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Abstract: Crosswinds will lead to large-scale flow separation in the nacelle inlets, which seriously
affects the flight safety of the aircraft; there is an urgent need to develop flow control measures. As
a plasma flow control method, the application of surface dielectric barrier discharge in the field of
nacelle inlet separation control is of great significance for improving the intake quality. Based on the
characteristic law of the baseline flow field, the flow control effect of the nacelle inlet separation flow
field experiments with NS-DBD, and the influence of the actuation frequency on the flow control
is discussed. A comparative experimental study of NS-DBD and AC-DBD is carried out. Finally,
the flow control mechanisms for both are discussed. The results show that under the condition that
the flow velocity of the wind tunnel is 35 m/s and the crosswind angle is 10◦, the average total
pressure loss coefficient and distortion index decrease by 29.62% and 44.14% by NS-DBD actuation.
At the same time, exists an inherent optimal coupling frequency in NS-DBD, and the control effect of
NS-DBD is better than that of AC-DBD. NS-DBD mainly through shock waves and induced vortices,
while AC-DBD mainly through the induced generation of near-wall jets to reduce the inverse pressure
gradient and improve nacelle flow separation.

Keywords: nacelle inlets; crosswind; flow separation control; NS-DBD; AC-DBD

1. Introduction

Inlet distortion on turbofan nacelles during crosswind and low-speed forward opera-
tion is an area of concern in the gas turbine engine community. [1]. Especially in the case of
crosswind, the aircraft will not only have a sideslip, but also large-scale flow separation
in the intake port, resulting in engine intake distortion, reduced steady margin, and even
engine surge phenomenon, seriously affecting the flight safety of the aircraft.

In order to minimize the damage caused by crosswinds, extensive research has been
carried out on the flow field characteristics of nacelles. In terms of experimental research,
Motycka et al [2] explored the influence of Reynolds number and fan/inlet coupling on
the distortion of subsonic transport inlet. Murphy et al [3] used three-dimensional particle
image velocity measurement and total pressure measurement in the pipeline to conduct an
experimental study on the formation of ground vortexes under crosswind conditions. Brix
et al [4] established a jet engine model with a diameter of 0.1 m and measured the velocity
distribution of the inlet vortex by two rapidly rotating optical fiber probes in the engine
inlet. Zantopp et al [5] studied and proposed a detailed flow field model of the inlet vortex
field under crosswind conditions by using numerical and experimental methods. Hall and
Hynes [6] investigated the influence law of crosswind angle and ground clearance on flow
field characteristics and found that airflow has an obvious hysteretic effect in the process of
inlet separation and adhesion.

In terms of numerical simulations, Majic et al [7] used non-constant Reynolds-averaged
Navier–Stokes simulations with climb and cruise flight conditions to effectively reduce
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the degree of total pressure distortion in the inlet flow field. Yeung et al [8] investigated
a computational model for flow separation over the engine nacelle lip under off-design
conditions with significant crosswinds. Minaker and Defoe [9,10] proposed a fan gas path
and airframe force model design process, applied it to the problem of predicting flow
separation over an engine nacelle lip caused by crosswinds, and used a body force model
to assess the accuracy of the design process-based approach. Harjes et al [11] explored
jet engine inlet distortions caused by crosswind conditions, and through comparative
experiments, numerical studies showed that the isentropic peak Mach number depends on
the Reynolds number as well as the size of the separation bubble that occurs.

However, rarely has any research been conducted on the use of flow control to sup-
press flow separation in nacelle intakes under crosswind conditions. Plasma is the fourth
state of matter after solid, liquid, and gas. It has attracted wide attention in recent years
and is widely used in biomedicine [12–16], environmental purification [17–20], catalytic
technology [21–24], material handling [25–27], flow control, and other fields. Surface
Dielectric Barrier Discharge (SDBD) [28] which has the advantages of easy adhesion,
rapid response, and adjustable parameters, has been widely used in the fields of stall
control [29–34], boundary layer rotation [35–40], lift enhancement [41–43],
anti-icing [44–48] and other flow separation control applications. Surface dielectric bar-
rier discharge is classified as Alternating Current Dielectric Barrier Discharge (AC-DBD),
Microsecond Dielectric Barrier Discharge (µS-DBD), and Nanosecond Dielectric Barrier
Discharge (NS-DBD), of which AC-DBD and NS-DBD are more widely used than µS-DBD.
Therefore, the extension of surface dielectric barrier discharge actuation to the field of
nacelle inlet flow control is of great significance in improving the air intake quality and
flight performance of aircraft.

In this paper, the flow control effect of the nacelle inlet separation flow field is gained
based on NS-DBD, and the influence law of actuation frequency on the flow control effect is
discussed. Then the comparative experimental study of NS-DBD and AC-DBD actuation is
carried out under the same plasma actuation power. Finally, the flow control mechanisms
of NS-DBD and AC-DBD in the field of crosswind separation flow are analyzed to provide
guidance for solving the flow separation problem in nacelles under crosswind conditions.

2. Experimental Systems
2.1. Experimental Systems for Nacelles

As shown in Figure 1, the experiment independently built the nacelle experiment
system. The benchmark model of the experimental object is the DLR-F6 reduction model,
which represents the mainstream model of the current transport aircraft [49–52]. The model
adopted in this paper is a pure nacelle model obtained from the DCR-F6 benchmark model,
and its structure is completely axisymmetric. The nacelle model is divided into two parts:
the front section is the polyamide inlet lip model with a shrinkage ratio of 1:20, diameter
of nacelle inlet Di = 200 mm after shrinkage, and the model is modified by 3D printing of
synthetic resin materials. The rear section is the metal measurement section, obtained by
machining, and fixed devices such as metal ribs are added. The windward side has been
rounded transition and profile processing to reduce the disturbance of the convection field.

The Air Independent Power (AIP) section at 0.7 Di from the lip is fitted with a cross-
pressure rake. The pressure-measuring harrow expands outward with the center of the tank
as the origin, and seven pressure measuring points are set on a single harrow arm within the
20–100 mm interval, as shown in Figure 2. Driven by the rear stepper motor, the measuring
rake rotated on the measured section at a rotation interval of 10◦. The total pressure of the
nacelle inlet section is measured by the probe arranged on the collecting rake.

When the flow passes through the nacelle inlet, the pressure of the nacelle inlet can
be obtained through the pressure probe on the pressure rake, and the pressure can be
transmitted to the differential pressure sensor acquisition module through the rubber
catheter, and the pressure signal can be converted into an electrical signal. Then, the data
acquisition card is transmitted to the Labview pressure acquisition program built by the
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computer to realize the real-time monitoring and acquisition of pressure at each point of
the inlet. Finally, the data are calculated and processed, the cloud map of the average total
pressure loss coefficient is drawn by interpolation fitting, and the average total pressure loss
coefficient and distortion index are calculated to provide a basis for subsequent analysis.
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2.2. Wind Tunnel Systems

In this experiment, the LSWT-1 low-speed closed circuit wind tunnel is used to simu-
late the external atmospheric environment of the aircraft inlet during the take-off phase. The
tunnel is 19.79 m long and 10.16 m wide, and the wind velocity is continuously adjustable
from 5 to 75 m/s. Under the designed wind velocity, the turbulence in the main flow area
of the experimental section is less than 0.2%. In the experiment, the flow velocity of the far
field in the wind tunnel is defined as V1, and the range of V1 is set as 10 m/s ≤ V1 ≤ 35 m/s,
corresponding to the Reynolds number range is 1.325 × 105 ≤ Re ≤ 4.638 × 105 based
on the diameter of the inlet lip. The rectangular section area of the test section of the
reflux wind tunnel is 1.2 m × 1.0 m. Through the physical measurement of the experi-
mental device, the blockage area of the experimental device is 1.42 × 10−4 m3, and the
blockage coefficient is 4.6%, which meets the experimental requirements, and the influence
can be ignored.

In most of the nacelle inlet crosswind experiments, crosswind interference is equivalent
to simulated by means of crosswind angle. A wind tunnel is used to simulate far-field wind
velocity, and the nacelle inlet model is fixed in the center of the wind tunnel experimental
section through the positioning mechanism, ensuring that the central axis of the nacelle
inlet fixing device is parallel to the central axis of the wind tunnel test section. Then, the
crosswind angle is adjusted to the right by the angle adjustment and fixing device so that
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there is a large vertical component of the incoming flow at the nacelle entrance. Finally,
by decomposing the central axis of the inlet fixing device and the vertical direction of the
central axis, the wind velocity of the incoming flow perpendicular to the inlet section can
be obtained, defined as a vertical crosswind. The wind velocity of the vertical crosswind
is equal to that of the actual crosswind vertically entering the inlet section, as shown in
Figure 3.
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2.3. Plasma Actuation Systems

In terms of actuation power supply, high-voltage nanosecond pulse power is used for
NS-DBD actuation, and AC sine wave power is used for AC-DBD actuation.

The high-voltage nanosecond pulse power supply is manufactured by China Xi’an
Lingfengyuan Electronic Technology Co., Ltd. It is a parametric high-voltage nanosecond
pulse power supply with 0–20 kV continuous adjustable voltage and 0–20 kHz continuous
adjustable frequency. The rising and falling edges are adjustable at 50 ns–500 ns and the
pulse width is 0 ns–1 ms. AC sine wave power supply is CTP-2000K, produced by Suman,
Nanjing, China. During use, the control box is connected to realize continuous sine wave
pulse modulation. The output voltage range is from 0 to 40 kv, and the frequency is from
6 kHz to 40 kHz.

In the experiment, the preparation procedure of the actuator is as follows: First, the
low-voltage electrode is pasted on the lip of the model after cleaning, and then the high-
voltage electrode is directly pasted with a large area of insulating dielectric layer. Finally,
the distance between the electrodes is kept at 0, and the high-voltage electrode is pasted. In
addition, under the wind velocity studied in this paper, the laying method of this actuator
is not affected by the flow field after experimental verification and will not be modified
due to repeated experiments, and the fitting is firm and reliable.

The detailed structure of the actuator is shown in Figure 4. It consists of two copper
foil electrodes parallel to the upper and lower sides and an insulating dielectric layer in the
middle. The dielectric layer is Kapton material with a thickness of 0.2 mm and a dielectric
constant of 3.4. Two copper foil electrodes are high-voltage and low-voltage electrodes,
which are placed on both sides of the dielectric layer. The high-voltage electrodes with a
width of 5 mm and a thickness of 0.02 mm are distributed on the exposed upper surface
of the insulating dielectric material and are connected with the high-voltage end of the
actuation power supply. The low-voltage electrode with a width of 5 mm and a thickness
of 0.02 mm is placed on the lower surface of the insulating dielectric material, between the
insulating material and the surface of the model, and is connected to the low-voltage end
of the actuation power supply.

2.4. Electrical Parameter Measurement System

The electrical parameter measurement system includes a high-voltage probe, a current
probe, and an oscilloscope, as shown in Figure 5.
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The maximum measuring range of the P6015A high-voltage probe is set as 20 kV DC
voltage, 40 kV peak-to-peak voltage, and 100 ms voltage pulse width. The rise time is 4.0 ns,
the compensation range is 7–49 pF, and the measurement bandwidth is up to 75 MHz.
In the process of voltage measurement, the voltage uncertainty is 0.2 kV. The TCP0030
current probe can choose 5 A and 30 A current measurement ranges and measure 30 A
maximum RMS current and 50 A peak pulse current. It can provide up to 1 mA precision
measurement level and 120 MHz bandwidth; rise time is not more than 2.92 ns. In the
NS-DBD actuation experiment, the uncertainty of current measurement is 0.2 A due to the
large current and drastic change. The actuation current of AC-DBD is small and stable,
and the uncertainty is 2 mA. The model of the oscilloscope used in the experiment is the
DPO4104B oscilloscope, which has four acquisition channels. The oscilloscope can meet the
requirements of various waveform analyses, automatically identify units and pre-calibrate,
and the data storage is simple and efficient.

2.5. Flow Field Evaluation Index

The total pressure loss coefficient is a characteristic parameter for measuring airflow
flow loss in the passage. By analyzing the distribution and magnitude of the total pressure
loss coefficient, flow characteristics of airflow can be predicted. The expression is defined as:

η =
p∗1 − P∗

2,i

p∗1 − p1
=

p∗1 − P∗
2,i

0.5ρV2
1

(1)

where p∗1 is the total far-field pressure, p1 is the static far-field pressure, P∗
2,i is the total

pressure on the AIP section, V1 is flow velocity, and ρ is air density. In addition, η is the
average total pressure loss coefficient on the AIP section.

The distortion index is the representation quantity of the inlet flow field, and the total
pressure distortion index is the index to measure the flow field distribution deviation from
the uniform flow field of the inlet, which is used to represent the flow field quality of the
outlet section, and is one of the crucial performance parameters of the inlet. The expression
is defined as:

DC60 =
P∗

2 − P∗
2,60

q2
(2)
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where P∗
2,60 is the average total pressure in the lowest sector of 60◦ total pressure on the AIP

section, and q2 is the average dynamic pressure on the AIP section.

3. Results and Discussion
3.1. Experiment on Nacelle Inlet under Crosswind Conditions

The experiment analyzes the characteristics of the separation flow field in crosswind by
changing the characteristic parameters to obtain the main influence laws of the characteristic
parameters of the separation flow field and provide a basis for flow control experiments by
plasma actuation.

In the experiment, the flow velocity of the wind tunnel is first fixed at 15 m/s, and the
crosswind angle is set at 10◦, 14◦, 18◦, 22◦, 26◦ and 30◦. Experimental research is carried out
under six flow conditions, and a cloud map of the total pressure loss coefficient is compared
and analyzed, as shown in Figure 6.

Actuators 2023, 12, x FOR PEER REVIEW 6 of 19 
 

 

* * * *
1 2,i 1 2,i
* 2
1 1 10.5
p P p P
p p V

η
ρ

− −
= =

−
 (1) 

where *
1p  is the total far-field pressure, 1p  is the static far-field pressure, *

2,iP  is the total 
pressure on the AIP section, 1V  is flow velocity, and ρ  is air density. In addition, η  is 
the average total pressure loss coefficient on the AIP section.  

The distortion index is the representation quantity of the inlet flow field, and the total 
pressure distortion index is the index to measure the flow field distribution deviation from 
the uniform flow field of the inlet, which is used to represent the flow field quality of the 
outlet section, and is one of the crucial performance parameters of the inlet. The expres-
sion is defined as: 

* *
2 2,60

60
2

P P
DC

q
−

=  (2) 

where *
2,60P  is the average total pressure in the lowest sector of 60° total pressure on the 

AIP section, and 2q  is the average dynamic pressure on the AIP section. 

3. Results and Discussion 
3.1. Experiment on Nacelle Inlet under Crosswind Conditions 

The experiment analyzes the characteristics of the separation flow field in crosswind 
by changing the characteristic parameters to obtain the main influence laws of the charac-
teristic parameters of the separation flow field and provide a basis for flow control exper-
iments by plasma actuation. 

In the experiment, the flow velocity of the wind tunnel is first fixed at 15 m/s, and the 
crosswind angle is set at 10°, 14°, 18°, 22°, 26° and 30°. Experimental research is carried 
out under six flow conditions, and a cloud map of the total pressure loss coefficient is 
compared and analyzed, as shown in Figure 6. 

 
Figure 6. Cloud map of total pressure loss coefficient at different crosswind angles when the flow 
velocity is 15 m/s. 

The results show that when the crosswind angle is 10° and 14°, the total pressure 
distortion area is mainly distributed in the right windward edge area, and the degree of 
distortion is small in the affected crosswind area. When the crosswind angle reaches 18°, 
the distortion area forms a fan-shaped area of about 120°, and the degree of distortion 
increases rapidly and becomes more serious. When the crosswind angle reaches 22°, the 

Figure 6. Cloud map of total pressure loss coefficient at different crosswind angles when the flow
velocity is 15 m/s.

The results show that when the crosswind angle is 10◦ and 14◦, the total pressure
distortion area is mainly distributed in the right windward edge area, and the degree of
distortion is small in the affected crosswind area. When the crosswind angle reaches 18◦,
the distortion area forms a fan-shaped area of about 120◦, and the degree of distortion
increases rapidly and becomes more serious. When the crosswind angle reaches 22◦, the
distortion area basically coincides with the windward area on the right, forming a fan-
shaped distortion area of about 180◦. In this case, the total pressure distortion of the nacelle
inlet is serious, the inlet quality of the flow field is poor, and there are serious safety risks.
When the crosswind angle continues to increase, the distortion area remains essentially
unchanged, showing a slightly expanding trend.

The data information in the total pressure loss cloud map is processed, and the average
total pressure loss coefficient η and the distortion index DC60 are calculated to draw the
variation law, as shown in Figure 7.

The results show that when V1 = 15 m/s, β increases from 10◦ to 30◦, η increases from
0.148731 to 0.433628, and DC60 increases from 0.342898 to 1.155558. When β = 10◦ or β = 14◦,
η is in the range 0.1–0.2, DC60 is in the range 0.3–0.5, and the degree of distortion is small.
When β continues to increase, η and DC60 continues to increase and the degree of distortion
increases. Combined with the cloud map in Figure 5, it is found that when β reaches 22◦

and then increases further, although the distortion range remains essentially unchanged, η
and DC60 continue to increase, and the degree of distortion continues to be large.
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Figure 7. The variation law of the average total pressure loss coefficient and distortion index when
the flow velocity is 15 m/s.

To further improve the flow velocity, set V1 to 25 m/s and 35 m/s, and set β to 10◦, 14◦,
18◦, 22◦, 26◦, and 30◦. The experiment is carried out under six incoming flow conditions,
and the variation law of the average total pressure loss coefficient and the distortion index
under different crosswind angles is drawn, as shown in Figure 8.
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Figure 7 shows that the variation law is basically the same under different flow
velocities. When β = 10◦ or β = 14◦, η and DC60 increase slightly, with the further increase
of β, η and DC60 increase rapidly. Longitudinal observation of Figure 7 shows that with
the increase of β, the difference of index values under different flow velocities gradually
decreases. In particular, when β = 30◦, the index values under different flow velocities
basically converge to one. Therefore, it can be concluded that with the increase of β, the
influence of V1 on the distortion gradually decreases, and β gradually dominates.

In order to further verify the conclusion, β is increased to 18◦, 22◦, 26◦, and 30◦. The
experiment is carried out under six incoming flow conditions, and the variation law is
drawn, as shown in Figure 9.

In order to further verify the conclusion, β is increased to 18◦, 22◦, 26◦, and 30◦. The
experiment is carried out under six incoming flow conditions, and the variation law is
drawn, as shown in Figure 8.

The results show that when β = 10◦, η and DC60 decrease with the increase of the flow
velocity. When β increases further and V1 gradually increases from 15 m/s to 30 m/s, η
and DC60 gradually decrease. However, when V1 = 35 m/s, the distortion slightly increases
compared with 30 m/s. When β reaches 22◦, the improvement of distortion is small with
the increase of V1, η and DC60 remain basically unchanged.
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Therefore, the reasons can be analyzed as follows: in the case of a small crosswind
angle, with the increase of the flow velocity, the flow capacity of the nacelle inlet is improved,
the range of distortion is narrowed, and the total pressure distortion is improved. In this
case, the influence of the flow velocity on total pressure distortion is dominant. However,
the effect of improving the distortion by increasing the flow velocity is limited. When the
crosswind angle increases further, the flow velocity has an optimal effect threshold. When
the flow velocity exceeds this threshold, the improvement effect will gradually decrease.
At this time, the leading role of flow velocity still exists but is limited. When the crosswind
angle reaches a certain threshold, the effect of improving the total pressure distortion by
increasing the flow velocity basically disappears. In this case, the crosswind angle plays
a dominant role in the total pressure distortion, and the flow velocity has little influence.
This also shows that, in the case of crosswind, with the increase of the crosswind angle, the
leading role of the flow velocity on the distortion becomes weaker and weaker, and the
influence of the flow velocity is determined by the crosswind angle, so there is a limit value
of the crosswind angle on the effect of the flow velocity.

3.2. Flow Separation Control of Nacelle Inlets in Crosswinds by NS-DBD

Plasma actuation has made many achievements in the field of flow control, especially
in controlling flow separation. Jia Yuhao et al. [53] found that the 120◦ circumferential
actuation layout is adopted at the inlet lip of the nacelle, which has low actuation energy
and a good plasma flow control effect. Therefore, 120◦ circumferential plasma actuators are
layout on the windward side to explore the control effect of plasma actuation.

Based on the experimental results of the nacelle inlet under crosswind conditions, four
experimental conditions with small distortion and one condition with large distortion are
selected. The experimental conditions are shown in Table 1.

Table 1. The experimental conditions.

Condition Number β V1

1 10◦ 15 m/s
2 10◦ 35 m/s
3 10◦ 25 m/s
4 14◦ 25 m/s
5 18◦ 15 m/s

In the experiment, the peak-to-peak value of the actuation voltage Up−p is set to 10 kV,
the rising edge to 100 ns, the pulse width to 300 ns, and the falling edge to 100 ns. By
changing the actuation frequency, the influence law of NS-DBD plasma actuation frequency
on the separation flow field is explored.

Firstly, the experiment is conducted under experimental condition 1 (β = 10◦,
V1 = 15 m/s). Under the condition of Up−p = 10 kV, the actuation frequency f is set
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as 500 Hz, 1000 Hz, 1500 Hz, and 2000 Hz. The average total pressure loss coefficient and
the distortion index under different actuation conditions are calculated, and the cloud
map of the total pressure loss coefficient and its variation law are drawn, as shown in
Figures 10 and 11.
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different actuation frequencies under experimental condition 1.

The results show that when the total pressure distortion is improved under NS-DBD,
η and DC60 are reduced. As the actuation frequency increases, the degree of distortion first
increases and then increases. At f = 500 Hz, η and DC60 reach a minimum near the point
where η decreases from 0.148731 to 0.125995 and DC60 decreases from 0.342898 to 0.276816.
As the actuation frequency continuously increases, the improvement effect of actuation on
η and DC60 is reduced. Compared with f = 500 Hz, η and DC60 will increase. Especially, η
rises to 0.13278 and DC60 rises to 0.301035 at f = 2000 Hz. Therefore, there is an optimal
coupling frequency of NS-DBD. When the frequency is higher or lower than this frequency,
the distortion improvement effect will be reduced, and the optimal coupling frequency will
be located near 500 Hz.

Then the experiment is conducted under experimental condition 2 (β = 10◦,
V1 = 35 m/s). Under the condition of Up−p = 10 kV, the actuation frequency f is set
as 500 Hz, 1000 Hz, 1500 Hz, and 2000 Hz. The experimental results are shown in
Figures 12 and 13.
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The results show that the total pressure distortion is still improved under NS-DBD, η
and DC60 are reduced. At f = 500 Hz, η and DC60 reach a minimum near the point where
η decreases by 29.62% from 0.083813 to 0.05899, DC60 decreases by 44.14% from 0.221959
to 0.123999, and the total pressure distortion basically disappears. The increasing trend of
actuation frequency is the same as that of condition 1, indicating that the optimal coupling
frequency of plasma has not changed.

Then the experiment is continued under experimental conditions 3 and 4, and the
results are compared with those under experimental conditions 1 and 2, as shown in
Figure 14.

The results show that NS-DBD can effectively improve the distortion under four
conditions, that is, when the distortion degree is small. Under different experimental
conditions, the optimal coupling frequency of plasma actuation is around 500 Hz, but when
the plasma actuation frequency increases, the actuation effect will decrease. However, DC60
of condition 2 (β = 10◦, V1 = 35 m/s) at f = 2000 Hz changes from the baseline standard
0.221959 to 0.235424, and condition 4 (β = 14◦, V1 = 25 m/s) is changed from 0.337807 to
0.376613. This indicates that the improvement effect of the distortion may decrease when
the actuation frequency is greater than the optimal coupling frequency and may even lead
to the intensification of the distortion.
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In order to verify the influence of plasma actuation, condition 5 with a large total
pressure distortion degree is set. Under the condition of Up−p = 10 kV, the actuation
frequency f is set as 500 Hz, 1000 Hz, 1500 Hz, and 2000 Hz. The experimental results are
shown in Figures 15 and 16.
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The experimental results show that the effect of NS-DBD is weakened, and the cloud
map does not change significantly. Even when the actuation frequency is close to the
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optimum coupling frequency, η only decreases from 0.251402 to 0.243847, a reduction of
only 3.00%, while DC60 remains essentially unchanged.

It can be found from the above results that there is an inherent optimal coupling
frequency of plasma actuation in the separation flow field. Under this optimal coupling
frequency, plasma actuation has the best effect on improving the distortion. In the case of a
separation flow field with a small crosswind angle and a small degree of distortion, the
improvement effect of plasma actuation is more obvious. Especially in the case of large flow
velocity, the distortion can be reduced. However, in the separation flow field with a large
degree of distortion, the distortion degree is serious, and the effect of plasma actuation is
weak. In this case, the aircraft cannot work normally. Therefore, plasma actuation should
be applied to the condition of small distortion.

3.3. Comparative Experiment of Flow Control between NS-DBD and AC-DBD

In order to compare the control effect of AC-DBD and NS-DBD, comparisons should
be made under the same energy requirements. However, there are several parameters for
the two kinds of actuation. In the experiment, AC-DBD chooses a steady actuation mode.
Under the premise of selecting the same actuation voltage, the actuation frequency f of
AC-DBD is set to 6000 Hz. By changing the actuation frequency of NS-DBD, the same
actuation energy of both is sought.

The plasma actuation voltage is determined to be 10 kV, 9 kV, and 8 kV. Three groups
of NS-DBD and AC-DBD actuation conditions are determined on the premise of ensuring
the same actuation energy. The actuation Settings are shown in Table 2.

Table 2. The Actuation Settings.

Number Actuation Mode Up−p f Power

1
AC-DBD 10 kV 6000 Hz 29.9704
NS-DBD 10 kV 780 Hz 29.8803

2
AC-DBD 9 kV 6000 Hz 19.9858
NS-DBD 9 kV 690 Hz 20.1304

3
AC-DBD 8 kV 6000 Hz 14.1942
NS-DBD 8 kV 690 Hz 14.2513

According to the previous experimental results, the plasma flow control effect is better
under experimental condition 3 (β = 10◦, V1 = 25 m/s), so the experiment in this section is
first carried out under experimental condition 3. The cloud map of the total pressure loss
coefficient is obtained, as shown in Figure 17.

From the actuation effect, both NS-DBD and AC-DBD can reduce the degree of dis-
tortion in the flow field and narrow the range of total pressure distortion. However, the
distribution range and degree of distortion of NS-DBD are smaller than that of AC-DBD
under the three actuation settings.

For further analysis, the average total pressure loss coefficient under different actuation
conditions is calculated, and the comparison bar chart is drawn, as shown in Figure 18.

Experimental results show that the average total pressure loss coefficient decreases
from 0.12618 to about 0.10 by AC-DBD and from 0.12618 to about 0.09 by NS-DBD. There-
fore, under the same actuation energy condition, the actuation control effect of NS-DBD
plasma is better than that of AC-DBD.

In order to further compare and analyze the flow control effect, experimental condi-
tions 4 and 5 are selected for the experiment, where the total pressure distortion is more
serious in experimental condition 5. Specific conditions are set up as shown in Table 3.
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Table 3. Condition Settings.

Number β V1 Up−p

1
10◦ 25 m/s

10 kV
2 9 kV
3 8 kV

4
14◦ 25 m/s

10 kV
5 9 kV
6 8 kV

7
18◦ 25 m/s

10 kV
8 9 kV
9 8 kV

As shown in Figure 19, experimental results show that both NS-DBD and AC-DBD
can achieve control effects under working conditions 3 and 4. Moreover, the average total
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pressure loss coefficient of NS-DBD is smaller under the same actuation power, so the
control effect of NS-DBD is better than that of AC-DBD. However, the control effect of
NS-DBD and AC-DBD is weak when the distortion is large. Therefore, it can be concluded
that plasma actuation is more suitable for less distortion to improve flight quality.
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3.4. Mechanism of Dielectric Barrier Discharge Flow Control in Crosswinds

Firstly, the discharge forms and energy output characteristics of AC-DBD and NS-DBD
at the same discharge energy are analyzed to better reveal the mechanism. Observe the
discharge pattern, as shown in Figure 20. The results show that NS-DBD is stronger than
AC-DBD in terms of plasma region range, length, and brightness of ion channel, indicating
that NS-DBD has stronger discharge capacity under the same energy.
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In addition, the actuation intensity is also related to the actuation waveform of the
two. As shown in Figure 21, under the same energy condition, the rising edge and falling
edge of the voltage waveform of NS-DBD are steeper than that of AC-DBD. The steeper
the rising and falling edge of the pulse voltage, the more drastic the voltage change. Thus,
even after the first breakdown and discharge of the air gap, the voltage will continue to
rise rapidly, making the discharge more intense; this may be the reason why NS-DBD is
stronger than AC-DBD.

In previous studies [54–57], the main control and evolution mechanisms of AC-DBD
and NS-DBD in the flow field are summarized. AC-DBD is mainly dominated by the
“dynamic effect”, which induces initial vortexes at the beginning of actuation and eventually
evolves into a near-wall jet. While NS-DBD is mainly dominated by the “shock effect”,
the plasma layer will rapidly generate pressure waves and form energy deposition, which
makes the surrounding air rapidly heated, causing local temperature and pressure fields to
rise rapidly, inducing a vortex. The near-wall jet is also eventually generated, but the jet
velocity is obviously smaller than AC-DBD.

However, previous studies on control mechanisms [29,30,58] mainly focused on flow
separation caused by the over-stall state of the airfoil/wing. In the crosswind reference
flow field, flow separation is different, but the essence remains the same. It is shown that
the crosswind angle at the lip on the windward side of the nacelle is too large. After the
boundary layer passes through the stagnation point, it detaches from the inner wall of the
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inlet under a large negative pressure gradient, forming an obvious shear layer and forming
a large separation zoon under the shear layer.
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According to the experimental results, the flow separation control of NS-DBD is better
than that of AC-DBD in crosswinds, and the reason is closely related to the internal flow
control mechanism. According to the flow control characteristics of AC-DBD and NS-DBD,
the control mechanism of the crosswind separation flow field in the nacelle can be refined,
respectively, as shown in Figure 22. NS-DBD is performed near the interface between the
main flow zone and the separation zone. On the one hand, there is the “shock effect”. Shock
waves appear on the actuator surface, shock waves impact the shear layer, and the shear
layer is subjected to rapid pressure disturbance. With the continuous impact on the shear
layer, the shear layer gradually distorts and deforms or even cracks, which stimulates the
K-H instability of the shear layer. On the other hand, there is “vortex control”, which is
induced by plasma actuation. The disturbance of the induced vortex makes the high-energy
fluid in the mainstream region suck into the boundary layer of the separation region. The
low-energy fluid in the boundary layer of the separation zone is also sucked into the main
flow zone, thus promoting the mixing momentum exchange between the main flow zone
and the boundary layer of the separation zone. By injecting new energy into the boundary
layer, the flow velocity in the boundary layer is increased, the negative pressure gradient
and the accumulation of low energy flow are reduced, and the separation of the boundary
layer caused by the increase of the negative pressure gradient and the increase of the
thickness of the boundary layer caused by the increase of the negative pressure gradient is
effectively prevented. While AC-DBD mainly relies on the volume force effect. Although
starting vortex exists, its disturbance can also promote the mixing momentum exchange
between the boundary layer in the mainstream region and the separation region; however,
it is more important to induce the near-wall jet flow and increase the flow velocity in
the boundary layer. Therefore, the negative pressure gradient and the accumulation of
low energy flow are reduced, and the ability of the boundary layer to resist the negative
pressure gradient is improved. However, the flow at the bottom of the boundary layer can
only be accelerated, so the ability of boundary layer to resist the negative pressure gradient
is limited.

In addition, the optimal coupling frequency of plasma actuation is about 500 Hz, and
when the plasma actuation frequency is increased, the actuation effect will be reduced, and
the further increase in frequency may even lead to the aggravation of the total pressure
distortion. This is because NS-DBD belongs to impact flow control [59] and has the feature
of “frequency coupling”. That is, the pulsed frequency of plasma aerodynamic actuation is
close to the optimal coupling frequency of the flow field to achieve the optimal coupling of
plasma aerodynamic actuation and the flow field.
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Therefore, the reasons are analyzed: on the one hand, it may be related to the structure
of the flow field. Under crosswind conditions, the flow is accompanied by the generation,
development, and shedding of vortices. This requires that the control frequency should
be combined with the main frequency of vortex shedding as best as possible. Since the
experiment is conducted at low velocity, the main frequency of the vortex is naturally
very low. On the other hand, actuation characteristics have a certain relationship with
frequency. The spanwise vortex induced by low-frequency actuation can develop into
a large-scale attached vortex structure. As the small-scale vortex spreads downstream,
neighboring vortices will get closer. When the distance is close enough, the two vortices
will fuse. If the actuation frequency exceeds the threshold, the shear layer is divided into
several parts, and the mixing momentum exchangeability of the boundary layer between
the mainstream region and the separation region becomes weak, which makes it difficult to
maintain flow attachment.

Therefore, both NS-DBD and AC-DBD control flow separation by reducing the inverse
pressure gradient, but the flow control mechanism differs. By inducing shock wave and
vortex, NS-DBD could excite the K-H instability of the shear layer and promotes the mixing
momentum exchange of the boundary layer between the main stream region and separation
region. However, AC-DBD mainly induces near-wall jet flow and increases flow velocity
in the boundary layer. In addition, compared with the low-frequency actuation, the high-
frequency actuation has a smaller scale. The mixing momentum exchangeability is weaker,
and the improvement effect is reduced.

4. Conclusions

On the basis of capturing the crosswind flow separation of the nacelle inlet, a 120◦

circumferential actuation layout is adopted in the experiment. Under different actuation
frequencies, the flow control effect of NS-DBD is verified, and the influence rule of actuation
parameters is studied. In addition, a comparative experimental study of NS-DBD and
AC-DBD actuation is carried out, which provides an important basis for plasma actuation
to improve separation flow field control. In the future, more detailed parameter studies
are needed to guide the flow control of nacelle inlet to explore the optimal effect of flow
separation control. The main conclusions are as follows:

(1) NS-DBD can reduce the total pressure loss coefficient and flow separation range.
Under the condition that β = 10◦ and V1 = 35 m/s, the total pressure distortion
basically disappears;

(2) There is an inherent optimal coupling frequency of NS-DBD, under which the total
pressure distortion of the crosswind separation flow field is minimal;

(3) NS-DB has an obvious flow control effect, mainly in the case of small separation
distortion. However, the control effect on the separation field is limited when the
separation distortion is large;

(4) AC-DBD can also improve total pressure distortion, but under the same actuation
power, the control effect of NS-DBD is better than AC-DBD;

(5) Compared with AC-DBD, the “impact mechanism” and the attached vortex structure
of NS-DBD are more conducive to promoting the mixing momentum exchange of the
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boundary layer between the mainstream zone and the separation zone, and the flow
control effect is better. Therefore, NS-DBD should be preferred in the problem of flow
separation of nacelles under crosswind conditions.
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