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ABSTRACT 20 

 21 

Plasma-water interface is a complex medium, and the majority of the physical and chemical 22 

phenomena of interest are produced at the interface. Herein, we develop a 2D fluid model to study 23 

the ignition and propagation of streamer discharge in air gap with a droplet of deionized water 24 

lying on a Teflon surface. The droplet is considered as a perfect solid dielectric due to the fast 25 

propagation of streamer. The model consists of resolving Poisson’s equation as well as the drift-26 

diffusion equation for electrons, positive ions, and negative ions. The utilized transport coefficients 27 

are tabulated as a function of the reduced electric field. The photoionization is considered in the 28 

model thanks to Helmholtz equations. The results of the model are first compared with the 29 

experimental one, which is the emission of 1 ns-integrated ICCD images. Such a comparison 30 

allows a validation of the model. Then, the model is utilized to investigate the influence of the 31 

dielectric permittivity of the droplet as well as its wetting angle (contact angle between the droplet 32 

and the Teflon surface) on the properties of the discharge. In general, this simplified model is 33 

validated thanks to a comparison with experimental results as well as with other existing complex 34 

models. Therefore, it can be further developed to investigate other configurations and to determine 35 

some plasma properties at the interface not accessible experimentally. 36 

  37 
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1. INTRODUCTION 38 

Streamer discharge is known to be a medium composed of highly reactive species (electrons, 39 

radicals, photons, etc.) coupled to extreme physical condition such as intense electric field (e.g. 40 

space charge field of ~150 kV/cm [1]), shock waves, and energetic electrons (5-10 eV [2]). 41 

Plasmas with such properties have shown interest for many applications, such as environmental 42 

remediation [3], material processing [4], medicine [5], and others [6]. It is also worth noting that 43 

streamer discharges are encountered in natural plasmas, e.g. lightnings [7]. 44 

In the context of applications, streamers are usually placed in contact with a surface that can be 45 

solid or liquid. In the case of liquid surface, many phenomena occur at the plasma-liquid interface, 46 

including evaporation, surface deformation, droplet ejection, charge accumulation, secondary 47 

electron emission, as well as sheath formation [8]. As most of the physical and chemical 48 

phenomena occur at the plasma–liquid interface, it is essential to further investigate the properties 49 

and dynamics of processes occurring in this region.. 50 

During the last decade, many research studies investigated the plasma–liquid interface by studying 51 

the discharge emission at the liquid surface, and patterns are usually observed. Depending on the 52 

experimental conditions, various patterns are observed, including discs, rings, dots, as well as a 53 

mixture of more than one pattern [9- 14]. As they are produced at the liquid surface, the emission 54 

patterns indicate the complex dynamics and, therefore, the mechanisms involved in the production 55 

and transport of reactive species. 56 

The optimization of reactive species transport from the plasma to the liquid is one the main 57 

challenges in plasma–liquid research, according to the 2022 plasma roadmap [15]. It was suggested 58 

that such optimization must be conducted using systems with large surface-to-volume ratios. 59 
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Practically, there are many geometries that exhibit a large surface-to-volume ratio. However, from 60 

an experimental point of view, droplets (where surface-to-volume ratio is inversely proportional 61 

to the droplet’s radius) remain the simplest geometry to realize and investigate. 62 

Over the past few decades, plasma-droplet systems are investigated mainly in the context of 63 

lightning ignition [16], and material synthesis (interactions in plasma–(micro-)droplet systems, 64 

also known as plasma sprays or misty plasmas) [17]. In 2020, Oinuma et al [18] studied the transfer 65 

of OH radicals from a diffuse RF glow discharge (in He with 0.2% H2O) to a micrometre-size 66 

droplet of water that contains formate. They found that formate conversion is dominated by 67 

nearinterfacial reactions with OH radicals. More recently, Zhao et al [19] studied the propagation 68 

dynamics of single discharges produced in an air gap containing a millimetre-size suspended water 69 

droplet. The authors show that the discharge is initiated in the air gap between the anode and the 70 

droplet, then it propagates over the droplet. In 2023, Hamdan and Dorval [20] have also studied 71 

the spatio-temporal dynamics of a nanosecond discharge in air with a water droplet lying on a 72 

Teflon surface. The authors found that the discharge is ignited as streamer at the electrodes and 73 

reached the droplet within few nanoseconds. Then, after being propagated over the droplet, a 74 

transition to a spark (at high voltage condition) is observed. In a plasma-droplet system, the 75 

experimental determination of some fundamental plasma properties, such as electric field, species 76 

densities, etc., remains a challenge due to the fast spatio-temporal dynamics of the discharge. 77 

Therefore, modelling studies offer a unique opportunity to report such quantities. In this context, 78 

several models of plasma-surface (the surface of a droplet, particle, or bubble) interactions have 79 

been developed to address the physical and chemical phenomena occurring at the interface [21,22]. 80 

For instance, Babaeva and Kushner [21] have studied the impact of inhomogeneities (particles or 81 

bubbles) present in the gap on the propagation and morphology of positive streamers. Since 82 
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particles and bubbles are considered as high- and low-density areas, respectively, the authors found 83 

that the particles induced streamer deflection, while the bubbles attracted the streamer. In another 84 

study [23], the authors investigated the impact of the dielectric permittivity on the propagation of 85 

positive streamer in an immersed bubble. They showed that low ratio of dielectric permittivity 86 

between liquid and bubble (e.g. 2/1) the discharge propagates axially inside the bubble, while it 87 

propagates along the interface at higher ratio (e.g. 80/2). More recently, Konina et al. [24] 88 

simulated the propagation of a negative and positive surface ionization wave at the surface of water 89 

droplet (diameter of 475 μm). The authors found that the positive ionization wave propagated close 90 

to the droplet-air interface, while the negative one initially propagates close to the interface but 91 

later detaches and propagates away from the interface due to the polarization of the droplet. 92 

In the reported literature, it is rare to find experimental and modelling studies conducted under 93 

similar conditions, which is the goal of this study. Indeed, we develop a simplified 2D fluid model 94 

to simulate the ignition and propagation of a discharge in the air gap containing a water droplet 95 

lying on a Teflon surface. This same configuration is also investigated experimentally by acquiring 96 

1 ns-integrated ICCD images. The model allows for the determination of fundamental discharge 97 

properties that cannot be obtained experimentally, such as spatio-temporal evolution of electron 98 

density, electric field, and space charge density. The experimental setup and the numerical model 99 

are described in Section 2 and 3 and, respectively, and the results are compared together in section 100 

4.1. Discharge morphology and propagation velocity are presented in sections 4.2 and 4.3, 101 

respectively. The model is also utilized to study the influence of droplet’s dielectric permittivity 102 

and wetting angle on the discharge dynamics (section 4.4). 103 

104 
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2. EXPERIMENTAL SETUP 105 

The experimental setup to produce single discharge in air with water droplet is detailed in ref. [20]. 106 

Therefore, only a brief description is presented here. The discharge is produced between copper 107 

electrodes using single pulses provided by negative polarity power source (NSP 120-20-N-500-108 

TG-H; Eagle Harbor Technologies) at an amplitude of –11 kV and a pulse width of 300 ns. The 109 

electrodes are placed on a Teflon surface, as presented in Figure 1a. A (half-) droplet of deionized 110 

water is deposited at the Teflon surface. The droplet diameter is 4 mm and is centred between the 111 

electrodes that has a gap of 5 mm. A typical image of the streamer discharge, integrated over 50 112 

discharges with a commercial camera (Fujifilm-x-s10 model), is presented in Figure 1b. 113 

The negative high voltage was connected to the electrode at the left-hand side, while the electrode 114 

at the right-hand side was grounded (Figure 1a). The dynamic of the discharge emission was 115 

determined using an ICCD camera (PIMAX-4: 1024 EMB, Princeton Instruments) coupled with 116 

an optical lens. The camera is mounted in a way to capture a side view of the discharge. The 117 

synchronization between the camera and the high voltage pulse was achieved using a delay 118 

generator (Quantum Composers Plus 9518 Pulse Generator). A high-voltage probe (P6015A, 119 

×1000; Tektronix) and a current probe (6585, 0.5 V/A; Pearson) were used to measure the voltage 120 

and current waveforms of the discharge, respectively. The waveforms were acquired using an 121 

oscilloscope (MSO54, 2 GHz, 6.25 GS/s; Tektronix). Current-voltage waveforms for a typical 122 

discharge are shown in Figure 1c, where a current peak of ~1.5 A is measured (further details on 123 

the electrical characteristics can be found in ref. [20]).  124 

Streamer discharge captured with the ICCD camera required a post processing of all the images of 125 

multiple different discharges to establish a temporal evolution. The time associated with each 126 

image is determined using the electrical signature of the streamer discharge and the 127 

synchronization signal sent by the delay generator. 128 
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The nature of the surface where the droplet is deposited can significantly change the behavior of 129 

the droplet due to the contact angle. In the case of Teflon surface and deionized water droplet 130 

(electrical conductivity of ~3 μS/cm), the shape is almost a hemisphere. The influence of the shape 131 

of the droplet is discussed in Section 4.2, using numerical results. 132 

 133 

Figure 1: a) Scheme of the experimental setup to produce streamer discharge in air gap with a 134 
droplet of deionized water. b) Typical image of a streamer discharge integrated over 50 135 

discharges with a commercial camera. c) Current-voltage waveforms for a typical discharge 136 
conducted at –11 kV and 300 ns of voltage amplitude and pulse width, respectively. 137 

  138 
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3. NUMERICAL MODEL 139 

3.1. Fluid model 140 

In this study, a fluid model based on the drift-diffusion approximation is used to determine the 141 

mean velocity of the charged particles, namely electrons, positive ions, and negative ions. To close 142 

the system of equations, we assume that the transport and reaction coefficients only depend on the 143 

reduced electric field (E/N), with E the norm of the electric field, determined using Poisson’s 144 

equation, and N the density of the gas. The system of hydrodynamic equations can be written as 145 

follows: 146 

డ௡೔

డ௧
+ ∇ሬሬ⃗ . ൫𝑛௜𝜇௜𝐸ሬ⃗ − 𝐷௜∇ሬሬ⃗ 𝑛௜൯ = 𝐺௜     (1) 147 

∇ሬሬ⃗ . ൫𝜖଴𝜖௥∇ሬሬ⃗ 𝜙൯ = −𝜌 =  −𝑒൫𝑛௣ − 𝑛௘ − 𝑛௡൯ −  𝜎௦𝛿௦  (2) 148 

𝐸ሬ⃗ = −∇ሬሬ⃗ 𝜙       (3) 149 

where 𝑛௜ is the density (m-3) of the 𝑖-species (𝑖 represents the electron (e), positive ion (p) or 150 

negative ion (n)), 𝜇௜ (m2.V-1.s-1) and 𝐷௜  (m2.s-1) are respectively the mobility and the diffusion 151 

coefficients of the 𝑖-species, 𝐺௜ (m-3.s-1) is the source term of the 𝑖-species, 𝜖଴ is the vacuum 152 

dielectric permittivity constant, 𝜖௥  𝑖𝑠 the dielectric constant of the medium, 𝜙 (V) is the electrical 153 

potential, 𝑒 (C) is the elementary charge, 𝜎௦ (C.m-2) is the charge of the dielectric surface, 𝛿௦ (m-154 

1) is the Kronecker delta and represents the position of the dielectric surface, and 𝐸ሬ⃗  (V.m-1) is the 155 

vector electric field. 156 

The flux of the 𝑖-species is defined as follow: 157 

Γ⃗௜ = 𝑛௜𝜇௜𝐸ሬ⃗ − 𝐷௜∇ሬሬ⃗ 𝑛௜  (4) 158 

As we aim to develop a simplified model, it does not consider all the different chemical reactions 159 

that can occur in atmospheric pressure air plasma. Instead, global coefficients are used: 𝛼 (m-1) 160 

represents the ionization, 𝜂 (m-1) represents the attachment, 𝛽௘௣ (m3.s-1) represents the electron-161 
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ion recombination, and 𝛽௣௡ (m3.s-1) represents the recombination between positive and negative 162 

ions. The expression of all those parameters can be found in [25]. The source terms for electrons, 163 

positive ions, and negative ions can be respectively written as follow: 164 

𝐺௘ = 𝑆௘ − 𝜂𝑛௘𝜇௘ห𝐸ሬ⃗ ห −  𝛽௘௣𝑛௣𝑛௘ + 𝑆௣௛  (5) 165 

𝐺௣ = 𝑆௘ − 𝛽௘௣𝑛௣𝑛௘ − 𝛽௣௡𝑛௣𝑛௡ + 𝑆௣௛  (6) 166 

𝐺௡ = 𝜂𝑛௘𝜇௘ห𝐸ሬ⃗ ห − 𝛽௣௡𝑛௣𝑛௡    (7) 167 

where 𝑆௣௛ is photoionization source term (developed in Section 3.2) and 𝑆௘ is the electron impact 168 

ionization source term that can be expressed as 𝑆௘ =  𝛼𝑛௘𝜇௘ห𝐸ሬ⃗ ห; it represents electrons generated 169 

by the collision between energetic electrons and heavy particles. This expression needs special 170 

attention, as it can lead to non-physical ionization particularly in the region where 𝑛௘ is large and 171 

𝜇௘ห𝐸ሬ⃗ ห is small, e.g. the region right behind the head of the positive streamer. If considered, those 172 

non-realistic electrons can then diffuse to the head of the streamer and generate electronic 173 

avalanches. To be considered correctly, Teunissen [26] suggested to replace the norm of the drift 174 

flux หΓ⃗ௗ௥௜௙௧ห =  𝑛௘𝜇௘ห𝐸ሬ⃗ ห by the minimum between the norm of the drift flux and the norm of the 175 

flux หΓ⃗ห, i.e. Eq. (4). The source terms are rewritten as follow: 176 

𝐺௘ = (𝛼 − 𝜂) min൛หΓ⃗ௗ௥௜௙௧ห, หΓ⃗หൟ − 𝛽௘௣𝑛௣𝑛௘ + 𝑆௣௛  (8) 177 

𝐺௣ = 𝛼 min൛หΓ⃗ௗ௥௜௙௧ห, หΓ⃗หൟ − 𝛽௘௣𝑛௣𝑛௘ − 𝛽௣௡𝑛௣𝑛௡ + 𝑆௣௛   (9) 178 

𝐺௡ = 𝜂 min൛หΓ⃗ௗ௥௜௙௧ห, หΓ⃗หൟ − 𝛽௣௡𝑛௣𝑛௡   (10) 179 

 180 

3.2. Photoionization 181 

The mechanism of photoionization is well known in discharges, and it becomes important when 182 

energetic photons (e.g. UV) are emitted in the medium. In the case of discharges in dry air, i.e. 183 
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N2–O2 gas mixture, excited N2 molecules can emit UV photons (~12 eV) that can photoionize O2 184 

molecules (ionization energy of ~12 eV) [27]. To consider this phenomenon, different models 185 

were used. A first model assumes a uniform background source term. Although this model 186 

performed well in simplified configurations, it becomes invalid in a relatively complex 187 

configuration [28], such the one studied here. Therefore, a second more complete model was 188 

introduced by Zhelezniak et al. [29] and is well described by Celestin [30]. This model consists 189 

of computing 𝑆௣௛ at a position 𝑟 thanks to the following integral: 190 

𝑆௣௛(𝑟) =  ∭
ூ(௥⃗ᇱ)௚(|௥⃗ି௥⃗ᇱ|)

ସగ|௥⃗ି௥⃗ᇱ|
𝑑𝑉′   (11) 191 

where 𝐼(𝑟⃗′) is the production rate of photons that generate an electron at the position 𝑟′. This 192 

function is proportional to the density of radiative excited species or, on first approximation, 193 

proportional to the ionization source term. The function 𝑔(|𝑟 − 𝑟′|) depends on the partial 194 

pressure of the photoionized species (here is that of oxygen (𝑝ைమ
)) and |𝑟⃗ − 𝑟′|; 𝑝ைమ

~150 Torr at 195 

atmospheric pressure. The integral (Eq. 11) needs to be computed at every 𝑟 of the domain for 196 

every time step, which makes its computational cost very high. To reduce this cost, a third model 197 

was introduced by Luque et al. [31], and it consists to approximate the function 𝑔(|𝑟 − 𝑟⃗′|) as a 198 

sum of multiple exponential functions. The photoionization source term is then written as a sum 199 

where each coefficient satisfies a Helmholtz equation: 200 

∇ଶ𝑆௣௛
௞ (𝑟⃗) − (𝜆௞𝑝ைమ

)ଶ𝑆௣௛
௞ (𝑟) =  −𝐴௞𝑝ைమ

ଶ 𝐼(𝑟⃗)  (12) 201 

where 𝜆௞ and 𝐴௞ are fit parameters. 202 

 203 

 204 

 205 

 206 
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Table 1: The fit parameters utilized to compute the photoionization source term 207 

𝒌 𝝀 [𝒄𝒎ି𝟏. 𝑻𝒐𝒓𝒓ି𝟐] 𝑨 [𝒄𝒎ି𝟐. 𝑻𝒐𝒓𝒓ି𝟐]  

1 0.0553 1.986 × 10ିସ 

2 0.1460 0.0051 

3 0.89 0.4886 

 208 

In this study, we use the three-exponential fit, so we must solve three Helmholtz equations. The 209 

computational cost is still less than the integral model because of the possibility to use the same 210 

solver for the Poisson’s equation (Eq. 2). 211 

 212 

3.3. Poisson’s equation 213 

The starting point of the streamer model is the resolution of Poisson’s equation. The electric field 214 

is a key element in a streamer model because all transport parameters and source terms have a 215 

strong non-linear dependence on it. Therefore, a good accuracy on the electric field is needed at 216 

each time step. In the following section, we introduce the Ghost Fluid Method (GFM) applied to 217 

Poisson’s equation to calculate accurately the potential and the electric field. 218 

In the presence of an interface separating two dielectric media with dielectric permittivity of 219 

𝜖ଵand 𝜖ଶ, the normal component of the electric field is discontinuous, and it can be calculated 220 

using the following equation: 221 

(𝜖ଶ𝐸ሬ⃗ ଶ − 𝜖ଵ𝐸ሬ⃗ ଵ). 𝑛ሬ⃗ ଵଶ = 𝜎௦   (13) 222 

where 𝑛ሬ⃗ ଵଶ is the unit vector normal to the interface and 𝜎௦ is the surface charge of the interface. 223 

The role of the GFM is to modify the discretization of Eq. 2 to consider this discontinuity at the 224 

exact position of the interface. This method is described in detail by Dubinova et al. [32]. The 225 
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new discretization keeps the sparse property of the matrix representative of the linear system, 226 

and the computational cost is not modified. 227 

At the surface of the electrodes and the surface of water droplet different phenomena can occur. 228 

The first one is secondary emission of electron due to ion bombardment. A coefficient, 𝛾, is 229 

introduced and generally fixed to 0.1 to consider electrons generated at the surface of electrodes. 230 

At the surface of water, secondary emission is known to be small. However, photo-electron 231 

emission takes an important role. Therefore, a generalized 𝛾 = 0.1 is considered [33]. 232 

The surface charge density is calculated using the flux of every charged particle who comes from 233 

the gas to the dielectric interface. The temporal evolution of the surface charge density can be 234 

represented as follows: 235 

డఙೞ

డ௧
=  −𝑒 ቂቀ(1 + γ)Γ⃗௣ − Γ⃗௡ − Γ⃗௘ቁ . 𝑛ሬ⃗ ቃ  (14) 236 

with 𝑛ሬ⃗  is a unit vector perpendicular to the dielectric surface and pointing to the gas. Eq. 14 is true 237 

only when the scalar product of Γ⃗ by 𝑛ሬ⃗  is negative. 238 

 239 

To solve the system, we use a direct solver based on the LU factorisation [34]. The LU 240 

factorisation permit to rewrite a matrix A as the product of two matrices L and U. L is block 241 

lower triangular and U is block upper triangular. Python offers a large panel of fundamental 242 

algorithms for scientific computing such as SciPy [35]. This module, written in C, Fortran, and 243 

C++, provides optimized algorithms to solve linear system. In addition to accelerate the solving 244 

time, the decomposition of A into L and U matrices is an interesting property because LU 245 

factorisation remains the same when A is unchanged. In our case, this property can be fully 246 

exploited because the matrix does not depend on time but only on the spatial structure of the 247 
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system. Thereby, the matrix factorized at the beginning of the code is exploited at each time step 248 

thanks to SciPy functions.  249 

 250 

3.4. Flux computation 251 

Once the electric field is computed, all the source terms can be calculated. The final part is to 252 

discretize spatially and temporally the continuity equation for each species. We use in this study 253 

the Finite Volume Method (FVM) which permits, by construction, to conserve the computed 254 

quantity. Another widely used method is the finite-element method (FEM). The advantage of this 255 

latter is its capacity to capture nonuniform geometries. However, this method is not conservative. 256 

Therefore, to consider the physics of the problem (e.g. conservation of electron density in the 257 

domain), we choose to solve the problem with FVM. 258 

 259 

3.4.1. Spatial discretization 260 

The FVM consists of integration the conservation equation over a control volume, i.e. a cell. Using 261 

the divergence theorem, the volume integral is converted to a surface integral on cell’s surfaces. 262 

This method needs to be coupled to a numerical scheme. Three categories are usually used: 263 

Upwind [36], flux limiter [37], and Scharfetter-Gummel [38]. Upwind scheme is first order and 264 

may introduce numerical diffusion. The two last methods are second order and usually lead to 265 

similar results [30]. In this study, we choose to use Scharfetter-Gummel scheme, because it 266 

provides exact solution between two points of the mesh of the 1D steady drift-diffusion equation. 267 

This scheme assumes a constant electric field in each cell. A more accurate version assumes a 268 

linear variation of the electric field between cells but adds a parameter that must be adjusted to 269 

introduce no oscillation [39]. To keep it as simplified as possible, the first stable version of the 270 

Scharfetter-Gummel was used. 271 
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To discretize Eq. 2, using the numerical method presented above, a mesh is needed. Because of 272 

the geometry, the different length scales present in a streamer propagation, and the presence of 273 

different dielectrics medias, the steps must be very short (0.8 μm). If a uniform grid is used, the 274 

computational cost is too high (one calculation may take more than 1 week). To optimize the 275 

calculation time, adaptative mesh refinement methods may be used to resolve similar problems 276 

[40]–[42]. However, to be efficient, those methods need to be coupled with parallelization 277 

strategies. In our case, because Python is not as efficient as C for parallelization, a non-uniform 278 

grid is utilized in the calculation. With such a grid, it is feasible to increase the number of points 279 

in critical areas, such as dielectric surface, high electric field region, and cathode sheath, and to 280 

reduce the number of points in region of less interest (far from the streamer path). 281 

 282 

3.4.2. Temporal discretization 283 

In accordance with the second order spatial discretization, we used a second order Runge-Kutta 284 

method. Streamer discharge employs processes that occur at different timescales, and it is 285 

important that every process must correctly be captured by the code. Limits on the time step are 286 

thus introduced. First, the time step must be shorter than the typical characteristic time of diffusion 287 

and advection, defined as [39]: 288 

𝑑𝑡 = min ൜
଴.଺ ௗ௫

௠௔௫൛ఓ೐หாሬ⃗ หൟ
,

଴.଺ ௗ௫మ

஽೐
ൠ (15) 289 

Poisson’s equation also introduces a limit on the time step. When an electric field is applied, 290 

charges move to screen it. This movement takes some time and must be correctly modelized 291 

particularly when Poisson’s equation and conservation equations are not coupled, which is the case 292 

here. This time scale that needs to be considered is well known as dielectric relaxation time. 293 
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In practice, this time scale can be very short (10 times shorter than the advection time scale). To 294 

avoid a computational time too long by using this time restriction, we used the method developed 295 

by Teunissen et al. [26]. It consists of limiting the total electron flux along a j-axis, defined by: 296 

หΓ௝ห ≤
ఢబ

௘୼௧
max ൜ห𝐸௝ห,

஽೐หడೕ௡೐ห

ఓ೐௡೐
ൠ (16) 297 

If equation (16) is not satisfied, the new flux along j-axis is then considered as: 298 

Γ௝ = 𝑠𝑖𝑔𝑛൫Γ௝൯
ఢబ

௘୼௧
max ൜ห𝐸௝ห,

஽೐หడೕ௡೐ห

ఓ೐௡೐
ൠ (17) 299 

where 𝑠𝑖𝑔𝑛൫Γ௝൯ is defined as: 300 

𝑠𝑖𝑔𝑛(Γ௝) = ൜
1 𝑖𝑓 Γ௝ > 0

−1 𝑖𝑓 Γ௝ ≤ 0
  (18) 301 

 302 

3.5. Numerical domain 303 

The numerical domain is presented in Figure 2. The droplet is represented by a hemisphere. The 304 

center of the circle can be adjusted to approach the real shape of the droplet. In our case the droplet 305 

has a contact length with Teflon, 𝑑௖௟ , of 4 mm, and the height, 𝑑௛, is 1.2 mm. The shape of the 306 

electrodes plays an important role in the spatial distribution of the electric field (the geometric 307 

electric field), particularly in the absence of discharge. Although this geometric electric field 308 

defines the value of the breakdown voltage and the initial shape of the streamer, its influence 309 

becomes insignificant as soon as the space charge density becomes high enough to deform the 310 

geometric electric field. Therefore, to simplify the simulation, we choose not to consider a pin 311 

electrode (as in the experimental) but rather a rod with quarter circle head, as shown in Figure 2. 312 

The thickness of both electrodes is represented by 𝑑௘  and fixed to 0.3 mm. The gap, 𝑑௚, is set to 5 313 

mm. 314 
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 315 

Figure 2: Numerical domain where the simulation is conducted. The grid is composed of 316 
1550×1030 points. The green lines indicate the electrodes, the Teflon surface, and the droplet 317 

surface. 318 
 319 

The numerical domain is discretized on a grid of 1550 × 1030. 320 

Along the X-axis: 321 

 Δ𝑥 = 1 𝜇𝑚 at the electrode surface and the dielectric surface 322 

 Δ𝑥 = 10 𝜇𝑚 in the gap between the electrode and the water droplet 323 

Along the Z-axis: 324 

 Δ𝑧 = 10 𝜇𝑚 in the Teflon 325 

 Δ𝑧 = 2 𝜇𝑚 at the Teflon’s surface  326 

 Δ𝑧 = 1 𝜇𝑚 at the top of the droplet 327 

 Δ𝑧 = 20 𝜇𝑚 at the end of the domain 328 

 329 

3.6. Initial conditions and boundary conditions 330 
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To initialize the discharge, we added two gaussian distributions of electrons and ions with 331 

amplitude 10ଵ଼ 𝑚ିଷ close to the electrode heads; the entire air domain is filled with a uniform 332 

electrons and ions with density of 10଼ 𝑚ିଷ. Negative ions are set to zeros in all the domain. 333 

In presence of a dielectric surface together with electrons, positive ions, and negative ions, the flux 334 

of each species must satisfy the following conditions: 335 

൞

Γ⃗௘ . 𝑛ሬ⃗ =  𝑠𝑖𝑔𝑛(𝐸ሬ⃗ . 𝑛ሬ⃗ )𝜇௘𝑛௘𝐸ሬ⃗ − ൫1 − 𝑠𝑖𝑔𝑛(𝐸ሬ⃗ . 𝑛ሬ⃗ )൯𝛾Γ⃗௣. 𝑛ሬ⃗

Γ⃗௣. 𝑛ሬ⃗ = ൫1 − 𝑠𝑖𝑔𝑛(𝐸ሬ⃗ . 𝑛ሬ⃗ )൯𝜇௣𝑛௣𝐸ሬ⃗

Γ⃗௡. 𝑛ሬ⃗ =  𝑠𝑖𝑔𝑛(𝐸ሬ⃗ . 𝑛ሬ⃗ )𝜇௡𝑛௡𝐸ሬ⃗

  (19) 336 

with 𝑛ሬ⃗  is unit vector perpendicular to the dielectric surface and pointing to the gas.  337 

For electrodes surface, Table 2 summarizes the boundary conditions. 338 

 339 

Table 2: Boundary conditions at the electrode surfaces. 340 

 Anode Cathode 

𝑛௘ ∇ሬሬ⃗ 𝑛௘ . 𝑛ሬ⃗ ∗ = 0 Γ⃗௘ . 𝑛ሬ⃗ =  −(1 − 𝛼௦)𝛾Γ⃗௣. 𝑛ሬ⃗  

𝑛௣ 0 ∇ሬሬ⃗ 𝑛௣. 𝑛ሬ⃗ = 0 

𝑛௡ ∇ሬሬ⃗ 𝑛௡ . 𝑛ሬ⃗ = 0 0 

* 𝑛ሬ⃗  is the unit vector perpendicular to the electrode surface and pointing to the gas. 341 

  342 
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4. RESULTS AND DISCUSSION 343 

During a streamer discharge, electrons and ions are accelerated by the electric field and gain kinetic 344 

energy. Therefore, a complex chemistry can be achieved in this kind of plasma. Collisions between 345 

electrons and neutral species can produce ionization, excitation, and deexcitation. Therefore, 346 

photons at different wavelengths are emitted in the discharge. 347 

Experimentally, the spatial-temporal evolution of the emitted photons that have wavelengths 348 

between 200 nm and 800 nm in the gap is obtained by the ICCD camera. This emission is compared 349 

to the source term Se computed by the model; such comparison is utilized to validate the model 350 

[43]. The numerical model allows a more detailed characterisation of the streamer discharge by 351 

reporting data not accessible experimentally, such as spatial and temporal evolution of the electric 352 

field, electron density, and space charge density. 353 

 354 

4.1. Model validation 355 

4.1.1 Light emission and numerical results 356 

Here, the aim is to validate the model by comparing the 1ns-integrated images with the model 357 

outputs. Among the many outputs of the model, the evolution of source term Se can be compared 358 

to the ICCD images [43]. Indeed, this source term represents the number of electrons generated 359 

thanks to collision between energetic electrons and the particles in the medium. Considering that 360 

these electrons have enough energy to ionize, they have enough energy to excite molecules and 361 

atoms in the gas.  362 

As detailed in Section 3.5, the experiment is conducted with a gap of 5 mm and voltage magnitude 363 

of 11 kV. The shape of the water droplet (𝜖௥ = 80) is a truncated circle of radius adjusted to 364 

consider a contact-length of 4 mm with the Teflon (𝜖௥ = 2.1). The droplet’s height 𝑑௛ (c.f Figure 365 

2) is 1.2 mm.  366 
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Figure 3 compares the spatial-temporal evolution of Se, predicted by the model, and the light 367 

emission captured by the ICCD camera. It is worth noting here that the camera integration time 368 

was 1 ns, and the model results are instantaneous. In general, the streamer dynamic predicted by 369 

the model is in good agreements with the experimental dynamics. Indeed, after an ignition of two 370 

streamers at the anode and cathode, they rapidly propagate at the Teflon surface and reach the 371 

droplet. Then, negative and positive streamers simultaneously propagate at the droplet-air interface 372 

with different velocities. The streamers meet each other at the droplet top after ~10 ns, and this is 373 

in great agreement with the experimental ICCD images. At this stage, it is fair to assume that the 374 

numerical model is validated and, therefore, it can be further exploited to address some parameters 375 

not accessible experimentally.376 
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 377 

 378 

Figure 3: Comparison between the time-evolution of Se predicted by the model and the time-evolution of the emission (1 ns-integrated 379 
images) of the discharge in air gap with a droplet of deionized water. The cathode is on the left, the anode is on the right, and the 380 

applied voltage is 11kV. 381 
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4.1.2 Streamers morphology 382 

Streamer dynamic is strongly dependent on the spatial distribution of the electric field. The 383 

presence of the droplet and the Teflon surface strongly modifies the electric field distribution in 384 

the gap due to their dielectric permittivity constants. Therefore, it is crucial to report the temporal 385 

evolution of the electric field, as well as other quantities, such as electron density and space charge 386 

density. 387 

When the voltage is applied, the negative streamer starts its propagation due to the initial spot of 388 

electrons near the cathode. For the positive streamer, its propagation is delayed by a period needed 389 

to generate enough space charge to deform the applied electric field. However, in less then 0.6 ns 390 

(Figure 4a), both streamers reach the surface of the droplet.  391 

Between the surface of the droplet and the positive streamer, a sheath is formed due to the low 392 

mobility of positive ions as compared to that of electrons. Initially, positive ions are accelerated to 393 

the surface, whereas negative ions and electrons are accelerated towards the anode. Due to the 394 

strong non-neutrality, as illustrated in Figure 4b, an electric field is generated, and a sheath is 395 

formed. At this moment, the electric field at the head of the negative streamer is ~50 kV.cm-1. As 396 

for the positive streamer, the electric field is ~900 and 250 kV.cm-1 in the sheath and at the 397 

streamer’s head, respectively. As expected, the electric field at the head of negative streamer is 398 

lower than that of positive streamer. This property is due to the space distribution of charged 399 

particle in each streamer (Figure 4b). Indeed, in positive streamer, positive ions can be supposed 400 

motionless, while in negative streamer, electrons diffuse rapidly resulting in a larger streamer head 401 

and, thus, a lower electric field; this property has been also reported by Zhang et al. [44]. 402 
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 403 

Figure 4: Temporal evolution of a) the electric field, b) the space charge density, and c) the 404 
electron density of a discharge propagating in air gap with a droplet of deionized water. 405 

 406 

The second phase of the dynamic is the propagation of both streamers on the droplet surface until 407 

their contact at t = 10.1 ns. The negative streamer, easily identifiable thanks to the distribution of 408 

space charge density presented in Figure 4b, propagates glued to the dielectric surface. In fact, the 409 

sheath, formed by the presence of electrons on the dielectric surface, is immediately neutralized 410 

thanks to the high electron mobility. The electric field at the head of the negative streamer remains 411 
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around 50 kV.cm-1 during all its propagation period. In the case of positive streamer, the sheath 412 

dynamic is strongly correlated with the low ion mobility. When the number of positive ions 413 

becomes sufficient to repel positive species and attract electrons, the medium is slowly neutralised 414 

(Figure 4b), and the sheath slides with the positive streamer on the droplet, as presented in Figure 415 

4a. The electric field in the head of the positive streamer slowly decreases during its propagation 416 

on the droplet surface to reach approximately 180 kV.cm-1 just before the contact between both 417 

streamers. The maximum of electric field in the sheath of the positive streamer also decreases to 418 

740 kV.cm-1 at t = 10.1 ns.  419 

After the contact between the positive and negative streamers, a conductive channel is formed at 420 

~11 ns, as presented in Figures 4b and 4c. Figure 4c shows the distribution of ne at different 421 

periods. At t = 0.6 ns, electron density in the head of positive streamer is 3 × 10ଶ଴ 𝑚ିଷ and is less 422 

than that in the head of the negative streamer by one order of magnitude. At t = 11 ns, the highest 423 

ne in the conductive channel is around 10ଶଵ 𝑚ିଷ. 424 

The positive and negative streamers connect each other at the droplet in a point shifted towards 425 

the cathode. This fact is due to their different propagation velocities (detailed in next section). 426 

Finally, as the conductive channel is formed, the electric field is reduced significantly due to charge 427 

neutralization, but it remains larger than the breakdown electric field in air (30 kV.cm-1). This 428 

property can lead to the formation of a spark discharge thanks to high ionization rate [45]. 429 

Interestingly, we notice a bump in the conductive channel, as shown in Figure 4c (at 10.1 and 11.2 430 

ns). In fact, this bump is formed at 9.8 ns and can be explained by the electric field distribution. 431 

Indeed, initially, the electric field enhancement is produced at the surface of the droplet near the 432 

Teflon surface (275 kV.cm-1). However, the electric field on the top of the droplet is lower than 433 

that in the gap (~1.1 vs ~80 kV.cm-1). During the propagation of both streamers, the spatial 434 

distribution of the electric field is strongly modified, and the area of low electric field is shifted 435 
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with time. At t = 10 ns, electric field in this area is ~38 kV.cm-1, while it is ~50 kV.cm-1 at the head 436 

of the negative streamer. Therefore, due to a lower ionization rate in this area, it is bypassed by 437 

both streamers producing thus a bump (or a bridge-like channel). 438 

The numerical results also put forward the formation of a cathode sheath, as illustrated in Figure 439 

4a (at 0.6 ns), where an electric field of ~700 kV.cm-1 is measured. As time goes on, its thickness 440 

decreases significantly, while covering the head of the cathode. At t = 10 ns, the magnitude of the 441 

electric field decreases to ~500 kV.cm-1. After the creation of the conductive channel, the value of 442 

the electric field in the cathode sheath increases. This is due to the non-consideration of the 443 

variation of the voltage seen by the gas. Experimentally, when streamers propagate, a current is 444 

measured and a drop in the gas voltage is observed [21]. To correctly simulate this phase, a 445 

retroaction of the current on the applied voltage is needed. 446 

 447 

4.1.3 Propagation velocity of the streamers 448 

To determine the position of the positive streamer, a map of Se is saved every 2000 iterations. The 449 

coordinates X and Z of the maximum of Se are saved, and the temporal evolution is fitted with a 450 

polynomial function. Then, the speed is determined using the derivative of this function. For the 451 

negative streamer, the maximum of Se is also utilized. However, just before the contact between 452 

both streamers, spatial distribution of Se is utilized to determine the position of the negative 453 

streamer’s head.  454 

Figure 5 shows the temporal evolution of streamers velocities, and it can be decomposed in four 455 

regions (I-IV). In region (I), positive and negative streamers propagate on the Teflon surface and 456 

reach the droplet surface. The negative streamer reaches the droplet first, which is consistent with 457 

the experimental results. In fact, negative streamer needs a lower electric field to propagate due to 458 

the high mobility of electrons. However, positive streamer, during its propagation, is faster than 459 
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the negative one (~0.7 vs 0.2 mm/ns) due to the high electric field. When the positive streamer 460 

reaches the droplet, its velocity decreases significantly (to ~0.2 mm/ns). This decrease can be 461 

related to the spatial redistribution of the electric field limited by the mobility of positive ions.  462 

In region (II), both streamers have reached the droplet and propagate on its surface mainly along 463 

the Z axis. Both streamers propagate at the same velocity (~0.2 mm/ns). In region (III) at t > 3.5 464 

ns, both streamers have crossed the first quarter of the droplet and the velocity of the positive 465 

streamer increases from ~0.2 to 0.3 mm/ns. This increase is due to the electrons generated at the 466 

front of negative streamer and producing electron avalanche at the head of the positive streamer. 467 

For the negative streamer, its speed remains around 0.1-0.2 mm/ns. 468 

 469 

Figure 5: a) Time-evolution of the propagation velocities of positive and negative streamers 470 
propagating in the air gap with a droplet of deionized water. b) Time-evolution of Se in the 471 
period of region IV in a) that corresponds to the contact between the negative (at left) and 472 

positive (at right) streamers. 473 
 474 

Just before the contact between both streamers (region IV), the velocity of the negative streamer 475 

increases significantly from ~0.1 to 1.1 mm/ns. The period when the heads of positive and negative 476 

streamers approach each other is shown in Figure 5. It is interestingly to notice that the negative 477 
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streamer is attracted be the positive one and peeled from the droplet surface. This behavior is due 478 

to the difference of mobility between heavy species and electrons and, thus, to local electric field 479 

distribution. 480 

 481 

4.2 Influence of dielectric permittivity 482 

The dielectric permittivity of the droplet is an important parameter the can significantly influences 483 

the ignition and propagation of the discharge due to the modification of the distribution of the 484 

electric field. To clearly highlights this influence, we conducted calculation for droplets that have 485 

different dielectric permittivity, namely 8, 24, 41, and 80. 486 

Figure 6 shows the temporal evolution of ne when the discharge propagates on the droplet’s 487 

surface. The selected images demonstrate that the dielectric permittivity influences the propagation 488 

speed of positive and negative streamers as well as the electron density in the conductive channel. 489 

The propagation paths of the streamers will be discussed later, but it is of interest to highlight here 490 

that the behavior of the contact point between positive and negative streamers also depends on the 491 

permittivity of the droplet. In fact, the increase of εr displaces the contact point to the left, i.e. it 492 

approaches the cathode. This finding can be related to the propagation velocity of the streamers. 493 

On the other hand, the development of the conductive channel depends on εr. For instance, it is 494 

developed within 12.3 ns at εr = 80, while at εr = 8 it is developed at 21.2 ns. Also, the simulation 495 

clearly shows that the highest electron density in the conductive channel is obtained with high-εr 496 

condition. For instance, at εr = 80 and 8, we measure 9 × 10ଶ଴ and 2.5 × 10ଶ଴ 𝑚ିଷ, respectively. 497 

 498 
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 499 

Figure 6: Time evolution of electron density for streamer discharges propagating in air gap with a droplet that has different dielectric 500 
permittivity. 501 

 502 
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Figure 7 represents the positions (X and Z) of both negative and positive streamers that propagate 503 

in the gap with a droplet at different dielectric permittivity. These profiles clearly show different 504 

regions during propagation. In the case of negative streamer, the propagation along Z exhibits two 505 

trends, one slow and one fast. The growth rate depends on the permittivity of the droplet and is 506 

higher at high εr; this is true in both slow and fast regions. The transition time from slow to fast 507 

also depends on εr. For instance, it occurs at ~15 ns in the case of εr = 8, while it occurs at ~8.5 ns 508 

in the case of εr = 80. The same trend is observed for the time evolution of X. The major difference 509 

than can be highlighted is that the growth along X is faster than that along Z. The positive streamer 510 

exhibits an opposite behavior than that of the negative one. Indeed, the slightly fast region is 511 

observed initially, during the first few nanoseconds. Here also, the fastest propagation is observed 512 

in the case of the high εr. A decrease region along the Z axis is highlighted for the positive streamer, 513 

and it is due to the cross of the middle of the droplet by the positive streamer. These propagation 514 

profiles can be well explained by the magnitude and distribution of the electric field. Indeed, the 515 

electric field is highly sensitive to the ratio between the dielectric permittivity of the droplet and 516 

of the medium. When this ratio increases, electric field in the air increases and leads to a faster 517 

propagation on the dielectric due to higher ionisation rate. 518 
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 519 

Figure 7: Time evolution of the positions, X and Z, of a) the negative and b) positive streamers’ 520 
head propagating in air gap with a droplet that has different dielectric permittivity, namely 8, 521 

24, 41, and 80. 522 
 523 

 524 

It can be easily concluded that the dielectric property of the droplet has a strong influence on the 525 

behavior of positive and negative streamers in the gap. Indeed, streamer dynamic is strongly 526 

coupled to electric field distribution. Therefore, a modification of its spatial distribution, due to 527 

normal electric field component enhancement at the surface of the droplet, can lead to a variation 528 

of streamers’ velocities and electron density in the conductive channel.529 
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4.3 Effect of the wetting angle 530 

 531 

In this section, the droplet shape is modified to consider different wetting angle (𝜃) between Teflon 532 

and a droplet with a dielectric permittivity of 80. The influence of 𝜃 on discharge ignition and 533 

propagation is of interest as it can be encountered in several experimental configurations, such as 534 

water droplets at high voltage lines. 𝜃 is defined as the angle formed by the Teflon’s surface and 535 

the droplet’s surface, as presented in Figure 8. Three typical cases are considered in the study: 90°, 536 

112° (hydrophilic behavior), and 22° (hydrophobic behavior). 537 

 538 

 539 

Figure 8: Scheme of the configuration to model the influence of the wetting angle between the 540 
droplet and Teflon. The parameters are fixed to de = 0.3 mm, dg = 5 mm, dcl = 1.5 mm, and dh 541 

can change with 𝜃; three values are considered: 22, 90, and 112°. 542 
 543 

Figure 9 shows the temporal evolution of the electron density for each case of 𝜃. The propagation 544 

of both positive and negative streamers is influenced by 𝜃. In the case of 𝜃 = 90 ° (Figure 9a), a 545 

plasma channel connects the anode to the droplet and a propagation along the droplet’s surface is 546 

also visible (at 10.4 ns). At 12.8 ns, the propagation of the positive streamer on the droplet’s surface 547 

continues, in addition to the presence of plasma channel between the cathode and the droplet. At 548 

14.3 ns, both negative and positive streamers continue to propagate at the droplet’s surface and, at 549 

15.5ns, a connection between the two streamers is occurred. In the last image (at 15.5 ns), the 550 
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bump due to the connection of the two streamers is clearly visible and is localized almost at the 551 

top of the droplet. In the case of 𝜃 = 112° (Figure 9b), the propagation steps are rather similar to 552 

the previous one with few differences, mainly the lower electron density in the channel propagation 553 

above Teflon and the displacement of the bump towards the anode (it remains on the droplet’s 554 

surface) due to a larger delay before the ignition of the positive streamer propagation (time needed 555 

to produce enough space charge to deform the electric field). Compared to the previous case, the 556 

bumps produced in this case (𝜃 = 112°) appears larger. In the case of 𝜃 = 22° (Figure 9c), the 557 

plasma channel connects the anode to the droplet equator, and propagation in two directions are 558 

observed: towards Teflon and towards droplet’s top. Similar propagation is observed from the 559 

cathode side. This propagation seems to be delayed by few nanoseconds as compared to the 560 

positive one (Figure 9c at 3.7 ns), however this behavior is due to the low electron density in the 561 

plasma channel. The electric field, presented in Figure 10c at 3.7 ns, demonstrates the presence of 562 

the negative streamer on the dielectric surface at the same time than the positive one. The last 563 

image at 9.7 ns shows the connection between the two streamers and the formation of the bump 564 

which is shifted towards the cathode. 565 
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 566 

Figure 9: Time evolution of electron density for streamer discharges propagating in air gap with 567 
a droplet that has different contact angle with Teflon, namely a) 90°, b) 112°, and c) 22°. 568 
 569 

The streamer propagation paths described earlier for the different 𝜃-conditions can be well 570 

explained by the electric field. The temporal evolution of the electric field distribution is shown in 571 

Figure 10 for each case of 𝜃. In the case of 𝜃 = 90° and 112°, the electric field is amplified in the 572 

area near the intersection of air-Teflon-droplet. Therefore, both streamers touch the droplet near 573 

the Teflon surface, as shown in Figures 10a and 10b. In the two previous cases, the global dynamic 574 

of both streamers is similar. However, the droplet in the case of 𝜃 = 90° exhibits a height relatively 575 

larger than the case of 𝜃 = 112°, which makes the major movement along the Z axis and, thus, 576 

the contact point between positive and negative streamers is established later. In the case of 𝜃 =577 

22°, the shape of the droplet induced an electric field amplification on the droplet’s equator, where 578 

the curvature radius is small. Positive and negative streamers are attracted by this area of high 579 

electric field. 580 
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 581 

Figure 10: Time evolution of electric field for streamer discharges propagating in air gap with a 582 
droplet that has different contact angle with Teflon, namely a) 90°, b) 112°, and c) 22°. 583 

 584 

The modification of 𝜃 strongly modifies the shape of the droplet and, thus, the electric field 585 

distribution. Therefore, the dynamics of both positive and negative streamers is impacted. It is also 586 

interesting to note that discharge properties (electron density, velocities, path) are sensitive to the 587 

shape of the dielectric surface. This last point is of interest and deserves further investigation. 588 

 589 

5. CONCLUSION 590 

In this paper, we developed a 2D numerical model to study the spatial-temporal evolution of a 591 

streamer discharge in air, between two pins where a droplet of deionized water is lying on Teflon 592 

surface. Streamers propagated relatively quickly (around 10 nanoseconds), which allowed us to 593 

consider the water droplet as perfect dielectric with a permittivity of 80. The model consisted of 594 

resolving Poisson’s equation together with the drift-diffusion equation for electrons, positive ions, 595 
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and negative ions. Photoionization was also considered in the model thanks to Helmholtz 596 

equations. The model results, particularly the electron impact source ionization (Se), was compared 597 

with discharge emission captured by 1 ns-exposure ICCD camera. Such a comparison allowed a 598 

validation of the model. In general, the discharge is ignited at both electrodes and positive and 599 

negative streamers propagated towards the droplet. The positive streamer starts its propagation 600 

after the negative streamer due to the time needed to generate enough space charge to deform the 601 

applied electric field. Then, they propagated at the droplet surface with velocities that depend on 602 

their location on the droplet as well as on the distance separating their heads. The model allowed 603 

us to address the contact point of the two streamers with high resolution, spatially and temporally. 604 

Indeed, when the streamers approached each other, the distribution of the electric field is strongly 605 

modified/enhanced locally, leading to an acceleration and peeling of the negative streamer from 606 

the droplet’s surface; a bump is thus observed. On the other hand, the influence of the dielectric 607 

permittivity and wetting angle of the droplet on the discharge were investigated. We found that 608 

these two parameters strongly influenced the electric field distribution and, therefore, the 609 

propagation paths and the properties of both positive and negative streamers. For instance, the 610 

increase of the dielectric permittivity has led to an increase of the propagation velocity and of the 611 

electron density in the conductive channel. The findings reported here are of interest for many 612 

applications that employ the processing of various droplet with different geometries. 613 
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