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Abstract: Dielectric barrier discharge (DBD) plasma actu-

ators can generate noticeable heating as well as induce 

momentum to the surrounding flow, which makes them 

attractive for multifunctional uses such as flow control 

and anti-/de-icing. In this work, we performed a para-

metric study to simultaneously quantify both the thermal 

and mechanical responses of DBD plasma actuation during 

glow-to-streamer transition. Surface heating was quanti-

fied using infrared (IR) thermography, while the actuation-

induced thrust was obtained with a high-sensitivity force 

balance to assess the mechanical output. The measure-

ments indicate that the delivered plasma power varies as 

a function of key operating and structural material param-

eters, including the applied voltage, dielectric thickness, 

and dielectric permittivity. Within the glow-discharge oper-

ating state, both heating and thrust scale approximately 

linearly with the supplied plasma power. When the input 

power exceeds the glow regime, localized streamer fila-

ments emerge; a larger share of the deposited energy is 

then released as heat, and the thrust no longer increases. 

These trends suggest that, in the filamentary mode, energy
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that would otherwise contribute to mechanical output is 

increasingly converted into thermal energy.

Keywords: dielectric barrier discharge (DBD); plasma actu-

ators; aircraft icing mitigation; plasma flow control; plasma 

anti-icing

1 Introduction

Cold-weather operations can compromise flight safety 

because ice may accumulate on exposed aircraft surfaces. 

When ice forms on components such as wings and empen-

nage, aerodynamic efficiency deteriorates – drag rises while 

lift is reduced [1]. Accretion can occur either on the ground 

or during flight. Green [2] reported 248 ground-icing and 

308 in-flight icing incidents between 1982 and 2011. In-

flight icing typically develops when supercooled droplets 

in clouds strike the airframe and freeze upon impact 

[3]. To limit these hazards, a range of in-flight anti-icing 

and de-icing approaches has been implemented, including 

freezing-point depressants [4], pneumatic boots [4], [5], hot-

bleed-air systems [4], [6]–[8] and electro-thermal heating 

[4], [9], [10]. In addition, superhydrophobic coatings have 

been suggested as a potential anti-icing solution [11]–[13]. 

Despite these advances, existing methods often do not elim-

inate ice completely and may introduce new penalties. 

For instance, pneumatic boots and bleed-air systems can 

adversely influence aerodynamics, while electro-thermal 

heaters may melt ice near the leading edge but promote 

runback ice formation farther downstream along the airfoil. 

Beyond the conventional anti-/de-icing approaches 

noted above, the heat released during plasma generation 

has recently been proposed as a promising strategy for mit-

igating icing [14]–[18]. A conventional DBD plasma actua-

tor consists of two offset electrodes separated by a dielec-

tric barrier. When a sufficiently high voltage is imposed 

between the electrodes, a surface discharge develops and 

ionizes the air in the vicinity of the dielectric-covered elec-

trode [19]. Broad reviews of DBD plasma actuators as active 

flow-control devices are available in the works of Moreau
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[20] and Corke et al. [21], and Benard et al. [22] provide an 

overview focusing on the electrical and mechanical charac-

teristics of AC-driven DBD actuators. In addition, Rodrigues 

et al. [18] present a detailed review specifically addressing 

DBD plasma actuators for icing mitigation.

DBD plasma actuators can impart momentum to the 

surrounding flow with very rapid response and without 

relying on any moving components. This distinctive fea-

ture has made DBD plasma a major focus in flow-control 

research over the past two decades. Applying a high-voltage 

excitation – either AC or nanosecond-pulsed – initiates a 

discharge across the electrode pair [19], [20]. In AC-driven 

DBD operation, the body force responsible for actuation 

arises from electrohydrodynamic interactions, effectively 

converting electrical input into fluid motion. The resulting 

“electric wind” entrains nearby air and produces a wall-jet-

like flow, which is exploited for reducing drag, stall-delay 

control and lift enhancement [19], [20], [23]–[25]. For the 

cases with nanosecond pulses (ns-DBD), induced ultrafast 

gas heating generate shockwave which is the main mech-

anism for flow control [26]–[28].

In addition to generating an induced wall jet, plasma 

actuation also releases heat. Zhang et al. [29] summa-

rized key aspects of the thermal behavior of DBD plasma 

actuators. From an energy-conversion standpoint, plasma-

based flow control has often been viewed as relatively 

“inefficient,” since a substantial portion of the supplied 

electrical power is dissipated as heat rather than con-

verted into useful mechanical work [20], [30]. Neverthe-

less, this thermal output can be advantageous for aircraft 

icing mitigation and has therefore been actively explored 

for anti-/de-icing applications [16], [31]–[37]. Because of 

the heat released during operation, the temperature of 

the dielectric surface can rise markedly while the actua-

tor is energized [30], primarily due to heat transfer from 

the plasma region to the surface [38], [39]. During dis-

charge, the gas temperature within the plasma zone may 

increase significantly; for example, rotational temperatures 

on the order of 400 K have been reported near the edge of 

the exposed electrode [40]. Rodrigues et al. [41] also pre-

sented a thermodynamic analysis of the dielectric layer 

response in plasma actuators. In addition, plasma actua-

tors incorporating advanced dielectric concepts have been 

proposed, including composite-ceramic dielectrics with 

improved high-temperature endurance [42] and polymer-

based electrodes electro-active movement to promote ice 

shedding [43]. Experimental demonstrations of DBD plasma 

for icing mitigation have included tests in cold-chamber 

environments [14] and icing wind tunnel studies on sim-

plified geometries such as cylinders [15] and airfoils [16].

Liu et al. [32] compared DBD plasma heating with conven-

tional electro-thermal methods and reported that AC-driven 

DBD actuation can provide comparable or improved anti-

icing performance relative to a traditional heating film. 

Another study revealed the effect of plasma actuator lay-

out, showing that streamwise configuration demonstrated 

better anti-icing results [37]. Furthermore, Hui et al. [44] 

analyzed the flow field during plasma actuation for anti-/de-

icing. Recently, more fundamental studies were conducted 

by Ahumada Lazo and Liu [45], which revealed the transient 

hydrodynamics of droplets impinging on surfaces with DBD 

plasma.

While previous studies demonstrated thermal or 

momentum effects of DBD plasma actuation, simultaneous 

measurement of induced thrust and thermal response 

has not been systematically quantified. In this study, we 

carried out a parametric investigation to examine the 

thermodynamic performance of AC-driven DBD plasma 

actuators pertinent to icing mitigation. Specifically, we 

assessed how the applied voltage, dielectric material, 

and dielectric thickness influence power draw and 

the associated thermal energy release. The thermal 

characteristics of AC-DBD in still air were captured using 

an infrared (IR) camera. In parallel, thrust was measured 

at the same operating conditions to provide a direct 

characterization of the actuator’s mechanical output.

2 Experimental setup

All tests were conducted on a flat plate in still air, in a 

climate-controlled laboratory maintained at a room temper-

ature of 22 ◦ C and a relative humidity of 40 %. The DBD 

plasma actuators were mounted on an acrylic base plate. 

Copper tape with a thickness of 70 μm was applied to the 

plate to serve as the grounded electrode. A second copper 

strip, left exposed (≈70 μm thick and ≈95 mm long), was 

positioned adjacent to the edge of the ground electrode 

and electrically isolated from it using different dielectric 

layers. The desired dielectric thicknesses for Kapton and 

PVC were obtained by laminating several layers of commer-

cially available film with single-layer thicknesses of ∼90 μm 

for Kapton and ∼70 μm for PVC, while PTFE was used as 

single-layer sheets commercially available at the selected 

thicknesses. Plasma discharge was initiated by applying a 

high-voltage signal to the exposed electrode. A schematic of 

the actuator configuration is provided in Figure 1.

The DBD plasma actuators were driven by a high-

voltage AC power supply (Nanjing Suman, CTP-2000 K). 

The applied voltage and discharge current were mea-

sured using a Tektronix P6015 high-voltage probe and a
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Figure 1: Layout of the dielectric barrier discharge actuator.

Pearson 2877 current probe, respectively. The voltage and 

current measurements carry the specified accuracies of the 

probes e.g., ±2 % for the Tektronix P6015 (1,000:1 attenua-

tion; 20 kV DC/40 kV peak measurement range; DC–75 MHz 

bandwidth) and +1 %/−0 % for the Pearson 2877 (1 V/A 

sensitivity; 100 A peak; 300 Hz–200 MHz bandwidth). Both 

signals were recorded with a Tektronix MDO3102 mixed-

domain oscilloscope. The waveforms were digitized at a 

sample rate of 10 MS/s with a vertical resolution of 8 bits. 

The electrical power consumption was then deter-

mined from the measured voltage–current data using:

P = 1

T

T

∫
0

V(t) × I(t)dt (1)

where V (t) and I (t) denote the time-resolved voltage and 

current supplied to the plasma actuator. Here, T is the sam-

pling interval used for the calculation, chosen to include

approximately eight periods of the applied AC waveform. 

Figure 2 shows a typical voltage and current trace. The 

applied voltage is nearly sinusoidal, whereas the current 

consists of a low-amplitude sinusoidal component – the 

capacitive (displacement) current of the actuator – super-

imposed with trains of sharp spikes in both half-cycles. 

The sinusoidal component of the current leads the voltage 

by roughly a quarter of a cycle, as expected for a pre-

dominantly capacitive load [22]; the apparent displacement 

between the two signals therefore reflects the reactive char-

acter of the actuator rather than a delay in the discharge 

itself. The current spikes mark individual micro-discharges. 

The spikes during the positive-going half-cycle are stronger, 

while those during the negative-going half-cycle are weaker 

[22]. This asymmetry stems from the different electron 

sources in the two half-cycles: when the exposed elec-

trode is negative, it acts as the cathode and readily emits 

electrons, producing numerous weak micro-discharges in a 

relatively uniform, glow-like discharge; when the exposed 

electrode is positive, electrons must instead be drawn 

from the weakly emitting dielectric surface, so breakdown 

occurs less frequently but through stronger, streamer-like 

micro-discharges [22], [23]. These micro-discharge events 

sustain the ionization responsible for both the electrohy-

drodynamic force production and the heat release of the 

actuator.

Surface temperature fields during plasma operation 

were measured using a FLIR A615 infrared (IR) camera 

(640 × 480 pixels; ±2 % accuracy). The camera was posi-

tioned facing the flat plate at a stand-off distance of 0.3 m. 

Image acquisition began at the same time as the plasma was 

initiated, and thermal data were recorded at 50 Hz.

Figure 2: Representative voltage and current waveforms during plasma operation.
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To correct for differences in surface emissivity, the cam-

era emissivity settings were specified as 𝜀 = 0.84, 0.92, and 
0.91 for Kapton, PTFE, and PVC, respectively. These values 

were obtained through in-situ calibration by matching IR 

readings with temperatures measured by thermocouples. 

In addition, the exposed copper electrode was covered with 

PVC tape to minimize reflections from the metallic surface. 

Alongside the surface-temperature measurements, 

thrust was quantified concurrently using a Veritas M214 

analytical balance with a resolution of 0.00098 mN. The flat 

plate was mounted vertically on the balance for the force 

tests. Electrodes were connected to the power source via 

0.05 mm diameter copper wires, which were kept slack to 

minimize any parasitic tension effects on the measured 

thrust. The balance output was logged to a computer at

7 Hz, and the recorded force signal was subsequently 

time-averaged. Electromagnetic interference produced 

by the high-voltage discharge was successfully mitigated 

by shielding and grounding of the data cable between 

the balance and the computer. In addition, the plasma 

circuit was electrically insulated from the measurement 

equipment, and all measurement instruments were tested 

prior to the experiments under various DBD discharge 

conditions to verify that the readings were free of 

electromagnetic interference. A schematic of the overall 

experimental arrangement is provided in Figure 3.

3 Measurement results 

and discussions

The measurements below are organized to build from 

cause to effect. First, the influence of the governing

Figure 3: Experimental setup.

parameters (applied voltage, dielectric material, and dielec-

tric thickness) on surface heating is quantified and inter-

preted through the electrical power delivered to the dis-

charge, which Equations (3)–(5) relate to those same param-

eters. The simultaneous thrust and temperature measure-

ments are then used to examine how the delivered power 

is partitioned between mechanical (momentum) output and 

thermal output, and how this partitioning changes across 

the glow-to-streamer transition.

3.1 Influence of dielectric material, 
thickness, and applied voltage

The heat released by DBD plasma actuation would differ 

under different plasma actuator parameters such as volt-

age or dielectric layer properties. A part of the released 

heat would eventually transfer to the dielectric surface of 

the plasma actuator. The surface heating produced by DBD 

plasma actuation was evaluated on a flat plate in still air for 

several test conditions. The different experimental groups 

and their corresponding operating parameters are summa-

rized in Table 1. The effect of voltage input was investigated 

on a 0.80 mm thick Kapton dielectric layer. The effect of 

dielectric layer type was explored under 12 kV peak-to-peak 

AC voltage, while the thickness of the layers was 0.35 mm. 

The effect of the thickness was investigated on PTFE layers 

with 15 kV voltage. The AC frequency was kept constant at

6 kHz to isolate the effects of dielectric material and thick-

ness within the available power-supply operating envelope. 

We acknowledge that changing dielectric properties alters 

the equivalent capacitance and may shift optimal oper-

ating frequency; therefore, the present results should be

Table 1: Test cases.

Case set Dielectric

material

Thickness

(mm)

Voltage

(kV)

Influence of voltage Kapton 0.80

2.0

4.0

6.0

12.0

15.0

20.0

Influence of dielectric material

Kapton

0.35 12.0PVC

PTFE

Influence of dielectric thickness PTFE

0.35

15.0

0.80

1.58

3.17

6.35
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Figure 4: Temporal progression of the surface-temperature field. V = 20 kV, f = 6 kHz, 0.8 mm Kapton dielectric layer.

interpreted as a controlled comparison at fixed frequency 

rather than a global optimization over frequency. During 

the experiments the surface temperature was measured by 

IR imaging.

Figure 4 presents the temporal development of surface-

temperature fields on the actuator dielectric for an oper-

ating condition of 20 kV and 6 kHz. In the IR frames, the 

exposed electrode region was intentionally obscured with 

a gray stripe. Initially, the dielectric surface was essentially 

at ambient temperature. Once the actuator was energized, 

the dielectric beneath the plasma region heated up rapidly. 

With continued operation, the warmed area spreads down-

stream from the discharge zone due to heat conduction 

within the solid and convective transport associated with

the downstream-moving heated gas layer. The highest tem-

peratures occur near the edge of the exposed electrode, 

where the surface temperature rises by more than 70 ◦ C 

after 60 s.

Surface temperatures on the flat plate were recorded 

for multiple AC-DBD voltage levels. A 0.8 mm Kapton 

layer was selected as the dielectric because of its rel-

atively high thermal resistance. Figure 5a reports the 

mean temperature rise over the region marked by the 

white dashed box in Figure 4d, extending approximately 

20 mm downstream from the edge of the exposed electrode. 

This 20 mm interrogation window was chosen because it 

bounds the region where plasma-induced heating was con-

sistently measurable for all test conditions; as shown by the

Figure 5: Influence of voltage input. (a) Surface temperature increment versus time, (b) spanwise-averaged temperature profile after 10 s of plasma 

actuation.
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Figure 6: Influence of dielectric material. (a) Surface temperature increment versus time; (b) spanwise-averaged temperature profile after 10 s 

of plasma actuation.

Figure 7: Influence of dielectric layer thickness. (a) Surface temperature increment versus time; (b) spanwise-averaged temperature profile after 10 s 

of plasma actuation.

spanwise-averaged profiles (Figures 5b, 6b and 7b), the 

temperature rise decays rapidly with downstream distance: 

at 10 s after the actuation onset, the spanwise-averaged tem-

perature rise at 20 mm downstream has already dropped 

to below 13 % of its near-electrode peak for every test con-

dition (e.g., 4.9 ◦ C versus a 37.5 ◦ C peak at 20 kV, and less 

than 0.1 ◦ C for 2–6 kV). Extending the window farther down-

stream would therefore mainly add weakly heated area and 

dilute the area-averaged temperature, weakening the com-

parison between test conditions. Figure 5b provides the cor-

responding spanwise-averaged temperature distributions. 

As shown in Figure 5, the lowest excitation levels (2–6 kV) 

produced negligible heating: the time-dependent tempera-

ture rise remained small, and the warming was confined 

to a narrow zone near the exposed-electrode edge, with 

essentially no increase farther downstream (Figure 5b). 

In contrast, moderate-to-high voltages (12–15 kV) yielded

a more pronounced thermal response. The area-averaged 

temperature increased rapidly immediately after actuation 

began and then approached a quasi-steady value more 

gradually. The maximum heating still occurred close to the 

exposed-electrode edge, but with substantially larger peak 

values (Figure 5b). At the highest voltage tested (20 kV), the 

mean temperature rise was much steeper, exceeding 40 ◦ C 

within about 60 s, consistent with a substantially higher 

thermal energy deposition. The peak increase reached 38 ◦ C 

near the electrode, and even at 20 mm downstream the sur-

face temperature rose by about 5 ◦ C after 10 s of actuation. 

Surface temperatures were compared for three dielec-

tric materials – Kapton, PTFE, and PVC – tested under iden-

tical operating conditions (12 kV, 6 kHz). For consistency, 

the thickness of each dielectric layer was fixed at 0.35 mm. 

Figure 6a presents the time history of the area-averaged 

surface temperature, whereas Figure 6b shows the spatially
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averaged temperature rise as a function of distance from 

the exposed-electrode edge at 10 s after actuation begins. 

As indicated in Figure 6, PTFE and Kapton exhibit rela-

tively modest heating, with surface-temperature increases 

of about 8 ◦ C and 12 ◦ C, respectively, after 60 s. In contrast, 

PVC experiences substantially stronger heating, reaching an 

increase of approximately 27 ◦ C over the same period. While 

the Kapton and PTFE cases gradually approach a steady 

value, the PVC surface continues to warm more rapidly and 

to a higher level. The profiles in Figure 6b further show 

that, at 10 s, the peak temperature rise near the electrode 

is approximately 15 ◦ C for PTFE, 20 ◦ C for Kapton, and 35 ◦ C 

for PVC.

Figure 7 illustrates how dielectric thickness affects sur-

face heating, shown both as a time history and as a spa-

tial distribution measured away from the electrode edge. 

These tests were conducted at 15 kV and 6 kHz while vary-

ing only the thickness of the PTFE (Teflon) dielectric. Over-

all, reducing the dielectric thickness led to stronger heat-

ing, producing higher surface temperatures over time and 

larger temperature rises farther downstream from the elec-

trode. At the largest thickness tested (6.35 mm), no visible 

discharge was observed even though the applied voltage 

was 15 kV, and the surface temperature did not change 

measurably. These observations indicate that the heating 

of the dielectric surface is primarily driven by thermal 

energy deposited during plasma discharge. From a control-

oriented standpoint, the area-averaged temperature histo-

ries in Figures 5a, 6a and 7a are well approximated by a 

first-order (single-time-constant) step response,

ΔT (t) ≈ ΔT ∞ 

[ 
1 − e −t∕𝜏 

]
(2)

in which both the steady-state rise, ΔT ∞, and the time 

constant, 𝜏 , vary systematically with the operating parame-

ters. The measured time histories therefore lend themselves 

to parameter-dependent, low-order dynamic models of the 

type used in systems identification, which could serve as 

plant models for closed-loop control of plasma-based ice 

protection; developing such models is a promising direction 

for future work.

Manley [46] introduced a power-estimation approach 

for dielectric barrier discharges based on Lissajous plots 

in 1943, in which the energy delivered to the discharge 

over a single AC cycle is obtained from the area enclosed 

by the voltage–charge (V–Q) curve. In the present study, 

the power consumption was determined directly from the 

time-resolved voltage and current measurements using 

Equation (1). Manley’s framework is invoked here to inter-

pret the parametric dependence of the measured power 

on the applied voltage, dielectric thickness, and dielectric

permittivity, as expressed by Equations (3)–(5); as shown 

below, the measured trends are consistent with this depen-

dence. Accordingly, the discharge power can be expressed 

as [46]–[48]:

P = 4 f
C
2
d

C
d
+ C

a

Vmin

(
Vmax − Vmin

)
(3)

Here, f denotes the excitation frequency, V min is the mini-

mum applied voltage required to initiate discharge, V max is 

the peak applied voltage, C 
a and C d represent the effective 

capacitances of the air gap and the dielectric layer, respec-

tively. C is defined as:

C = 𝜅 𝜀0
A

d
(4)

where 𝜅 is dielectric constant, 𝜀 0 is vacuum permittivity, A 

is effective electrode area and d is dielectric layer thickness. 

Substituting the expression for C into equation (3) yields the 

plasma-actuator power consumption given in equation (5):

P = 4 f

(
𝜅
d
𝜀0

A

d
d

)2

𝜅
d
𝜀0

A

d
d

+ 𝜅
a
𝜀0

A

d
a

Vmin

(
Vmax − Vmin

)
(5)

Equation (5) indicates that the discharge power rises as 

voltage, V max , and dielectric constant, 𝜅 d , increase, whereas 
a thicker dielectric layer, d 

d , tends to lower the electrical 

power consumption. This behavior is reflected in Figure 8, 

which shows that variations in parameters such as volt-

age, thickness and permittivity produce comparable trends 

in both power and surface temperature. In other words, 

operating conditions that require more electrical power also 

lead to greater heat release, resulting in a higher surface 

temperature. The uncertainty of the results in Figure 8 stems 

from the accuracies of the measurement instruments: the 

power-per-length values carry the combined accuracy of 

the voltage and current probes (±2 % for the Tektronix 

P6015 and +1 %/−0 % for the Pearson 2877), while the area-

averaged surface temperatures carry the ±2 % of reading 

accuracy of the FLIR A615 IR camera.

3.2 Relation between momentum transfer 
and thermal energy release

A DBD plasma actuator incorporating a 3.17 mm PTFE 

(Teflon) dielectric was evaluated under AC excitation at

8 kHz while the peak voltage was varied from 10 to 40 kV. 

The use of a relatively thick dielectric enabled operation 

over this broad voltage range without actuator failure. Sur-

face temperature fields were captured using IR thermogra-

phy, and the actuation-induced thrust was recorded simul-

taneously with the high-resolution balance.
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Figure 8: Power consumption and area-averaged surface temperature after 60 s of actuation plotted against (a) voltage input, (b) dielectric layer 

thickness (c) dielectric constant.

Figure 9: Surface temperature maps of the flat plate after 60 s of actuation for various applied voltages.

Figures 9 and 10 summarize the thermal response of 

the flat plate after 60 s of actuation at different applied volt-

ages. Figure 9 presents the surface temperature maps, and 

Figure 10 provides the corresponding spanwise-averaged 

temperature distributions along the streamwise direction. 

Both figures show that, at the lower voltage levels, the dis-

charge is relatively weak and the resulting surface heating 

is limited. In all cases, the maximum temperature occurs 

near the exposed-electrode edge and then decays down-

stream. For voltages up to 34 kV, the temperature field is 

nearly uniform across the span, consistent with a spatially 

continuous discharge operating in the glow regime. When 

the voltage is increased to 36 kV and above, discrete hot 

spots appear on the surface. These localized peaks are asso-

ciated with the onset of streamer filaments in the plasma. 

The temperature maps in Figure 9 thus serve as a spatial

diagnostic of the discharge regime: spanwise uniformity 

of the surface-temperature field indicates a diffuse glow 

discharge, whereas the appearance and growth of discrete 

hot spots identify the onset and intensification of streamer 

filaments [49], [50] – information that spanwise-averaged 

profiles alone cannot provide.

Figure 11 compares the mean surface-temperature rise 

measured after 60 s of actuation with the correspond-

ing thrust levels for the range of applied voltages, while 

Figure 12 replots the same quantities against the electrical 

power input. Because each thrust value represents an aver-

age over a time series, the associated variability is indicated 

by the error bars in Figure 11. As shown in Figure 11, surface 

heating and thrust increase in a similar manner as long as 

the discharge remains in the glow mode. Once streamer fila-

ments appear (approximately 36–40 kV), the trends diverge:
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Figure 10: Streamwise temperature distributions (spanwise averaged) measured after 60 s of actuation at various voltage input.

Figure 11: Area-averaged surface temperature after 60 s of actuation and corresponding thrust versus applied voltage input.

the average surface temperature rises sharply, whereas 

the measured thrust shows little or no additional increase. 

Consistently, Figure 12 indicates that both temperature and 

thrust scale approximately linearly with power consump-

tion below 36 kV, but after the transition to the filamentary 

regime, further increases in power do not translate into 

greater thrust and instead manifest primarily as enhanced 

heating.

When plasma is in the glow regime, the fractions of 

the input power converted into thermal output and kinetic 

output remain approximately constant. At sufficiently high 

applied voltage, the discharge becomes unstable and tran-

sitions toward a localized filamentary (streamer) mode, 

in which a localized, transient micro-discharge pattern is 

observed as bright, spatially concentrated filaments along

the exposed-electrode edge. In this regime, streamer fila-

ments constrain further thrust increase, even though the 

dissipated power continues to rise with increasing volt-

age [49], [50]. Additional electrical power is dissipated in 

enhanced Joule heating, while the net EHD body force 

does not increase proportionally; consequently, the mea-

sured net thrust component saturates within the uncer-

tainty bounds, whereas surface heating continues to rise. 

Quantifying the energetic transition across the sat-

uration threshold reveals stark redirection of actuator’s 

power budget. Prior to the onset of filamentary streamers, 

thermal dissipation rate was found to be 0.075 ◦ C/(W/m), 

derived directly from the slope of a linear curve fit of the 

pre-saturation data (R 2 = 0.9945, denoted by the dashed 
red line). Crossing the 34 kV threshold triggers a regime
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Figure 12: Area-averaged surface temperature after 60 s of actuation and corresponding thrust versus applied power input.

Figure 13: Thrust efficiency versus applied (a) voltage and (b) power input.

transition to a steeper linear profile. Within this post-

saturation domain (R 2 = 0.9960, denoted by the solid red 
line), the incremental thermal dissipation rate rises to 

0.0933 ◦ C/(W/m). This rise in the thermal dissipation rate 

represents 24.4 % increase in surface heating. The results 

indicate that the onset of streamer filaments shifts the added 

power primarily into heat release. After streamers form, a 

substantially larger portion of the input electrical energy 

is dissipated as thermal energy rather than contributing to 

thrust output. Each temperature data point used in these fits 

is the spatial average of the IR-measured surface tempera-

ture over the fixed interrogation window described above 

(extending 20 mm downstream of the exposed-electrode 

edge), evaluated after 60 s of actuation. The two fits were 

obtained by ordinary least squares, which presumes a lin-

ear mean response, independent errors, homoscedasticity, 

and approximately normally distributed residuals. Within

each regime, the residuals were examined and show no 

systematic trend with power, supporting the linearity and 

constant-variance assumptions. The reported R 2 values 

should be read as descriptive measures of goodness of fit 

rather than inferential statistics.

Figure 13 illustrates the electromechanical perfor-

mance of the AC-DBD plasma actuator, specifically plotting 

the thrust efficiency (𝜂) as a function of (a) applied peak-to-

peak voltage and (b) electrical power input. This efficiency 

metric quantifies the mechanical force (T) generated per 

unit of active electrical power input (P). It is calculated 

similar to the “fluid mechanic effectiveness” as in Kriegseis 

et al. [51]:

𝜂 = T

P
(6)

At low voltages (10 kV–14 kV), the efficiency exhibits 

sharp fluctuations. Near the breakdown voltage of air, the
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plasma discharge is not yet fully continuous or uniform 

across the electrode span, leading to a weak, unsteadily 

developed ionic wind. Following this initialization phase, 

a stable operational plateau is established between 14 kV 

and 34 kV where the efficiency peaks and stabilizes between 

0.27 mN/W and 0.33 mN/W. Within this optimized envelope, 

the actuator operates in a highly uniform, diffuse glow dis-

charge regime, maintaining a linear scaling between thrust 

and input power. Crossing the 34 kV saturation threshold 

initiates a steep, continuous decay in thrust production 

efficiency, because the total thrust output plateaus com-

pletely beyond this threshold. This decay illustrates that 

any power injected past the saturation point is entirely 

diverted away from momentum generation and is instead 

absorbed by thermal dissipation, micro-discharge filamen-

tation, and substrate dielectric losses. The plateau values 

of 0.27–0.33 mN/W fall within the range of effectiveness 

reported for AC-DBD actuators by Kriegseis et al. [51], and 

the overall shape of Figure 13 – a low-voltage initializa-

tion region (<14 kV), a broad plateau in the glow regime 

(14 kV–34 kV), and a decay beyond the streamer transi-

tion (>34 kV) – is consistent with the established picture 

that the electrohydrodynamic body force is generated most 

efficiently by a uniform glow discharge, while filamen-

tary micro-discharges dissipate energy mainly as heating 

[49], [50].

4 Conclusions

This work presents a parametric experimental campaign of 

the thermal behavior of AC-driven DBD plasma actuators. 

Experiments were carried out at ambient conditions with 

a flat-plate arrangement in still air. Infrared (IR) thermog-

raphy was employed to capture surface-temperature fields 

for a range of operating conditions, enabling the thermal 

response of the actuator to be quantified. The influence of 

applied voltage, dielectric material, and dielectric thickness 

was examined in a systematic manner. In parallel, the thrust 

generated by the plasma-induced ionic wind was measured 

with an analytical balance, allowing the coupling between 

thermal output and momentum (kinetic) production to be 

assessed.

The results show that the surface-heating response of 

AC-DBD actuation is strongly governed by operating and 

material parameters, including the applied voltage as well 

as the dielectric thickness and material type. Higher voltage 

and larger dielectric permittivity increase the electrical 

power delivered to the discharge, whereas increasing the 

dielectric thickness reduces the power. Since the deposited 

power controls the heat released by the plasma, these

variations translate directly into changes in surface 

temperature.

The concurrent thrust and thermal measurements fur-

ther indicate that, in the glow-discharge regime, both heat 

release and momentum production scale approximately lin-

early with plasma power and exhibit the same overall trend. 

As the input power is raised, the discharge transitions from 

a diffuse glow to localized streamer filaments; beyond this 

point, a larger fraction of the power is dissipated as heat, 

while thrust no longer increases and instead levels off. The 

distinct energetic shift triggered by the streamer transition 

dictates mutually exclusive operational strategies depend-

ing on whether the AC-DBD actuator is deployed for aero-

dynamic flow control or thermal anti-icing purposes. For 

boundary layer flow control, operating the actuator beyond 

the electromechanical saturation threshold is fundamen-

tally counterproductive. In this high-voltage domain, any 

additional electrical power fails to generate further electro-

hydrodynamic body force. Therefore, flow control config-

urations must be kept within the uniform glow discharge 

regime, where momentum injection scales optimally with 

power input. Conversely, for aircraft anti-icing applications, 

the post-saturation filamentary regime represents the ideal 

operational envelope since any power addition is directed 

into surface as heat.

Overall, the present dataset provides a regime-depen-

dent trade-off between thermal output and momentum pro-

duction for AC-DBD actuators in quiescent air. These results 

can support actuator parameter selection depending on 

whether the intended objective prioritizes surface heating 

or flow-control authority and can be extended to design 

more effective plasma-based ice protection for aircraft.
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