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Electrostatic actuation is used for real-time multiphysics feedback control of two-fluid coaxial atomization. This actuation is added to the modulation of the axial and angular momentum of the turbulent coaxial gas stream, for a total of three actuators to control atomization. We characterize the spray real-time response through optical scattering measurements of radial liquid distribution.

We apply principal component analysis on the scattering radial profiles and correlate the first three principal components to the three control inputs. The control algorithm continuously adjusts the three inputs to minimize the difference between a goal radial profile representing the desired spray state and the profile observed in real time. This real-time multiphysics (gas momentum plus electrostatic repulsion) control on the liquid distribution in a two-fluid coaxial spray is a novel contribution to the archival literature on this technology.

INTRODUCTION

Liquid atomization is ubiquitous in both the natural world and technological applications (e.g. fuel injection, thin film coating, irrigation, manufacturing). Yet, in spite of its widespread use, the development of real-time feedback control strategies for spray shaping remains a challenge, with many open questions and opportunities for development in this area [START_REF] Arai | The Possibility of Active Attitude Control for Fuel Spray[END_REF]. In particular, controlling the liquid volume fraction distribution in time and space is still an elusive objective.

This paper extends the authors' earlier work (Osuna-Orozco et al., 2019) on real-time feedback control of coaxial atomization by adding an electrostatic actuation as well as expanding the range of parameters over which the spray is controlled.

Both coaxial [START_REF] Aliseda | Atomization of viscous and non-newtonian liquids by a coaxial, high-speed gas jet. Experiments and droplet size modeling[END_REF][START_REF] Eggers | Physics of liquid jets[END_REF][START_REF] Lasheras | Break-up and atomization of a round water jet by a high-speed annular air jet[END_REF][START_REF] Marmottant | On spray formation[END_REF] and electrostatic [START_REF] Cloupeau | Electrohydrodynamic spraying functioning modes: a critical review[END_REF][START_REF] Gañán-Calvo | Review on the physics of electrospray: From electrokinetics to the operating conditions of single and coaxial Taylor cone-jets, and AC electrospray[END_REF][START_REF] Grace | A review of liquid atomization by electrical means[END_REF][START_REF] Kien Nguyen | Control and improvement of jet stability by monitoring liquid meniscus in electrospray and electrohydrodynamic jet[END_REF][START_REF] Manna | Primary atomization of electrified water sprays[END_REF][START_REF] Rosell-Llompart | Electrosprays in the cone-jet mode: From Taylor cone formation to spray development[END_REF][START_REF] Verdoold | A generic electrospray classification[END_REF] atomizers have been the subject of intensive study in the last few decades. More recently, there has been increasing efforts to develop hybrid atomizers that include gas flow forcing as well as an electrostatic component [START_REF] Fei | Graphene Oxide Involved Air-Controlled Electrospray for Uniform, Fast, Instantly Dry, and Binder-Free Electrode Fabrication[END_REF][START_REF] Kourmatzis | Combined aerodynamic and electrostatic atomization of dielectric liquid jets[END_REF][START_REF] Li | Temporal instability of coflowing liquid-gas jets under an electric field[END_REF][START_REF] Patel | An Volume x[END_REF][START_REF] Patel | Plausibility of variable coverage high range spraying: Experimental studies of an externally air-assisted electrostatic nozzle[END_REF][START_REF] Seong | A hybrid aerodynamic and electrostatic atomization system for enhanced uniformity of thin film[END_REF]. These studies have revealed a wide range of atomization regimes that can be attainable with a rather simple atomizer geometry. Moreover, there has been an intense effort in developing control strategies for a variety of sprays, most notably, for fuel injection in combustion systems [START_REF] Billoud | Adaptive Active Control of Combustion Instabilities[END_REF][START_REF] Coker | Active instability control effectiveness in a liquid fueled combustor[END_REF][START_REF] Conrad | Feasibility of "intermittent" active control of combustion instabilities in liquid fueled combustors using a "smart" fuel injector[END_REF][START_REF] Jones | Closed-loop active control of combustion instabilities using subharmonic secondary fuel injection[END_REF][START_REF] Mcmanus | A review of active control of combustion instabilities[END_REF][START_REF] Muruganandam | Active control of lean blowout for turbine engine combustors[END_REF][START_REF] Murugappan | Optimal control of a swirl-stabilized spray combustor using system identification approach[END_REF].

Here, we present results for an electrostatically assisted two-fluid coaxial atomizer, where three control inputs shape the spray liquid distribution in real-time feedback. The sensing of the spray state is done through optical scattering, measuring a radial profile of liquid volume fraction at 18.5 gas diameters downstream of the nozzle. Applied voltage on the far field is actuated on, in addition to the actuation on the swirl and no-swirl gas flow rates. 

Atomization and Sprays

EXPERIMENTAL SETUP

Atomizer and flow loop

The two-fluid coaxial atomizer used in this work has been characterized extensively [START_REF] Machicoane | Synchrotron radiography characterization of the liquid core dynamics in a canonical two-fluid coaxial atomizer[END_REF]Osuna-Orozco et al., 2019). For the electrostatic actuation, the nozzle is placed between two parallel metallic plates and a voltage, variable between 0 and 25 kV, is equally applied to both of them, while the nozzle remains grounded This electrohydrodynamic multiphase flow can be characterized in terms of three dimensionless groups: the gas-to-liquid momentum ratio M = ρ g U 2 g /ρ l U 2 l , the swirl ratio SR = Q ns /Q sw , and the ratio of electric to surface tension energy, Γ =

σ 2 0 / 0 γ/r0
, where the subscripts g and l denote the gas and liquid phases respectively, ρ i are the mass densities. The mean velocities, U i , are calculated from the volume flow rates Q i , the subscripts ns and sw denote the no-swirl and swirling components of the gas flow rate respectively, and γ is the surface tension between the liquid and gas phases. For the electrostatic variables, σ 0 is the surface charge density at the liquid-gas interface, 0 is the permittivity of free space and r 0 the liquid needle radius.

Our working fluids were ambient air and water with a small concentration of sodium chloride dissolved, with a conductivity of 2000 µS/cm. For all the results presented, the liquid flow rate was kept at Q l = 99(±2.5)ml/min, corresponding to a liquid Reynolds number Re l = 1200.

The total gas flow rates explored in this study were in the range 150 -860 SLP M , resulting in velocities between 34 and 200 m/s and momentum ratios between 5 and 175. For a given total gas flow rate, the swirl ratio was varied in the range 0 to 1. Charge densities up to 3 C/m 3 were observed.

Light scattering measurements

The control sensing consists of light scattering measurements along a radial profile through the spray. In contrast with the attenuation measurements used in our previous work, light scattering measurements allow for a more robust detection of spray features at lower volume fractions, which enables detection of lower mass loading reliably, at higher gas momentum ratio. A collimated light sheet is shined through the spray at an angle of 30 degrees with the horizontal plane, intersecting the spray between 18 and 19 d g downstream from the nozzle (the gas inner diameter, dg = 1 cm and the plates are 35d g apart).

The light refracted by the spray droplets at 120 o forward scattering is collected by a linear CCD array camera (Thorlabs model LC100), forming a radial transverse profile , perpendicular to the spray axis and normal to the plane of the metallic plates. A Zeiss 100 mm macro lens was used for visualization, yielding a resolution of 77 µm, with a field of view of 16 cm wide. images, with the scattered intensity at the edges approaching zero.

The optical scattering real-time sensing is able to capture the different features of the spray over the range of control inputs studied. We explored momentum ratios from 5 to 175, swirl ratios from 0 to 1 and applied voltages of 0 to 25 kV (corresponding to Γ = 0 -1000). Appropriate filtering and sliding-time averaging reveal consistent profiles for varying actuation in spite of the unsteadiness of the instantaneous liquid volume fraction signal, intrinsic to turbulent flows. Figure 3 shows a small set of representative profiles that illustrate some of the features of the spray at different values of the control inputs. As the momentum ratio increases, scattering increases because the droplet number-density increases, especially near the centerline of the spray. Increasing the swirl ratio broadens the spray as droplets are transported away from the spray centerline, but may result in a double bump feature in the scattered transverse profiles.

Finally, we observe a broadening of profiles as we increase the applied voltage, resulting both from the electrostatic repulsion among charged spray droplets and by the electric field established between the grounded nozzle and charged plates. 

Principal Component Analysis of light scattering profiles

Principal Component Analysis was performed onto a large data set collected over a wide range of control inputs, in order to arrive at a reduced-order representation of the data. The dataset included measurements for 140 different spray conditions with around 250 profiles for each condition. The parameter space sampled was comprised of combinations of 7 momentum ratios between 5 and 170, 5 swirl ratios between 0 and 1 and 4 voltages between 0 and 25 kV. We used a standard implementation of PCA using MATLAB's Singular Value Decomposition builtin functions and standard algorithms as the ones detailed by Kutz. [START_REF] Kutz | Data-Driven Modeling & Scientific Computation : Methods for Complex Systems & Big Data[END_REF]. Most of the features of the collected profiles could be adequately and sparsely represented by the main three principal components which contained about 84% of the energy. As shown in Figure 4 accurate reconstructions were achieved with the first three principal components.

More importantly, the distance between the two profiles as measured by the integral over the profile of the normalized root-mean-squared difference and by the sum of the normalized rootmean-squared difference of their three principal components closely match each other (Figure 4b)). This property guarantees that two profiles that are close in the principal component parameter space will indeed be very similar in physical space, such that convergence of the principal component coefficients ensures that the desired profile goal will be achieved.

The resulting reduced-order representations were correlated to the control inputs using a least squares linear fit, in a 3 by 3 matrix, in order to obtain a linear map between the observed profiles and the control variables.

REAL-TIME FEEDBACK CONTROL IMPLEMENTATION

Control Performance

The goal of the spray control is to drive the experimental spray towards a desired state, charac- real-time error. This results in an closed-loop iterative approach (with a frequency of iteration being approximately 100 Hz) with control input adjustments that decrease as the desired profile is approached (Osuna-Orozco et al., 2019). The algorithmic gains are set as a compromise between convergence speed and stability/robustness to process noise.

As seen in figure 5 (and in the movie included in the supplementary material), our control algorithm leads to convergence upon a wide variety of specified goals. 

CONCLUSIONS

We demonstrate multi-physics control, using an external electric field to both charge the spray droplets and attract the charged droplets radially outwards as they flow downstream of the nozzle. This extends previous work on real-time feedback control of the spray liquid distribution in two significant ways: 1) adopting a more robust sensing technique that captures features of the spray more accurately, even in less dense sprays, over a broader range of momentum ratios and swirl ratios; 2) and by adding an electrostatic actuation. To the best of the authors' knowledge, this is the first instance of real-time feedback control on the liquid distribution of a two-fluid coaxial spray using multiphysics actuation. Future work will explore more robust control algorithms, additional multi-physics actuations and will establish more closely the link between the scattering measurements and the physical variables that characterize the spray (e.g. volume fraction, area fraction, mass flux).

  FIG. 1: (a) Plan view of the nozzle along the gas inlets plane showing the liquid channel in the middle and the eight inlets for gas. (b) Side view of the atomizer including the parallel plates (not to scale).

  figure 1. The liquid nozzle internal and external diameters are respectively 2 and 3 mm, while the gas nozzle internal diameter is 10 mm.

Figure 2

 2 FIG. 2: Geometry of light scattering for spray visualization, showing the collimated plane of light that crosses the axis of the spray at an angle of 60 degrees.

FIG. 3 :

 3 FIG. 3: Radial profiles of light scattering (representing liquid volume fraction) with (red) and without (blue) electrostatic actuation for swirl ratios of zero (solid lines) and swirl ratio of one (dashed lines) Left and right are respectively at a momentum ratio of 25 and 50.

  FIG. 4: (a) First Three Principal Components normalized by their maxima (Left). Measured profiles (solid lines) and principal component reconstructions (dashed lines) (Right). (b) Normalized root mean square error time series between the goal and the real-time measurement computed from the full data (solid) and the PCA decomposition (dashed).

  FIG. 5: (a) Goal profiles used to test the control algorithm as shown in the supplementary video. (b) Example of control algorithm convergence, progressing from profile 6 to 1. (c) Normalized root mean square errors between real-time profiles and goals (desired light profiles in the spray). The legend indicates the starting profile as numbered in the supplementary video and the goal profile.

  

  Table 1 below presents the mean convergence error, ε , and the standard deviation of the convergence error , ε , for the control examples in the supplementary video and in figure5. The standard deviation of the normalized convergence error is a fraction of the convergence error. The signal shows greater variance at higher values of the swirl ratio, which is also apparent in higher variance of the

	convergence error for such cases.
	Atomization and Sprays

TABLE 1 :

 1 Closed loop control performance metrics.

	M	SR Voltage (kV)	ε	ε	100 • ε ε
	59 0.21	0.0	0.10 0.01	8.94
	87 0.40	20.7	0.05 0.01	26.44
	48 0.70	8.9	0.10 0.03	25.89
	49 0.24	0.0	0.09 0.01	9.22
	27 0.38	6.2	0.21 0.03	16.29
	22 0.56	8.8	0.05 0.01	28.35
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