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This work presents the results of two-dimensional modeling of the electrode geometry 
effects on H2/air ignition in a nanosecond plasma discharge. A new multi-scale adaptive 
reduced chemistry solver for plasma assisted combustion (MARCS-PAC) is applied to 
simulate the effects of electrode shape, diameter and gap size on ignition enhancement. The 
results show that a cylindrical electrode produces larger ignition kernel compared with 
spherical and parabolical electrodes by generating a larger discharge volume with active 
species and gas heating. There exists a non-monotonic dependence of ignition kernel volume 
on electrode diameter and gap size. This work provides insights to understand the effects of 
electrode geometry on the optimization of ignition enhancement in advanced engines. 

I. Introduction 
The advantages of non-equilibrium plasma have drawn great attention in ignition enhancement [1], flammability 

extension [2], engine performance improvement [3] and low temperature combustion [4] in combustion engines. 
Volumetric production of active species such as vibrationally and electronically excited species, radicals, ions and 
electrons, as well as gas heating in a nanosecond discharge can enhance ignition via kinetic, thermal and transport 
pathways [5]. However, the quantitative understanding of multi-dimensional dynamics of the coupling of localized 
streamer development and active species as well heat production between plasma discharge and combustion chemistry 
are still not well-understood. 

To understand the physical and chemical processes of plasma assisted combustion, different numerical modeling 
tools have been developed in recent years, including zero-dimensional (0D) [6, 7], one-dimensional (1D) [8, 9], two-
dimensional (2D) [10, 11] and three-dimensional (3D) [12] models. To capture the dynamics of filament discharge 
development of plasma and ignition kernel development with optimum ignition enhancement in practical engines, a 
multi-dimensional model considering electrode geometry is needed. For example, the experiments conducted by Lo 
et al. [13] and Pancheshnyi et al. [14] showed that the flame first appeared near the electrodes and then propagated along 
the inter-electrode and to the outside space with a point-to-plane discharge geometry in propane/air mixtures. 
Moreover, the results showed the flame kernel size generation near the electrodes was also affected by the different 
configurations of the point-to-plane electrodes [13]. The experimental studies of Lefkowitz and Ombrello [15, 16] showed 
that the electrode gap size affected the effective ignition kernel development. These studies indicate that different 
configurations of electrode geometry play an important role in the optimization of ignition enhancement. Therefore, 
further studies of the effects of electrode geometry on discharge dynamics and ignition are of interest. 

Recently, the authors developed a two-dimensional multi-scale adaptive reduced chemistry solver for plasma 
assisted combustion (MARCS-PAC) [17]. The model integrates the 2D plasma solver PASSKEy [18-21] and the adaptive 
simulation of unsteady reactive 2D flow solver ASURF+ [22-24], which provides a 2D computational platform for the 
multi-dimensional modeling of plasma assisted combustion with detailed chemistry and transport.  

The objective of this work is to study the effects of electrode geometry on plasma assisted H2/air ignition. Firstly, 
the ignition kernel development in a nanosecond discharge with different electrode geometry is studied. Then, the 
effects of electrode shape, electrode diameter and electrode gap size on ignition are investigated. Finally, the optimum 
electrode geometry for plasma assisted ignition is discussed. 
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II. Numerical methods 
The governing equations of the MARCS-PAC model are briefly described as below. 
The continuity equation for electrons, ions, excited species, intermediate species, reactants and products in plasma 

is 
∂nk

∂t
 + ∇ሬሬ⃗ ∙Jk

ሬሬሬ⃗  =  Sk + Sph                                                                                   (1) 

where nk is the number density of species k, t the time, Jk
ሬሬሬ⃗  the flux vector of species k due to drift-diffusion of charged 

species with electric field, and Sk and Sph the production or consumption rate of species k contributed by plasma 
kinetics and photoionization, respectively. 

The flux vector Jk
ሬሬሬ⃗  is calculated by the drift-diffusion approximation, 

Jk
ሬሬሬ⃗  ൌ zkμknkEሬሬ⃗ െDk∇ሬሬ⃗ nk                                                                                (2) 

where zk is the charge number of species k, μk and Dk the mobility and the diffusion coefficient of charged species, 

respectively, and Eሬሬ⃗  the electric field vector. 
The electric potential is solved by Poisson’s equation, 

∇ሬሬ⃗ ∙( െ ε0ε∇ሬሬ⃗ φ) = qe  zknk

k

                                                                         (3) 

where ε0 is the permittivity of free space, ε the relative dielectric constant, φ the electric potential (Eሬሬ⃗ ൌ െ∇ሬሬ⃗ φ), and qe 
the absolute value of electron charge. 

The discharge solution from PASSKEy [18-21] is coupled with the unsteady, multi-component, reactive, 
compressible Navier-Stokes (N-S) reactive 2D flow solver ASURF+ [22-24]. The two-dimensional axisymmetric 
conservation equations of mass, momentum and energy are listed as follows, 

∂ρ

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

∂(ρVሬሬ⃗ )

∂t
 ∇ሬሬ⃗ ∙(ρVሬሬ⃗  Vሬሬ⃗ ) = െ ∇ሬሬ⃗ p  ∇∙ሬሬሬ⃗ 𝜏̿                                                                      (5) 

∂e

∂t
 ∇ሬሬ⃗ ∙((e  p)Vሬሬ⃗ ) = െ ∇ሬሬ⃗ ∙qሬ⃗  ∇ሬሬ⃗ ∙(𝜏̿Vሬሬ⃗ )  Pgas                                                         (6) 

where ρ is the gas mass density, Vሬሬ⃗  the velocity vector, p the pressure, 𝜏̿ the viscous stress tensor, e the total energy per 
unit volume, and qሬ⃗  the heat flux vector. The gas heating Pgas from plasma is a source term of Eq. (6). 

The conservation equation of species k consisting both plasma and combustion kinetics is given as, 
∂(ρYk)

∂t
 ∇ሬሬ⃗ ∙[ρ(Vሬሬ⃗ Vk

'ሬሬሬሬ⃗ )Yk] = ωk                                                                     (7) 

ωk ൌ ωk
plasma    ωk

combustion                                                                             (8) 

ωk
plasma = Sk + Sph െ  ∇ሬሬ⃗ ∙Jk

ሬሬሬ⃗                                                                                (9) 

where Yk and Vk
'ሬሬሬሬ⃗  are the mass fraction and the diffusion velocity of species k, respectively, and ωk is the production or 

consumption rate of species k contributed, respectively, by plasma discharge ωk
plasma  and combustion kinetics 

ωk
combustion.  

The plasma assisted H2/O2/N2 combustion mechanism used in this work consisting of a plasma sub-model and a 
combustion sub-model. The model is developed and modified based on our previous study [25]. The mechanism 
consists of 35 species, 68 reactions in the plasma sub-model and 81 reactions in the combustion sub-model. The 
plasma sub-mech consists of the reactions involving vibrationally excited species H2(v1), O2(v1) and N2(v1), 
electronically excited species O2(a1∆g), O2(b1Σg

+), O(1D), N2(A), N2(B), N2(a'), N2(C) and N(2D), ions H2
+, O2

+, N2
+, 

N4
+, O- and O2

- as well as electrons.  The electron impact vibrational, electronic, dissociation, ionization and 
attachment, as well as quenching of vibrationally and electronically excited species, charge exchange, electron 
detachment, ion-ion and electron-ion recombination reactions are included in the plasma sub-model. A detailed 
H2/O2/N2 combustion mechanism from HP-Mech [26] with NOx formation [27, 28] and O3 sub-mechanisms [29] are used. 

All the calculations were conducted in a stoichiometric H2/air mixture at 800 K and atmospheric pressure. A single 
nanosecond discharge pulse was used.  A trapezoidal waveform voltage with a rise time of 2 ns and a peak voltage of 
2000-5000 V was applied to the electrodes. For the comparison of the effects of different electrode geometries on 
plasma assisted ignition, the same deposited energy of 0.4 mJ was set for all simulations. The end time of nanosecond 
discharge is controlled by the discharge energy. The system is assumed to be adiabatic.  
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For the study of the effects of electrode shape, three types of cylindrical, spherical and parabolical were compared. 
The length of parabolical or spherical parts of electrodes was 1 mm and the rest part of electrode remained cylindrical 
with a diameter of 2 mm. The minimum gap size was 2 mm. For the study of the effects of electrode diameter on 
plasma assisted ignition, the cylindrical electrodes with a gap size of 2 mm was used. The electrode diameter was 
varied from 1.0 to 2.0 mm. The effects of electrode gap size were studied by using the cylindrical electrodes with a 
diameter of 2 mm. The gap size was varied from 0.6 to 2.0 mm.  

Due to the axisymmetric electrode geometries studied in this work, the cylindrical coordinates (R, Z) are used for 
all modeling. R-axis indicates the direction of electrode radius and Z-axis indicates the direction of electrode length. 
The computational domain used in the simulation was 5×10 mm2. A fine and uniform square mesh was used in the 
plasma discharge and ignition kernel 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. 

III. Results and discussion 
Fig. 1 shows the time evolutions of temperature during plasma assisted H2/air ignition with cylindrical, spherical 

and parabolical electrodes at 5000 V. Fig. 1(a) shows that the ignition kernel is firstly formed near the edges of 
cylindrical electrodes. This is due to the highest electric field and streamer are first generated near the edges of the 
electrodes because of the local electric field enhancement. The high concentrations of excited species and radicals as 
well as the fast temperature rise in this region with high energy discharge density accelerate the ignition. Then the 
ignition kernel propagates into the unburned gas regions. A large volume of high-temperature burned gas is gradually 
formed at t = 90 μs. However, compared with the wide discharge channel between the cylindrical electrodes, a very 
narrow discharge channel is formed for the spherical and parabolical electrodes. Therefore, small ignition kernels are 
quickly formed at the tips of anode and cathode, as shown in Fig. 1 (b) and (c) at t = 1 μs. After that, the ignition 
kernel propagates to the unburned gas region from these hot spots. It is noted that the initial ignition kernels are formed 
faster with spherical and parabolical electrodes, however, the final ignition kernel volumes at t = 90 μs are smaller 
than that of cylindrical electrodes. 

 
Fig. 1 Time evolutions of temperature during plasma assisted H2/air ignition with (a) cylindrical, (b) spherical 

and (c) parabolical electrodes at 5000 V. 
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Fig. 2 shows the time evolutions of ignition kernel volume with different electrode shapes. The ignition volume is 
obtained by integrating the volume when the temperature is above 1200 K. The results show that the initial flame 
kernel formation with spherical and parabolical electrodes is faster than cylindrical electrodes below 30 μs. This fast 
ignition is because higher active species concentrations and temperature are produced near the axis of discharge gap 
with higher energy density in the discharge channel. It can be seen that the growth of ignition kernel with cylindrical 
electrodes exceeds the cases of spherical and parabolical electrodes after 40 μs. This can be explained by smaller peak 
concentration of active species and smaller temperature increase, but much larger discharge volume produced with 
cylindrical electrodes. The above analysis indicates that a larger discharge volume with active species production in 
discharge plays an important role in the ignition enhancement. 

 
Fig. 2 Time evolutions of ignition kernel with different electrode shapes at 5000 V. 

To study the effects of electrode diameter on plasma assisted H2/air ignition, the ignition kernel volume at t = 90 μs 
is compared at different electrode diameters, as shown in Fig. 3. The applied voltage was 5000 V. The results show 
that the maximum ignition kernel volume was reached with the electrode diameter of 1.8 mm. The active species 
concentrations and gas temperature rise in the discharge channel increase with smaller electrode diameters. However, 
the smaller discharge volume decelerates the ignition development. In the case of electrode diameter of 2.0 mm, even 
a larger discharge volume is generated, the ignition kernel volume decreases because of the lower active species 
concentrations and smaller temperature increase produced in plasma. Therefore, there exists an optimum electrode 
diameter to achieve the maximum ignition enhancement. 

 
Fig. 3 Ignition kernel volume in plasma assisted H2/air ignition with different electrode diameters at 5000 V. 

Fig. 4 shows the ignition kernel volume at t = 90 μs with different electrode gap sizes at 2000 V. The results show 
that the ignition kernel volume firstly increases with the decrease of electrode gap size. The maximum ignition kernel 
volume is reached at the condition with electrode gap size of 0.8 mm. The further decrease of electrode gap size 
decreases the ignition kernel volume. Previous discussion shows that the ignition development is affected by both the 
discharge volume and species concentrations produced by plasma. The decrease of electrode gap size results in more 
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discharge energy deposited into a smaller volume and an increase of active species concentrations in the gap. 
Meanwhile, the decrease of electrode gap size also increases the reduced electric field strength E/N (where N is the 
gas number density) and therefore species production. The increase of E/N at smaller gap sizes promotes the 
production of electronically excited species and radicals, further enhancing ignition kinetically [1]. When the gap size 
is smaller than 0.8 mm, the decrease of discharge volume becomes the domain factor which decreases the ignition 
development. 

 
Fig. 4 Ignition kernel volume in plasma assisted H2/air ignition with different gap sizes at 2000 V. 

IV. Conclusion 
This work studied the effects of electrode geometries on H2/air ignition in a nanosecond plasma discharge by 2D 

modeling. The 2D multi-scale adaptive reduced chemistry solver for plasma assisted combustion (MARCS-PAC) 
based on PASSKEy discharge modeling package and compressible multi-component reactive flow solver ASURF+ 
was applied to study the effects of electrode shape, diameter and gap size on plasma assisted H2/air ignition. The 
results showed that the plasma assisted ignition is significantly affected by the electrode geometry due to the 
redistribution of plasma density and electric field. A larger ignition kernel volume formed with the cylindrical 
electrodes compared with spherical and parabolical electrodes indicated that a larger discharge volume with active 
species production plays an important role in enhancing ignition. It was shown that there exists the optimum electrode 
geometry reaching the maximum ignition enhancement with the same discharge energy. 
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