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Abstract 

This work numerically studies the plasma assisted deflagration to detonation transition (DDT) of H2/O2 mixtures 
in a microscale channel with detailed chemistry and transport. The results show that the DDT onset time is non-
monotonically dependent on the discharge pulse number. The DDT is accelerated with small pulse numbers, 
whereas retarded with large ones. Two different DDT regimes, respectively at a small and large plasma discharge 
number, via acoustic choking of the burned gas and plasma-enhanced reactivity gradient without acoustic choking, 
are observed.  Without plasma discharge, pronounced pressure and temperature gradients in front of the flame are 
generated by acoustic compression after the choking of the burned gas, triggering DDT via autoignition. With 
small plasma pulse numbers, the plasma-generated species enhance the ignition kinetics and lead to an increased 
reactivity in the boundary layer. After the choking of the burned gas, the plasma-enhanced reactivity advances the 
sequence of autoignition near the wall, strengthens ignition-shock wave coupling, and accelerates DDT. 
However, with a large discharge pulse number, a direct autoignition initiating DDT can occur without the 
acoustic choking of the burned gas due to the strongly accelerated reactivity and elevated temperature. In this 
case, DDT onset is retarded because the elevated temperature increases sonic velocity and the increased 
reactivity accelerated fuel oxidation in front of the flame, decelerating the formation of a leading shock and 
subsequent pressure buildup ahead of the flame. The present modeling reveals that no matter with or without 
plasma discharge, DDT is initiated by autoignition in thermal, pressure, and reactivity gradient fields via 
Zel’dovich gradient mechanism. The acoustic choking of the burned gas may not be the necessary condition of 
DDT with strong plasma-enhanced reactivity gradient. This work provides an answer to the experimentally 
observed non-monotonic DDT onset time by plasma, which provides guidance to control DDT in advanced 
detonation engines and fire safety of hydrogen-fueled catalytic reactors in microchannels by non-equilibrium 
plasma discharge. 
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1) Novelty and Significance Statement

The novelty of this research is the understanding of plasma assisted deflagration to detonation transition (DDT) 

mechanism. This work shows the DDT initiation can be accelerated and retarded non-monotonically by using a 

non-equilibrium plasma discharge. Two different DDT regimes, one via autoignition after acoustic choking of the 

burned gas and the other via plasma enhanced ignition without acoustic choking of the burned gas, are reported. 

The present finding is significant because DDT control is pivotal in advanced detonation engines and fire safety 

of industrial catalytic reactors in microchannels. This work provides a new insight and method to control DDT by 

using non-equilibrium plasma. 
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3) Authors’ Preference and Justification for Mode of Presentation at the Symposium

The authors prefer OPP presentation at the Symposium, for the following reasons: 

• A room-audience-level discussion with experts in multiple fields including plasma and detonation will

be beneficial.

• Past research on detailed plasma-assisted DDT mechanisms is limited.

• This work independently explores acceleration and retardation effects on DDT by non-equilibrium

plasma.

• This is the first time that the complete process from plasma, ignition, deflagration to detonation is

conducted.

• This work provides a new method to control DDT in advanced engines and hydrogen-fueled catalytic

reactors.
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1. Introduction 1 

Deflagration to detonation transition (DDT), 2 

referring to the transition from subsonic to supersonic 3 

combustion waves, has drawn great attention in 4 

combustion science over the past decades. This 5 

phenomenon is pivotal in the development of 6 

advanced pressure-gain combustors such as Rotating 7 

Detonation Engines (RDEs) and Pulsed Detonation 8 

Engines (PDEs) [1, 2], which can thermodynamically 9 

enhance the efficiency by up to 30%. In contrast, in 10 

contexts such as engine knocking, chemical-catalytic 11 

synthesis, and industrial fire safety [3], DDT poses 12 

risks and must be prevented. Consequently, a 13 

comprehensive understanding of the DDT mechanism 14 

is crucial for both fundamental research and diverse 15 

industrial applications. 16 

Previous studies have provided a substantial 17 

understanding of the DDT mechanism by different 18 

approaches [4-8]. Several mechanisms such as the 19 

hotspot mechanism, pressure gradient mechanism, 20 

and turbulence driven DDT mechanism have been 21 

proposed. Houim et al. [4] showed that the viscously 22 

heated flame-wall boundary layer formed hot spots 23 

and can be considered as a very long gradient in 24 

reactivity. This reactivity gradient initiated detonation 25 

across all geometrical configurations and dimensions 26 

by simulations. Ivanov et al. [6] found that the 27 

pressure peak at the flame front kept increasing due to 28 

the positive feedback between the pressure pulse and 29 

flame acceleration during deflagration. This pressure 30 

peak finally steepened into a shock wave which was 31 

strong enough for a detonation wave formation. 32 

Poludnenko et al. [8] proposed that the turbulent 33 

burning speed exceeding a Chapman-Jouguet (C-J) 34 

deflagration velocity should be a critical condition for 35 

turbulence-induced DDT. Under this condition, the 36 

burned and unburned gases were both choked, 37 

instigating a turbulent compressible flame runaway 38 

and further DDT.  With these previous studies, a 39 

consensus has emerged regarding the coupling of 40 

flame dynamics, shock waves, and autoignition in 41 

DDT. Although many studies of DDT have been 42 

conducted, there are still some debates about DDT 43 

mechanisms.  44 

To accelerate DDT onset in microchannels, the 45 

thermal and kinetic enhancements have been explored 46 

in previous studies [9, 10]. The results showed that the 47 

ozone addition significantly accelerated DDT onset 48 

via kinetic enhancement. The O radical decomposed 49 

by ozone overcomes the rate-limiting step H + O2 = 50 

OH + O, which reduces the induction length and 51 

shortens the ignition delay time, further kinetically 52 

enhancing DDT. Due to the efficacy of kinetic 53 

enhancement in reducing ignition delay time, 54 

lowering minimum ignition energy, extending 55 

flammability limits, and promoting cool flame 56 

chemistry [11-13], the application of non-equilibrium 57 

plasma on DDT has drawn great attention [14, 15]. 58 

The volumetric chemically-active species generated 59 

by plasma, such as vibrationally and electronically 60 

excited species, radicals, ions, and electrons, can 61 

induce pronounced ignition-shock wave coupling by 62 

ignition enhancement. Meanwhile, the gas heating 63 

and fuel oxidation acceleration by plasma discharge 64 

can also affect reaction rates, acoustic speed, and flow 65 

choking conditions. Vorenkamp et al. [16, 17] 66 

experimentally studied the kinetic enhancement by 67 

nanosecond dielectric barrier discharge (ns-DBD) 68 

plasma on dimethyl ether/oxygen/argon DDT. The 69 

results revealed that plasma discharge non-70 

monotonically affected the DDT onset time and 71 

distance. A moderate number of plasma discharge 72 

pulses before ignition accelerated low-temperature 73 

fuel oxidation, shortened ignition delay, and reduced 74 

DDT onset time. However, DDT was retarded by 75 

applying excessive pulses due to a reduced heat 76 

release rate after partial fuel oxidation before ignition. 77 

Therefore, non-equilibrium plasma can be applied to 78 

control DDT. Although these experimental studies 79 

demonstrated the potential of non-equilibrium plasma 80 

to control DDT, the underlying mechanism of plasma 81 

assisted DDT and the role of plasma assisted ignition 82 

have not been explored.  83 

Motivated by the above discussions, in this work 84 

the plasma assisted DDT mechanism is studied by 85 

numerical modeling. Firstly, the effects of plasma on 86 

DDT onset time are investigated. Secondly, the 87 

mechanisms of plasma assisted DDT under varying 88 

pulse numbers are discussed by examining the 89 

interactions among reaction fronts, shock waves, and 90 

boundary layers. Particular attention is focused on the 91 

critical conditions leading to DDT. The key factors 92 

contributing to DDT with different discharge pulse 93 

numbers are studied. Lastly, a comprehensive DDT 94 

mechanism applicable to all conditions is proposed 95 

and discussed. 96 

97 

2. Numerical methods 98 

99  
100 Similar to the work of Vorenkamp et al. [16, 17], 
101 the configurations for the numerical modeling of 
102 plasma assisted DDT are shown in Figure 1. For 
103 simplicity, the plasma discharge simulations and the 
104 DDT simulations are conducted separately in this 
105 work. It is assumed that plasma is uniformly 
106 distributed across the channel. A zero-dimensional 
(0-107 D) model is used with different number of 
pulses 108 generated by a repetitively-pulsed 
nanosecond 109 discharge in the plasma discharge 
simulations. The 110 discharge simulations are 
terminated before the 111 subsequent discharge to 
allow the plasma  chemistry 112 to proceed. Then, 
the temperature and species 113 concentrations 
obtained after the last discharge pulse 114 are used as 
input for the DDT simulations. A spark 115 ignition is 
applied on the left end of the channel to 116 generate 
the initial ignition kernel. 
117 In the plasma discharge simulations, the time 
118 evolutions of species densities and temperature are 
119 calculated by a 0-D hybrid ZDPlasKin-CHEMKIN 
120 model [18, 19]. The detailed governing equations and 
121 validations can be found in previous studies [18, 19].  
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1 
Fig. 1. (a) Schematic of the configuration, and (b) timing 2 

sequence of plasma discharge, hot spot ignition and DDT in 3 

the numerical simulation. 4 

 5 

The H2/O2 plasma-combustion kinetic model 6 

validated by in-situ and ex-situ measurements from 7 

[19] is used in this work. The plasma kinetic sub-8 

model consists of reactions involving vibrationally 9 

excited species H2(v=1-3), O2(v=1-4); electronically 10 

excited species O2(a1∆g) , O2(b
1
Σg

+) , O2
*, O(1D), 11 

O(1S); ions H+, H2
+, H3

+, O+, O2
+, O4

+, OH+, H2O +, 12 

H3O +, H-, O-, O2
-, O3

-, O4
-, OH-; and electrons. For the 13 

energy in each pulse is 0.2 mJ/cm3. The reduced 46 

electric field E/N (where E is the electric field, N is 47 

the gas number density) is 200 Td at which the 48 

dissociation of H2 and O2 by electrons is efficient [19]. 49 

The discharge duration of each pulse is controlled by 50 

maintaining a constant energy deposition in the 51 

plasma across all simulations. For the DDT 52 

simulations, the microscale channel is 1 mm in width 53 

and 600 mm in length. The minimum mesh size is 2 54 

μm, equating to 25 grid points over the flame 55 

thickness, which suffices to capture key features of 56 

flame acceleration and DDT. The initial mixture 57 

composition for DDT and mesh size configuration 58 

based on the grid refinement study are provided in the 59 

Supplementary material. A semicircle hot spot with a 60 

temperature of 3000 K at the left boundary is used to 61 

initiate ignition and flame propagation. The right end 62 

of the channel is set as a transparent boundary. The 63 

rest of the boundaries are set as non-slip, reflective, 64 

and adiabatic walls. 65 

 66 

3. Results and discussion 67 

68 

3.1 Effects of plasma discharge on DDT onset 69 

time 70 

 71 

To understand the effects of plasma-enhanced 72 

reactivity and discharge pulse number on the DDT, 73 

the time evolutions of species concentrations and 74 

temperature in a single nanosecond discharge by 0-D 75 

modeling are presented in Figure 2. During the 76 

nanosecond discharge, electrons increase 77 

exponentially by electron impact ionization. The 78 

excited species and radicals are produced through 79 

electron impact excitation and dissociation reactions, 80 

such as e + H2 → e + H2(v=1), e + H2 → e + H + H, 81 

and e + O2 → e + O + O/O(1D). At the same time, a 82 

rapid temperature increase is observed in the 83 

discharge mainly contributed by the Franck-Condon 84 

effects in this uniform plasma modeling [26, 27]. The 85 

Franck-Condon effects indicate the enthalpy change 86 

caused by electron impact dissociations [26].  In the 87 

early afterglow stage, the mole fraction of O(1D) 88 

decreases within 10 ns via O(1D) + H2 → O + OH. 89 

This promotes the production of O and OH as well as 90 

fast gas heating. In the later stage of afterglow, the 91 

electron concentration decreases via recombination 92 

with ions and attachment reactions. The O, H and OH 93 

radicals are consumed through chain-branching and 94 

chain-propagation reactions, accelerating the H2 95 

oxidation and increasing the temperature. Due to the 96 

O and H production by plasma discharge, the 97 

concentrations of O3 and HO2 increase via O + 98 

O2(+M) = O3(+M) and H + O2(+M) = HO2(+M). The 99 

production of HO2 further contributes to H2O2 100 

production via HO2 + HO2 = H2O2 + O2. Fig. 2 also 101 

shows that H2(v=1), O2(v=1) and O2(a1∆g)  have102 

longer lifetimes due to slow quenching and relaxation, 103 

which will accelerate ignition during DDT. Therefore, 104 

by applying different discharge pulses, the plasma 105 

will increase the reactivity and change the product 106 

14 combustion sub- mechanism, an updated H2/O2 HP-
15 mech [20] is used. 
16 For DDT simulations, a two-dimensional (2-D) 
17 multi-scale adaptive reduced chemistry solver 
18 (MARCS) [21] developed at Princeton University is 
19 used. MARCS is a parallelized solver with adaptive 
20 mesh and has been applied for efficient modeling of 
21 unsteady, multi-component and compressible reactive 
22 flow with detailed chemistry and transport. The 
23 TRANSPORT package [22] is utilized to obtain 
24 mixture-averaged transport properties. To efficiently 
25 handle these properties, the correlated dynamic 
26 adaptive chemistry and transport (CO-DACT) method 
27 [23] is coupled with the hybrid multi-timescale 
28 (HMTS) method [24]. The finite volume method is 
29 used to discretize the computational domain. The 
30 convection term in the Navier-Stokes equations is 
31 constructed using a third-order advection upstream 
32 splitting method with pressure wiggles (AUSMPW+) 
33 scheme [25] to accurately capture shock waves in 
34 high-speed flows. The detailed governing equations 
35 and numerical schemes are described in [21]. The 
36 excited and charged species with concentrations 
37 below 1 ppm after discharge pulses are neglected. The 
38 reactions of H2(v=1), O2(v=1), O2(a1∆g), and O3 are
39 incorporated in the HP-Mech for DDT modeling.  
40 All the calculations are conducted in a 
41 stoichiometric H2/O2 mixture (0.667 H2/0.333 O2) at 
42 300 K and 1 atm. Simulations of plasma assisted DDT 
43 with various pulse numbers (n = 250, 500, 750, 1200) 
44 are compared with DDT in the absence of plasma. The 
45 discharge frequency is 30 kHz, and the discharge 
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compositions and temperature of the H2/O2 mixture, 1 

thus affecting the DDT. 2 

3 

4 
Fig. 2. The time evolutions of species concentrations and 5 

temperature in a nanosecond discharge pulse. The grey 6 

region represents the discharge stage (~1.56 ns), and the 7 

white region represents the afterglow stage. 8 

9 

64 
Fig. 3. Time evolutions of flame propagation velocity with 65 

plasma at different discharge pulse numbers and without 66 

plasma. 67 

 68 

Table 1  69 

Initial temperature and DDT onset time without plasma and 70 

with plasma at different discharge pulse numbers.  71 

Pulse number 
Initial 

temperature (K) 

DDT onset time 

(µs) 

0 300 732 

100 319 706 

250 353 688 

400 394 704 

500 425 708 

750 518 774 

1200 810 886 

72 

Fig. 3 shows that except for n = 1200, the time 73 

evolution of the velocity follows a similar trend, 74 

which can be subdivided into three stages. It is noted 75 

that the sonic velocity and isobaric sonic velocity are 76 

calculated using the temperature, molecular weight, 77 

and the heat capacity ratio of the unburnt gas and 78 

burnt gas, respectively. These values differ from those 79 

in [16] due to the use of different fuels and conditions. 80 

In Stage 1, the flame propagation velocity increases 81 

roughly linearly due to the flame area stretching in the 82 

boundary layer [28]. In Stage 2, the acoustic choking 83 

of the unburned gas occurs when the flame 84 

propagation speed exceeds the sonic velocity. A 85 

leading shock is then formed and increases the 86 

pressure and temperature ahead of the flame, leading 87 

to a further acceleration of the flame propagation. 88 

However, the strengthening leading shock 89 

10 Figure 3 shows the time histories of the flame 
11 propagation velocity during DDT without plasma and 
12 with plasma at different discharge pulse numbers. The 
13 results show a non-monotonic dependence of the 
14 DDT onset time on the discharge number, as 
15 summarized in Table 1. With the increase of pulse 
16 number, n, the DDT onset time first decreases and 
17 reaches the lowest at n = 250, indicating the 
18 acceleration of DDT by plasma discharge. The DDT 
19 onset time is reduced by 44 µs at n = 250 compared to 
20 the case without plasma. Further increase of n to 500 
21 results in a slightly retarded DDT onset time, which is 
22 still shorter than the condition without plasma. 
23 However, the DDT onset time increases by 154 µs at 
24 n = 1200.  This non-monotonic relationship between 
25 the DDT onset time and the pulse number agrees well 
26 with the previous experiments of Vorenkamp et al. 
27 [16, 17]. Therefore, the present modeling provides 
28 evidence that this non-monotonic behavior is 
29 universal for plasma assisted DDT regardless of the 
30 fuel. As will be discussed later, the plasma assisted 
31 kinetic enhancement by small pulse numbers 
32 dominates the DDT acceleration. The plasma-
33 generated chemically active species such as H2(v=1), 
34 O3, HO2 and H2O2 facilitate autoignition before DDT. 
35 Despite the strong enhancement of mixture reactivity 
36 with a large pulse number, the large amount of fuel 
37 consumption and the increase of the sonic speed due 
38 to the increase of temperature increases sonic velocity 
39 both decelerate  the formation of a leading shock and 
40 the necessary pressure buildup ahead of the flame, 
41 thereby delaying DDT onset. 
42 It is noted that the pulse number for decreasing 
43 DDT onset time was reported as 30-50 in [16], 
44 whereas it is 500-750 in the current simulation. 
45 Additionally, the simulated DDT time is 600-800 μs, 
46 compared to around 100 μs in [16]. This discrepancy 
47 arises from differences in discharge conditions, fuel, 
48 and the limitations of 2-D modeling. For simplicity, a 
49 constant reduced electric field and discharge energy 
50 per pulse are used in the 0-D modeling. The discharge 

51 energy is smaller than in the experiments due to the 
52 difference in voltage waveform, resulting in different 
53 optimal pulse numbers. Regarding fuel, H2/O2 is more 
54 reactive than DME/O2/Ar used in [16, 17], leading to 
55 a higher flame speed and shorter DDT onset time. 3-
56 D DDT simulations capture more realistic 
57 autoignition due to complex interactions between the 
58 flame front and shock waves [4, 6], making them 
59 necessary for accurate comparison with experiments. 
60 However, the 2-D simulations tend to severely over-
61 predict the onset time [4, 6], leading to the longer 
62 DDT onset time in H2/O2 mixtures. 
63 
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To study the mechanism of plasma discharge on 25 

DDT, three cases in Fig. 3 are compared, i.e., without 26 

plasma, DDT acceleration at n = 250, and DDT 27 

retardation at n = 1200. Figure 4 shows the time 28 

evolutions of temperature (T) during DDT. Figs. 4(a) 29 

and (b) both show the Zel’dovich–von Neumann–30 

Döring (ZND) detonation wave structure for the cases 31 

without plasma and at n = 250, which has a precursor 32 

shock wave (Ⅰ), an induction (Ⅱ) zone and a reaction 33 

(Ⅲ) zone with the burned gas at the acoustic choking 34 

condition. However, for n = 1200 (Fig. 4c), neither the 35 

burned gas choking condition nor a leading shock 36 

wave exists and only the plasma enhanced reaction 37 

zone with strong reactivity gradients is observed. 38 

Without plasma, the accelerating flame acts like a 39 

piston which compresses and preheats the unburned 40 

mixture between the flame and the precursor shock. 41 

The pressure distribution at the centerline in Figure 42 

5(a) shows that the pressure gradient near the flame 43 

front increases with time (from t1 = 730.7 µs to t2 = 44 

731.4 µs). This continuous compression results in a 45 

significantly higher pressure and temperature as well 46 

as their gradients ahead the flame front. Therefore, the 47 

flame is further accelerated, and the induction zone 48 

length reduces, leading to the generation of more 49 

intense pressure waves, which is also evident from the 50 

pressure profile in Figure 6. This positive feedback 51 

enhances the pressure exponentially. At t3 = 731.8 µs, 52 

an ignition is initiated in the region with elevated 53 

temperature and pressure gradients after the choking 54 

of the burned gas, as shown in Figs. 4(a) and 5(a). The 55 

autoignition kernel at the flame front propagates in 56 

both forward and backward directions at a supersonic 57 

speed with a Mach number of 2.6 and initiates a strong 58 

shock wave. The generated shock wave then couples 59 

with the ignition and transits into detonation at t4 = 60 

731.9 µs. Two pressure peaks are observed at t4. The 61 

first small peak indicates the flame front, and the  62 

63 
Fig. 4. Time evolutions of temperature (T) during DDT of 64 

the cases (a) without plasma, (b) with pulse numbers n = 250, 65 

and (c) n = 1200 (Ⅰ: shock wave zone; Ⅱ: induction zone; Ⅲ: 66 

reaction zone).  67 

 68 

second one indicates the autoignition and ignition- 69 

induced shock. The time evolution of Mach number 70 

also shows that the DDT initiation occurs when the 71 

reaction front propagates with a Mach number larger 72 

than 1. It is noted that the Mach number decreases at 73 

the flame front and then increases with autoignition 74 

occurrence at t4 = 731.9 µs in Fig. 5(a). This is caused 75 

by the backward propagation of the ignition-induced 76 

shock. 77 

For the DDT acceleration with the pulse number of 78 

250, Fig. 4(b) shows that the DDT is initiated at the 79 

boundary layer which is formed due to the plasma-80 

enhanced reactivity and the viscous effects between 81 

the precursor shock and the wall. To explain this, the 82 

time evolution of temperature at the bottom boundary 83 

is presented. Fig. 5(b) shows that the temperature in 84 

the boundary layer ahead of the flame is over 1000 K. 85 

At t1 = 686.4 µs, similar to the no plasma case, a 86 

temperature gradient with increased reactivity (heat 87 

release rate) by plasma is generated in front of the 88 

flame at the boundary layer and the burned gas flow 89 

is choked. Although the plasma-enhanced reactivity is 90 

uniform across the channel, the interaction with 91 

viscous heating enhances the reactivity further at the 92 

1 compresses the unburned gas in front of the flame and 
2 reduces flame propagation speed, leading to flame 
3 velocity oscillations and slowdown of flame 
4 acceleration.  When the flame propagation velocity 
5 reaches the isobaric sonic velocity in Stage 3, the 
6 burned gas is choked, and flame acceleration 
7 generates continuous pressure waves. After that, 
8 autoignition occurs and the deflagration abruptly 
9 transits to detonation and results in an overdriven 

10 detonation speed higher than the C-J velocity. 
11 Interestingly, Fig. 3 shows that at n = 1200, flame 
12 propagation is significantly slower, and only Stages 1 
13 and 3 are observed. This occurs because the increased 
14 sonic velocity at a higher initial temperature inhibits 
15 leading shock formation. Consequently, both the 
16 leading shock wave and sonic choking in the burned 
17 gas are absent. The flame propagation transitions 
18 directly to detonation by autoignition (from Stage 1 to 
19 3) without reaching the burned gas choking condition. 
20 The detailed mechanism will be discussed in Section 
21 3.2.  
22  
23 3.2 Plasma assisted DDT mechanism 
24 
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boundary layer. The plasma-generated species such as 1 

H2O2, O3, H2(v=1) induce new reaction pathways via 2 

3 
Fig. 5. Time evolutions of (a) Mach number (Ma) and 4 

pressure (P) at the centerline of the channel without plasma; 5 

(b) temperature (T) and heat release (Q) at the bottom 6 

boundary with n = 250; and (c) temperature at the bottom 7 

boundary and Mach number at the centerline with n = 1200. 8 

The centerline and the bottom boundary are marked in Fig. 9 

1(a). Because DDT occurs at the centerline without plasma 10 

and at the boundaries with pulse number n = 250 and 1200, 11 

variables are plotted at the centerline without plasma and at 12 

the bottom boundary with n = 250 and 1200. The horizontal 13 

axis represents the coordinates at these locations. An 14 

exception is the Mach number for n = 1200, as the flow speed 15 

is zero at the non-slip boundary. The Mach number at the 16 

centerline for n = 1200 clearly demonstrates that the flow 17 

speed did not exceed the sound speed before DDT. (More 18 

information about Ma, P, T, and Q is provided in the 19 

Supplementary material) 20 

 21 

22 
Fig. 6. Pressure during DDT without plasma at t2 = 731.4 µs. 23 

 24 

25 H2O2(+M) = 2OH(+M), O3(+M) = O + O2(+M), O + 
26 H2(v=1) → H + OH and H2(v=1) + OH → H2O + H. 
27 The radical production accelerates the fuel oxidation  
28 and heat release rate at the boundary (see Fig. 5(b)), 
29 promoting localized autoignition. Therefore, the 
30 autoignition first occurs at the top and bottom 
31 boundaries instead of the flame front, as shown at t2 = 
32 686.8 µs in Fig. 4(b). Then, the ignition propagates 
33 downstream by spontaneous ignition sequences and 
34 forms an ignition wave (t3 = 687.4 µs).  This ignition 
35 propagation results in more heat release in the 
36 boundary layer, which further increases the 
37 temperature ahead of the ignition front and enhances 
38 the reactivity gradient. Therefore, the ignition front 
39 accelerates and approaches the precursor shock. 
40 Meanwhile, the compression waves are generated 
41 continuously and increase the pressure 
42 correspondingly. At t4 = 687.6 µs, Fig. 4(b) shows that 
43 the ignition front with a strong reactivity gradient 
44 develops into a strong shock wave. The heat release, 
45 temperature, and pressure increase significantly at the 
46 shock front. The two shock waves at the top and 
47 bottom boundaries merge and initiate detonation. 
48 At n = 1200, the DDT also occurs at the boundary 
49 layer initiated by autoignition, however, without a 
50 leading shock wave and acoustic choking of the 
51 burned gas (see the Mach number in Fig. 5(c)). Fig. 
52 5(c) shows that the autoignition occurs ahead of the 
53 flame at the boundary at t1 = 884.0 µs, which takes a 
54 longer time compared with the DDT without plasma 
55 and with a pulse number of 250. Table 1 shows that 
56 an initial temperature of 810 K is achieved at n = 
57 1200. Different from the heat release rate acceleration 
58 with plasma discharge number n = 250, the 
59 autoignition at n = 1200 is mainly caused by the 
60 elevated temperature and reactivity by a large number 
61 of plasma pulses and wall friction. Then the 
62 temperature and reactivity gradients are formed at the 
63 boundary layer, and the ignition wave is generated. 
64 The elevated temperature increases sonic velocity and 
65 the large amount of fuel consumption with more 
66 plasma pulse reduces the heat release rate of the 
67 mixture, making it more difficult for the leading shock 
68 to form and ignition-shock coupling. Without a 
69 leading shock, the pressure ahead of the flame fails to 
70 rise, and acoustic choking does not occur. It can be 
71 seen in Fig. 5(c) that a second autoignition occurs at 
72 t2 = 885.2 µs. This supersonic ignition wave directly 
73 initiates DDT at t3 = 885.8 µs when the Mach number 
74 is larger than 1 (Fig. 5c).  
75 Figure 7 shows the pressure-specific volume (P-V) 
76 phrase diagram at different locations during DDT. 
77 The black solid and red dashed lines indicate the 
78 locations before DDT and at DDT, respectively. For 
79 location X1, all three cases show similar trends. At the 
80 starting time, the normalized specific volume is unity 
81 for all cases. The mixture is first compressed by the 
82 compression waves produced by the flame 
83 acceleration, as shown by black curves from the unity 
84 volume to the turning point t1 in Figs. 7(a) and (b) and 
85 t2 in Fig. 7(c). This follows the shock Hugoniot curve 
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in which the specific volume decreases with the 1 

pressure increase. The first turning point indicates the 2 

arrival of flame at this location. Then, Figs. 7(a) and 3 

(c) show that the specific volume increases at a nearly 4 

constant pressure with flame propagation. After that, 5 

the pressure decreases due to thermal expansion in the 6 

7 
Fig. 7.  Pressure-specific volume (P-V) phrase diagram at the 8 

locations before DDT (solid black line) and at DDT (dashed 9 

red line) (a) at the centerline without plasma, and at the 10 

bottom boundary with (b) n = 250 and (c) n = 1200. 11 

 12 

reaction zone. Note that there is a pressure increase 13 

between t1 and t2 at n = 250 in Fig. 7(b). This is caused 14 

by the faster ignition wave propagation at the 15 

boundary shown in Fig. 4(b) due to plasma enhanced 16 

reactivity. For location X2 without plasma, Fig. 7(a) 17 

shows that the pressure first increases to higher values 18 

due to the continuous compression between the flame 19 

and the precursor shock. After the flame front passes 20 

this location, the pressure decreases, as shown by the 21 

dashed red line between t2 and t3. Once the DDT 22 

occurs ahead of X2 at t4, the stronger shock wave 23 

propagates back to X2, leading to the detonation. At n 24 

= 250, a stronger coupling between autoignition and 25 

shock wave is observed. The first turning point at t3 in 26 

Fig. 7(b) indicates the autoignition occurrence. As a 27 

result, the specific volume and pressure increase 28 

simultaneously.  After the ignition wave passes the X2, 29 

a strong shock wave generated by the autoignition 30 

31 front arrives and results in the second turning point. 
32 At this point, the ignition wave begins to couple with 
33 the shock wave. This coupling is accelerated by the 
34 reactivity enhancement from plasma. Therefore, the 
35 peak shock wave pressure increases abruptly and 
36 results in faster DDT. In Fig. 7(c), with a pulse 
37 number of 1200, the first and second turning points 
38 shown in Fig. 7(b) disappear. This is because DDT is 
39 directly initiated by autoignition due to strongly 
40 accelerated reactivity and elevated temperature 
41 without burned gas choking. However, the absence of 
42 acoustic choking leads to a lower pressure rise and 
43 longer DDT onset time. 
44 Figure 8 shows the comparison between 
45 flame/ignition velocity and local sonic velocity. The 
46 probe location is the same as the flame (or ignition) 
47 position and changes over time. The local sonic speed 
48 is calculated based on the local temperature (shown in 
49 Fig. S7 in the Supplementary material) and mixture 
50 compositions at the probe location. The results show 
51 that DDT only occurs when the ignition velocity (uig) 
52 exceeds the local sonic velocity (a) in all the cases. 
53 The gas pressure rise does not have enough time to 
54 equalize. The shock wave forms after transient 
55 evolution and transits to detonation. The numerical 
56 results clearly show that the occurrence of DDT 
57 follows by the Zel’dovich gradient mechanism [29]. 
58 Fig. 8(b) also shows that the ignition velocity first 
59 exceeds local sonic speed on the boundary, verifying 
60 that the DDT is initiated at the wall at n = 250. 
61 
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1 

2 Fig. 8.  Comparison between local sonic and flame/ignition 

3 velocity at the center and the bottom boundary (a) without 

4 plasma, (b) with 250 pulses, and (c) with 1200 pulses. 

5 The plasma assisted DDT mechanism can be 

6 summarized in Figure 9. Without plasma discharge, 

7 the pressure and temperature gradients in front of the 

8 flame front are generated by acoustic compression. 

9 After the choking of the burned gas, the elevated 

10 pressure and temperature gradients initiate DDT via 
11 autoignition. With plasma discharge, there exist two 
12 different regimes, i.e., DDT initiation via acoustic 
13 choking of the burned gas at a small discharge pulse 
14 number and plasma-enhanced reactivity gradient 
15 without acoustic choking at a large discharge pulse 
16 number. With small pulse numbers, the plasma-
17 generated species enhance the ignition kinetics. 
18 Coupled with non-uniformity created by viscous 
19 effects, a strong reactivity gradient is formed in the 
20 boundary layer. This advances the ignition wave 
21 propagation, ignition-shock wave coupling, and 
22 accelerates DDT after the acoustic choking of burned 
23 gas. With more plasma pulse numbers applied, the 
24 significant increase of mixture reactivity and elevated 
25 temperature by the excessive plasma assisted 
26 hydrogen oxidation trigger DDT via autoignition 
27 directly. DDT can occur without acoustic choking of 
28 the burned gas. Meanwhile, the DDT onset time is 
29 retarded because of the increased sonic velocity and 

30 lower heat release rate. As summarized by the 
31 discussion above, the DDT is initiated by autoignition 
32 in thermal, pressure, and reactivity gradients via 
33 Zel’dovich gradient mechanism both with and without 
34 plasma discharges. 
35  

36 
37 Fig. 9.  Schematic of plasma assisted DDT mechanism. 

38 

39 4. Conclusions 
40 

41 The plasma assisted H2/O2 deflagration to 
42 detonation transition in a microscale channel is 
43 studied by numerical modeling with detailed 
44 chemistry and transport.  The effects of nanosecond 
45 pulsed discharges on fuel oxidation and DDT 
46 dynamics are investigated. The results show that there 
47 exists a non-monotonic dependence between DDT 
48 onset time and discharge pulse number. The DDT is 
49 accelerated by a small discharge pulse number and the 
50 onset time is reduced by 44 µs. However, a large 
51 discharge pulse number retards the DDT onset by 154 
52 µs. Two DDT regimes are observed with different 
53 discharge pulse numbers. One regime is that the DDT 
54 is initiated via acoustic choking of the burned gas at a 
55 small discharge pulse number. The other one is via 
56 plasma-enhanced reactivity gradient without acoustic 
57 choking at large pulse numbers. Without plasma 
58 discharge, the acoustic compression after the choking 
59 of the burned gas generates pronounced pressure and 
60 temperature gradients in front of the flame. DDT is 
61 triggered by these gradients via autoignition. For the 
62 DDT acceleration with small discharge pulse 
63 numbers, the DDT is accelerated due to the 
64 enhancement of autoignition sequences near the wall 
65 and ignition-shock wave coupling by the plasma-
66 enhanced reactivity after the choking of the burned 
67 gas. The enhancement of ignition kinetics and 
68 increased reactivity in the boundary is contributed by 
69 the plasma-generated species such as H2O2, O3, H2(v) 
70 via H2O2(+M) = 2OH(+M), O3(+M) = O + O2(+M), 
71 O + H2(v=1) → H + OH and H2(v=1) + OH → H2O + 
72 H. With a large discharge pulse number, the results 
73 show that DDT is initiated by a direct autoignition 
74 without the acoustic choking of the burned gas. This 
75 is attributed to the strongly accelerated reactivity and 
76 the resulting elevated temperatures by plasma 
77 discharges. However, the DDT onset is retarded 
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because the increased 1  

condition for DDT with plasma-enhanced reactivity 10 

gradient. For future research, it is interesting to couple 11 

the plasma discharge and DDT processes together and 12 

investigate the effect of non-uniform plasma 13 

distribution across the channel on the DDT initiation 14 

[30]. 15 
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