falls in the negative temperature coefficient (NTC) region for the Zhao’s
mechanism, but not for the NUIG mechanism. To investigate the effects of the kinetic difference on
detonation modelling, one-dimensional simulations of reaction front propagation ignited by a hot/cold
spot are conducted using both mechanisms at 1000 K, 40 atm and stochiometric conditions. The results
are presented in Fig. 2. As can be seen, these two mechanisms exhibit very different predictions on DDT.
Specifically, in the hot spot ignition, detonation develops for the NUIG mechanism and propagates from
the left to the right side of the domain, while deflagration is observed for the Zhao’s mechanism. Great
difference has also been observed in the cold spot ignition. To explain these differences, the CTG values
are calculated for the two mechanisms and plotted in Fig. 3. As can been seen, at 1000 K, the CTGs for
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the two mechanisms show similar absolute values, however one is positive and the other is negative,
which explains the different DDT predictions in the hot spot ignition and the cold spot ignition.

3.2 Application to mechanism reduction for detonation

The above study shows that for a same fuel, different chemical mechanisms may have very different
CTG values and DDT predictions. In this section, the use of CTG values for reduced mechanism
validation is proposed and tested for detonation modelling. The autoignition front propagation of
stoichiometric n-heptane/air mixture with temperature gradient is simulated using the detailed chemical
mechanism and two reduced mechanisms, respectively. In mechanism reduction, a 50% maximum error
limit on ignition delay times is set, and two different reduction methods (i.e., DRGEP and PFA) are
utilized to generate the two reduced mechanisms. The one generated by DRGEP contains 186 species
and is named Reduced-1, while PFA-generated one contains 185 species and is named Reduced-2. These
two mechanisms have similar number of species as well as predicting accuracy on ignition delay times
as shown in Fig. 4. However, the critical temperature gradients for Reduced-1 show a much closer
agreement with those of the detailed mechanism as presented in Fig. 5. It indicates that Reduced-1 should
have better reproduction of the DDT and more suitable for detonation modelling, which is further proved
by the results from one-dimensional detonation modelling shown in Fig. 6. It can be concluded that
constraining ignition delay time is not straightforward and adequate for developing reliable reduced
mechanisms for detonation modelling. Instead, CTG values are important for DDT, and are suggested
to be used as an indicator for mechanism validations.

3.3 Sensitivity analysis

To further analyze the difference between ignition delay and CTG values from a chemical kinetic
perspective, a brutal-force sensitivity analysis of CTG values and ignition delay with respect to reaction
rate constants is conducted at the operating condition of $=1.0, P=40atm and T=900K. The Reduced-1
mechanism is taken as an example for the analysis here. Table 1 lists the top 10 sensitive reactions and
their sensitivity coefficients S;. As can be observed, the isomerization reactions of C7H1502-2 and its
isomers have a significant influence on ignition delay, while the hydrogen abstraction reactions of
NC7H16 plays a more crucial role in affecting CTG values. These findings further emphasize that
ignition delay metrics alone are insufficient when evaluating chemical mechanisms in DDT modelling.

Table 1 Normalized sensitivity coefficient of CTG (left) and ignition delay (right) with respect to
reaction rate constants.

CTG sensitivity analysis ignition delay sensitivity analysis

No. Reaction Si Reaction Si

1 HO2 + NC7H16 => C7H15-2 + H202 0.61 C7H1502-2 <=> C7TH1400H2-4 -0.39
2 HO2 + NC7H16 => C7H15-3 + H202 0.51 H202 (+M) <=>2 OH (+M) -0.31
3 H202 (+M) <=>2 OH (+M) 0.44 C7H1502-3 <=> C7H1400H3-5 -0.30
4 C7H1400H2-4 + 02 => C7TH1400H2-402 0.43 C7H1400H2-4 + O2 => C7TH1400H2-402 -0.23
5 C7H1400H2-402 => C7TH1400H2-4 + 02 -0.40 C7H1400H2-402 <=> NC7KET24 +OH  -0.23
6 C7H1400H2-402 <=> NC7KET24 + OH 0.36 C7H1400H2-402 => C7TH1400H2-4 + 02  0.22
7 HO2 + NC7H16 => C7H15-4 + H202 0.31 C7H1502-4 <=> C7TH1400H4-2 -0.21
8 NC7H16 + OH => C7H15-3 + H20 -0.28 C7H1502-1 <=> C7H1400H1-3 -0.19
9 C7H1400H3-5 + 02 => C7TH1400H3-502 0.25 C7H1502-2 <=> C7H14-2 + HO2 0.18
10 C7H1400H4-2 + 02 => C7TH1400H4-202 0.24 2 HO2 =>H202 + 02 0.17
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Figure 1: Ignition delay times of stoichiometric DME/air mixture predicted by the NUIG mechanism and Zhao’s

mechanism.
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Figure 2: Temporal evolution of pressure for TO = 1000 K, x0 = 6 mm in hot spot ignition with a temperature
gradient of 3000 K/m (upper) and cold spot ignition with a temperature gradient of 5000 K/m (lower).
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Figure 3: Critical temperature gradient as a function of initial temperature for stochiometric DME/air mixture.
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Figure 4: Ignition delay time of stoichiometric n-heptane/air mixture predicted by the detailed mechanism and the

two reduced mechanisms.
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Figure 5: Critical temperature gradient as a function of initial temperature for stochiometric n-heptane/air mixture.
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Figure 6: Temporal evolution of pressure for To = 900 K, xo = 6 mm in cold spot ignition with a temperature
gradient of 3000 K/m predicted by the detailed mechanism (left), the reduced-1 (middle) and the reduced-2 (right).
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4 Conclusions

In the reduction of detailed chemical mechanisms, ignition delay time is often used as a main
constraining metric for the error limitations of reduced mechanisms. However, two reduced mechanisms
with similar ignition delay prediction errors can have very different values of critical temperature
gradient, which is more relevant for modelling DDT. In this work, we firstly simulated autoignition front
propagation of a stoichiometric DME/air mixture with temperature gradient to demonstrate that chemical
mechanisms have a great influence on the CTG values and the predictions on DDT. Later, we introduced
the CTG values as a validation metric for detonation mechanism reduction. Two different reduced
mechanisms, with comparable sizes and accuracy on autoignition prediction, are generated and utilized
to prove that the introduction of CTG metric in mechanism reduction helps to validate the reduced
mechanisms for detonation modelling.

This work also indicates that ignition delay metrics might not be sufficient when evaluating detailed
mechanisms for reproducing DDT from experiments. Since experimental measurement of CTG values
is not straightforward and can even be prohibitive, qualitative experiments on DDT may help to validate
detailed mechanisms and therefore deserve significant attention.
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