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Plasma-droplet interactions significantly promote the reactivity transfer of gas phase species from the plasma to the liquid phase. Nonetheless, experimental studies on the impact of droplet evaporation on reactive species generation in such systems remain scarce. We report the spatial distribution of water vapor and OH radical densities around a droplet (∼41 μm in diameter) in He and He-Ar plasma using laser-induced fluorescence. The results reveal a significant gradient in both water vapor and OH radical concentrations near the droplets. Mutiple droplets present in the plasma can lead to a significant accumulation of water vapor and even local quenching of the discharge. The findings are critical for developing a quantitative understanding of plasma-liquid interactions for a broad range of plasma-enabled applications in the liquid phase often involving OH radicals.
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1 INTRODUCTION
Atmospheric pressure plasma interactions with liquids have been intensively investigated for decades with a strong focus on plasma-produced active species in both gas and liquid phases [1, 2]. The potential applications of plasma-liquid interactions are vast, with a significant impact on human health [3, 4], environmental safety [5, 6], and advanced industries [7, 8]. These applications include ammonia synthesis [9], medicine [10], and water treatment [11]. Among these applications, transporting chemicals from the gas phase to the liquid phase is a limiting factor in maximizing the amount of active species available to enable liquid-phase chemistry [12]. One way to enhance the transport of reactive species from the bulk gas-phase plasma to the liquid interface is to increase the surface-to-volume ratio of the liquid phase [10, 13, 14]. Plasma-droplet interactions offer large surface-to-volume ratios [11]. Nonetheless, the evaporation of liquid water introduces water vapor gradients near the plasma-liquid interface which can highly impact reactive species production [13, 14]. These local changes in gas composition enhance the complexity of the spatial distribution of gas phase reactive species near the interface and result in density gradients which impact species transport. Therefore, the plasma immediately surrounding the droplet is the focus of this work as it has not been experimentally investigated to our knowledge.
We implemented OH laser-induced fluorescence (OH-LIF) to measure the spatial distribution of OH radical and water vapor densities during plasma-droplet interactions. This was achieved leveraging a train of micrometer-sized water droplets passing through a diffuse radiofrequency (RF) atmospheric pressure glow discharge plasma.
2 PLASMA SOURCE AND DIAGNOSTIC METHODS
The RF plasma reactor used in this study is described in detail in [13, 15]. The setup consists of two parallel copper electrodes with an inter-electrode gap of 2 mm. We utilized two types of gas compositions: He and He + 17% Ar at a total flow rate of 1 standard liter per minute (slm). The input RF plasma power was fixed at 13 W for the He case and 5.8 W for the He- Ar case. The reactor operates at atmospheric pressure. Plasma generation was achieved using a sinusoidal voltage waveform with a frequency of 13.56 MHz, produced by a function generator (Tektronix AFG3022B) and amplified by an RF amplifier (E&I A150). A matching box (an in-house modified version of the Vectronics HFT-1500) was used to ensure efficient power coupling.
The droplet was produced using a piezoelectric dispenser (MicroFab Technologies Inc. MJ-ATP series) operating at three different frequencies: 10 Hz, 100 Hz, and 1 kHz. The mean initial diameter of the droplet was fixed at approximately 41 ± 2 μm, as measured by microscopic fast-frame imaging (Photron FASTCAM Mini UX50) [15]. The residence time of a droplet in the plasma was determined by droplet imaging and it increased from 8.5 ms to 11.8 ms as the dispensing rate changed from 10 Hz to 1 kHz. The droplet diameter reduction in the plasma channel was measured by this fast-frame imaging camera with a spatial resolution of 1.7 μm/pixel. While the droplet could move significant between different experimental runs and the dispensing needed often to be readjusted, we were able to run continuously experiments for 2 h in which the droplet moved only ∼50 μm.
OH-LIF was implemented to measure the spatial distribution of OH and water vapor densities surrounding the droplet. The OH-LIF setup, described in detail in [16, 17], is shown in Figure 1a. A signal generator (BNC Model 577) synchronizes the droplet dispensing with the laser pulse. The second harmonic output of a Nd:YAG laser (QuantaRay Lab-170-10H, FWHM: 8 ns) at 532 nm pumps a dye laser (Sirah PrecisionScan) to generate a UV laser beam at 282 nm. The laser beam is guided through a polarizer, a half-wave plate, and an aperture to a plano-convex spherical lens (f = 75 mm). The focus point is positioned at a pinhole with a diameter of 250 μm, then collimated by another spherical lens (f = 100 mm). This collimated beam is finally focused by a cylindrical lens (f = 100 mm) and directed into the center of the electrode gap in the plasma reactor. The laser sheet at the focus has a width of 1 mm and a thickness of 100 μm in the z-direction with an energy per pulse of 12.5 μJ. The fluorescence signal is collected by keeping the bottom of the reactor open. A UV-enhanced mirror (Thorlabs PF10-03-F01) placed under the open hole at a 45° angle reflects the signal horizontally. An iCCD camera (Andor iStar 340) is used to capture the fluorescence from the mirror and is equipped with a camera lens (Nikon 105 mm F4.5 UV) and a lens extension (132 mm), providing a spatial resolution of 28 μm/pixel in the horizontal (x-y) plane. A bandpass filter (300 ± 10 nm, 15% transmission) was introduced between the UV-enhanced mirror and the iCCD camera to reduce the background, laser scatter, and plasma emission contribution to the recorded fluorescence signal. Figure 1b shows the strong scattering off the droplet which has a higher intensity than plasma emission and LIF signal. To avoid contributions of droplet-induced Mie scattering to the LIF signal we collected the fluorescence signal at a delay from the start of the laser pulsed as described in [16]. Figure 1c shows that shifting the iCCD camera gate by 15 ns compared to the start of the laser pulsed significantly reduced the scattering signal and allowed us to accurately measure the plasma emission and LIF signal intensities. During the measurement, the droplet position remained fixed. This can be inferred from the scattering-free image in Figure 1c where the “dark” region corresponds to the droplet position and was confirmed to overlap with the droplet scattering position.
[image: Figure 1]FIGURE 1 | (a) Schematic of the plasma-droplet reactor and OH-LIF setup used in this work. The inserts on the right show iCCD images of the bottom view of the discharge gap with a laser sheet illumination of the droplet area without (b) and with (c) 15 ns delay time compared to the start of the laser pulse. The dashed red rectangles in (b) represent the electrode and the dashed red lines in (c) bound the laser sheet area. M, Mirror; P, Polarizer; A, Aperture; SL1, Spherical lens 1 (f = 75 mm); Pin, Pinhole (D = 250 μm); SL2, Spherical lens 2 (f = 75 mm); CL, Cylindrical lens (f = 100 mm).
The gas temperature was measured using OH-LIF by exciting the following transitions: P1 (2.5), Q1 (3.5), and Q1 (4.5) of OH(X) (ν = 0) to OH(A) (ν = 1), as described in [16]. The camera gate was set to 700 ns [18] to capture the total OH fluorescence for absolute OH measurements, and to 10 ns to measure the fluorescence lifetime of OH(A). Each recorded OH fluorescence image was an accumulation of 1,000 laser pulses. The water vapor concentration was measured using the measured lifetime of OH(A) and a pre-calculated table of effective fluorescence lifetimes of OH(A) as a function of water vapor concentration. With the known gas temperature and water vapor concentrations, spatially resolved OH densities were calibrated with Rayleigh scattering using a 4-level LIF model including corrections for the delayed accumulation of the LIF signal as described in [16]. In this study we assumed a homogeneous gas temperature equal to 400 K to avoid an impact of local inaccuracies in gas temperatures, particularly in regions with lower OH LIF intensities. We estimate a maximum error of 20% for the water concentration and 3% for the OH density due to this assumption (see Supplementary Material). In addition to the fluorescence signal, plasma emission imaging was performed using the same detection system and optics. Time-averaged data are collected with an accumulation time of 20 s.
3 RESULTS AND DISCUSSION
In previous work, we have shown that the experimentally measured reduction in droplet size as a function of the droplet residence time in a plasma can be accurately described by a droplet evaporation model assuming a homogeneous helium gas background at given gas temperature [15]. The model considers the transport of heat to the droplet to overcome the latent heat of evaporation in the evaporation process and the diffusion of water vapor away from the droplet interface. On a timescale of milliseconds, this would lead with a typical diffusion constant of water vapor in helium to diffusion lengths scales on the order of 1 mm. Hence, one anticipates a significant water vapor concentration gradient near the droplet with a corresponding gradient in OH density that can be interrogated by LIF.
Figure 2 (1st row) shows the plasma emission for the 4 cases introduced in Table 1. As the gas flow rate is fixed in this work, the droplet residence time in the plasma remains relatively constant for all conditions between 8.7 and 11.8 ms. Water vapor evaporating from droplets has a localized impact on plasma dynamics and at the low droplet dispensing rate (10 Hz) it has a limited impact on the time-averaged emission intensity of the discharge [13]. In the He- Ar plasma, the emission near the sheath is more pronounced. As the droplet dispensing rate increases in the He- Ar plasma, the plasma emission is partially quenched at the center of the reactor along the droplet trajectory. This quenching effect corresponds to the location at which water vapor is present as shown in Figure 2 (2nd row).
[image: Figure 2]FIGURE 2 | Time-averaged plasma emission, water vapor concentrations, gas temperatures, and OH densities for the 4 cases reported in Table 1. Plasma emission images are recorded for the full interelectrode distance while the other images show the enlarged dashed area as indicated in the upper figure. White and black regions in the temperature plots represent data that are above 500 K and below 300 K, respectively, while regions for which the LIF intensity is too low to be analyzed, temperature or density measurements are indicated in black. The reported water vapor concentration for the 1 kHz case is reduced by a factor of 3 to match the color scale.
TABLE 1 | Experimental parameters of the investigated conditions of the RF plasma and droplet dispensing system.
[image: Table 1]The He-Ar gas mixture at a 1 kHz droplet dispensing rate exhibits the highest water vapor concentration ∼3,000 ppm. This is attributed to the presence of 10 droplets in the plasma channel at any time, while in other conditions, at most one droplet is present in the plasma at any time. At the 10 Hz droplet dispensing rate, the water vapor concentrations for both the He and He-Ar cases have a similar maximum concentration of around 1,200 ppm. While the full width at half maximum (FWHM) of the water vapor concentration in the direction of the laser beam (y-direction) is similar for He and He-Ar (588 μm and 560 μm respectively), the FWHM in the direction of the electrodes (x-direction) varies with a factor 2.7 (670 μm and 250 μm, respectively). Despite the diffusion coefficient of water vapor in He being 3 times larger than that in Ar [19, 20], only 17% Ar is present in He and diffusion lengths scale with the square root of the diffusion constant. Hence, one expects the spread of the water vapor to be within 10%. The difference in the x-direction is likely enhanced by inhomogeneous gas temperatures. The average gas temperature in the 500 μm × 500 μm zone centered around the droplet is larger for He (380 K) compared to He-Ar (340 K) [Figure 2 (3rd row)] and the reduced gas temperature is particularly more pronounced near the sheaths at the position of the droplet in the He-Ar case, which can both slow down evaporation and diffusion (see also Supplementary Material).
Remarkably, the amount of water vapor for the He-Ar 100 Hz case is similar but a bit smaller than for the 10 Hz case. This is likely due to the reduction in plasma intensity near the droplet, which is expressed in a reduction in the emission intensity near the sheath (Figure 2). The overall weaker LIF signal in this case also led to less accurate gas temperature measurements. When the droplet dispensing frequency was set to 1 kHz, the strong plasma-droplet interaction results in a localized quenching of the plasma [13]. The LIF signal at the center is below the detection limit, allowing gas temperature and concentration measurements only at the sides. Even at the edges, the water vapor concentration is significantly larger than the other investigated cases due to the accumulation of the water vapor by the simultaneous presence of 10 droplets in the plasma.
Figure 2 also shows the OH densities on the 4th row. To understand the local production of OH radicals, we measured the water vapor concentration and OH density in He-Ar with 5.8 W RF plasma without droplet dispensing. The volume averaged values for water vapor concentration and OH radical density are 40 ppm (T = 300 K) to 90 ppm (T = 400 K) and 2.3 × 1012 cm−3, respectively (see Supplementary Material). The OH densities around the droplet in He reach a density of 4 × 1013 cm−3 in a region with a characteristic length similar to the zone of increased water vapor. In the He- Ar case at a 10 Hz droplet dispensing rate, a strong OH density peak was observed around the droplet, with a peak value of more than 1 × 1014 cm−3. The region with an OH density of more than 4 × 1013 cm−3 extends beyond the region with increased water vapor. A similar OH density, although with a less pronounced peak near the droplet, was found for a droplet dispensing rate of 100 Hz. While the LIF signal is too small to measure the OH density near the droplet at a 1 kHz droplet dispensing rate, the OH density away from the droplet, maintains a level of 4 × 1013 cm−3 which seems to slightly decrease towards the center region. This suggests that in this case the OH density near the droplet is lower, consistent with the local quenching of the plasma at these conditions. Overall, these results indicate that the OH production is strongly impacted by the water vapor originating from droplet evaporation.
Figure 3 presents the water vapor concentrations and OH densities surrounding the droplet along its trajectory through the plasma. The measurement was performed for different delays (in a 4 ms range) between the dispensing moment and the laser pulse enabling us to measure the LIF signal at a fixed position while the droplet was moving 4.7 mm along its vertical trajectory. The water vapor distribution shows a sharp decrease from 1,200 ppm at the droplet’s position to less than 150 ppm within 1 mm on either side of the droplet (150 ppm is the peak value of the water vapor along the position of the droplet trajectory, the spatially averaged concentration at 1 mm from the droplet position is only 75 ppm). A notable asymmetry indicates more water vapor in the tail of the droplet’s path, though no significant water vapor accumulation is observed beyond 1 mm from the droplet’s position.
[image: Figure 3]FIGURE 3 | (a) Water vapor concentration, and (b) OH density surrounding a droplet on its trajectory through the plasma measured at a fixed position. The droplet is at the position of the laser pulse at 0 ms and moves 1 mm in ∼0.85 ms. Negative times correspond to the droplet at a position above the measurement position. The average density in the x-direction along the laser sheet is shown. The measurements were conducted in a He-Ar plasma at a droplet dispensing rate of 10 Hz (case 2).
The average droplet diameter loss along the 10 mm trajectory inside the plasma is 7.3% (see Supplementary Material) which corresponds to 1.9 × 1015 molecules of water. This number of water molecules can fill a spherical region of 2 mm up to a concentration of ∼1,000 ppm. Given the diffusion of water throughout the reactor and the dissociation of water vapor by the plasma, this is in reasonable agreement with the water vapor concentration measurement.
The OH density has a similar profile as the water vapor concentration (Figure 3) consistent with the previously determined square root dependence on the water vapor concentration (∼[image: image]) for similar plasmas [21]. The maximum OH density reaches 1 × 1014 cm-3. Unlike the water vapor concentration, the OH density shows an accumulation effect, resulting in a density, which is one order of magnitude higher than no droplet present. The [image: image] dependence suggests indeed that for a drop in water concentration by a factor 10, the OH density would drop only by a factor 3.2 which is consistent with the observed result.
4 CONCLUSION
In this work, we report on the water vapor concentration and OH radical density distribution around a 41 μm water droplet in an RF plasma using LIF. The water vapor concentration around the droplet shows a pronounced gradient. The highest water vapor concentration observed is over 1,200 ppm at the droplet’s position and rapidly decreases to the level found without droplet dispensing with increasing distance from the droplet. The water vapor concentration becomes so large at a droplet dispensing rate of 1 kHz that the plasma is locally quenched. The OH radical density distribution followed a similar trend as the water vapor concentration, with a peak density of 1 × 1014 cm−3 observed near the droplet. However, unlike water vapor, the OH density exhibits an accumulation effect, due to its square root dependence on the water vapor concentration.
Overall, our study shows complex interactions between micro-droplets and He/He-Ar plasma, leading to significant changes in local gas composition and OH radical densities, which are a key oxidizing species in plasma-liquid interactions and might explain enhanced OH-induced reactions for discharges without water vapor addition as found earlier [22]. The findings are critical for a quantitative understanding of plasma-liquid interactions, with potential implications for a broad range of applications. Further stabilization of the droplet, potentially in an optical or acoustic trap combined with microscopic high resolution LIF would enable spatial resolution studies to study species density gradients near the droplet interface with a resolution less than the droplet diameter.
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Case 1 Case 2 Case 3 Case 4
Gas Type He He+17% Ar He+17% Ar He+17% Ar
Flow rate (slm) 1 1 1 1
RE power (W) 13 58 58 58
Droplet initial diameter (um) 4122 4122 a1:2 412
Droplet dispensing frequency (Hz) 10 10 100 1,000
Droplet residence time in plasma (ms) 87 85 105 1ns
Number of droplets in plasma® <1 <1 1 10
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