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Abstract. We report on the voltage-current characteristics as well as the voltage-

velocity characteristics of a needle-to-ring configuration by self-consistent, 2D-

axisymmetric, multi-physics plasma-fluid simulations. Parametric studies are performed

to investigate the effects of background ionization level on the plasma electrical

characteristics as well as turbulence parameters on the resulting flow. Our results

show that the discharge and the flow exhibit an annular structure around the needle

(anode) tip, with a maximum positive ion density from 1.5 × 1018-2.7 × 1018 m−3

and a maximum flow velocity from 10-15 m s−1, for overvoltages between 4-12 kV

and an anode-cathode distance of 20 mm. Good overall agreement with experimental

findings is achieved, noting that background ionization level can be used as a tuning

parameter to better match experimentally measured current values even with a simplified

plasma-chemistry. A better agreement between simulation and experiments is achieved

concerning the voltage-velocity curves. Therefore, the latter are likely to be better

indicators for assessing and validating electroaerodynamic effects of corona actuators

through numerical modeling. The flow dynamics indicate that positive-corona-induced

ionic winds are most likely laminar to turbulent transitional flows, with a ratio between

eddy viscosity and air viscosity varying between 0-200.

Keywords: positive corona discharge, needle-to-ring actuator, plasma simulation, ionic

wind, electroaerodynamic, electron floor density, RANS turbulence model
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1. Introduction

Atmospheric-pressure, corona discharges in air are well-known to produce

electroaerodynamic (EAD, also called electrohydronamic) force due to charged-neutral

species collisions and momentum transfer to the latter. The consequence of this

momentum exchange is the generation of a gas flow, typically called ionic wind. This

purely electrical mechanism of momentum addition to the background gas has been

leveraged in various applications ranging from electrostatic precipitators [1, 2], heat

dissipation/cooling of electronic components [3, 4, 5], fanless blowers/pumps [6, 7],

water harvesting [8], aerodynamic flow control [9] to solid-state propulsion. Focusing

on the latter, and since the 2009 NASA technical report [10] which concluded that

corona/EAD-based systems are not very practical for in-atmosphere propulsion, several

authors [11, 12, 13, 14, 15, 16] have continued investigating EAD propulsion while working

on improved configurations as well as engineering aspects towards the demonstration of

a solid-state, all-electric, EAD-propelled airplane. Such demonstration has been achieved

in 2018 by MIT researchers [17], achieving a continuous steady-level flight of a five-meter

wingspan, fixed-wing airplane - a proof of concept for EAD propulsion. Since then, the

field has gained significant momentum with main efforts focused on improved thrust

generation and reduced power consumption [18, 19]. Next generation ultra-lightweight

and high power density batteries [20] and lightweight HV generators [21] can foster the

applicability and realization of EAD propulsion systems in the near future.

In the pursuit of cost efficient (in terms of CPU time) numerical models, which can aid

the design, parametrization and optimization of EAD systems, two main approaches can

be found in the literature, (i) unipolar models based on the division of the computational

domain into an ionization zone and a drift zone, and (ii) self-consistent, multi-species

simulations.

In the unipolar approach, inside the drift zone, only the ion drift-diffusion equation is

solved with either unsteady (time-dependent) or steady-state solvers. The electric field is

given by the solution of Poisson equation in the drift zone. The ionization zone (typically

small and comparable to the curvature radius of the active electrode) is not resolved: as

such, there is a need for simplified approximations on the electric field distribution at the

electrode. Typically this is determined using Deutsch or Kaptzov approximations, where

the electric field at the electrode is assumed constant and uniform after the onset of the

corona discharge, and set to Peek’s onset criterion. The space charge density (or ion

flux or charge injection) is thus gradually increased (or decreased) in the computation

domain until the electric field at the ionization zone boundary (often coinciding with the

electrode surface) equals the critical value defined by Peek. Different approximations,

based on the so-called direct ionization criterion [22] or other charge injection laws [23]

have also been proposed to determine the constant corona electric field criterion at

the electrode for arbitrary electrode shape. The benefits of such approach are straight-

forward: the computationally demanding ionization zone (owed to both necessary spatial

discretization refinement and temporal timestep restrictions) is not resolved and thus fast
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computations are possible. Nevertheless, all variations of this approach, and despite the

calculated, overall-satisfying V -I characteristics, deviate significantly from each other [24]

especially for high applied voltages (high discharge currents) and short gap distances,

while the input/tuning parameters used (e.g. experimentally measured anode current

as in Ref. [25]) render these approaches impractical for the design and optimization of

novel configurations without the need (and related cost) of experimentation.

Self-consistent simulations, on the other hand, rely on resolution of plasma dynamics

in all gas zones, whether they are near-electrode ionization regions or interelectrode

region, with a set of boundary conditions derived from physical interactions with solid

walls. Hydrodynamic (fluid) descriptions are widely used in simulation of gas discharges,

and because of the low-temperature, high gas density nature of the atmospheric air

plasmas (relevant to EAD atmospheric propulsion), collisionality prevails and the drift

velocity of charges is directly computed from the electric field via explicit mobility laws,

instead of from momentum conservation laws (as e.g. in Navier-Stokes equations). As a

result, drift-diffusion discharge models consist of mass conservation laws in a convection-

diffusion-reaction form, coupled with an electric potential equation (for example, see

section 2.1). Different applications of self-consistent hydrodynamic models can be

found in [26, 27, 28, 29] (for corona discharges) or [30, 31, 32, 33, 34, 35, 36, 37] (DBD

discharges), etc. The immediate advantage of self-consistent approach is its capability

to capture correctly the plasma dynamics in all gas zones (including near-electrode

ones), which are utmost important to self-consistently describe the discharge nature or

the mechanism of EAD propulsion without pre-defined tuning. However, the need to

discretize the computationally demanding ionization zones, as mentioned before, is the

main drawback of this approach. Indeed, the characteristic timescale of electron drift

inside a sheath is on the order of picoseconds but for ionic wind, it is milliseconds, which

usually lead to extensive CPU time, especially if explicit time schemes are employed.

For instance, a steady-state wire-to-wire corona discharge simulation with the explicit

formulation of ONERA’s multi-species, multi-reactions plasma solver COPAIER [38]

(using the Runge-Kutta-Heun time-integration scheme), can take up to a couple of weeks

on multiple processors to finish.

In addition, both approaches, unipolar and self-consistent, suffer from multiple

uncertainties, most of them are typical for plasma models which are subject to various

tuning parameters: chemistry sets (kinetic schemes), rate and transport coefficients,

photoionization and/or initial/floor values of charged species density, secondary electron

emission coefficient, etc. And furthermore, the additional but necessary coupling of

discharge models with CFD models to capture the ionic wind dynamics, introduces

additional uncertainties, manifesting mostly in terms of turbulence and related turbulence

parameters to be used in a Navier-Stokes solver.

The main research question that still holds is thus threefold. (i) Can we formulate

efficient algorithms for self-consistent simulations of corona discharge in arbitrary

configurations, eliminating the empirical assumptions and often severe limitations of

simplified discharge models? (ii) How do such models perform when compared to
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experimental measurements in terms of electrical characteristics and what is the influence

of plasma-related tuning parameters, notably pre-ionization charge density levels? (iii)

How do such models perform when compared to experimental measurements in terms of

EAD flow characteristics and what is the influence of fluid-related tuning parameters,

notably turbulence?

To this respect, this work presents two-dimensional axisymmetric (2D-axi), self-

consistent plasma actuator simulations of a needle-to-ring corona discharge, under

positive applied voltages and operating in relatively dry, atmospheric-pressure air. A

complete plasma actuator simulation consists of two parts: a plasma discharge simulation

performed with ONERA’s in-house code COPAIER, and an ionic wind simulation

performed with the open-source software OpenFOAM. The two (sub-)simulations are

coupled in a one-way fashion in which the EAD force density, resulted from the plasma

discharge simulation, is introduced as the source term into the momentum equation for

the ionic wind simulation.

The structure of the article is as follows. First, we present the model methodology

and essential modeling aspects (section 2) and the simulation case under study (section 3).

Then numerical results of the steady-state discharge operation are presented, emphasizing

on the resulting EAD spatial force density and voltage-current characteristics (section 4)

as well as ionic wind profiles and voltage-velocity characteristics (section 5). The

numerical results are compared with experiment data and various tuning parameters

are analyzed in terms of their influence to the characteristics of the resulting ionic wind.

Finally in section 6, we summarize our findings and provide future directions.

2. Methodology

2.1. Discharge model

For aeronautical applications, the drift-diffusion-Poisson equations are widely used

to describe the discharge dynamics, in which participate numerous charged or neutral

species.

Let S be the set of species. For each specie s ∈ S, we denote as ns(t,x) the

particle density at time t and position x, f s(t,x) the particle flux and Ss(t,x) the

production/decay source term of s. The electric potential and the electric field are resp.

denoted as ϕ(t,x) and E(t,x) (≡ −∇ϕ(t,x)).
In this study, we employ the kinetic scheme from [33] which consists of electrons

(denoted as e), positive ions (p) and negative ions (n), i.e. S = { e, p, n }. The source

terms are given as follows [33],
Se = (α− η)Nne − kepnenp,

Sp = αNne − kepnenp − knpnnnp,

Sn = ηNne − knpnnnp,

(1)

where α(E/N), η(E/N), kep(E/N) and knp(E/N) are resp. the electron impact

ionization, electron-neutral attachment, electron-ion recombination and ion-ion
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recombination coefficients, while N and E ≡ |E| are resp. the air density‡ and

electric field strength. The dependence of reaction coefficients (and drift-diffusion

coefficients introduced later) on the reduced field strength E/N is derived from a local

field approximation [39]. In this work, α and η are provided in look-up tables by the

software BOLSIG+ [40], while kep and knp are resp. set as 2×10−13 m3 s−1 and 1.7×10−13

m3 s−1.

On another hand, a minimum constraint is imposed on the electron density -

ne(t,x) ≥ ψ [41], where ψ > 0 is a user-defined parameter called floor density, simply

taken as a constant (both in space and time) in this work. This constraint is introduced

to fit numerical results to experimental measurements [27]; it can be viewed as an

attempt to artificially include electron sources that are extremely diverse in reality, but

numerically underrepresented in kinetic models such as (1), which are preferred to be as

simple as possible for computational resource economy.

The discharge model writes in the following way,
∂tU(t, ·) +∇ · F (E(t, ·),U(t, ·)) ∈ S (E(t, ·),U(t, ·)) + Sψ (U(t, ·)) ,
U (0,x) = U 0(x),

−∇ · (ε0∇ϕ(t,x)) = ρ(t,x),

(2)

where U ≡ (ns)s∈S, F ≡ (f s)s∈S, S ≡ (Ss)s∈S, Sψ ≡ (Sψ,s)s∈S, ρ ≡ q
∑
s∈S

zsns is the net

charge density, U 0(x) ≡ (n0
s(x))s∈S are initial data and ε0 is the vacuum permittivity§,

with Sψ,e(t, ·) ≡ −∂IK(ne(t, ·)), Sψ,s = 0 for s ̸= e, q is the elementary charge∥ and zs is

the charge number of s¶. Boundary and initial conditions are omitted in this paper but

can be found in [41].

Here, the set ∂IK is the subdifferential [42] of the characteristic function IK,

IK(v) =

{
0 if v ∈ K,

+∞ if v /∈ K,

of the convex K = { v | v(x) ≥ ψ }. The appearance of ∂IK in the discharge model is to

impose properly the aforementioned minimum constraint ne ≥ ψ [41]; consequently, the

conservation laws are in the form of differential inclusions.

Finally, the particle fluxes f s satisfy a mobility law as follows,{
f s = usns −Ds∇ns,
us = sign(zs)µsE,

where µs(E/N) and Ds(E/N) are resp. the mobility and diffusion coefficients, which

are also precomputed by the software BOLSIG+ [40].

‡ N = 2.5× 1025 m−3 in this study

§ ε0 = 8.854× 10−12 C V−1 m−1 in this study

∥ q = 1.602× 10−19 C in this study
¶ ze = −1, zp = +1, zn = −1
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2.2. Numerical modeling of positive corona discharges

The numerical simulations are conducted with ONERA’s multi-reactions, multi-

species parallelized plasma solver COPAIER [38] on two-dimensional triangular grids

Th ≡ (ΩK)K=1,...,L, generated by the software Gmsh [43]. Some features of the numerical

schemes, on the discretization of the discharge model (2), are presented in this section.

For further details, we refer to [38, 41].

Let 0 = t0 < t1 < . . . < tN = T be a partition of the time interval [0, T ]. For

0 ≤ l ≤ N , let f l(x) be an approximation of f(tl,x) at tl for any scalar or vector-valued

variable f . We consider the following implicit time discretization of (2),
U l+1 −U l

∆tl
+∇ · F (El,U l+1) ∈ S(El,U l,U l+1) + Sψ(U

l+1),

∇ · (ε0∇El+1) = ρl+1,

(3)

with ∆tl ≡ tl+1 − tl for 0 ≤ l < N , and

S(El,U l,U l+1) ≡

 (αl − ηl)Nnl+1
e − klepn

l+1
e nlp

αlNnl+1
e − klepn

l+1
e nlp − klnpn

l
nn

l
p

ηlNnl+1
e − klnpn

l
nn

l
p

 . (4)

The discretization (3) allows to update separately the particle densities U l+1 and

the electric field El+1. Taking advantage of the slow-varying electric field in positive

corona discharges, the numerical timesteps are defined as

∆tl = min(C∆tli,∆t
l
ϕ), (5)

where C > 0 is a user-defined parameter, ∆tli and ∆tlϕ are resp. the CFL timestep of

ions and the dielectric relaxation timestep, given as

∆tli = min
K,s∈S\{ e }

(
hK

|uls,K |
tanh

(
|uls,K |hK
2Dl

s,K

))
,

∆tlϕ = min
K

(
ε0

q
∑

s∈S |zs|µls,Knls,K

)
,

where hK is the size of the triangle ΩK while f lK is an approximation of any variable f

at tl and the center of ΩK .

In our simulations, C is set at 103, knowing that ∆tli ≪ ∆tlϕ more than often in

positive corona discharges. Moreover, structure of (4) facilitates the resolution of (3),

the nonlinearity of the system being only brought into the first line of (3) by the term

Sψ(U
l+1). In order to deal with this nonlinearity, we have developed a Gauss-Seidel-

inspired algorithm in [41].

In the previous study [41], the implicit discretization (3)-(4) allowed us to compute

a positive wire-to-wire corona discharge in about five hours on 4 processors, instead

of a week if using an explicit time scheme+. In this paper, each simulation of the

positive needle-to-ring discharge, described in section 3, takes about three to five hours to

+ RK2-Heun scheme [38]
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complete on a mesh with 178000 to 187000 elements, partitioned between 32 processors

(MPI parallelization).

2.3. Computation of EAD jets

After simulating the discharge, we inject the steady-state EAD force density,

F EAD ≡ ρ0E, into the homogeneous, incompressible Navier-Stokes equations to compute

the induced EAD jet. More precisely, we solve for the steady-state CFD solutions

(velocity u and kinematic pressure p) of the following system [44, Chapter 2],
∇ · u = 0,

∇ · (u⊗ u)−∇ · (ν∇u)−∇ν · ∇u = −∇p+ F EAD

ρ0
,

(6)

where ⊗ is the Kronecker tensor product, ν(x) is the effective kinematic viscosity, p is

the kinematic pressure and ρ0 is the volumetric mass of air∗.
The coupling between the discharge and the ionic wind is, thus, assumed to be

one-way, which means that the discharge affects the jet but not the other way around

since the jet velocity is low and the discharge timescale is much smaller than the flow

timescale.

The form of ν depends on the CFD models. In this paper we consider two of them.

(i) Laminar model. Here, the effective kinematic viscosity is simply the kinematic

viscosity of air ν0, which is assumed to be constant and set to 1.48× 10−5 m2 s−1 in

this study,

ν = ν0. (7)

(ii) Realizable k-ε turbulence model. ν is defined as, with νt(x) being the kinematic

turbulence eddy viscosity,

ν = ν0 + νt, νt = Cν
k2

ε
. (8)

Here, k(x) and ε(x) are resp. the turbulence kinetic energy per unit mass and the

turbulence kinetic energy dissipation rate. Their equations, as well as the definition

of the coefficient Cν(x) in (8), can be found in Appendix A.

The system (6)-(7) or (6)-(8) are solved by the CFD software OpenFOAM [46],

with proper boundary conditions which are precised in Appendix A. Among those, we

are most interested in the inlet boundary conditions of k and ε, which are given by [44,

Chapter 7]

kin =
3

2
(It,inu0)

2, εin =
C

3
4
µ k

3
2
in

lm
, (9)

where kin and εin are resp. the values of k and ε on inlet boundaries, It,in is the inlet

turbulence intensity, u0 is the inlet flow velocity, Cµ = 0.09 and lm is the Prandtl mixing

length.

∗ ρ0 = 1.17972 kg m−3 in this study (at 1 atm, 25◦C and 30% relative humidity as in [45])
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Figure 1: Sketch of the needle-to-ring actuator (not scaled to size), where the computation

domain Ω, for plasma discharge simulations, is colored in maroon (details on the

boundaries Γf , Γs, Γw can be found in [41])

The inlet conditions kin and εin have a huge impact on the numerical results, namely

the EAD jet velocity u, as we will show in section 5.4. The values of the parameters in

(9) will be stated in section 3. Note that the values of It,in and lm will be fixed, so that

only the value of u0 will be adjusted.

3. Description of the studied needle-to-ring actuator

A sketch of the device, which was studied in [45], is shown in fig. 1. The actuator is

composed of a small metal needle and a metal ring. Here, σ, r1, r2 and d are resp. the

curvature of the needle tip, the inner and outer radii of the ring, and the electrode gap.

The simulations are conducted in cylindrical coordinates x = (r, z).

A high potential VG > 0 is applied to the needle while the ring is grounded. The

ignition voltage Vc for different electrode gaps d were measured experimentally in [45]

and are relisted in table 1 for VG > 0. The overvoltage is defined as ∆VG = VG − Vc.

To avoid the formation of positive streamers during the discharge ignition, we increase

gradually the voltage on 10 µs until it reaches the maximal value VG, then keep this

value until the simulation time T = 4 ms.

The grid is particularly refined near the needle tip to capture correctly the discharge

dynamics, as shown in fig. 2. The minimal grid size for all simulations is ∆xmin = 4.5

µm.

For the CFD simulations, we evaluate the EAD jet velocity at a point M on the
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d (mm) 20 25 30

Vc (kV) 7.1 7.4 8.0

Table 1: Experimentally measured ignition voltage Vc for positive polarity for different

electrode gaps d [45]

Figure 2: Grid refinement near the needle tip, generated by Gmsh [43]

σ 0.1 mm L 5 mm ∆VG 2-14 kV It,in 1%

r1 10 mm l 5 mm R 20 kΩ lm 1 mm

r2 20 mm h 2 mm T 4 ms u0 3-60 m s−1

d 20-30 mm ∆xmin 4.5 µm ψ 109-1012 m−3

Table 2: Actuator characteristics and numerical parameters

symmetry axis, at a distance l downstream from the ring (see fig. 1). The parameters in

(9) for the turbulence inflow boundary conditions are chosen as It,in = 1%, lm = 5%× 2r1
and u0 ranging from 3 to 60 m s−1.

Actuator characteristics as well as numerical parameters, for the simulations in

section 4, are listed in table 2. By default, we choose d = 20 mm, ψ = 1011 m−3 (the

floor density) and u0 = 50 m s−1, unless stated otherwise.

4. Numerical results and discussion on plasma discharge

4.1. Characteristics of steady-state positive needle-to-ring discharge

Figure 3 shows the positive ion density np as well as the electron density ne in log

scale, for ∆VG = 12 kV, at steady state (T = 4 ms). The typical particle distribution in

a corona discharge can be observed, as the charges are heavily concentrated in the anode

region around the needle tip, and expand gradually towards other directions. Effects
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Figure 3: Positive ion and electron densities for d = 20 mm, ψ = 1011 m−3 and

∆VG = 12kV in log scale (the computation domain was reflected with respect to the

symmetry axis r = 0)

of the actuator geometry can also be seen on the electrons as the contour lines of ne
are “squeezed” by the ring since they bear the same charge sign, and less visibly, on the

positive ions as the cathode creates small splits near the symmetry axis r = 0 on the

contour lines of np.

Figure 4 provides more enhanced views of the anode region for ∆VG = 12 kV in

normal scale. The positive ions at the steady state accumulate in front of the needle

tip with a density up to 2.5 × 1018 m−3. The density of other species are negligible

comparing to np as ne and nn are on the order of 1016 m−3. Therefore, positive ions

account for most of the EAD force.

It is shown more clearly that the contour lines of np form a bell-pepper-like structure

instead of a horseshoe such as in a needle-to-plane discharge. The radial position of the

maximum of np in this needle-to-ring discharge is located around r = 0.01 mm rather

than on the symmetry axis. Furthermore, we can also notice an annular structure (in

3D) around the tip around r = 0.125 mm with np about 1.5 × 1018 m−3. On another

hand, the electric field lines E are quite smooth as in a typical positive corona discharge.

For different voltages ∆VG in the case d = 20 mm and ψ = 1011 m−3, the positive

ion and electron densities are displayed in fig. 5 and the r- and z-components Fr, Fz of

the EAD force density F EAD ≡ ρE are displayed on fig. 6. The morphology of particle

distributions is quite the same for all values of ∆VG - a low voltage 4 kV, a moderate

voltage 8 kV and a high voltage 12 kV. A notable difference is that the particle densities

increase significantly with the voltage as expected. The same remarks are also relevant

for the morphology and intensity of F EAD.

On the other hand, the morphology of particle distributions and EAD force density

is strongly affected by the electron floor density ψ. Figures 7 and 8 displays this effect on

np, ne, Fr and Fz for ψ = 109, 1011 and 1012 m−3, in the case d = 20 mm and ∆VG = 12

kV. We can observe that the charge distributions, especially that of positive ions, is
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Figure 4: Particle densities and electric field strength for d = 20 mm, ψ = 1011 m−3 and

∆VG = 12 kV

more irregular the lower the floor density is. This phenomenon is perhaps due to the

large gradient of ne when ψ is small.

Since positive ions are responsible for most of the EAD force, the morphology of

F EAD is also more rugged as ψ decreases. Because of the annular structure of np around

r = 0.125 mm, the EAD force density has a significant r-component that acts on the

outward direction from the needle. The maximum strength of this radial force is from

two-fifth to three-fifth of that of the axial force.

The levels of np, is roughly on the same order for all values of ψ. However, the axial

position of the maximum of np is closer to the needle as the floor density is smaller, as

shown in fig. 9. This enhances the electric field in the anode region, so as a consequence,

the EAD force density. We can note from fig. 7 that F EAD is the strongest for ψ = 109

m−3.

4.2. Electric current and comparison with experiment data - the V -I curves

The potential-current characteristics (V -I curves) of the discharge are shown on

fig. 10 for different values of ψ. The analytic expression of the discharge current I in the
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Figure 5: Positive ion and electron densities for d = 20 mm, ψ = 1011 m−3 and different

values of ∆VG
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Figure 6: Components of the EAD force density for d = 20 mm, ψ = 1011 m−3 and

different values of ∆VG
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Figure 7: Positive ion and electron densities for d = 20 mm, ∆VG = 12 kV and different

values of ψ
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different values of ψ
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Figure 10: Comparison of V -I curves for d = 20 mm between numerical solutions (with

different values of ψ) and experiment data available in [45]. The dotted blue line is the

fitting of experiment data following the law (10).

Experiment ψ = 109 m−3 ψ = 1011 m−3 ψ = 1012 m−3

kV I (µA kV−2) 0.174 0.12 0.121 0.119

Table 3: V -I characteristics of experimental data [45] and numerical solutions (with

different values of ψ) for d = 20 mm

electric circuit can be found in [26]. Using a quadratic fitting for the curves, we found

that the V -I characteristics satisfy the empirical law

I

VG
= kV I∆VG, (10)

where the proportionality coefficients kV I > 0 are listed in table 3.
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Figure 11: V -I curves of numerical solutions (filled markers) and experiment data [45]

(hollow markers) for different values of d. The dotted lines are the fittings of experiment

data following the law (10).

d = 20 mm d = 25 mm d = 30 mm

Experiment ψ = 1011 m−3 Experiment ψ = 1011 m−3 Experiment ψ = 1011 m−3

kV I (µA kV−2) 0.17 0.12 0.12 0.08 0.08 0.05

Table 4: V -I characteristics of experiment data [45] and numerical solutions for different

values of d

Overall, the coefficients kV I computed from the numerical solutions are practically

the same for all considered values of ψ but differ slightly from the experiment data [45].

Since the curve of ψ = 1011 m−3 seems to fit the experiment data better than ψ = 109

m−3 for high values of ∆VG (in the range of 10-12 kV), we choose ψ = 1011 m−3 for the

following simulations.

Figure 11 presents the V -I characteristics for different values of d. As for d = 20

mm, the coefficients kV I computed for d = 25 and 30 mm also differ slightly from

experiment data available in [45] - see table 4. This discrepancy was also observed in our

previous study on a positive wire-to-wire discharge [41], especially when the radius of

the stressed electrode is large, indicating that the discharge current is sensitive to many

factors, such as chemical composition of the gas, impurities on the electrode surface,

experimental configuration linked to the high voltage generator and ground elements

around the device, etc.

Therefore, we propose to study the EAD effects of the discharge, since the ionic

wind should be less affected by small disturbances of discharge conditions, owing to its

considerably larger physical timescale (on the order of 1 ms) comparing to that of the

discharge itself (0.1 ms).
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Figure 12: EAD jet velocity u (m s−1) computed with different CFD models for d = 20

mm and ∆VG = 12 kV

5. Numerical results and discussion on ionic wind

5.1. Are EAD jets laminar or turbulent flows?

In this section, we discuss the difference on the computed flow velocity u ≡ |u|
obtained with the laminar NS equations - eqs. (6) and (7) - and the turbulence model

- eqs. (6) and (8). For the latter, different values of the inlet flow velocity u0, which

appears in inlet boundary conditions (9) of k and ε, are prescribed for the simulations

with the intention of matching the experiment measurements available in [45].

The difference in morphology between a laminar and a turbulent jet is noticeable.

On fig. 12, it is shown that while the maximum of the jet velocity magnitude u ≡ |u|
is the same, the turbulent flow is much more diffusive (for u0 = 50 m s−1), due to the

eddy viscosity injected on the inlet boundary. Indeed, the downstream jet velocity of the

turbulent flow, at the center of the ring, is only roughly half of that of the laminar flow.

For a more quantitative comparison, we plot on fig. 13 the profiles of u at

z = −(σ + d+ h+ l) - or at the distance l downstream of the cathode‡ - for d = 20 mm,

∆VG = 12 kV and ψ = 1011 m−3. The data from simulations with the turbulence model

are marked by their respective inlet velocity u0.

The first observation is that the laminar model overestimates significantly the jet

velocity comparing to the experiment data in the “jet core” - that is the zone within r < 2

mm - with a factor of about 5/3 between the maximum values of the jet velocity. Using

the turbulence model with a small inlet velocity, for example u0 = 3 m s−1, does not

”correct” the overestimation. By only increasing u0, and therefore the inlet turbulence

viscosity, the numerical result begins to match the experiment measurements in the

jet core. This observation shows that positive-corona-induced EAD jets are likely of

‡ in [45], the distance l is said to be “between the discharge part and the Anemometer”; we assume it

to be between the cathode bottom surface and the measure line in this study
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turbulent nature, which is in accordance with previous studies’ conclusion [47, 48, 49]

for other geometries. This conclusion is also supported by looking at the turbulence

intensity which will be addressed later in section 5.2.

The best matching results that we obtain in this case, in terms of the maximum

value of u, are for u0 = 50 m s−1 (see again fig. 13) - with maxu0 = 6.46 m s−1 - and for

u0 = 60 m s−1 - with maxu0 = 5.79 m s−1 - knowing the experimental value of 6.19 m

s−1. Therefore, we will set u0 = 50 m s−1 in subsequent simulations.

The second observation is that the simulations always overestimate the flow velocity

outside the jet core (i.e. r > 2 mm), no matter what CFDmodels used in this study. There

exist many factors that could affect the exactitude of the results: measurement operating

conditions, actuator geometry§, impurities on electrode surfaces, charge collection from

other surfaces around the device, etc. The numerical results presented in Appendix B

eliminate some geometry-related factors, but fail to reduce the simulation-experiment

discrepancy.

The final observation that we can make is that the value of u0 that gives the best

result - u0 = 50 m s−1 - is unusually high. Indeed, u0 can be understood as the reference

flow velocity of the air sucked into the domain by the actuator, which cannot be that

high since the maximal jet velocity on the whole domain is only about 15 m s−1 (see

fig. 12). As a matter of fact, the jet velocity near the inlet boundary that is obtained

with any simulations in this case is less than 4 m s−1. This observation, combining

with the fact that the realizable k-ε model or any RANS models are primarily suited to

describe fully turbulent flows, is a sign implicating that corona-induced EAD jets are of

laminar-turbulent transitional nature - a conclusion also made in [48].

Therefore, the use of any RANS model seems to be not well adapted for such

flows - more complicated analysis (e.g with LES, DNS or even transitional turbulent

models) requires a dedicated study and largely increases the computational cost. In

the application of the turbulence model (6)-(8) in the simulations of this work, the

inlet velocity u0 as well as the induced turbulence viscosity are tuning parameters with

no real physical sense. They are modulated to artificially “inject” information of the

development of eddies into the simulations, which was lost through the averaging process

in the turbulence model, in order to recover the experiment data.

5.2. Turbulence indicators

Two parameters are used in this study to determine, in a more quantitative way, the

turbulent nature of a flow. The first one is the ratio rν(x) between the eddy viscosity

and the viscosity of air, i.e.

rν =
νt
ν0
.

§ in [45], the details of the geometry which are not known (despite having contacted and inquired

the authors of the experimental work), for example the needle length, the needle skew angle, the ring

thickness, the ring curvature; all of these could influence the numerical results
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Figure 13: EAD jet velocity at z = −27.1 mm - or 5 mm downstream of the cathode - for

d = 20 mm and ∆VG = 12 kV. Comparison between the laminar model, the turbulence

model (with different values of u0) and experiment data [45].

On figs. 14 and 15, we plot rν on the symmetry axis r = 0 with −(σ + d+ h+ l) ≤
z ≤ −0.11 mm, resp. for different values of ∆VG and different values of d. The ratio

reaches 10-200 at the end of the computation domain, depending on the case, but is

near zero near the needle tip∥. Hence, it confirms, in addition to the observations made

in section 5.1, the laminar-turbulent transitional nature of corona-induced EAD jets.

Overall, rν is higher for smaller ∆VG or larger d.

The second turbulence indicator is the turbulence intensity, It(x), which has no unit

and is defined as follows,

It =

(
2

3

k

u2

) 1
2

,

where k is the turbulence kinetic energy per unit mass and u is the local flow velocity

magnitude.

On figs. 16 and 17, we plot It on the symmetry axis r = 0 with −(σ+d+h+ l) ≤ z ≤
−0.11 mm, resp. for different values of ∆VG and different values of d. The turbulence

intensity reaches 50-60% near the needle tip then drops to about 5% around z = −1 mm

and gradually increases further downstream. The downstream intensity level depends on

the case, which can be as low as 10% and as high as 40% but also indicates that EAD

jets are turbulent flows¶. Overall, It is higher for smaller ∆VG or larger d.

∥ located at r = 0, z = −σ = −0.1 mm
¶ however, It is not necessary a reliable turbulence indicator, since one can have high k level with high

ε values leading to weak values of νt
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Figure 14: Turbulence intensity on symmetry axis for d = 20 mm and different values of
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Figure 15: Turbulence intensity on symmetry axis for ∆VG = 12 kV (solid lines), ∆VG = 4

kV (dotted lines) and different values of d

The correlations between It and ∆VG, and between It and d, are resp. presented on

figs. 18 and 19. For this needle-to-ring geometry, we find that the inverse of It on the

symmetry axis is nearly linear to ∆VG while It is linear to d. These new features are in

contrast to those of EAD jets on a blade-to-plane geometry [49], where the streamwise

turbulence intensity approaches an asymptotic value in any case.

5.3. Characteristics of positive needle-to-ring EAD jets

Figure 20 shows the axial and radial components uz, ur of the EAD jet velocity

u for d = 20 mm, ψ = 1011 m−3, u0 = 50 m s−1 and different values of ∆VG. As the
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Figure 17: Turbulence intensity on symmetry axis for ∆VG = 12 kV (solid lines), ∆VG = 4

kV (dotted lines) and different values of d

EAD force increases with ∆VG (see fig. 6), it is natural that the flow velocity also gets

stronger. Furthermore, the structure of the jets, in all cases, is annular, exhibited by two

panhandles in the contour maps of uz which locate roughly at r = 0.125 mm, i.e. on the

same location as the annular structure formed by positive ions (see section 4 and fig. 5).

Finally, the ratio
max |ur|
max |uz|

is practically unchanged and is roughly 0.28. Even so,

the annular form of the jet is accentuated with higher ∆VG, which is possibly because
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Figure 19: Turbulence intensity at (0,−σ − d) - It,d - and average turbulence intensity

on r = 0 - I t - in function of d, for ∆VG = 12 kV and ∆VG = 4 kV

the ratio
max |Fr|
max |Fz|

is not constant but also increases with ∆VG
+.

5.4. EAD jets and comparison with experiment data - the V -u curves

It has been experimentally and theoretically proven in [45] that the EAD jet velocity

on the symmetry axis is linearly proportional to the over-voltage with the law

u|r=0 = kVu∆VG, (11)

where the proportionality coefficient kVu > 0 is tabulated for each value of d in table 5. On

the same table also figure the numerical values of kVu obtained by the turbulence model

+ max |Fr|
max |Fz|

= 0.58, 0.48, 0.41 resp. for ∆VG = 12, 8, 4 kV (see fig. 6)
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Figure 20: Components of the EAD jet velocity computed with the turbulence model for

d = 20 mm and different values of ∆VG
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d = 20 mm d = 25 mm d = 30 mm

Experiment u = 50 m s−1 Experiment u = 50 m s−1 Experiment u = 50 m s−1

kV u (m s−1 kV−1) 0.48 0.51 0.4 0.38 0.27 0.28

Table 5: V -u characteristics of experiment data [45] and numerical solutions for different

values of d

2 4 6 8 10 12 14 16

2

4

6

8

∆VG (kV)

u
M

(m
s−

1
)

d = 20 mm
d = 25 mm
d = 30 mm

Figure 21: V -u curves of numerical solutions (filled markers) and experiment data [45]

(hollow markers) for different values of d

(6)-(8) with u0 = 50 m s−1, where u is evaluated at the point M = (0,−σ − d− h− l)

(see fig. 1).

We then find that the numerical V -u characteristics, in contrast to the V -I

characteristics, are very close to the experimentally computed slopes. In terms

of magnitude, fig. 21 shows that the numerical values agree well with experiment

measurements and they respect the linearity law (11). These results are quite interesting

since they are achieved only once a calibration test is done for a single case (which we

did in section 5.1 for d = 20 mm, ψ = 1011 m−3 and ∆VG = 12 kV to find u0 = 50 m

s−1). These results also confirm to a large extent, that the V -u characteristics are more

reliable indicators than the V -I characteristics for assessing numerical simulations.

6. Conclusion

This work presented 2D-axisymmetric, self-consistent simulations of a needle-to-

ring corona discharge, under positive applied voltages and operating in relatively dry,

atmospheric-pressure air.

For the plasma discharge part, we used a set of drift-diffusion-reaction equations

coupled to a Poisson equation to describe the dynamics of charged species and the

evolution of the electric field. A user-defined parameter - the electron floor density ψ -

was integrated into the discharge model in order to numerically control the charge density
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level as well as the electric current. A robust implicit scheme was used to accelerate the

calculations.

For the ionic wind part, we used the realizable k-ε equations - a RANS model - to

compute the EAD jet velocity and turbulence intensity. It was necessary to adjust the

inlet boundary values of k and ε in order to get the right results comparing to experiment

data. By fixing the inlet turbulence intensity to 1% and the Prandtl mixing length to 5%

of the cathode’s (ring) inner diameter, the only remaining free parameter is the reference

flow velocity u0.

The main findings of this work are summarized as follows.

(i) The distribution of positive charges and EAD force, as well as the structure of the

EAD jets had an annular form around the anode (needle). This special morphology

was thought to originate from the needle-ring geometry.

(ii) For the plasma discharge simulations, ψ = 1011 m−3 seemed to be the best value

to match the numerical results (electric current) to the measurements in [45]. The

same value of ψ was used in our previous studies [27, 41] for other geometries.

(iii) The potential-current characteristics (V -I curves) of the numerical solutions satisfied

a quadratic law as predicted by theory [45]. Nevertheless, they present slight

deviations from experimental data.

(iv) For the ionic wind simulations, positive-corona-induced jets were reconfirmed to

be laminar-turbulent transitional flows. This conclusion was supported by two

turbulence indicators: the ratio between eddy viscosity and air viscosity rν , and the

turbulence intensity It. In our tests, rν varied between 0-200 while It was on the

order of 10-40%.

(v) For the turbulence model, u0 = 50 m s−1 provided good flow velocity comparing

to experiment data [45], at least in the jet core region. The potential-velocity

characteristics show less discrepancy in general compared to the V -I curves, and is

likely a better indicator for the model validity.

(vi) Outside of the jet core region, numerous attempts were made (see also Appendix B)

but could not match the experimental data in a satisfactory manner. We speculate

that the experimental setup might introduce some ”parasitic” effects that can not

be captured by the numerical model due to lack of detailed information on the exact

experimental setup.

(vii) Finally, the potential-flow velocity characteristics (V -u curves) of the numerical

solutions satisfied a linear law as predicted by theory [45] and agreed well with the

experiment measurements.

While the numerical and physical models used in this study surely provide a better

approximation than more simplified models of corona discharges and EAD generation,

the results still suggest that various tuning and model parameters need to be carefully be

accounted for when interpreting the results. A detailed experimental-numerical campaign

in controlled environments should be used in the future to confirm all the hypotheses
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and clarify phenomena linked to both the spatiotemporal evolution of charged species

and consequently EAD force production, but also the evolution of the entrained jet flow

in similar configurations. Despite this fact, the simulations presented here showcase that

well-adapted, self-consistent numerical tools, can be used without excessive CPU cost to

parameterize, optimize and help design more efficient EAD propulsion systems.
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Appendix A. The realizable k-ε turbulence model

The coefficient Cν(x) in eq. (8) is given as follows [50],

Cν =
1

A0 + ASu∗
k
ε

,

where

A0 = 4, AS =
√
6 cos(φ), u∗ = (D • D+O •O)

1
2

φ =
1

3
cos−1(

√
6W ), D =

1

2
(∇u+∇ut), O =

1

2
(∇u−∇ut)

W = min

(
max

(
(DD) • D
D • D

,− 1√
6

)
,
1√
6

)
Here,∇ut is the transpose of∇u while (MM)i,j =

∑
k

Mi,kMk,j andM•M =
∑
i,j

Mi,jMi,j

for any square matrix M.

Finally, the turbulence kinetic energy per unit mass k(x) and the turbulence kinetic

energy dissipation rate ε(x) satisfy the following equations [51],
∇ · (ku) = ∇ ·

((
ν +

νt
σk

)
∇k
)
+Gk − ε,

∇ · (εu) = ∇ ·
((

ν +
νt
σε

)
∇ε
)
+ Cε,1ε(2D • D)

1
2 − Cε,2

ε2

k +
√
νε
,

with

σk = 1, Gk = 2νtD • D,

σε = 1.2, Cε,1 = max

(
0.43,

χ

χ+ 5

)
, Cε,2 = 1.9, χ =

k

ε
(2D • D)

1
2 .

Appendix B. EAD jets on different computation domains

This sections presents the computed EAD jets on some different meshes in an

attempt to fit the numerical results to the experiment measurements outside the jet core,
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Figure B1: Sketch of the needle-to-ring actuator (not scaled to size), where the

computation domain Ω, for ionic wind simulations, is colored in blue

i.e. for r > 2 mm (see section 5.1). Since the jet velocity in this region is practically

unchanged whether the laminar model or the turbulence model is used (see again fig. 13),

all the simulations in this section are obtained with the laminar model (6)-(7).

Figure B1 displays a sketch of the computation domain for the EAD jet simulations.

On 2D‡, the EAD jet domain is similar to the discharge domain (fig. 1) but more

extended upstream, downstream and/or away from the symmetry axis. The domain

boundary is partitioned into Γs (symmetry axis), Γw (electrode surfaces) and Γf (free-flow

boundaries). The boundary conditions are documented in table B1§∥¶.
For all the meshes considered hereafter, σ = 0.1 mm, r1 = 10 mm, r2 = 20 mm,

d = 20 mm, h = 2 mm and l = 5 mm. Other geometric factors can be found in table B2.

Figure B2 shows the laminar EAD jets computed on Mesh#1, Mesh#2 and Mesh#3.

In the outer region r > 2 mm of the jet core, we observe that the numerical flow

velocity is practically the same in all the cases, and is substantially larger than the

experimentally measured velocity. This discrepancy between simulations and experiments

is left unexplained and we can only speculate that in the experimental domain, influence

‡ simulations with OpenFOAM actually require a 3D domain where the original 2D domain is extruded

around the symmetry axis to form a wedge
§ BCs on u and p are the same for both laminar and turbulence models
∥ for k (resp. ε), $internalField equals to kin (resp. εin) in eq. (9)
¶ we left out the top, bottom and right surfaces of the 3D domain; in the simulations, boundary

conditions of OpenFOAM type wedge are imposed on these surfaces
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Γw Γf

u
type noSlip type pressureInletOutletVelocity

value uniform (0 0 0)

p

type fixedFluxPressure type totalPressure

p0 uniform 0

value uniform 0

k

type kqRWallFunction type inletOutlet

value $internalField inletValue $internalField

value $internalField

ε

type epsilonWallFunction type inletOutlet

value $internalField inletValue $internalField

value $internalField

Table B1: Boundary conditions (OpenFOAM [46]) for ionic wind simulations

Mesh#1 Mesh#2 Mesh#3

l0 (mm) 5 17.95 5

H (mm) 0 20 0

L (mm) 5 19.95 10

∆xmin (µm) 4.5 2 4

Table B2: Geometric factors for different meshes (Mesh#1 is the one used in section 5

for d = 20 mm)

from the surrounding environment (e.g. due to other metal surfaces that could collect

charges, entrained flow confimenent etc.) played a pivotal role in the charge distribution

and flow entrainment away from the jet core.



Simulation of EAD jets in needle-to-ring geometry 30

−8 −6 −4 −2 0 2 4 6 8

5

10

r (mm)

u
(m

s−
1
)

Mesh#1
Mesh#2
Mesh#3
Experiment

Figure B2: EAD jet velocity at z = −27.1 mm - or 5 mm downstream of the cathode

- for d = 20 mm and ∆VG = 12 kV. Comparison between laminar flows obtained on

different meshes and experiment data [45].
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