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I. INTRODUCTION

Dielectric Barrier Discharge (DBD) plasma actuators have been extensively used in flow control and shown to be effective at suppressing flow separation [START_REF] Walker | Mitigation of flow separation using DBD plasma actuators on airfoils: A tool for more efficient wind turbine operation[END_REF][START_REF] Grazia | Micro DBD plasma actuators for flow separation control on a lowpressure turbine at high altitude flight operating conditionsof aircraft engines[END_REF], controlling laminarturbulent transition [START_REF] Yarusevych | Effect of Local DBD Plasma Actuation on Transition in a Laminar Separation Bubble[END_REF][START_REF] Vatazhin | Effect of a dielectric barrier discharge on laminar-turbulent transition on a flat plate in a disturbed external flow[END_REF], and stabilising the wake flow [START_REF] Sidorenko | Plasma control of vortex flow on a delta wing at high angles of attack[END_REF]. As fully electrical devices with no moving parts, they can be installed easily and cheaply, and possess an unparalleled response time [START_REF] Kotsonis | Diagnostics for characterisation of plasma actuators[END_REF][START_REF] Jun | Recent developments in DBD plasma flow control[END_REF]. These actuators consist of a pair of electrodes arranged asymmetrically and separated by a dielectric sheet. A large AC voltage is used to ionise the air near the surface and the resulting charged particles are then accelerated by the strong electric field, imparting momentum to the neutral gas via collisions [START_REF] Boeuf | Electrohydrodynamic force and aerodynamic flow acceleration in surface dielectric barrier discharge[END_REF]. This generates an electrohydrodynamic (EHD) force, and can produce flows of up to 10 m/s [START_REF] Moreau | Airflow control by non-thermal plasma actuators[END_REF].

In order to maximally utilise this control effect under different conditions, a variety of electrode configurations have been investigated [START_REF] Moreau | Electric wind produced by surface plasma actuators: A new dielectric barrier discharge based on a three-electrode geometry[END_REF][START_REF] Wang | Three-dimensional effects of curved plasma actuators in quiescent air[END_REF]. One such example is the annular DBD plasma actuator, the axisymmetric counterpart to the more common linear DBD plasma actuator. The annular device produces axial jets perpendicular to the surface and has suggested promise as so-called virtual roughness elements used to control crossflow instability and laminar-turbulence transition [START_REF] Kwing | Plasma virtual roughness elements for cross-flow instability control[END_REF][START_REF] Yong Schuele | Control of stationary cross-flow modes in a Mach 3.5 boundary layer using patterned passive and active roughness[END_REF]. Here they mimic passive physical roughness elements by exciting subcritical wavelengths and thus increasing the stability of the mean velocity profile in the cross flow. However, they have the potential to be significantly more versatile, as their effective element height, which the stability mechanism is very sensitive to, can be actively controlled. Their ability to be readily manufactured into millimetric (even microscale) devices is one of the most promising advantages of DBD actuators over mechanical actuators. This provides the opportunity to directly control milli/microscale coherent structures and transition modes [START_REF] Sasaki | On the role of actuation for the control of streaky structures in boundary layers[END_REF], resulting in a distributed active control with an unprecedented efficiency and effectiveness. At present, DBD actuators represent probably the only active control method that could be implemented in this way without a prohibitive cost.

Whilst investigating the behaviour of these millimetric annular actuators a surprising phenomenon was observed in experiments [START_REF] Humble | Spatiotemporal structure of a millimetric annular dielectric barrier discharge plasma actuator[END_REF]. For millimetric actuators below a certain diameter, the direction of the perpendicular axial jet was reversed. This phenomenon has since been demonstrated for a variety of setups with an actuator diameter D ≤ 3 mm [START_REF] Kwing | Plasma virtual roughness elements for cross-flow instability control[END_REF]. However, the mechanism behind this reversal remained unclear. This underscores the current limited understanding of how millimetric geometry affects DBD discharge structure, whilst also highlighting the unexplored potential and versatility of these actuators. In part this can be ascribed to the challenges of investigating discharge mechanics at extremely small time and length scales, often O(∼ 10 -16 s) and O(∼ 1 µm), respectively. To overcome these challenges, in this work we use a 4-species plasma-fluid model to examine this phenomenon and its underlying mechanisms. We will show that the flow reversal at various diameters is due to the curvature of the actuator and the subsequent changes to the discharge structures. Via similar mechanisms, the flow direction is also dependent on the thickness of the electrode and the composition of the ambient gas. The efficiency of the actuator as a flow control device will also be revealed.

II. METHODOLOGY

In order to model the full discharge mechanics, we use the 4-species plasma-fluid model described in [START_REF] Dufour | Based Plasma Actuators for Flow Control : the Numerical Modeling of Dielectric Barrier Discharge Based Plasma Actuators for Flow Control : the COPAIER / CEDRE Example[END_REF] to solve the fluid equations for the electrons, neutrals, negative ions and positive ions. The number density of each species is calculated by solving their equivalent conservation equations, which can be written in the general form:

∂ t n i + ∇ • (n i v i ) = S i , (1) 
where n i and v i are the density and velocity of the i-th species, respectively. The right-hand term S i describes the chemistry source term accounting for the creation (or destruction) of the charged species due to chemical reactions. To reduce computational cost, the number of chemical reactions considered has been reduced to ionization, attachment, electron-ion and ion-ion recombination, describing the interaction between the electrons and the positive, negative and neutral particles. The rate coefficients as a function of reduced electric field were determined using BOLSIG+ [START_REF] Hagelaar | Solving the Boltzmann equation to obtain electron transport coefficients and rate coefficients for fluid models[END_REF], and the LXCat databases [START_REF] Phelps | Phelps database, LXCat[END_REF][START_REF] Pitchford | SIGLO database, LXCat[END_REF]. For collisional plasmas the magnetic and inertial terms of the momentum equation can be reasonably neglected, and thus the species' velocity can be calculated as

v i = µ i E + D i ∇n i n i , (2) 
where µ i and D i are the mobility and diffusion coefficients of the considered species, respectively. E is the electric field and can be obtained by solving a Poisson equation:

∇ • (ε∇φ) = -∇ • (εE) = i n i q i , (3) 
where ε is the material permittivity, q i is the charge of the i-th species, and φ is the electric potential. Finally the induced body force can be calculated as

F = i n i q i E (4) 
This model has been qualitatively verified for atmospheric pressure plasma discharges [START_REF] Dufour | Based Plasma Actuators for Flow Control : the Numerical Modeling of Dielectric Barrier Discharge Based Plasma Actuators for Flow Control : the COPAIER / CEDRE Example[END_REF], and has been used for detailed descriptions of linear DBD plasma actuators and related EHD force production [START_REF] Kourtzanidis | The ElectroHydroDynamic force distribution in surface AC Dielectric Barrier Discharge actuators: do streamers dictate the ionic wind profiles?[END_REF][START_REF] Kourtzanidis | Self-consistent modeling of a surface ac dielectric barrier discharge actuator: In-depth analysis of positive and negative phases[END_REF]. Models which utilise the same assumptions have been extensively validated with experimental findings [START_REF] Mushyam | A plasma-fluid model for EHD flow in DBD actuators and experimental validation[END_REF][START_REF] Nakai | Validity of three-fluid plasma modeling for alternating-current dielectric-barrier-discharge plasma actuator[END_REF].

As the timescales of the discharge (∼ 10 -12 s) and induced flow field (∼ 10 -4 s) are several orders apart, it is reasonable to solve them separately to reduce the computational cost. We therefore use the cycle-averaged EHD force distribution, F , obtained after reaching a periodic state in conjunction with the incompressible Navier-Stokes equations,

∂u ∂t = -∇p -(u • ∇)u + ν∇ 2 u + F , (5) 
where p is pressure and ν is kinematic viscosity, to solve the resulting fluid flow under ambient conditions. To further reduce the computational cost of resolving the associated time and length scales, an axisymmetric formulation was used, with r and y denoting the radial and axial directions, respectively. As experimental results show that the flow field is nearly axisymmetric we take this forcing to be a representative average in the azimuthal direction, even though a three-dimensional spatio-temporal structure of the discharge has been observed [START_REF] Humble | Spatiotemporal structure of a millimetric annular dielectric barrier discharge plasma actuator[END_REF]. In all numerical cases described below the applied voltage is sinusoidal with an amplitude of 2 kV at a frequency of 40 kHz, the dielectric constant, ε r , is fixed to 3.5, and the dielectric and electrode thicknesses are 150 µm and 50 µm, respectively. The computational domain is given in figure 1, where the upper and lower electrodes and the dielectric are shown.

To ensure mesh independence, this mesh was compared with two larger meshes which contained ≈ 50% and 100% more elements. In both cases the spatially-averaged EHD force and charge density of a sample configuration were found to vary less than 1.4% and 2.9%, respectively.

III. FLOW REVERSAL

In this section we will use the model described above to examine the reversal of axial flow direction due to differences in the diameter of the actuator D, the thickness of the electrode h and the fraction of oxygen in the ambient gas (only oxygen and nitrogen are considered) O 2 .

Figure 2 compares the contrasting velocity fields at various D with h = 50 µm and O 2 = 20%. There are two distinct flow regimes with no smooth transition being observed in between: an outward one at diameters D ≥ 2 mm where the axial jet is directed away from the actuator, and an inward one at D ≤ 1.5 mm where the axial jet is directed towards the actuator. In the outward regime, fluid near the exposed electrode edge is accelerated towards the dielectric generating a jet tangential to the surface. However, due to the axisymmetric geometry the colliding tangential jets are redirected as a positive axial jet [START_REF] Santhanakrishnan | Flow control with plasma synthetic jet actuators[END_REF]. On the other hand, in the inward regime the flow near the electrode is accelerated away from the dielectric surface leading to the formation of a quasi-stationary vortex ring, as well as the striking reversal of the axial jet. The reversal of flow direction near the electrode edge where the induced EHD force is generated indicates this phenomenon results from a change in the discharge structure, which will be confirmed in the following sections. We also observe the formation of small recirculation zones attached to the surface near the electrode edge at D = 1.5 mm as the threshold diameter for the flow reversal is approached. It will be shown in §IV that this is due to the balance of the inward and outward EHD forcing components.

In each regime, the jet flow at various diameters shows a self-similar pattern. To confirm, the radial distributions of the axial velocity are normalised by their absolute maximum, as shown in figures 3(a) and (b). The outward jets approach a self-similarity at y/D = 2, and can be approximately fitted by cosh -2 (Ar/D), agreeing well with previous works on plasma induced jets [START_REF] Liu | Flow characteristics of synthetic jet induced by plasma actuator[END_REF], as well as mechanical synthetic jets [START_REF] Smith | The formation and evolution of synthetic jets[END_REF]. The inward regimes also show reasonable self-similarity at y/D = 0.5 although there is a deviation as r/D approaches 1, especially at the threshold diameter D = 1.5 mm. The axial distribution of the normalised centreline velocity is shown in figure 3(c). Once more strong self-similarity between the regimes can be observed. The outward jet accelerates rapidly until approximately y/D = 0.5, 
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The axial velocity normalized by its absolute maximum, denoted as after which the velocity plateaus. The decay of the centreline velocity is not observed due to the size of the domain. On the other hand, the inward flow approaches its maximum magnitude at y/D = 0.35 before decaying.

U y /U ymax , at O 2 = 20%, h =
To examine the development of each jet with the distance from the surface, the crosssectional distributions of the axial velocity U y for various D are shown in figures 4(a)-(d ). Close to the surface, the jets exhibit an annular peak structure with the maximum axial velocity occurring off-centre. As the jet develops further from the actuator surface, the diameter of the annular structure reduces until the peak converges to the centre, which occurs at y/D = 0.5 and y/D = 2 for the inward and outward jets, respectively.

To quantify the effect of D on the induced flow, the wall-normal velocity distributions are plotted in figure 4(e). The maximum outward jet velocity was achieved for D = 2.5 mm, whilst the maximum inward jet velocity was achieved for D = 0.5 mm (the smallest actuator tested), suggesting a potential for further improvements at smaller diameters. However, in general, the jet velocity is significantly reduced for the inward regime with the representative velocity (≈ 0.2 m/s) significantly below that of the outward regime (≈ 2 m/s), matching well with experiments [START_REF] Kwing | Plasma virtual roughness elements for cross-flow instability control[END_REF][START_REF] Humble | Spatiotemporal structure of a millimetric annular dielectric barrier discharge plasma actuator[END_REF]. It should be noted that the threshold diameter for a reversal in flow direction was found to be less than those found in experiments (≈ 3 -5 mm) [START_REF] Kwing | Plasma virtual roughness elements for cross-flow instability control[END_REF][START_REF] Humble | Spatiotemporal structure of a millimetric annular dielectric barrier discharge plasma actuator[END_REF], due to the differences in the discharge regime, as well as actuator geometries, dielectric material and operating conditions, which change the threshold of the diameter as will be illustrated below.

The reversal from inward jet to outward one is also found by reducing electrode thickness h. As shown in figure 5, where D = 1 mm and O 2 = 20%, the flow transitions from the inward flow regime at h = 50 µm to the outward flow regime at h = 15 µm. At h = 25 µm, recirculation zones near the exposed electrode edge are formed and spread across the actuator surface until the axial flow direction reverses. There are some differences between the velocity fields of outward flow regimes at low electrode thicknesses and those of the larger diameter cases in Figure 2. Instead of being drawn tangentially from close to the surface it has a significant wall-normal component forming a vortex close to the electrode edge.

The threshold for the reversal of axial flow direction is not uniquely defined by the actuator geometry but is dependent on the gas-fraction at which the actuator is operated. Figure 6 shows the velocity fields induced by actuators with D = 1 mm and h = 50 µm operating at different ambient gas-fractions with a transition between an inward and an outward regime being observed. As described above air is treated as a pure N 2 -O 2 mixture, and as the oxygen content drops to 50% recirculation regions form indicating the threshold for the flow reversal is being approached. The outward jet is associated with a similar entrainment behaviour as observed at low electrode thickness in figure 5, with vortices close to the surface and flow drawn largely vertically.

Overall in this section, we report the reversal of the axial jet induced by plasma actuators from outward to inward at smaller actuator diameter, thicker upper electrode or lower oxygen fraction. For all the three cases of reversals, the outward jet is strong and concentrated while the inward one is much weaker.

IV. EHD FORCING

As the Navier-Stokes equation ( 5) is driven by the cycle-averaged EHD forcing term F , the flow reversal has to be from the variation of the forcing. In this section, the spatial distribution of this forcing will be examined to track the flow reversal.

The cycle-averaged radial and axial EHD forcing distributions denoted as F r and F y are shown in figure 7 for actuators of different diameters. It is apparent that there are opposing regions of forcing in close proximity. As there is an overlap for each forcing component, it can be useful to define two principal regions: the "inward forcing" with F r > 0 and F y > 0 located close to the exposed electrode edge, and the "outward forcing" with F r < 0 and F y < 0 along the dielectric surface. If imposed independently, the inward forcing would produce an axial jet towards the actuator whilst the outward forcing would produce an axial jet away from the actuator. Therefore the competition between these two forcings results in the two distinct flow regimes. As the actuator diameter drops below 2 mm, there is a significant suppression of the outward forcing, whilst the inward forcing expands, albeit to a lesser extent, resulting in the eventual domination of the inward forcing. We also note a small region of negative axial forcing at the corner of the exposed electrode without a corresponding region of negative radial forcing. This region is also suppressed at small diameters and will be discussed further in the following. The forcing components of figure 7 are then integrated over the entire domain. As shown in figure 8, for DBD plasma actuators with large diameters, both the spatial-integrated radial and axial forcing components are negative and approximately constant with diameter, with the radial forcing significantly larger. As such, large diameter actuators produce outward jets as they generate a negative radial forcing. However, as the actuator diameter decreases below 2 mm there is a sudden decrease in the magnitude of both the negative radial and negative axial forcing components, leading to a positive net radial forcing, and a small negative net axial forcing. Here the two opposing forcings are closer in magnitude, suggesting that the actuators become inefficient in generating flow control authority, which will be further discussed in §VI.

The variation of the cycle-averaged EHD forcing with respect to the electrode thickness h is then examined, as shown in figure 9. As h reduces, the region occupied by the outward forcing increases significantly whilst that by the inward forcing changes slightly, similar with the trend as D increases (see figure 7). At h = 15 µm, this disproportional change in the radial forcing results in the dominance of the outward flow regime and subsequently the reversal of the jet (see figure 6). We also observe a small region of negative axial forcing at the electrode edge. At small h this region grows disproportionately compared to the inward forcing and accounts for an increased entrainment described in figure 5. By examining the discharge, the growth of this region was found to result from an increase in the number of negative ions present during the positive discharge (see §VI for further discussions).

The distribution of EHD forcing at different ambient gas-fractions at fixed actuator geometry (D = 1 mm and h = 50 µm) is then studied to reveal the mechanism of flow reversal presented in figure 6. As the proportion of oxygen decreases, the outward forcing shrinks, as shown in figure 10. After a threshold value at around O 2 = 50%, the outward forcing region abruptly reduces in size, rendering the inward forcing dominating the flow. We also observe a negative axial forcing volume near the electrode edge. As in figure 9, the growth of this region results from an increase in the negative ions density during the positive discharge, which will be discussed further in §VI. 

V. DISCHARGE STRUCTURE

From the discussion in §III and §IV, it is clear that the reversal from outward to inward jet at smaller D, thicker h and lower O 2 stems from similar changes of the EHD forcing structures around the electrode. In this section, the discharge structure is illustrated to reveal the plasma mechanism resulting in the changes of the EHD forcing. To avoid redundancy, only the effect of the diameter will be discussed, where the upper electrode thickness and the gas-fraction will be fixed at h = 50 µm and O 2 = 20%, respectively.

By their nature AC-DBD discharges are cyclical and largely antagonistic [START_REF] Boeuf | Electrohydrodynamic force in dielectric barrier discharge plasma actuators[END_REF][START_REF] Yang | Geometry effects of sdbd actuator on atmospheric-pressure discharge plasma airflow acceleration[END_REF]. Therefore, to fully understand how this forcing topology is generated, the time variation of the forcing over an AC cycle must be known, as shown in figure 11. There are two periods of significance: the positive-going positive quarter cycle and the negative-going negative quarter cycle. These periods are termed the "positive discharge" and "negative discharge", respectively. During both periods, the potential difference across the electrodes is continuously increasing allowing for successive discharges to occur and then subsequently be quenched by a build-up of dielectric surface charge. However, it is the imbalance of these discharges which leads to the resultant EHD force [START_REF] Thomas | Dielectric Barrier Discharge Plasma Actuators for Flow Control[END_REF]. Due to relatively low applied voltage used in this study, transition to a streamer regime (where the developed space charge generates a significant additional electric field resulting in a 3D finger-like discharge structure) was not observed in our investigation [START_REF] Siliprandi | Characterization of the streamer regime in dielectric barrier discharges[END_REF].

An inspection of the positive sub-cycle reveals that the positive ion cloud expands along the dielectric surface generating a large negative radial forcing volume. Simultaneously, the negative ions are driven towards the electrode contributing to the positive radial forcing. However, due to a larger number of positive ions the negative radial forcing dominates this sub-cycle. Conversely, during the negative sub-cycle, highly mobile electrons charge the dielectric much more rapidly, repeatedly quenching the discharge. This leads to short repetitive cycles of localised discharge formation and extinction. In this sub-cycle, we observe the positive ions are responsible for the majority of the forcing, and therefore this sub-cycle is dominated by localised positive radial forcing. The discharge in the positive sub-cycle becomes intermittent and less intense for small diameter annular actuators as seen in figure 11. For large diameter annular actuators, however, there is a continuous smooth positive glow regime unless interrupted by streamer discharges (which only occur above a threshold applied voltage [START_REF] Debien | Streamer inhibition for improving force and electric wind produced by dbd actuators[END_REF] and are not observed in this study). In contrast, the negative sub-cycle is always dominated by a small number of successive microdischarges. For small diameter actuators, therefore, the increased fragmentation of the positive discharge gives rise to a greater reduction in the radial forcing magnitude leading to the cycle forcing being dominated by the negative discharge.

An alternative way to visualise a discharge is a Lissajous or VQ plot as shown in figure 12 [START_REF] Biganzoli | Experimental investigation of Lissajous figure shapes in planar and surface dielectric barrier discharges[END_REF]. Here, the total charge is calculated by cumulatively integrating the current, whilst the voltage is taken from the applied boundary conditions. When the imposed electric field is too small for plasma generation, the actuator acts as a purely capacitative cell and the total charge varies linearly with the applied voltage. However, if the voltage amplitude increases enough for the electrical breakdown of air to occur, the gradient of the Lissajous curve increases, and for a filamentary DBD discharge such a curve forms a parallelogram. For a glow regime discharge, small number of current pulses mean that this parallelogram becomes increasingly stepped [START_REF] Hao | Lissajous figures of glow and filamentary dielectric barrier discharges under high frequency voltage at atmospheric pressure in helium[END_REF]. The area enclosed by the parallelogram gives the energy dissipated per cycle, while effective capacitances can be calculated from the gradients.

The most obvious feature between different diameter actuators is the increased microdischarge intensity during the negative sub-cycle for outward-flow cases (D = 2 and 5 mm). After the breakdown the dielectric begins to charge until a maximum value is reached. For small diameter actuators the negative sub-cycle is largely symmetric with the positive discharge. On the other hand, for large diameter actuators the microdischarges are significantly more energetic, rapidly charging the dielectric.

The extent of the negative charging of the dielectric is determined by the discharge intensity [START_REF] Paniel | Relative residual charge distribution and the corresponding discharge image of a surface dbd[END_REF], which increases with the actuator diameter. The presence of microdischarges also prevents the cycle being perfectly periodic, as their intensity oscillates aperiodically, leading to small discontinuities in the VQ plot for the case D = 2 mm. Despite their intensity, these microdischarges did not significantly increase the average positive radial forcing component. In fact a slight decrease in the positive radial forcing was observed (see figure 8). Their short time scales mean the instantaneous forcing increase during the microsdischarges is compensated by the reduced discharge intensity in between peaks due to the increased surface charge deposition quenching the electric field. This is consistent with previous observations that the low-current glow regime, rather than high-current microdischarges, is responsible for the majority of EHD force production in a DBD discharge [START_REF] Boeuf | Electrohydrodynamic force in dielectric barrier discharge plasma actuators[END_REF][START_REF] Debien | Streamer inhibition for improving force and electric wind produced by dbd actuators[END_REF].

To investigate this further, figure 13 compares the instantaneous structures of the negative discharge for both a D = 1 mm and D = 2 mm actuator. For the D = 2 mm case, positive ions populate the near-electrode zone and electrons charge rapidly the dielectric surface allowing for space charge separation and the initiation of an intense (compared to the D = 1 mm case) microdischarge. In each micro-discharge pulse, the plasma burns rapidly attached to the corner of the exposed electrode (similar to a cathode layer) until it relaxes by expanding on the dielectric. The negatively charged dielectric repels the positive ions and a thin negative ion layer forms attached to the dielectic surface. This is in very good agreement with the numerical work of [START_REF] Kourtzanidis | The ElectroHydroDynamic force distribution in surface AC Dielectric Barrier Discharge actuators: do streamers dictate the ionic wind profiles?[END_REF][START_REF] Kourtzanidis | Self-consistent modeling of a surface ac dielectric barrier discharge actuator: In-depth analysis of positive and negative phases[END_REF] where similar behavior has been observed in linear DBDs -the reader can find additional details on the (intense) microdischarge evolution in these references. On the other hand, for the D = 1 mm case, a smaller plasma volume can be observed. This is also intermittent, but has a higher level of persistent space charge in between microdischarges, and no negative charge layer is observed owing to the less intense nature of the microdischarge pulses. Negative ions generate a negative radial force opposite to that induced by the positive ions, this is beneficial in generating a strong outward jet as it encourages an asymmetrical discharge, and thus a strong resultant force. The absence of negative ions during the negative discharge of small diameter actuators compensates for their reduced positive plasma volume, and results in a consistent positive radial forcing generated during this cycle.

Although the structure of the negative-cycle microdischarges do not pronouncedly modify the positive radial forcing, the distribution of the deposited dielectric surface charge changes significantly. Figure 14 shows how the surface charge is distributed across the dielectric after each period of activity. The discharge propagation over the dielectric surface in both sub-cycles is suppressed for smaller diameter actuators. However, the presence of residual positive/negative charge deposited during the previous discharge cycle indicates that the positive discharge propagates further than the negative discharge for small diameter actuators, whereas the opposite is true for actuators with D ≥ 2 mm. This increased propagation of the negative discharge for large diameter actuators is a result of the more intense nature of the micro-discharges which leads to the propagation of the plasma on the dielectric surface. We note again that this mechanism in large diameters agrees well with linear DBD operation during the negative cycle [START_REF] Kourtzanidis | The ElectroHydroDynamic force distribution in surface AC Dielectric Barrier Discharge actuators: do streamers dictate the ionic wind profiles?[END_REF][START_REF] Kourtzanidis | Self-consistent modeling of a surface ac dielectric barrier discharge actuator: In-depth analysis of positive and negative phases[END_REF].

As DBD discharges are advection dominated, especially at high frequencies [START_REF] Alexandre V Likhanskii | Modeling of dielectric barrier discharge plasma actuator in air[END_REF], the current density can be well approximated by a scalar multiple of the electric field. Figure 15 shows that as the actuator diameter decreases, the electric field lines become increasingly curved, directly affecting the proportion of the radial and axial components of the current density. More specifically, the axial component and thus the rate of dielectric charging relatively increases at small actuator diameters, whilst the proportion of charge driven downstream from the electrode decreases.

Figure 16 illustrates how this affects the positive and negative discharges unevenly. Figure 16(a) shows how the positive discharge is repeatedly quenched by the more rapid build-up of surface charge at small diameters, making it increasingly intermittent. This reduces the time the positive ion cloud can propagate along the dielectric surface, significantly reducing the space charge volume and thus the EHD forcing compared to the larger diameter cases shown in Figure 16(b). For the negative discharge the increased rate of charging also quenches the electric field, reducing microdischarge intensity, as shown in Figure 16(c). However, as the short timescales of microdischarges prevent effective force generation, the development of less intense and more numerous current and forcing peaks has a limited effect on the forcing generated during this sub-cycle. Additionally, the increased quenching also disproportionately inhibits the production of negative ions, due to their higher ionisation threshold. The absence of negative ions prevents propagation over the surface and significantly reduces the extent of negative charging of the dielectric. This further inhibits the propagation of the subsequent positive discharge. Also, as shown in Figure 16(d), the negative ions behave antagonistically and reduce the positive radial force generated during the negative cycle at larger diameters. The overall result is a positive radial force led by the negative discharge which dominates the cycle for small diameter actuators.

VI. ACTUATOR FORCING EFFICIENCY AND EFFECTIVENESS

The performance of a DBD plasma actuator is dependent on the discharge asymmetry between positive and negative sub-cycles, as well as discharge intensity. The EHD forcing can be directly linked to the current density as

F = i J i /µ i , (6) 
where J i and µ i are the i-th species' current density and mobility, respectively. In order to give an independent measure of the discharge intensity which is not affected by changes to the discharge asymmetry, it is useful to define the absolute radial force

F abs = F + + |F -|, (7) 
where F + and F -are the time-averaged space-integrated radial forcing in the positive and negative sub-cycles, respectively. This allows for the definition of the absolute forcing efficiency as η = F abs /P [START_REF] Boeuf | Electrohydrodynamic force and aerodynamic flow acceleration in surface dielectric barrier discharge[END_REF] and the forcing effectiveness as = F r /F abs ,

where P and F r are the power consumption and resultant radial forcing, respectively. Figure 17 examines how the absolute and resultant radial forcing, as well as the associated absolute forcing efficiency and effectiveness of a base case (D = 1 mm, h = 50 µm, O 2 = 20%) vary with respect to D, h and O 2 .

In figure 17(a) the absolute radial forcing increases with diameter up to a maximum of ≈ 3.9 mN/m at D = 3 mm after which it plateaus. As the actuator diameter is increased, less current is directed towards the dielectric surface leading to reduced quenching as described in §V. This leads to an increased discharge intensity in the positive sub-cycle and thus an increase in the absolute radial force. Increasing the ambient oxygen content also increases the absolute radial forcing, as shown in figure 17(e). This is because an increasing proportion of oxygen increases the rate of production of both negative and (to a lesser degree) positive ions [START_REF] Pancheshnyi | Effective ionization rate in nitrogen-oxygen mixtures[END_REF], thus increasing the discharge intensity during both sub-cycles. However, figure 17(c) shows that the absolute radial force is insensitive to electrode thickness.

Whilst the absolute forcing is related to the discharge intensity, it is the resultant forcing which determines the direction and strength of the axial jet as shown in §IV. As well as the discharge intensity, the resultant radial forcing is a function of the asymmetry between the positive and negative discharges. Figure 17(a) shows that for small diameter actuators the resultant radial forcing is small, positive, and approximately constant. As the actuator diameter increases to D = 2 mm there is a sudden decrease in the resultant radial forcing caused by the reduced rate of dielectric charging and the increasing intensity of negativecycle microdischarges, as described in §V. For D ≥ 2mm the resultant forcing remains negative and approximately constant. In figure 17(c), as the electrode thickness decreases, even though the absolute radial force remains approximately constant, the resultant radial forcing steadily decreases. The thin upper electrode increases the local electric field at the electrode edge and leads to increased local production of both positive and negative ions and the development of a stronger localised space charge. This encourages the development of more intense negative-cycle microdischarges for the same applied voltage. At h = 15 µm the development of these negative sub-cycle microdischarges increase the negative radial forcing generated during the positive sub-cycle, causing the resultant forcing to reduce significantly and become negative, and the direction of the axial flow to reverse. Similarly in figure 17(e), as the ambient oxygen content increases so does the production of both positive and negative ions encouraging more intense negative sub-cycle microdischarges. As the oxygen content reaches 60%, the development of these negative sub-cycle microdischarges leads to a negative resultant force and a reversal of the axial flow direction. The forcing distributions in each sub-cycle are also affected by the larger production of negative ions, with larger regions of positive radial forcing generated during the positive discharge and negative radial forcing during the negative discharge. Additionally, the increased production of negative ions for actuators with small h and high O 2 leads to an increase in negative ion density during the positive discharge. This modifies the negative axial force near the electrode edge and thus the flow entrainment behaviour of the outward jet seen in §III.

An actuator's effectiveness is also a function of discharge asymmetry, with a more asymmetrical, less antagonistic discharge leading to an increased effectiveness. Whilst the effectiveness is zero at the point of axial flow reversal as no resultant radial force is generated. The presence of more intense negative-cycle microdischarges significantly increases the effectiveness for actuators with large diameter or small electrode thickness. This is be-cause they exacerbate discharge asymmetry by inciting a more intense positive discharge without significantly increasing the EHD force induced during the negative sub-cycle. As this is the same mechanism behind the development of an outward jet, outward jets are typically more effective than inward jets. However, this is not the case for 1 mm diameter actuators operating at high ambient oxygen content generating an outward jet. We notice from figure 10 that the discharge has propagated all the way to the centre of the actuator limiting any further extension of the positive discharge, and therefore any further increase in effectiveness.

The absolute forcing efficiency η measures how efficiently the input power is converted into discharge intensity. In figure 17(b) the absolute forcing efficiency increases with actuator diameter up to a value of 8 µN/W at D = 4 mm. Meanwhile, increasing the oxygen content for a 1 mm diameter actuator also increases the forcing efficiency, as shown in figure 17(f ). However in figure 17(d ) we observe the absolute efficiency is largely constant with h until the formation of the constricted high-current negative-cycle microdischarges at h = 15 µm, which results in a significant drop in forcing efficiency.

VII. CONCLUSION

The flow reversal effect initially identified in [START_REF] Humble | Spatiotemporal structure of a millimetric annular dielectric barrier discharge plasma actuator[END_REF] has been investigated using a 4-species numerical model, and the underlying mechanism is revealed. We found that the cause of the reversal of axial flow is the increased electric field line curvature of small diameter actuators, which leads to a relative increase in the dielectric charging and increased quenching. This impedes the ion cloud growth over the surface during the positive sub-cycle, and significantly reduces microdischarge intensity during the negative sub-cycle. These effects suppress the generation of negative radial forcing during the positive sub-cycle resulting in a net positive radial cycle-averaged force and thus the development of the inward jet.

It is also found that a reversal of the axial flow direction can be induced by varying the exposed electrode thickness h and ambient gas-fraction O 2 , which modify the intensity of negative sub-cycle microdischarges. Reducing the electrode thickness increases the local electric field near the electrode edge, leading to the increased local production of both negative and positive ions. Similarly, a higher oxygen content increases the rate of production of both positive and negative ions, due to oxygen's higher ionisation and attachment rates for the same reduced electric field. In both cases negative sub-cycle microdischarges are encouraged as it is favourable for the development of an outward jet.

Both the fully developed inward and outward jets exhibit self-similarity. The inward jets have a reduced magnitude (approximately 10% of the outward jet), reaching a maximum velocity magnitude at y/D = 0.3. Whilst the outward jets are stronger and approach their maximum value at y/D = 0.5, with a significantly increased vertical penetration, indicating that they would be more effective in flow control. The radial distributions of both jets could be described by hyperbolic cosine functions consistent with previous works, although there is a deviation for inward regimes as r/D approaches 1. The transition between the two regimes is abrupt in al the cases, and is found to be dictated by the radial forcing, with negative radial forcing leading to an outward jet, and positive radial forcing leading to an inward jet. As the threshold of transition is approached, recirculation zones can be identified near the electrode edge and spread across the dielectric surface.

FIG. 1 .

 1 FIG.1. The computational domain for the simulation of an actuator with diameter D and thickness h. Blue: fluid, Green: dielectric material, and Grey: electrodes. The full computational domain for an actuator with D = 1 mm and h = 50 µm extends from (r, y) = (0 mm, -0.15 mm) to (6.5 mm, 8 mm) and contains 58796 elements of which 46136 are in the fluid domain.
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 2 FIG. 2. The axisymmetric flow induced by annular DBD actuators with diameters D = 2 mm, 1.5 mm, 1 mm, and 0.5 mm for (a)-(d ), respectively. The ambient gas-fraction is O 2 = 20% and the thickness of the electrode is h = 50 µm. The grey regions denote the exposed electrode positions. The velocity is normalized by its absolute maximum.

  FIG. 3.The axial velocity normalized by its absolute maximum, denoted asU y /U ymax , at O 2 = 20%, h =50 µm and D = 0.5 ∼ 5 mm. (a) The radial distributions in the outward regime at y/D = 2, (b) the radial distributions in the inward regime at y/D = 0.5, and (c) the axial distributions at r = 0.

FIG. 4 .

 4 FIG. 4. The dimensional axial velocity U y at D = 0.5 ∼ 5 mm, O 2 = 20% and h = 50 µm. (a)-(d ) The radial distributions at y/D = 0.3, 0.5, 1 and 2, and (e) axial distributions at r = 0.
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 5 FIG. 5. The axisymmetric flow induced by annular DBD actuators operating at O 2 = 20% with D = 50 mm and h = 15 µm, 20 µm, 25 µm and 50 µm for (a)-(d ), respectively. The grey regions denote the exposed electrode positions. The velocity is normalized by its absolute maximum.
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 6 FIG. 6. The axisymmetric flow induced by annular DBD actuators operating under ambient gasfraction O 2 = 70%, 60%, 50% and 20% for (a)-(d ), respectively, with h = 50 µm and D = 1 mm. The grey regions denote the exposed electrode positions. The velocity is normalized by its absolute maximum.
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 78 FIG. 7. Cycle-averaged distributions of (a) radial EHD forcing component F r and (b) axial EHD forcing component F y for actuators with h = 50 µm and O 2 = 20%. The diameter is D = 3, 2.5, 2, 1.5, 1, and 0.5 mm from top to bottom. Red: ≥ 10 kN mm -3 , Blue: ≤ -10 kN mm -3 .
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 910 FIG. 9. Cycle-averaged distributions of (a) radial EHD forcing component F r and (b) axial EHD forcing component F y with D = 1 mm and O 2 = 20%. The electrode thickness is h = 15 µm, 20 µm, 25 µm, and 50 µm from top to bottom. Red: ≥ 10 kN mm -3 , Blue: ≤ -10 kN mm -3 .

FIG. 11 .

 11 FIG. 11. Space-integrated radial EHD forcing over a single AC cycle with h = 50 µm and O 2 = 20%. The dotted line represents the excitation voltage.
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 12 FIG.12. Total charge against applied voltage over a single AC cycle with h = 50 µm and O 2 = 20%.

25 R

 25 FIG. 13. Instantaneous charge density distributions and instantaneous electric field for a D = 1 mm and D = 2 mm actuator. Charge density is denoted by coloured contours -100 µC/mm 3 (blue) -100 µC/mm 3 (red), whilst the electric field is denoted by black lines.

FIG. 14 .

 14 FIG. 14. Spatial distributions of surface charge with h = 50 µm and O 2 = 20% at (a) t = T /4 and (b) t = 3T /4.

  FIG. 15. The electric field lines for annular DBD actuators with h = 50 µm, O 2 = 20% and (a) D = 0.5 mm and (b) D = 5 mm.

FIG. 16 .

 16 FIG. 16. Illustration of the effect of increased electric field line curvature on the EHD force production of annular DBD actuators. Electric field lines are coloured by electric field strength. (a) The Increased electric field line curvature of small diameter actuators leads to an increased rate of dielectric charging and thus repeated quenching of the positive discharge and a reduction in the negative radial EHD force production. (b) For large diameter actuators, the positive ion cloud can expand over the dielectric surface during the positive discharge leading to a large negative radial EHD forcing volume. (c) The Increased electric field line curvature of small diameter actuators leads to a reduction in microdischarge intensity and negative ion production, during the negative discharge. (d) For large diameter actuators, the negative-cycle mircodischarges are more intense, leading to the production of negative ions which encourage an asymmetrical discharge.

2 ηFIG. 17 .

 217 FIG. 17. (a),(c), and (e): The absolute and relative radial force; (b),(d ), and (f ): the efficiency η and effectiveness . The default parameters are D = 1 mm, O 2 = 20% and h = 50 µm.
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