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This work studied the ignition enhancement and ignition kernel development of H2/air 
mixtures in a nanosecond discharge between two cylindrical electrodes at atmospheric 
pressure and an initial temperature of 1000 K. A two-dimensional multi-scale adaptive 
reduced chemistry solver for plasma assisted combustion (MARCS-PAC) with detailed 
combustion chemistry and transport properties was developed and validated by incorporating 
the plasma solver PASSKEy and the unsteady reactive flow solver ASURF+. The results show 
that the streamer propagates between the two electrodes and creates chemically active excited 
species as well as radicals together with fast gas heating. The plasma-generated active species 
and gas heating significantly enhance low temperature ignition. In addition, the electrode 
separation distance also affects the ignition kernel development. This work provides an 
important tool to understand kinetic enhancement of non-equilibrium plasma ignition and 
optimize ignitor design. 

I. Introduction 
In the past decades, non-equilibrium plasma has been applied widely in ignition enhancement, flame stabilization 

and fuel reforming [1, 2]. The plasma species generated by non-equilibrium excitation and fast gas heating can 
dramatically accelerate the low-temperature combustion chemistry [3]. Researchers have achieved promising results 
of plasma assisted combustion with different types of plasma discharges [4-6]. Despite these, the underlying physical-
chemical mechanism between the coupling of plasma discharge and combustion process are still not well-understood. 

Despite the insights into the plasma enhancement on combustion by experimental methods, different numerical 
models have been developed in the past years, such as the zero-dimensional (0D) [7-9], one-dimensional (1D) [10] and 
two-dimensional (2D) [11, 12] numerical models. Among these models, the multi-dimensional models provide a better 
understanding for the interactions between plasma discharge and combustion with the incorporation of Poisson’s 
equation for plasma discharge and reactive flow models. 

Kobayashi et al. [13] studied the 2D nanosecond discharges between two point electrodes for H2/air mixtures. The 
results suggested that it would be interesting to study the effects of non-uniform distributions of radical densities and 
gas temperature generated by plasma on ignition at longer timescales by using 2D reactive flow simulations. Tholin 
et al. [11] studied the thermal and chemical effects of a nanosecond spark discharge on learn H2-air flame by 2D 
simulations. In their work, Euler equations and reduced mechanism were used. Sharma et al. [12] studied the 
nanosecond pulsed plasma induced flame ignition and combustion for a lean H2/air mixture at high pressure by a fully 
coupled 2D modeling with Euler equations. Sun et al. [14] developed a multi-scale adaptive reduced chemistry solver 
(MARCS) to conduct efficient combustion modeling in multi-dimensional geometries. All these studies advanced the 
understanding of plasma assisted ignition by 2D numerical methods. 

In this work, a two-dimensional multi-scale adaptive reduced chemistry solver for plasma assisted combustion 
(MARCS-PAC) with detailed combustion chemistry and transport properties is developed and validated by 
incorporating the plasma solver PASSKEy [15, 16] and the unsteady reactive flow solver ASURF+ [17]. This solver is 
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used to model the transient plasma assisted H2/air ignition. Firstly, the MARCS-PAC model is developed and validated 
by shock formation, ignition, and flame propagation respectively. Secondly, the discharge streamer formation and 
propagation, excited species and radical production by non-equilibrium excitation, and temperature distribution by 
fast gas heating between two cylindrical electrodes in a nanosecond discharge are studied. Finally, the effects of non-
equilibrium excitation by plasma and gas heating on H2/air ignition kernel formation and propagation are 
demonstration. Moreover, the effect of electrode separation distance on ignition kernel development is examined. 

II. Numerical methods 
The 2-D MARCS-PAC solver incorporates the 2-D plasma solver PASSKEy and the unsteady, compressible and 

multi-component reactive flow module from ASURF+. The governing equations are described as below. 
The continuity equation, Poisson’s equation and plasma kinetics are solved in PASSKEy to get the time evolution 

and spatial distribution of species and electric field during the discharge and afterglow.  
The continuity equation for the species of plasma discharge is  

∂nk

∂t
 + ∇ሬሬ⃗ ∙Jk

ሬሬሬ⃗  = ωk
plasma                                                                              (1) 

ωk
plasma = Sk + Sph                                                                                   (2) 

where nk is the number density of species k, Jk
ሬሬሬ⃗  is the flux vector of species k (x-direction and y-direction) due to the 

drift-diffusion of charged species by the electric field, and ωk
plasma is the production or consumption rate of species k 

contributed by plasma kinetics  Sk and photoionization Sph. As the photoionization model of H2/O2/N2 mixture is not 
available in the literature, the ionization of O2 molecules by VUV-radiation coming from electronically excited N2

* 
(in the wavelength range of 98-102.5 nm) is considered [18]. The photoionization source term is calculated by the three-
term Helmholtz equations [19].  

The electric potential is calculated by Poisson’s equation 

∇ሬ⃗ ∙( െ ε0ε∇ሬ⃗ φ) ൌ q
e

 Zknk                                                                      (3)

k

 

where ε0 is the permittivity of free space, 𝜀 is the relative dielectric constant, 𝜑 is the electric potential, qe is the 
absolute value of electron charge, and Zk is the charge of species k (1 for positive ions, and -1 for negative ions and 
electron). 

The rate constants of electron impact reactions, transport parameters for electron, and the mean electron energy 
are pre-calculated by using BOLSIG+ [20]. The electron energy during the discharge is obtained by the local field 
approximation at atmospheric pressure [21]. 

The plasma module is coupled with the unsteady compressible Navier-Stokes (N-S) equations. The conservation 
equations of mass, species, momentum and energy are listed as below, 

∂ρ

∂t
 ∇ሬሬ⃗ ∙(ρVሬሬ⃗ ) = 0                                                                         (4) 

∂(ρu)

∂t
 ∇ሬሬ⃗ ∙(ρuVሬሬ⃗ ) = െ

∂p

∂x
 ∇∙ሬሬሬ⃗  𝜏̿                                                                 (5) 

∂(ρv)

∂t
 ∇ሬሬ⃗ ∙(ρvVሬሬ⃗ ) = െ

∂p

∂y
 ∇∙ሬሬሬ⃗ 𝜏̿                                                                  (6) 

∂e

∂t
 ∇ሬሬ⃗ ∙(eVሬሬ⃗ ) = െ p ∇ሬሬ⃗ ∙Vሬሬ⃗ െ ∇ሬሬ⃗ ∙qሬ⃗  ∇ሬሬ⃗ ∙(𝜏̿Vሬሬ⃗ )  Sheat                                               (7) 

where 𝜌 is the gas mass density, t is the time, Vሬሬ⃗ ൌ  (u, v) is the velocity vector, u is the velocity of x-axis, v is the 
velocity of y-axis, 𝜏̿ is the viscous stress tensor, 𝑒 is the total energy per unit volume, p is the pressure, and qሬ⃗  is the 
heat flux. The gas heating Sheat from the plasma kinetics is a source term of eq.(7). The conservation equations at 
cylindrical coordinates are also implemented in the model. 

The conservation of species k is given by the species-mass-balance equations 
∂(ρYk)

∂t
 ∇ሬሬ⃗ ∙[ρ(Vሬሬ⃗ Vk

'ሬሬሬሬ⃗ )Yk] = ωk
combustion                                                 (8) 

where Yk is the mass fraction of species k, Vk
'ሬሬሬሬ⃗  is the diffusion velocity vector, and ωk

combustion is the production or 

consumption rate of species k contributed by combustion kinetics. The diffusion velocity Vk
'ሬሬሬሬ⃗  is obtained by the 

summation of ordinary diffusion velocity, thermal diffusion velocity as well as the correction velocity which insures 
the compatibility of species and mass conservation equations. 

Despite the heat release from plasma kinetics, the coupling of plasma and reactive flow module is carried out by 
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ωk ൌ ωk
plasma    ωk

combustion                                                               (9) 
where ωk is the production or consumption rate of species k. 

A plasma assisted H2/O2/N2 combustion mechanism is developed in this work. The mechanism consists of both 
plasma and combustion sub-mechanisms. The plasma mechanism consists of  the reactions of electronically excited 
species N2(A) (summation of N2(A3Σu

+,v = 0-4) , N2(A3Σu
+,v = 5-9)  and N2(A3Σu

+,v = 10-) ), N2(B) (summation of 
N2(B3Πg), N2(W3Δu) and N2(B'3Σu

- )), N2(a') (summation of N2(a'1Σu
- ), N2(a1Πg) and  N2(w1Δu)), N2(C) (summation of 

N2(C3Πu), N2(E3Σg
+) and N2(a''1Σg

+)), O(1D) and N(2D); ions H2
+, O2

+, N2
+, N4

+, O- and O2
-; and electrons. For the 

combustion mechanism, a detailed H2/O2/N2 combustion mechanism from HP-Mech [22] with NOx formation 
mechanism [23, 24] are used. The mechanism consists of 29 species, 49 reactions in plasma mechanism and 73 reactions 
in combustion mechanism. 

III. Results and discussion 
To validate the performance of present model on flame propagation, the laminar flame speed is simulated and 

compared with the results for PREMIX [25] which is widely used in the study of planar flames. The mixture used is a 
stoichiometric H2/air mixture (0.296 H2/0.148 O2/0.556 N2) with pressure of 1 atm and temperature of 298 K. Fig. 1 
shows the comparison of temperature distribution of the H2/air planar flame calculated by PREMIX and present model. 
The temperature distribution agrees well with the results from the PREMIX. The difference of predicted flame speed 
is within 5%. This indicates the accuracy of present model in predicting the flame propagation. 

 
Fig. 1 Comparison of the temperature distribution for a stoichiometric H2/air planar flame at 298 K and 1atm 

between this work and PREMIX. 

For the study of plasma assisted H2/O2/N2 ignition, a nanosecond discharge with a single pulse is applied to the 
cylindrical electrodes. The length of the electrodes is 5 mm and the diameter is 2 mm. The gap distance between anode 
and cathode is 2 mm. The applied voltage pulse is 6.5 ns with a peak voltage of 5 kV. The geometry of the electrodes 
and the applied voltage are shown in Fig. 2. 

 
(a)                                                                         (b)  

Fig. 2 (a) Electrodes geometry and (b) applied voltage. 
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In this work, the axisymmetric streamers propagation between two cylindrical electrodes are studied. Therefore, 
the cylindrical coordinates (Z, R) are used for the numerical modeling, where Z-axis is the axis of discharge and R-
axis is the direction of electrode diameter. To reduce the computational cost, half of the electrodes geometry is solved. 
The total computational domain is 5 mm × 12mm, which is [0 mm: 5mm] in R-axis and [0 mm: 12 mm] in Z-axis as 
shown in Fig. 2(a). A fine and uniform square mesh is used in the streamer propagation region with the mesh size of 
10 μm × 10 μm, and the mesh size increases exponentially up to the rest of the computational domain. 

The modeling is conducted in a stoichiometric H2/air mixture (0.296 H2/0.148 O2/0.556 N2) with initial pressure 
of 1 atm and temperature of 1000 K. The time evolution of electron number density during the discharge is shown in 
Fig. 3. Fig. 3 shows the propagation and connection of positive and negative streamer discharges during the voltage 
pulse. It is observed that the initial streamer forms at the tips of the electrodes due to the maximum curvature. At 3 ns, 
the electron distribution is more diffuse and the streamer propagates faster at the cathode than the anode before the 
connection. The connection between the anode and cathode occurs at around 4 ns. After 4 ns, the electron density 
increases dramatically in the streamer and the energy is deposited rapidly into the plasma. 

 
     t = 2.5 ns                                t = 3 ns                                   t = 4 ns                                 t = 4.5 ns 

Fig. 3 Time evolution of electron number density during the discharge. 

Due to the non-equilibrium excitation effects of plasma, excited species and radicals are generated during the 
discharge. In the afterglow, the quenching of excited species provides gas heating and radical production, such 
electronically excited N2(A, B, a', C). This accelerates the combustion reactions and enhances ignition dramatically. 
Fig. 4 shows the time evolution of O(1D) mole fraction, which is one of the key excited species generated in the H2/air 
plasma. It is observed that the mole fraction of O(1D) increases in the streamer due to the electron impact dissociation 
reaction e + O2 → e + O + O(1D). After the discharge, O(1D) is mainly consumed by O(1D) + H2 → OH + H and also 
quenched by O(1D) + O2/N2 → O + O2/N2. This enhances the following ignition and ignition kernel propagation by 
providing OH and H radicals as well as gas heating. 

 
        t = 4.5 ns                               t = 6 ns                                t = 11 ns                                 t = 102 ns 

Fig. 4 Time evolution of O(1D) mole fraction. 

To understand the effects of plasma discharge in enhancing ignition kernel formation, development and 
propagation, the time evolution of temperature is shown in Fig. 5. The detailed combustion chemistry with NOx 
formation is incorporated to simulate the H2/air ignition and flame propagation. In the afterglow of discharge, due to 
quenching of excited species, the mixture temperature increases in the streamer at the timescale of ~ 100 ns. The 
temperature rise from plasma discharge is the highest near the electrode tips, as can be seen the results at 11 ns and 
102 ns. At 0.1-1 μs, the gas heating and the radical production from discharge accelerate the initial ignition kernel 
development in the streamer near the electrode tips between anode and cathode. The ignition then propagates towards 
the inner electrodes gap and outside of the electrode. Due to higher temperature and radical concentrations in the 
electrodes gap, ignition kernel propagates faster in the center of the electrode gap, as shown at 1 μs in Fig. 5. At the 
timescale of microseconds, the ignition kernel is formed in the discharge gap and propagates to unburned region. In 
addition, the separation distance between the two electrodes will affect the discharge and the ignition kernel 
development. 
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      t = 11 ns                                              t = 102 ns                                               t = 1 μs 

 
      t = 2 μs                                              t = 10 μs                                               t = 20 μs 

Fig. 5 Time evolution of temperature in ignition kernel development and propagation. 

IV. Conclusion 
A two-dimensional multi-scale adaptive reduced chemistry solver for plasma assisted combustion (MARCS-PAC) 

with detailed combustion chemistry and transport properties was developed and validated in this work. The solver 
incorporated the plasma solver PASSKEy and the unsteady reactive flow solver ASURF+. The ignition enhancement 
of a stoichiometric H2/air mixture by a nanosecond discharge between two cylindrical electrodes with an initial 
temperature of 1000 K at atmospheric pressure is studied by using the MARCS-PAC solver. The results show that the 
chemically active excited species, radicals and fast gas heating are produced during the streamer propagation between 
the two electrodes and enhance low temperature ignition dramatically. Specifically, the quenching of excited species 
in the afterglow also provides gas heating and radical production, such as via reactions O(1D) + H2 → OH + H and 
O(1D) + O2/N2 → O + O2/N2. The results show that the radical production and gas heating from the discharge streamer 
accelerate the formation and development of ignition kernel. The ignition kernel development is also affected by the 
electrode separation distances. 
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