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Electrostatic actuation is used for real-time multiphysics feedback control of two-fluid coaxial at-
omization. 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 electro-
static repulsion) control on the liquid distribution in a two-fluid coaxial spray is a novel contribution
to the archival literature on this technology.

KEY WORDS: real-time feedback control, two-fluid coaxial atomization, electrostatic at-
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1. INTRODUCTION

Liquid atomization is ubiquitous in both the natural worlidatechnological applications (e.g.,
fuel injection, thin film coating, irrigation, manufactag). Yet, in spite of its widespread use, the
development of real-time feedback control strategiesgoagshaping remains a challenge, with
many open questions and opportunities for developmentsrattea (Arai, 2019). In particular,
controlling the liquid volume fraction distribution in tienand space is still an elusive objective.
This paper extends the authors’ earlier work (Osuna-Oreted., 2019) on real-time feedback
control of coaxial atomization by adding an electrostattuiation as well as expanding the range
of parameters over which the spray is controlled.

Both coaxial (Aliseda et al., 2008; Eggers and Villermaw0&, Lasheras et al., 1998; Mar-
mottant and Villermaux, 2004) and electrostatic (CloupsadiPrunet-Foch, 1994; Gafhan-Calvo
et al., 2018; Grace and Marijnissen, 1994; Kien Nguyen ep@ll4; Manna et al., 2017; Rosell-
Llompart et al., 2018; Verdoold et al., 2014) atomizers Hawen the subject of intensive study
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in the last few decades. More recently, there have beenasitrg efforts to develop hybrid at-
omizers that include gas flow forcing as well as an electtiestmmponent (Fei et al., 2017,
Kourmatzis et al., 2012; Li et al., 2014; Patel et al., 2018, 2 Seong et al., 2017). These stud-
ies have revealed a wide range of atomization regimes thateattainable with a rather simple
atomizer geometry. Moreover, there has been an intense effdeveloping control strategies
for a variety of sprays, most notably, for fuel injection ianebustion systems (Billoud et al.,
1992; Coker et al., 2006; Conrad et al., 2007; Jones et #9;1dcManus et al., 1993; Muru-
ganandam et al., 2005; Murugappan et al., 2003).

Here, we present results for an electrostatically assisteefluid coaxial atomizer, where
three control inputs shape the spray liquid distributiongial-time feedback. The sensing of the
spray state is done through optical scattering, measutiadial profile of liquid volume fraction
at 18.5 gas diameters downstream of the nozzle. Appliedgelon the far field is actuated on,
in addition to the actuation on the swirl and no-swirl gas flates.

2. EXPERIMENTAL SETUP
2.1 Atomizer and Flow Loop

The two-fluid coaxial atomizer used in this work has beenattarized extensively (Machicoane
et al., 2019; Osuna-Orozco et al., 2019). For the electiostatuation, the nozzle is placed be-
tween two parallel metallic plates and a voltage, variableveen 0 and 25 kV, is equally applied
to both of them, while the nozzle remains grounded. Thedidlaws through a straight needle
at the center of the gas nozzle at a constant flow rate, censisith fully developed laminar
Poiseuille flow. The axial component of the gas flow is cotedby the gas flow rate from
four diametrically opposed, radially oriented, inletsgmdicular to the axis of the nozzle. The
angular component of the gas flow is controlled by the gas fete from four inlets that are
oriented tangential to the outer wall of the nozzle. The gablmuid flow rates are controlled
independently with three proportional valves and a highag# power supply controls the ap-
plied potential. A plan and side views of the nozzle, inchgdihe parallel plates, are shown in
Fig. 1. The liquid nozzle internal and external diametees egspectively, 2 and 3 mm, while the
gas nozzle internal diameter is 10 mm.

This electrohydrodynamic multiphase flow can be charazgdrin terms of three dimen-
sionless groups: the gas-to-liquid momentum ratio = nggz/plUlz, the swirl ratioSR =
Qns/Qsw, and the ratio of electric to surface tension enefyys (03/€0)/(v/70), Where the
subscriptyy and! denote the gas and liquid phases respectiyglgre the mass densities. The
mean velocities{/;, are calculated from the volume flow rat€s, the subscriptsis and sw
denote the no-swirl and swirling components of the gas flae maspectively, ang is the sur-
face tension between the liquid and gas phases. For theasttic variablesyy is the surface
charge density at the liquid-gas interfaeg,is the permittivity of free space ang the liquid
needle radius. Our working fluids were ambient air and watién @& small concentration of
sodium chloride dissolved, with a conductivity of 2008/cm. For all the results presented, the
liquid flow rate was kept af); = 99(+ 2.5) ml/min, corresponding to a liquid Reynolds number
Reg = 1200. The total gas flow rates explored in this study wereéréimge 150-860 standard
liters per minute (SLPM), resulting in velocities betweehahd 200 m/s and momentum ratios
between 5 and 175. For a given total gas flow rate, the swid veds varied in the range 0 to 1.
Charge densities up to 3 Crwere observed.
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FIG. 1: (a) Plan view of the nozzle along the gas inlets plane shottiediquid channel in the middle and
the eight inlets for gas. (b) Side view of the atomizer inahgdhe parallel plates (not to scale).

2.2 Light Scattering Measurements

The control sensing consists of light scattering measunésradong a radial profile through the
spray. In contrast with the attenuation measurements nsedriprevious work, light scattering
measurements allow for a more robust detection of sprayfestat lower volume fractions,
which enables detection of lower mass loading reliably,ighér gas momentum ratio. A col-
limated light sheet is shined through the spray at an angl@0dfwith the horizontal plane,
intersecting the spray between 18 and 18ownstream from the nozzle (the gas inner diameter,
d, = 1 cm and the plates are @papart).

The light refracted by the spray droplets at 126rward scattering is collected by a linear
CCD array camera (Thorlabs model LC100), forming a radaidrerse profile, perpendicular
to the spray axis and normal to the plane of the metallic pla&eZeiss 100-mm macro lens was
used for visualization, yielding a resolution of @, with a field of view 16 cm wide. Figure 2
shows a schematic of the illumination mode used for meaguhia radial profiles of the spray
liquid distribution. As seen in the figure most of the spraythiwas captured in the collected
images, with the scattered intensity at the edges approgziero.

The optical scattering real-time sensing is able to capgheealifferent features of the spray
over the range of control inputs studied. We explored mooramatios from 5 to 175, swirl
ratios from 0 to 1, and applied voltages of 0-25 kV (corresfiogtol’ = 0—1000). Appropriate
filtering and sliding-time averaging reveal consistentfitgs for varying actuation in spite of
the unsteadiness of the instantaneous liquid volume @nastignal, intrinsic to turbulent flows.
Figure 3 shows a small set of representative profiles thatitite some of the features of the
spray at different values of the control inputs. As the motmenratio increases, scattering in-
creases because the droplet number-density increasesiallypnear the centerline of the spray.
Increasing the swirl ratio broadens the spray as dropletsansported away from the spray cen-
terline, but may result in a double bump feature in the spadtéransverse profiles. Finally, we
observe a broadening of profiles as we increase the applitsdjeoresulting both from the elec-
trostatic repulsion among charged spray droplets and byldwric field established between
the grounded nozzle and charged plates.
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FIG. 2: Geometry of light scattering for spray visualization, siroyvscattered light captured by the line
CCD at an angle of 150° to the incident collimated plane ditlig
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FIG. 3: Radial profiles of light scattering (representing liquidurae fraction) with (middle curved solid
line and middle curved dashed line) and without (top cunaitidine and top curved dashed line) elec-
trostatic actuation for swirl ratios of zero (solid lines)daswirl ratio of 1 (dashed lines) left and right are,
respectively, at a momentum ratio of 25 and 50

2.3 Principal Component Analysis of Light Scattering Profil es

Principal component analysis was performed on a large ddtaddlected over a wide range
of control inputs, in order to arrive at a reduced-order espntation of the data. The dataset
included measurements for 140 different spray conditioite around 250 profiles for each
condition. The parameter space sampled comprised condrisabf seven momentum ratios
between 5 and 170, five swirl ratios between 0 and 1, and fdtages between 0 and 25 kV.
We used a standard implementation of PCA using MATLAB's giag value decomposition
built-in functions and standard algorithms as the onesilddtdy Kutz (2013). Most of the
features of the collected profiles could be adequately aadsly represented by the main three
principal components which contained about 84% of the gnékg shown in Fig. 4 accurate
reconstructions were achieved with the first three prinadpeponents.
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FIG. 4: (a) First three principal components normalized by theixkima (left). Measured profiles (solid
lines) and principal component reconstructions (dashaek)i (right). (b) Normalized root-mean-square
error time series between the goal and the real-time meaasmtecomputed from the full data (solid) and
the PCA decomposition (dashed).

More importantly, the distance between the two profiles azsueed by the integral over the
profile of the normalized root-mean-squared differencetanthe sum of the normalized root-
mean-squared difference of their three principal compts@asely match each other [Fig. 4(b)].
This property guarantees that two profiles that are closhearptincipal component parameter
space will indeed be very similar in physical space, suchdbavergence of the principal com-
ponent coefficients ensures that the desired profile gobbeidchieved.

The resulting reduced-order representations were cteckk®d the control inputs using a
least-squares linear fit, in a 3 x 3 matrix, in order to obtalimear map between the observed
profiles and the control variables.

3. REAL-TIME FEEDBACK CONTROL IMPLEMENTATION
3.1 Control Performance

The goal of the spray control is to drive the experimentahgpowards a desired state, charac-
terized by a liquid volume profile measured with the lighttseéng on the line CCD camera.
The control inputs are adjusted in real-time by the closexgblcontrol algorithm, based on a
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linear mapping obtained from the open-loop investigatidath & gain that is adjusted based on
the real-time error. This results in closed-loop iteratygproach (with a frequency of iteration
being approximately 100 Hz) with control input adjustmethist decrease as the desired pro-
file is approached (Osuna-Orozco et al., 2019). The alguoritlyains are set as a compromise
between convergence speed and stability/robustnesst¢egwaoise.

As seen in Fig. 5 (and in the movie included in the supplenmgntaaterial), our control
algorithm leads to convergence upon a wide variety of sgetioals. Table 1 below presents
the mean convergence errde), and the standard deviation of the convergence etfpifor
the control examples in the supplementary video and in Fig-h® standard deviation of the
normalized convergence error is a fraction of the convargenror. The signal shows greater
variance at higher values of the swirl ratio, which is alspapnt in higher variance of the
convergence error for such cases.

4. CONCLUSIONS

We demonstrate multiphysics control, using an externaitetefield to both charge the spray
droplets and attract the charged droplets radially outsvasl they flow downstream of the
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FIG. 5: (a) Goal profiles used to test the control algorithm as shawthé supplementary video. (b)
Example of control algorithm convergence, progressinghfrofile 6 to 1. (¢) Normalized root-mean-
square errors between real-time profiles and goals (ddgjtecprofiles in the spray). The legend indicates
the starting profile as numbered in the supplementary vidddafze goal profile.
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TABLE 1: Closed loop control performance metrics

M SR Voltage(kV) (e) ¢/ 100- (¢’'/(g))
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

nozzle. This extends previous work on real-time feedbackrobof the spray liquid distribution
in two significant ways: (1) adopting a more robust sensiebri@gue that captures features of
the spray more accurately, even in less dense sprays, overadds range of momentum ra-
tios and swirl ratios; and (2) by adding an electrostaticiabdn. To the best of the authors’
knowledge, this is the first instance of real-time feedbamhtim| on the liquid distribution of
a two-fluid coaxial spray using multiphysics actuation.Ufatwork will explore more robust
control algorithms, additional multiphysics actuatioasd will establish more closely the link
between the scattering measurements and the physicdblegrthat characterize the spray (e.qg.,
volume fraction, area fraction, mass flux).
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