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A common platform for studying plasma-assisted ignition and combustion uses a quartz reactor with the plasma applied in a dielectric barrier discharge configuration. The line-of-sight typically used in such a setup, for optical diagnostics and imaging, is transverse to the dominant electric fields. This visualization angle makes the quantification of the dynamic bidirectional interactions between plasma and combustion processes incomplete. Drawing inspiration from the literature on pattern formation in dielectric barrier discharges operated with inert gases, the authors introduce a novel approach: employing transparent indium tin oxide (ITO) electrodes to directly visualize the interaction between a propagating laminar flame and a pulsed nanosecond dielectric barrier discharge. The approach reveals features of the interaction that were previously inaccessible: the discharge alters both the flame’s speed and curvature, while the flame, in turn, impacts the discharge’s uniformity and the motion of microdischarges. This brief research report demonstrates how the use of transparent electrodes in plasma-assisted combustion enhances our ability to explore this complex two-way interaction.
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1 INTRODUCTION
Plasma-assisted combustion (PAC) technologies are being explored to address various challenging combustion regimes, including lean flammability limit extension [1–3], suppression of dynamic combustion instabilities [4–6], and acceleration of ignition for low-residence time combustion [7, 8]. In many applications, and especially as the technology progresses towards implementation in practical systems, it becomes essential to consider complex combustion environments; this can include turbulence, multi-scale structures, inhomogeneous gases, two-phase flow, propagating flame fronts, etc. It is therefore necessary to understand the two-way interaction of plasmas and flames during combustion transients and when the location of the plasma relative to the flame can vary with time [9–11].
A common experimental platform to study some of these dynamic environments uses a quartz reactor, for optical access, with electrodes attached to the dry-side of the reaction cell (external surface, not in contact with the process gas), so that the discharge actuates in a Dielectric Barrier Discharge (DBD) configuration. Although initially used for its uniform properties to validate chemical kinetic mechanisms [12, 13], the DBD discharge often appears in microdischarge regimes. A similar setup has also been used to study the thermal-chemical instability controlling the transition from a stable homogeneous discharge to unstable microdischarges in different mixtures [14–16]; as well as plasma regime transitions, between uniform and microdischarge modes, during passage of a transient laminar flame [17]. Comparable arrangements have also been used to study plasma-assisted detonation [18, 19]. In all of these works, imaging and optical diagnostics of discharge and combustion is performed through the narrow side of the discharge cell, with the line-of-sight contained in a plane parallel to the flat electrodes. This view-angle hinders the quantification of several properties of plasma and combustion, including: the volumetric density of microdischarges present in the cell, as well as the 2D or 3D plasma and combustion dynamics beyond a spatially-integrated 1D representation.
The objective of this brief research report is to showcase a novel imaging technique that allows for the direct observation of 2D interactions between a propagating flame front and microdischarges triggered by Nanosecond Repetitively Pulsed (NRP) dielectric barrier discharges (DBD). The imaging is enabled by the use of transparent electrodes arranged orthogonal to the flame front plane, with a camera mounted to view along the axis of the applied electric field. Several complex interactions between the flame and plasma are revealed that were hidden in prior studies visualizing the interaction from the side. Although the use of transparent electrodes has been common in DBD research, particularly to study DBD uniformity and patterning [20–22], when used in a system combining a DBD with a flame front they allow for studying both the structure of the DBD and the flame, and how they interact with one another.
2 METHODS
A schematic of the experimental setup is shown in Figure 1. It consists of a tapered quartz burner fed with premixed methane-air mixtures that has been previously described in [17]. The mixture enters at the narrow end of the channel at below the flame speed and is ignited at the wide end via a conventional spark plug, causing a flame to flash back through the channel before being quenched by the narrowing walls. The reactor is open to atmospheric pressure at the wide end and its dimensions are given in Figure 1. In the absence of plasma, the flame has a one or two-lobe structure, in the x-y plane, as a consequence of the finite channel dimensions and the development of fluid instabilities; this is thought to be a tulip-flame structure [23, 24]. Electrodes are mounted on the dry walls of the channel (external surface, not in contact with the process gas, Figure 1) so as to apply an electric field in the z-direction and a NRP DBD is triggered as the flame approaches the discharge volume. The ground electrode is an aluminum plate that spans the length of the reactor. The powered electrode is a glass slide of 1 mm thickness coated on the external side with a thin film of Indium Tin Oxide (ITO). High voltage is applied using a nanosecond pulse generator (Transient Plasma Systems SSPG-20X-HP1). The ITO electrode is transparent, allowing the camera to be positioned to view along the z-direction (see Figure 1) which is aligned with the dominant electric fields and the axis of any microdischarges forming.
[image: Diagram showing a cross-sectional view of a flame control setup. A premixed methane and air mixture enters from the right, moving left to a flame front indicated by a red arc. A discharge region is marked, and the setup includes a quartz layer, ITO, aluminum, and another quartz layer. Dimensions are labeled: 1.0 millimeter and 4.2 millimeters vertically, and 50 millimeters and 100 millimeters horizontally. A CAM and HV Pulser are connected to the system. Coordinates x and z are shown.]FIGURE 1 | Experimental setup. Drawing not to scale. Quartz walls are 2 mm thick and the electrode labeled ITO is a 1 mm thick glass slide with a 185 nm nominal thickness coating of ITO on the side not in contact with the quartz (referred to as the dry side). In the y-direction, the reactor is 30 mm wide.Experimental parameters are chosen as follows. The applied voltage pulses have an applied peak voltage measured at the load of 22.5 kV and are repeated at frequencies up to 8 kHz. Trains of pulses are applied continuously with the start of the pulse-train synchronized with the triggering of the flame front, at variable delays. Premixed methane/air mixtures at an equivalence ratio of 1.06 (close to stoichiometric) are used, with a total flow rate of 400sccm.
Imaging is performed using high-speed videography. Two cameras are used: a Photron Fastcam Mini AX100 is used for the colour images, Figure 2, and an Edgertronic SC2+ is used for the monochrome images used to quantify flame and microdischarge dynamics, Figures 4, 6. Color images allow for visual separation of the flame (blue) and discharge (violet) to distinguish the different structures which may be overlapping. Monochrome images have greater luminosity and allow for higher frame rates, up to the point where the camera frame rate is twice the pulse repetition rate which allows for alternating frames of flame only and flame plus discharge. This provides an alternate method of distinguishing flame from discharge and enables flame front and microdischarge tracking.
[image: Twelve images showing a progression of purple glow discharges labeled by pulse number. Each panel, from Pulse 4 to Pulse 1444, displays a dark background with varied patterns of glowing purple dots and shapes, indicating energy activity or plasma distribution.]FIGURE 2 | Color images of a mesoscale flame interacting with a nanosecond pulsed DBD. Flame travels left to right and view is along the direction of the main electric field. Dashed white lines mark the edges of the transparent electrode (50 mm long). Each image integrates the light from 4 sequential pulses, with the last of these pulses indicated by the label. Pulse repetition frequency 8kHz, 22.5 kV peak voltage (measured at load). CH4/air premixed flame (equivalence ratio 1.06) at ambient temperature/pressure.3 RESULTS AND DISCUSSION
Several images from a single test are shown in Figure 2 with test conditions given in the caption. The images show a flame approaching the discharge region from the left. Before the flame reaches the inter-electrode gap, the discharge is turned on and initially takes a uniform appearance. As the pulses accumulate, the discharge transitions to microdischarges. While the flame is inside the discharge volume, a uniform discharge exists in the burned gas, while microdischarges persist ahead of the flame. The flame front is considerably more wrinkled than it was prior to reaching the discharge volume. After the flame leaves the discharge volume, the discharge transitions back to microdischarges, with a uniform discharge persisting in regions of higher gas temperature. The use of the transparent electrodes enables several observations that were not possible previously with a conventional camera view along the y-axis (see [17]). A couple of novel observations, enabled by the ITO electrodes, are briefly discussed in the following paragraphs, with a quantitative analysis left to a future work.
3.1 Plasma impacting flame: enhanced wrinkling and local acceleration
First, the impact of plasma on flame is manifested as a local acceleration of the flame front, accompanied by enhanced flame wrinkling. Prior work [25–27] has demonstrated the impact of plasma on the magnitude of the flame speed. The use of transparent electrodes reveals the inhomogeneous impact of the plasma on the flame front. Prior to reaching the discharge region, the leading edge of the flame encounters the gas pre-treated by the plasma and accelerates towards the discharge volume. This causes local stretching of regions of the flame, and is visible in Figure 2 in the image labeled “pulse 484”. This illustrates that different portions of the flame front will experience different interactions with the plasma dependent on their location relative to the discharge; for a non-planar flame the portion closest to the discharge will be most strongly impacted by it. Once the flame has entered the discharge volume, the non-uniformity of the discharge has an impact on the flame propagation. Regions of the flame front that are near a microdischarge will accelerate into the microdischarge, while regions far from any microdischarges will lag behind. This can be observed in Figure 2, between pulses 644 and 724; the top portion of the flame is close to two microdischarges and accelerates to meet them, while the bottom portion is further from the microdischarges and does not accelerate. The inhomogenous discharge causes significant wrinkling in the flame front, Figure 2. The impact of plasma on flame speed increase and flame wrinkling is highlighted in Figures 3, 4, which compare a case without plasma and a case with plasma. First, the flame contours (plotted every 6 ms) become spaced further apart in the region of interaction with the plasma, indicating a flame speed acceleration. In the present experiment, the average flame speed increase is 50% that of the no-plasma baseline. In addition, as the flame front approaches, and crosses under the electrode, it becomes significantly more distorted due to the effect of the discharge on the flame. This effect can be quantified by calculating the curvature, which approximately doubles from 0.15 mm−1, for no plasma, to 0.3 mm−1, in the region where plasma is applied. The total length of the flame front also increases by 25%–50% in the region of plasma-assistance. Further details of the flame tracking analysis and curvature calculation can be found in [28]. Note that the flame speed increase is due to the combined effect of the thermal-kinetic enhancement of the plasma as well as the greater surface area caused by the wrinkling.
[image: Contour plot with curved lines in blue transitioning to green, representing height against position. The x-axis ranges from 40 to 140 millimeters, and the y-axis ranges from 0 to 20 millimeters. Two dashed vertical lines separate different sections.]FIGURE 3 | Flame front position at 6 ms increments, with color changing from blue at earlier times to green at later times. Flame is traveling from left to right and the dashed black lines indicate the edges of the electrode. No discharge is applied. x-y view.[image: Contour plot showing lines representing variations in height (millimeters) across a position range of 40 to 140 millimeters. The lines change color from blue to green, indicating different levels or gradients, with a red line near the center. Vertical dashed lines are present at 90 mm and 120 mm.]FIGURE 4 | Flame front position at 6 ms increments, with color changing from blue at earlier times to green at later times. Flame is traveling from left to right. The red contour is the flame location when the discharge is first turned on and the dashed black lines indicate the edges of the electrode. x-y view.The use of transparent electrodes enables top-view imaging, which is needed to capture the geometrical structure and dynamics of the flame front. In flames with multiple lobes, the top view captures the complete spatial variation along the front, whereas the side view often shows only the leading edge or appears as a thickened, split structure (Figure 5A). This distinction is especially important for accurately estimating flame speed. Top-view imaging allows for the extraction of spatially resolved velocity vectors in the x-y plane (Figure 4), while the side view emphasizes the most advanced point, potentially leading to overestimation. This difference becomes especially important with plasma actuation, where the maximum flame tip velocity and the average along the full contour diverge substantially. For example, in the configuration used for the frames in Figure 5, the plasma-activated flame exhibits a maximum flame speed of 80 cm/s locally, compared to a spatial average of approximately 40 cm/s. Relying only on side-view imaging would obscure this variation. Furthermore, the fastest moving point of the flame is not always the furthest point as the stretched flame can result in regions behind the leading edge having the fastest speed as they “catch up.” Moreover, the top-view perspective enables accurate quantification of flame front length and curvature, given its thin luminous profile. In contrast, the side view integrates information along the line of sight. In regions near the electrode, side-view imaging underestimates deformation and complexity of the flame structure, Figure 5A.
[image: Diagram with two labeled sections, A and B, each divided by red and white dashed lines. Section A shows a pattern of bright spots aligned in a grid, while Section B displays a less structured arrangement of bright spots. Each section features a distinct background pattern.]FIGURE 5 | Simultaneous imaging of the plasma-flame interactions from top view and side view, imaged using a mirror and a single camera, highlighting some of the additional information the transparent electrode brings. For each figure, the top view is above the white dashed line and the side view is below. Red lines indicate the electrode edge. (A) Proper flame front identification for multi-lobe morphology. (B) Demonstration of spatially-decoupling the microdischarges and the uniform discharge.3.2 Flame impacting plasma: multi-regime topology and microdischarge motion in flow field
Next, when considering the impact of flame on plasma, both the multi-regime topology and the motion of microdischarges in the flow field become apparent. The two-regime behavior includes inhomogeneous microdischarges far ahead of the flame, and a homogeneous uniform discharge coupled to the hot burned gases. This was observed in prior work and associated with changing temperature, flow speed and chemistry across the flame front [17]. Notably, the return to microdischarges shortly after flame passage - despite the gas still being hot - suggests that temperature alone does not govern the regime transition; and that the accumulated effects of many pulses change the dynamics of the transition. As discussed in [9, 17], additional factors such as changes in gas composition (e.g., NO and water), surface charge memory, and the interplay between flow residence time and pulse repetition rate can influence the onset of filamentation in the post-flame zone. It may also be that chemi-ionization produced by the flame front contributes to homogenizing the discharge [9].
In the wake of the flame, the transition from the uniform discharge to microdischarges occurs locally near the walls of the channel and gradually expands throughout the discharge region. Individual microdischarges suppress uniform discharge in a local region around them (see pulse 1444 in Figure 2). In the wake of the flame, the discharge resembles the hybrid structure seen in pure DBD setups without combustion [21]. One key advantage of the transparent electrode is that it eliminates the spatial integration inherent in side-view imaging. Figure 5B shows simultaneous top and side views of the discharge-flame interaction, captured using a mirror and a single camera. Although the side view produces a spatially integrated image that cannot resolve the spatial separation of temporally coexisting features, the top view reveals that the microdischarges and the uniform discharge, though concurrent in time, are distinctly separated in the spanwise direction.
A less obvious effect is the motion of the microdischarges in the flow field created by the background gas and flame front. This is shown in Figure 6. For each frame in a sequence, a single iso-brightness contour is shown, which highlights the reaction front and the main microdischarges. The contours are colored according to the time of the frame. Looking at the microdischarges, all initially travel towards the flame front (from right to left). At around 180 ms, all the discharge channels disappeared due to their contact with the flame front or changed their direction and begin to travel away from the flame front, in a direction roughly normal to it. The initial motion from right to left is driven by the flow of gas. The later motion away from the flame front is caused by the flame front itself. The cause will be investigated in detail in future works, but possible explanations are a local reversal of flow direction caused by the hot gases expanding in a confined channel behind the flame front or the uniform discharge behind the flame front interacting electrostatically with the microdischarge.
[image: Contour map displaying concentric lines in various colors indicating different time values, measured in milliseconds, from 170 to 190, shown by a vertical color scale on the right. The map features clusters of contours, mostly on the right, with colors transitioning from dark blue to red.]FIGURE 6 | Iso-brightness contours taken from high speed video; each color corresponds to a single frame in the video as indicated. The small closed contours on the right are individual microdischarges and the elongated contours on the left are the reaction front moving from left to right. Dashed black lines show the edges of the electrodes.4 CONCLUSION
In conclusion, a mesoscale channel-burner was used to investigate the interaction between a propagating premixed laminar flame front and an NRP DBD. The use of transparent ITO electrodes facilitated a comprehensive evaluation of the bidirectional interactions between the plasma and the flame. The discharge was observed to alter flame propagation by locally accelerating it and changing its geometry, through curvature and surface area increases. Simultaneously, the flame influenced the uniformity of the discharge and the overall motion of the microdischarges. Recognizing and quantifying this two-way interaction is key to the design of plasma-assisted combustion systems, particularly those involving propagating flame fronts and in-situ plasma. The use of transparent electrodes in plasma assisted combustion, ignition and detonation, opens up an opportunity to visualize and quantify 2D and 3D features of the interaction that were previously inaccessible, when using a viewpoint orthogonal to the electric field direction.
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