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Abstract: Flow separation and secondary flow in the S-duct of an aircraft engine cause severe pressure loss and airflow distortion at
the outlet, lowering engine performance. Herein, a serial two-electrode plasma synthetic jet (PSJ) actuator array is used to
actively control the flow field in the duct and improve its characteristics. The results show that the PSJ significantly increases
the wall pressure recovery coefficient, suppresses flow separation, and improves the outlet pressure distortion. The primary and
secondary orders of the influencing factors are as follows: control position>jet momentum coefficient>excitation frequency>jet
configuration. The best jet control position is near the separation location, and the best jet configuration is the ‘A’ configuration. The
higher the jet momentum coefficient and excitation frequency, the better the flow control. The wall pressure coefficient
increases by up to 127.8%, and the outlet steady pressure distortion index decreases by 9.15%. The control mechanism is the
direct energy injection into the flow boundary layer through a high-speed jet and the indirect control effect of the induced
streamwise vortex. On the one hand, the PSJ suppresses flow separation by improving the ability of the boundary layer to resist
the inverse pressure gradient. On the other hand, it reduces pressure distortion by decreasing the intensity of the secondary flow
and weakening the backflow. This study thus provides a new technology for the active control of the flow-field characteristics in

an S-duct and has significance for guiding the application of synthetic jet technology in S-ducts.
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1 Introduction

The S-duct, a type of intake duct, improves the
operating cost and fuel efficiency and reduces the noise
and radar stealth characteristics of modern aircraft
engines. S-ducts have been used as intakes for several
commercial and military airplanes (engines), such
as the Boeing 727 (P&W JT8D), Lockheed Tristar
L-1011 (RR-RB211), General Dynamics F-16 (P&W
F100), and McDonell-Douglas F-18 (GE F404), with
the engine buried in the fuselage. In particular, it is an
integral component in the design of modern combat
aircraft because it blocks radar signals (Wojewodka
et al., 2018). However, the geometry of the duct
causes flow separation and lateral secondary flow at
the curves. The former is primarily caused by the large
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reverse pressure gradient in the expansion of the
S-shaped pipe along the flow direction. Further, it is
difficult for the airflow to stay attached to the curved
pipe wall. When the airflow passes through the two
bends of the S-duct in different directions, under the
action of centrifugal force, the high- and low-pressure
areas of the bends are distributed in opposite direc-
tions, producing a lateral reverse pressure gradient in
the circumferential direction (Chen and Wang, 2012).
Thus, the lateral secondary flow is separated. Under
the combined effect of flow separation and secondary
flow, a unique vortex structure is produced at the exit
of the duct that causes severe pressure loss and air-
flow distortion at the outlet. This significantly degrades
the engine performance.

To improve the flow-field characteristics of the
S-duct, engineers suppress flow separation in the duct
using active and passive flow-control technologies
(Wojewodka et al., 2018). A common passive control
technology is the vortex generator (Wojewodka et al.,
2018). Principally, it generates a streamwise vortex, in-
creasing the mixing of the outer high- and low-energy


https://crossmark.crossref.org/dialog/?doi=10.1631/jzus.A2100618&domain=pdf&date_stamp=2022-07-06

fluids in the boundary layer (BL) and improving the
ability of the BL to resist the reverse pressure gradi-
ent. Thus, the boundary-layer separation is delayed
(Chen and Wang, 2012; Li et al., 2012). However, the
parameters of the generator cannot be adapted to the
working conditions and therefore it has a limited con-
trol effect. Active control technology overcomes this
limitation as it facilitates tuning the control parameters,
providing an alternative for improving the performance
of the duct (Wojewodka et al., 2018). A few examples
of this technology include surface layer suction (Lin
and Guo, 1989) or blowing (Ball, 1985; Debiasi et al.,
2008; Sahni et al., 2009; Harrison et al., 2013), micro-
jets (Delot et al., 2011; Huang et al., 2013), constant
blowing/inhalation (Ng et al., 2011; Vaccaro et al.,
2015), unsteady air blowing (Garnier et al., 2012), jet
vortex generators (Ng et al., 2011), oscillating jets
(Meng et al., 2016), and adjustable guide vanes (Weng
and Guo, 1992). All these can control flow separation
in the S-duct and suppress flow distortion. However,
these devices require high-pressure gas sources or vac-
uum pumps, pipelines, and other components, which
add weight to the aircraft and reduce its fuel efficiency.
Therefore, they have limited practical applications.

In contrast, the synthetic jet does not require aux-
iliary air-supply systems to function. This makes the
device producing the jet simple and compact, and it is
lightweight, inexpensive, and maintainable. It has
broad application prospects in the field of flow control
(Mathis et al., 2008; Chen and Wang, 2012; Li et al.,
2012; Pan, 2014; He and Dong, 2015). Therefore,
some scholars used synthetic jet technology for flow
separation control of S-shaped inlets innovatively.
Amitay et al. (2002) and Jenkins et al. (2002) used
synthetic jets to control the flow separation in the
S-duct earlier. In their research on piezoelectric syn-
thetic jets, Jenkins et al. (2002) suggested that the jet
velocity must be sufficiently high to allow the effec-
tive control of flow separation. Amitay et al. (2002)
placed a piezoelectric synthetic jet array in the separa-
tion area of a duct diffuser along the flow direction,
which precisely controlled flow separation. The flow
could be completely reattached at a Mach number of
less than 0.2, and partially at 0.2—0.3. Mathis et al.
(2008) showed that a synthetic jet array arranged at
the point of separation can precisely control the 2D
duct-separation bubble. Li et al. (2012) placed a
microphone-powered synthetic jet in front of the
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separation point, which inhibited flow separation and
increased the total pressure recovery coefficient by
0.37%. Pan (2014) installed a piston-type synthetic jet
in front of the separation point and found that a higher
jet velocity improved the control effect, especially
with the A-shaped outlet. Additionally, several numer-
ical simulations have been conducted. Chen and Wang
(2012) found that the jet had a better flow-control
effect in the midpoint of the span direction. He and
Dong (2015) controlled the flow more efficiently by
arranging jet slits along the flow direction. Gissen et al.
(2014) deployed hybrid actuators comprising tandem
configurations of vanes and synthetic jets to control
the separated flow in the boundary layer interaction
inlet; they were able to reduce the overall distortion
by 35% at the designed flow condition.

In summary, the current synthetic jet excitation
methods are piezoelectric, microphone-induced, and
piston-based. However, these methods have low exci-
tation intensity and frequency, and consequently low
jet energy and working frequency. The flow can be
controlled at various points along the duct, including
before the separation point, near the separation point,
and in the separation area. However, the optimal posi-
tion control has not been identified, control parame-
ters have been studied independently, and key parame-
ters are unknown. Most researchers measured the
total pressure distortion and static pressure changes
along the flow path. However, the mechanism of the
synthetic jet influence on the flow structure along the
path and at the outlet has not been explained. These
challenges have hindered the application of synthetic
jets to the flow separation control of an S-duct in actual
aircraft.

To increase the energy and working frequency of
the synthetic jet and enhance flow control, researchers
have used the high-temperature plasma generated by
gas spark discharge as the aerodynamic excitation
source. Thus, the plasma synthetic jet (PSJ) was in-
vented. Grossman et al. (2003) first proposed a PSJ
actuator for flow control. Because it has an instanta-
neous speed above 100 m/s, the PSJ can help control
the flow at high flow velocities and has gained re-
search interest worldwide (Sary et al., 2014; Zong
et al., 2018; Shin et al., 2021; Zhou et al., 2022).

Fig. 1 illustrates the structure and operation
cycle of the PSJ actuator (Cybyk et al., 2006). The ac-
tuator is composed of an insulated closed cavity with
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Fig. 1 Structure and operation cycle of a plasma synthetic
jet (PSJ) actuator

an ejection orifice, a cathode, and an anode. The oper-
ation cycle is divided into three stages: energy deposi-
tion, jet ejection, and recovery. Spark discharge gener-
ates a large amount of heat, increasing the tempera-
ture of the air in the cavity and causing it to expand
abruptly. The air is ejected from the orifice to form a
jet; subsequently, the ambient air is refilled to prepare
for the next discharge.

Research has demonstrated the engineering ap-
plication of PSJs in low subsonic (Chedevergne et al.,
2015; Liu et al., 2015; Sun et al., 2019) and supersonic
(Emerick et al., 2014; Tang et al., 2018; Wang et al.,
2018; Wang and Shen, 2019; Zhou et al., 2019) wind
tunnels. The application objects included wings (Liu
et al., 2015), nozzles (Chedevergne et al., 2015), fly-
ing wings (Sun et al., 2019), flat plates (Emerick
et al., 2014; Wang et al., 2018), diagonal splits (Tang
et al.,, 2018; Zhou et al., 2018; Jiang et al., 2020),
bluff bodies (Tang et al., 2018), and transport aircraft
rear bodies (Gu et al., 2018). However, few reports
have been published on its application to the flow-field
control of S-ducts.

Therefore, this study proposes the use of PSJ
actuators to suppress flow separation and reduce the
pressure distortion of an S-duct. The influences of jet
control position, jet configuration, jet momentum
coefficient, and excitation frequency on the flow con-
trol effect were systematically explored, and an orthog-
onal method was used to determine the primary and
secondary orders of those influence parameters. Parti-
cle image velocimetry (PIV) was used to measure the
streamwise flow field and that at the outlet cross-
section of the duct, revealing the flow control mecha-
nism of the PSJ.

2 Experimental setup

An S-duct for wind tunnel testing was designed
based on the available design data of S-duct models

and the present experimental requirements. Other
experimental equipment includes a pressure scanning
valve, a PIV, a high-voltage pulse power supply, and a
high-speed Schlieren system.

2.1 S-duct test section and wind tunnel

The S-duct wind tunnel test apparatus mainly in-
cluded a low-speed blow-down wind tunnel, an S-duct,
an outlet pressure measurement section, and a diffu-
sion section (Fig. 2). The wind tunnel had a contrac-
tion section exit of 200 mmx200 mm and a contrac-
tion ratio of 20.25 (Fig. 2b). It had a maximum wind
speed of 45 m/s and a turbulence degree of less than
0.5%. The experimental wind speed was 25 m/s, and
the Reynolds number Re, based on the inlet cross-
section size D (200 mm) was 3.55%10°, which is close
to that used in the literature (Amitay et al., 2002;
Chen and Wang, 2012; Li et al., 2012; Pan, 2014; He
and Dong, 2015).

The RAE2129 intake profile (Anderson and
Gibb, 1992) was used for the S-duct (Fig. 2a). The
profile had an overall length L of 600 mm, an inlet-
to-outlet offset AZ of 367 mm, and a flow turning
angle of 37°. The inlet and outlet dimensions were
200 mmx200 mm (D) and 236.6 mmx*236.6 mm (D,),
respectively.

The S-duct model included the main structure
and a mounting plate (Fig. 2b). The main structure
was composed of the four walls of the duct, which
were machined from transparent acrylic material for
easy PIV flow field measurement. The mounting plate
was used to fix the actuator discharge cavity and to be
an actuator plate. Square channels for installing the
actuator were machined at equal intervals on both sides
of the plate. Four pairs of jet orifices were opened
in each channel, and the diameters of each pair were
1.0 mm and 1.5 mm, respectively (Fig. 2¢). The mount-
ing plate was attached to the near-side wall (x/.=0.033—
0.400) (Fig. 2b), where the flow separation region
was in the S-duct (Wojewodka et al., 2018). The moun-
ting plate material is a high-temperature-resistant poly-
phenylene sulfide (PPS) engineering plastic to prevent
high-temperature dissolution during discharge.

2.2 Plasma synthetic jet system

The PSJ actuator included a discharge cavity, dis-
charge electrode, and cover plate (Fig. 3). The dis-
charge cavity was rectangular and machined from an
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Fig. 2 S-duct test setup (unit: mm): (a) general dimensions of the S-duct; (b) S-duct model for the wind tunnel test;
(c) orifice position on the mounting plate; (d) photograph of the S-duct test setup

alumina ceramic, with electrode orifices on the lower
wall of the cavity. The discharge electrode was made
of a galvanized silicone copper wire which was in-
serted inside the cavity through the electrode orifice.
The cover plate is mainly used for the actuator flow-
field measurement and was machined from the alumi-
na ceramic, with the same thickness as the mounting
plate. The cover plate and the cavity were sealed with
silicone. The structural parameters of the actuator are
listed in Table S1 in the electronic supplementary ma-
terials (ESM).

A self-developed four-channel high-voltage pulse
power supply (model: XMU-PTLA-DY-02) was used.
The discharge frequency and duty cycle of the supply
were modulated using a computer program, with an
output voltage (V) of 0—40 kV, a duty cycle (z) of 5%—
50%, and a frequency f of 20—5000 Hz for each chan-
nel. The serial discharge form proposed by Zong and
Kotsonis (2017b) and Zhou et al. (2018) was used.
Four channels (CH1-CH4) excited eight actuators si-
multaneously with a single channel connected in se-
ries with two PSJ actuators (Fig. 4) to achieve a large-
scale flow control in the duct. To measure the actuator

discharge characteristics, the total voltage (P1) and in-
termediate electrode voltage (P2) were measured using
two Tektronix P6015A high-voltage probes (band-
width of direct current (DC) to 75 MHz, peak input
voltage of 40 kV, and rise time of 4 ns). The discharge
current (P3) was measured using a Tektronix TCP0150
current probe (bandwidth of DC to 20 MHz, select-
able range control for 25- and 150-A measurement
ranges, and a rise time of <17.5 ns). The probe signals
were collected simultaneously using a Tektronix oscil-
loscope TBS2014 (four analog channels, bandwidth
of 100 MHz, and sampling rate of 2x10° sample/s)

(Fig. 4).
2.3 Pressure measurement

The pressure measured in the experiment includes
the wall pressure distribution at the near- and far-side
walls and the total pressure distribution at the outlet.
To measure the wall pressure distribution C,, a row of
29 pressure taps was located at mid height of the near-
and far-side walls (Fig. 2). The total pressure distribu-
tion loss ¢ and steady distortion index Ac were
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Fig. 4 Power supply. P1 and P2 indicate the measurement
stations of the discharge voltage on Actuators 1 and 2,
respectively. P3 indicates the measurement station of the
discharge current. GND is the ground of power supply

measured using a pressure rake (Fig. S1 in the ESM).
The pressure rake consisted of 16 pressure probes
with a 13.9-mm spacing. It reciprocated 8 mm 27 times
from left to right to complete the measurement of the
total pressure distribution. All pressure signals
were collected by a PSI 9116 pressure scanning
valve (with a range of 0-34.473 kPa and an accuracy
of £0.05%), with a sampling frequency of 50 Hz and
a sampling time of 15 s. The definitions of C,, 7, and
Ag are given in the ESM.

2.4 Flow-field measurements

To investigate the PSJ control mechanism on the
flow characteristics of the duct, we used a 2D PIV
(China Beijing MicroVec Ltd. SM3-4M200) to mea-
sure the streamwise flow field and that at the outlet
cross section. The PIV camera had a resolution of
2048%2048 pixels and a maximum acquisition frame
rate of 20 frames per second (frame/s). The PIV system
used a Nd: YAG double-pulse laser with a wavelength
of 532 nm, an energy of up to 200 mJ, and a repeti-
tion frequency of 1—15 Hz. Tracer particles were gen-
erated by heating glycerol using a Svnscomg smoke
generator. The measurement error provided by the
PIV system suppliers is less than 1%, which is less
than the measurement error under the experimental
conditions in this study. With the PIV parameters and
flow field measurement results in this experiment, the
measurement error of the velocity measurement was
less than 8%. Fig. 5a illustrates the flow-field mea-
surement scheme applied at the upstream curved sec-
tion. The laser sheet was placed 50 mm above the mid
height of the side wall to avoid the influence of pres-
sure taps. The camera was placed below the duct model
to capture the flow field. Fig. 5b shows the flow-field
measurement scheme applied at the outlet section.
The laser sheet was 50 mm away from the outlet of
the duct, the same position as the total pressure rake
measurement. The camera was placed at the outlet.

2.5 High-speed Schlieren system

The flow field of the PSJ actuator was measured
using a high-speed Schlieren system, as described in
(Liu et al., 2021). APHOTRON SA-Z high-speed cam-
era (Japan Photron Ltd.) was set with a frame rate of
100000 frame/s, an exposure time of 159 ns, and an
image resolution of 640%280 pixels. The image had a
spatial resolution of 0.17 mm/pixel and a minimum
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Fig. 5 Layout diagram of the PIV flow field test: (a) flow
field along the flow direction; (b) flow field at the duct
exit plane

image resolution of 0.5 pixels. The time interval
between two images was 10 ps. Therefore, the mea-
surement error of the PSJ front movement speed was
+8.5 m/s, which corresponds to a 0.5-pixel distance
(0.085 mm) divided by 10 ps.

3 Results and discussion
3.1 S-duct flow-field control by plasma synthetic jet

To investigate the flow control effect of the PSJ
on the S-duct flow field, this study systematically stud-
ied the effects of the jet control position, jet configura-
tion, jet momentum, and excitation frequency on flow
control. The discharge and flow-field characteristics
of the PSJ actuator are discussed in the ESM.

3.1.1 Jet control position

The jet control position is crucial to the PSJ ap-
plication in the S-duct. Three jet control positions are
discussed in the literature, one before the separation
point (Li et al., 2012; Pan, 2014), one near the separa-
tion point (Mathis et al., 2008; He and Dong, 2015),
and one in the separation region (Amitay et al., 2002).
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However, the best control position has not been deter-
mined. Therefore, the influence of the above positions
on the flow-field control effect are first discussed in
this section.

3.1.1.1 Flow separation point location determination

To determine the three jet control positions, we
first require an accurate separation point location. This
location was determined by measuring the wall pres-
sure distributions of the near-side wall and the stream-
wise flow field at the curved section.

The pressure coefficient C, distributions of the
near- and far-side walls exhibit a typical S-shaped
bending pipe flow characteristic (Fig. 6). According
to the C, distribution of the near-side wall, the separa-
tion point was located near x/L=0.27. At the near-side
wall, the airflow entering the first bend was affected
by the centrifugal force. The wall pressure declined
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Fig. 6 Pressure distribution (a) and flow regime (b) on the
symmetry plane. The lateral component of the in-plane
velocity U (denoted as U) is shown as contours. Black line:
near-side wall duct shape; red line: far-side wall duct
shape; black arrows: velocity profiles at selected streamwise
locations; yellow solid line: dividing streamline; blue
lines: contours of U=0 m/s (hereinafter referred to as
zero-velocity lines). References to color refer to the online
version of this figure
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rapidly, and C, reached its lowest value at 4 (x/L=
0.067). With the gradual expansion of the S-duct and
under the influence of the radial pressure gradient, the
wall pressure gradually recovered, and C, continued
to increase. At B (x/L~0.27), the recovery of the wall
pressure was hindered, and a pressure recovery inflec-
tion region appeared. This indicated flow separation.
With the flow downstream, the near-side wall C, con-
tinued to recover during the expansion of the duct. At
the far-side wall, C, increased as the flow was blocked
by the near-side-wall S-bend, and the peak was
reached at C (x/L=0.23). Subsequently, because of the
change in the radial pressure gradient due to the
streamwise expansion of the duct, C, continued to
decrease. Until D (x/L=0.93), the wall pressure incr-
eased owing to the gradual recovery of the curvature.

Comparing the near- and far-side C, curves
(Fig. 6), when airflow entered the duct, C, reached a
minimum value at 4 on the near-side wall (x/L~=0.067)
and a maximum value at C on the far-side wall (x/L=
0.27). This is because 4 and C correspond to the near-
and far-side walls, respectively, where the maximum
curvature values occur. This region is largely affected
by the centrifugal force. The curvature decreased sub-
sequently. The C, curves of the near- and far-side walls
have contrasting distribution trends. After the air flow
moved to the E—F section, it gradually entered the sec-
ond bend, and the near-side wall pressure, influenced
by the centrifugal force, continued to rise and formed
a strong reverse pressure gradient. The wall pressure
distribution is similar to that reported in the literature
(Ng et al,, 2011; Li et al., 2012; Pan, 2014; He and
Dong, 2015; Ning et al., 2017).

To confirm the flow separation locations, the
streamwise flow field (Fig. 6b) at the near-side wall
(x/L=0.13-0.37) was measured via PIV (Fig. 5a). The
S-duct had a distinct low-velocity region at the near-
side wall. Flow separation began from x/L~0.24 to the
inlet. The flow separation point was near x/L~0.24
and matched the position (x/L~0.27) in Fig. 6a. This
result was used as the basis for exploring the effect
of the PSJ control position on the S-duct flow-field
characteristics.
3.1.1.2 Flow control position of the PSJ

According to the flow separation location deter-
mined in the previous section, the control position
of the PSJ actuators at the near-side wall is upstream
of the separation location (x/L=0.03—0.14), near the

separation location (x/L=0.20—0.30), and downstream
of it (x/L=0.30-0.40) (Fig. 7). Previous results
showed that it is better to apply a 3D synthetic jet in
an S-duct (Chen and Wang, 2012). Therefore, we ar-
ranged eight PSJ actuators in the middle span of three
determined streamwise positions (Pan, 2014) and
explored the effects of PSJs on the wall pressure re-
covery coefficient C, (Eq. (S1)) and the steady distor-
tion index Ac (Eq. (S3)). The relative change of
Aa (%) is defined as Az, (%). To achieve a better flow
control effect, we chose a jet of 1-mm-diameter ori-
fice, which has the highest jet speed (Table S2).

Free stream PpSonict’irgﬂce
Y

Separation
location

Near-
side wall

(a) (b)

Fig. 7 PSJ actuator control position diagram: (a) upstream
of the separation location (x/L=0.03-0.14); (b) near the
separation location (x/L=0.20-0.30); (c) downstream of
the separation location (x/L=0.30-0.40)

The PSJ actuator, arranged in the three positions
shown in Fig. 7, can improve the C, (Fig. 8) of the
near-side wall and reduce Ac (Table 1). The layout
near the separation location had the best control effect
with C, increased by up to 68.8% (x/L=0.33). Even at
the exit (x/L=0.97), C, still shows an increase of
18.6%. Aa is reduced by up to 6.44% by jets near the
separation location. The control effect of the jet ar-
ranged at the other two locations is less than that of
the jet near the separation location.

T T T
0.6 -
04 — -
- »(_-_f)-; =
0.2 > i -
L Vi “‘\
O - -
0.0 Separation point
-0.2F - - NoPSJ —
L — - = Upstream of separation point
| —— Near separation point a
0.4 - - Downstream of separation point
-0.6 s | L 1 L | ' 1

0.0 0.2 0.4 0.6 0.8 1.0
xIL

Fig. 8 Surface pressure distributions on the near-side wall
of the S-duct test section for different flow control positions



Notably, the jets at the three control positions
had a significantly different effect on C,. The jets
placed upstream of the separation location increased
C, from that position, but a small amount of flow still
separated. As the flow developed toward the exit, the
improvement of C, became weaker than that with jets
placed near the separation location. This is because
the jet energy was prematurely injected into the main-
stream and the effective range was limited. Installing
the jets near the separation location can suppress flow
separation, eliminating the inflection region of C, dis-
tribution. As the flow develops toward the outlet, C,
still maintains a considerable growth rate. Meanwhile,
the jets installed downstream of the separation loca-
tion were in the low-speed region of flow separation
and have the weakest control effect. Therefore, arrang-
ing the jets near the separation location is the most di-
rect and effective method for injecting energy into the
BL. This control position leverages the limited jet en-
ergy and plays the role that “a small amount of force
can control the flow effectively” of active flow control.
This is consistent with the control effect of steady
blowing obtained in a previous study (Delot et al.,
2011). The detailed control mechanism is discussed in
Section 3.2.2.

Table 1 Steady distortion index at different PSJ control
positions

Position Ac (%) Ac, (%)
No PSJ 0.0666 -
Upstream 0.0635 -4.62
Near 0.0629 -6.44
Downstream 0.0644 -3.31

3.1.2 Jet configuration

In addition to the streamwise jet control position,
the spanwise jet configuration must be considered.
Because the flow in the duct has a significant 3D char-
acteristic, different jet configurations produce differ-
ent control effects. In the previous section, we deter-
mined that the jet has the most efficient control over
the flow near the separation location on the near-side
wall. This section explores the effect of jet configura-
tion on flow separation control near the separation lo-
cation (x/L=0.20-0.30).

According to numerical simulations in the litera-
ture (Chen and Wang, 2012; He and Dong, 2015),
flow control was better at intermediate positions than
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at the ends, and the streamwise jet slot had a better
control effect than that in the spanwise. Combining
these two layout methods, we designed a ‘A’ jet
configuration (Fig. 9). The control effects of these
three jet configurations are discussed next.

Free

Near-side wall
stream

Separation
location

PSJ orifice
position

(@)

Fig. 9 PSJ actuator configurations and jet schematic
diagrams: (a) streamwise configuration; (b) spanwise
configuration; (c) ‘A’ configuration

The PSJ of the three jet configurations can
improve the wall pressure recovery coefficient C,
(Fig. 10) of the near-side-wall surface and reduce the
steady pressure distortion index Ac (Table 2). In par-
ticular, the jet control effect of the ‘A’ configuration
is the most significant. C, increased to 101.8% (x/L=
0.33) and maintained an improvement of 24.5% even
at the outlet (x/L=0.97). Ac decreased by 7.19%. The
jet control effect of the spanwise and streamwise
configurations was the second. Compared with the
streamwise one, the spanwise configuration jets
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---- Streamwise configuration

— = Spanwise configuration
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Fig. 10 Surface pressure distributions on the near-sidewall
of the S-duct for different jet configurations

Table 2 Steady pressure distortion index A for different
jet configurations

Configuration A (%) Aa, (%)
No PSJ 0.0666 -
Streamwise 0.0629 -6.44
Spanwise 0.0622 -6.97
‘N 0.0616 -7.29
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perform better when they are in the middle of the
duct. This is consistent with the numerical results
from Chen and Wang (2012). When the PSJs were
arranged streamwise, the wall pressure distribution
was relatively uniform. The jets of the ‘A’ configura-
tion integrate the control advantages of the spanwise
and streamwise configurations, yielding the best con-
trol effect. This control effect is similar to that of the
synthetic jet with an A -shaped outlet in a previous
study (Pan, 2014). The streamwise vortex generated
by such a jet configuration had a stronger control
effect than the other configurations.

The control effect (Fig. 10 and Table 2) varies
according to the angle @ between the two branches of
the ‘A’ configuration (Fig. 9c). As 6 approaches 0°,
control approaches that of the streamwise configura-
tion; likewise, as 6 approaches 180°, it approaches
that of the spanwise configuration. An angle of ap-
proximately 100° provided the best results in our test-
ing, although further research is needed to find the
angle which provides optimal control.

3.1.3 Jet momentum

The momentum of the PSJ critically affects the
flow control effect (Li et al., 2012; Pan, 2014). Be-
cause the best control position and form of the actua-
tors have been obtained, the effect of the jet momen-
tum can be explored. According to the discussion in
Section S2.2 of the ESM, jets with different orifices
produce different speeds. The jet momentum was ad-
justed by varying the orifice sets with constant load-
ing electrical parameters.

The PSJ actuator can improve the pressure re-
covery coefficient C, (Fig. 11) and reduce the steady
pressure distortion Ac at the outlet (Table 3) under all
jet orifice sets. In particular, when the double jet ori-
fices were opened simultaneously, the wall pressure
recovered most. The maximum increase in recovery
was 127.8% (x/L=0.33), even though the last measure-
ment point (x/L=0.97) of C, increased by 29.7%, and
AG decreased by 9.15%. Notably, the improvements
in C, and Ac were negatively correlated with the jet
average speed (Table S2). This is because changing
the jet orifices of the actuator not only changes the jet
speed but also the jet flow rate. The energy of the PSJ
should be characterized by a dimensionless parame-
ter: the jet momentum coefficient C, (He and Dong,
2015). The calculation results showed that the larger

the jet orifice is, the smaller is the average speed of
the jet; however, the jet momentum coefficient in-
creases (Table 3). This indicates that the control scope
of the PSJ is enlarged with an increase in the orifice
dimensions and the jet gains more energy. Therefore,
opening the double jet orifices had the best flow con-
trol effect. This result is similar to those obtained by
Ng et al. (2011) using steady jets.
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Fig. 11 Surface pressure distributions on the near-side
wall of the S-duct test section for different PSJ orifices. d
is the jet orifice diameter

Table 3 Steady pressure distortion index Ac under
different sets of jet orifices

d (mm) Ac (%) Ac, (%) C,
No PSJ 0.0666 - -
1 0.0616 -7.29 2.07%107
1.5 0.0611 -8.22 2.25x107
1.0and 1.5 0.0605 -9.15 2.35x107

3.1.4 Excitation frequency

The excitation frequency of the jet is also an im-
portant factor that affects the flow control effect (Gar-
nier et al., 2012; Harrison et al., 2013; Vaccaro et al.,
2015). Utilizing these optimal parameter states (layout
near the separation location, ‘A’ configuration, and
double jet orifices), the flow-field control effects of PSJs
with different excitation frequencies f (100-250 Hz)
were explored.

The excitation frequency affects the total energy
efficiency of the PSJ. The discharge power P, of the
PSJ under different excitation frequencies /' was mea-
sured according to the measurement method of the
total energy efficiency #n of the PSJ reported by
Liu et al. (2021), and 5 was calculated (Table 4). The
results show that with the increase of excitation
frequency f (100-250 Hz), the discharge power P,



gradually decreases, and the total energy efficiency #
gradually increases. The total energy efficiency is
close to the result obtained by Zong and Kotsonis
(2018), but with the opposite relationship between #
and f; Zong and Kotsonis (2018) reported that the to-
tal efficiency of the jet decreases gradually with the
increase of excitation frequency (50-200 Hz). The
main reason for this difference is that Zong and Kot-
sonis (2018) employed capacitive discharge, whereas
this experiment involved inductive discharge. For in-
ductive discharge, the average jet velocity v, rises
with increasing frequency, while the discharge power
decreases gradually. Therefore, the total energy effi-
ciency increases. In the case of capacitive discharge
(Zong and Kotsonis, 2018), the jet energy gradually
decreases with increasing frequency, while the total
discharge energy remains unchanged, so the total en-
ergy efficiency gradually decreases.

As f increases, C, increases linearly (Fig. 12),
and the steady pressure distortion index Ag decreases
gradually (Table 4). When /=250 Hz, the maximum
increase in C, was 127.8% (x/L=0.33), even though
the increment of C, at the last measured point (x/L=
0.97) reached 29.7%, and the reduction in Ac reached
9.15%. This is because when the excitation frequency
increased, the jet average speed v, and jet average mo-
mentum increased. Thus, more energy was injected
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Fig. 12 Wall pressure distributions for different excitation
frequencies

Table 4 Steady pressure distortion index Ac at different
excitation frequencies

f(Hz) A (%) Ac (%) v, (m/s) P,(W) n(%)
NoPSJ  0.0666 - - - -

100 00629 -531 168 486  0.0150
150 0.0620 -747 191 341 0.0314
200 0.0609  -8.54 229 281  0.0657
250 0.0605 -9.15 271 240 0.1275
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into the BL. The ability of the PSJ to restrain the flow
separation became stronger. In the experiment, owing
to the limitation of the stable operating frequency of
the actuator, the frequency could not be further in-
creased to the flow separation vortex shedding fre-
quency to produce a better control effect. Accordingly,
the actuator should be optimized to improve its work-
ing frequency, and the influence law of the excitation
frequency should be further studied.

3.1.5 Orthogonal experiment on the influencing
parameters of the PSJ control effect

We experimentally confirmed that the main pa-
rameters influencing the PSJ control effect were the
jet control position, jet configuration, jet momentum,
and excitation frequency. This raised an important
question: what are the primary and secondary orders of
these parameters? If these parameters were changed
individually, it would lead to surplus experimental
groups and a massive workload. Therefore, the orthog-
onal experiment method was used to determine the
primary and secondary orders of the influencing pa-
rameters to obtain the optimal parameter set, provid-
ing quick guidance for flow control applications.

According to the orthogonal experiment method,
the relative steady pressure distortion coefficient Ag,
was taken as the evaluation index. Jet control posi-
tion, jet configuration, excitation frequency f, and jet
momentum coefficient C, were chosen as the influenc-
ing factors. Three levels were considered for each
influencing factor (Table S3). We considered four
factors and a three-level orthogonal experiment table
(L9 (4%)); the table design and corresponding experi-
mental results are listed in Table S4.

The results showed that the primary and second-
ary orders of the influencing factors were A (jet con-
trol position)>D (jet momentum coefficient)>C (exci-
tation frequency)>B (jet configuration) (Table S4).
The optimal parameter combination (A,B,C,D,) was
applied to the ‘A’ configuration of the PSJ actuator
near the separation location on the near-side wall sur-
face (excitation frequency /=250 Hz, jet momentum
coefficient=2.35x107, and double orifices open simul-
taneously). Therefore, the jet control position and mo-
mentum coefficient should be considered in flow con-
trol applications. This is also consistent with the numer-
ical calculation results for a steady jet in (Huang et al.,
2013).
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Jia et al. (2022) used a nanosecond dielectric bar-
rier discharge plasma actuator to control the flow
separation of an S-shaped inlet. Although the plasma
excitation form is different from the plasma synthetic
jet used in this paper, there are some similarities in
the control effect. With respect to actuator layout, we
find that the spanwise configuration is superior to the
streamwise configuration, which is consistent with
results obtained in the literature (Jia et al., 2022),
wherein the spanwise array layout is reported to fur-
ther improve the control effect. Because the excitation
frequency of stable work cannot be further improved,
the optimal control frequency cannot be obtained. It is
reported in the literature that the control effect is best
when the dimensionless frequency F'=0.5 (200 Hz).

3.2 Flow control mechanism of duct flow-field
performance by PSJ

According to Section 3.1, when the excitation
frequency was =250 Hz, and the double jet orifices
were opened simultaneously, the PSJ actuator with the
‘A’ configuration near the separation location (x/L=
0.20-0.27) exhibited the best flow control effect.
However, the flow control mechanism remains un-
clear. Only by clarifying the effect of the PSJ on the
flow mechanism inside the duct can the control effect
of the jet be further improved. Therefore, in this sec-
tion, PIV (Fig. 5) is used to measure the flow field in
the streamwise and outlet cross-sections, and the active
flow-field control mechanism is studied.

3.2.1 Flow-field analysis

The outlet pressure distortion is caused by the
flow separation and secondary flow in the duct. The
PSJ’s effect was also reflected in the control of the
flow separation and secondary flow. The relationship
between the effect of the PSJ on duct flow separation,
outlet secondary flow, and outlet pressure distortion
was analyzed to reveal its control mechanism.
3.2.1.1 Streamwise flow-field characteristics

Compared with the streamwise flow field near
the side wall, the PSJ plays an important role in sup-
pressing the flow separation. The range of the low-
energy region caused by the flow separation at the
bend was significantly reduced, and the flow separa-
tion point was slightly delayed (Fig. 13). Without PSJ
control (Fig. 13a), the flow separation point was located
near x/L=0.24. Separation regions occurred below

x/L

PSJ actuators
(b)

Fig. 13 Streamwise time-averaged velocity fields: (a) without
control; (b) with control. The velocity profiles at select
streamwise locations are indicated by thin black arrows.
For the baseline case in (a), the yellow solid line is the
dividing streamline, whereas the blue lines are the contour
lines of U =0 m/s. For the control case in (b), the red solid
line is the dividing streamline, whereas the purple line is
the contour line of U=0 m/s. The dashed yellow line is
the dividing streamline in the baseline case. The dashed
blue lines are contour lines of U =0 m/s in the baseline
case. The PSJ actuator location is denoted by orange
braces. References to color refer to the online version of
this figure

the yellow dividing streamline, whereas the area sur-
rounded by the green solid line was the backflow ar-
ea, occupying most of the wall area (approximately
0.17L). When PSJ was applied (Fig. 13b), the separa-
tion point was delayed by 4.2% of L. The size of the
separation area was reduced by 40.2% (the red solid
line represents the dividing streamline in the control
state, and the size of the separation area refers to the
area surrounded by the dividing streamline, right
sideline, and lower sideline). The backflow area was
significantly reduced (up to 60.5%; the purple solid
line represents the zero velocity line in the control
state, and the backflow area is surrounded by the zero
velocity line and the sideline). The backflow area
changed from a wide range without control to a
small separation bubble (approximately 0.07L). The



flow-field measurement results were similar to those
of Garnier et al. (2012), with distinct separation zones.

Flow separation was directly related to the veloc-
ity profile of the BL. We qualitatively analyzed the ve-
locity profiles at different streamwise positions with
and without PSJ control (Fig. 14). The PSJ had a cer-
tain control effect near the control position (region T,,
x/L=0.24—-0.29) and downstream (region T,, x/L=0.32—
0.37). The velocity profile became fuller, indicating
that it had a stronger ability to resist the reverse pres-
sure gradient.
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Fig. 14 Chordwise variation in the BL velocity profiles

In addition to the above qualitative analysis, the
shape factor H quantitatively characterizes the full-
ness of the BL velocity profile. It is defined as the
ratio of the displacement thickness of the BL J" and
momentum thickness 6 (Eq. (S4) (Schlichting and
Gersten, 2017). U, represents the velocity component
parallel to the wall in the BL. 6" and 0 are integrated
from the wall z, to the maximum value of U, (z,)
along the normal direction of the wall. H is one of the
bases for assessing the effect of PSJ on flow separa-
tion control. The smaller the value of H, the fuller the
velocity profile is, and the easier it is to prevent flow
separation under the reverse pressure gradient. There-
fore, it is also an important index for evaluating the
stability of the BL velocity profile (Dong et al., 2016).

A comparison of the shape factors of the BL
with and without control (Fig. 15) revealed that the
PSJs significantly reduced H, retarded its growth rate,
and played a key role in suppressing flow separation.
H was approximately 4.3 at x/L=0.24 (flow separation
point) without control. After flow separation, H
increased sharply and reached its maximum at x/L=0.27
(approximately 6.7). With PSJ control, A decreased
significantly, and its growth rate after separation
became gentler. A decreased most significantly near
the control position, with a maximum reduction of
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Fig. 15 Chordwise variation in the BL shape factor (H)

31.0% (x/L=0.27), which is consistent with the change
in the velocity profile of region T, shown in Fig. 14.
More importantly, H is also decreased by over 13.0%
downstream of the jet location, which is consistent
with the change in the velocity profile of region T,
shown in Fig. 14.

When the jet suppressed the flow separation, the
wall pressure increased. This can also reflect different
effects of the jet. The relative wall pressure coeffi-
cient variations AC, (Fig. S6) with and without con-
trol were calculated from the C, distribution in Sec-
tion 3.1.4 (Fig. 12). With PSJ control, C, increased,
especially near the jet control position. The AC, of
this area remained above 80%, and the maximum
increment was 127.8% (x/L=0.33). This is consistent
with the variation of the boundary-layer velocity pro-
file in Fig. 14 and the BL shape factor in Fig. 15. As
the flow moved away from the jet control position,
the increase in AC, gradually narrowed. Downstream
(x/L=0.5), AC, remained at approximately 40% on av-
erage. This shows that the streamwise vortex generated
by the jet can control the downstream flow and im-
prove the wall pressure.
3.2.1.2 Flow-field characteristics
cross-section

The flow field at the outlet cross-section was an-
alyzed (Figs. S7-S10). Without PSJ control, distinct
secondary flows appear at the outlet section (Fig. S7).
The flow direction was from the central high-pressure
area to the low-pressure area on the near- and far-side
walls, respectively. Owing to the flow separation on
the near-side wall, a significant amount of air flow
returns to the near-side wall of the outlet section, and
backflow occurs at the bottom of the outlet section.
The vorticity of the backflow area was relatively high.

of the outlet
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This demonstrates a secondary swirl induced by the
flow separation and secondary flow on the near-side
wall of the S-duct (Fig. S7a). The indirect effect of
the streamwise vortex generated by the PSJ reduced
the secondary flow intensity, and the backflow near
the side and bottom of the outlet section was weak-
ened (Fig. S7b). The measured results were similar to
those reported in (Pan, 2014).

To further explore the control mechanism of the
PSJ on the secondary flow, the distributions of the
transverse velocity U. (Fig. S8) and longitudinal ve-
locity U, (Fig. S9) of the outlet cross-section were
compared with the cloud diagram of the total pressure
recovery coefficient at the outlet (Fig. S10). The indi-
rect effect of the streamwise vortex produced by the
jet significantly suppressed the transverse and longitu-
dinal movement of the secondary flow. Therefore, the
pressure distortion was relatively suppressed. For the
transverse velocity U, distribution (Fig. S8), the jet
significantly reduced the size of Regions B, E,, and
F, with a large transverse velocity and increased the
total pressure recovery coefficient corresponding to
Regions B, E, and F, as shown in Fig. S10. Consider-
ing the longitudinal velocity U, distribution (Fig. S9),
the jet significantly reduced the sizes of Regions D,
and C, with a large longitudinal velocity and increased
the total pressure recovery coefficient corresponding
to Regions D and C in Fig. S10. Therefore, the area
of the middle Region A with a high total pressure
ratio significantly increased, and the pressure distor-
tion of the outlet section decreased.

We also observed pressure distortion in Region F
in the cloud diagram of the average total pressure
recovery coefficient (Fig. S10). Flow-field measure-
ments demonstrated a flow acceleration region near
the far-side wall of the outlet, which reduced the

pressure in that region, resulting in a pressure distor-
tion. The indirect control of jets from the near-side
wall also suppressed it weakly. Future studies should
consider arranging the jet actuators at the far-side
wall outlet to actively control the flow.

3.2.2 Discussion on the control mechanism

3.2.2.1 Flow separation control

The comparative analysis of the flow field re-
vealed that the control mechanism of the PSJ on the
BL separation was mainly reflected in two aspects
(Fig. 16) (Zong and Kotsonis, 2017a).

On the one hand, the jet momentum was injected
into the low-energy fluid at the wall BL during blow-
ing, and the low-energy fluid mass in the BL was vac-
uumed during suction. This effect is called the direct
control effect and is reflected in the position of Re-
gion T, in Fig. 14. The jet acts directly in this area.
The energy of the jet was directly injected into the
BL, significantly making the velocity profile fuller
and reducing the shape factor of the BL (Fig. 15).
Therefore, the flow separation points were succes-
sively delayed, and the flow separation area was sig-
nificantly reduced (Fig. 13). The wall pressure of the
near-side wall was significantly increased (Figs. 8 and
10-12). The direct control effect was limited by the
small energy of the jet and action area concentrated
near the jet orifice.

On the other hand, the PSJ induced a streamwise
vortex and other coherent flow structures. These stream-
wise vortices forced the high-energy fluid outside the
low-energy BL into the BL, produced a mixing effect,
enhanced the momentum exchange between the two,
and delayed or inhibited the flow separation of the
BL. This effect is called the indirect control effect,
which is reflected in Region T, in Fig. 14. Region T, is
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Fig. 16 Conceptual model of the PSJ control flow separation mechanism in the S-duct



relatively far from the jet control position, where the
direct control effect of the jet is weak mainly due to its
indirect control effect. Under this indirect effect, the
velocity profile of the BL also became fuller (Fig. 14),
and H marginally decreased (Fig. 15). Therefore, the
flow separation zone also decreased (Fig. 13), and the
wall pressure of the near-side wall maintained a sig-
nificant increase (Figs. 8 and 10-12). The streamwise
vortex induced by the jet propagates downstream with
the mainstream, with a greater influence range. There-
fore, the indirect control effect is pivotal to flow separa-
tion control (He and Dong, 2015; Meng et al., 2016).
3.2.2.2 Flow distortion control

Through comparative analysis of streamwise flow
fields and at the outlet cross-section, the mechanism
by which PSJ improves the flow distortion at the outlet
is also reflected in two aspects.

On the one hand, the high-speed jet ejected by
the PSJ produces the combined control effect of direct
and indirect flow control as discussed (Fig. 16). PSJ
injects energy into the BL and enhances the mixing
effect between the BL and the mainstream. The ability
of the BL to resist the reverse pressure gradient was
improved. The flow separation point was delayed. The
flow separation area was reduced and the flow separa-
tion intensity was restrained.

On the other hand, the high-speed jet plays a role
in controlling the secondary flow, which had both
transverse and longitudinal motions. The PSJ reduced
the secondary flow velocity and minimized the area
with the higher transverse and longitudinal velocities
(Figs. S8 and S9) (Chen and Wang, 2012).

Under these two control mechanisms, the wall pre-
ssure was significantly increased (Figs. 8 and 10-12),
the flow distortion of the outlet cross-section was sig-
nificantly reduced (Fig. S10), and the steady pressure
distortion coefficient decreased (Tables 1-4 and S4).
3.2.2.3 Jet control position

The above control mechanisms can be used to
explain the effect of the PSJ control positions on the
flow separation and secondary flow (Section 3.1.1.2).
When the PSJ actuators are arranged near the separa-
tion location (Table 1), the reduction in the steady pres-
sure distortion coefficient at the outlet is the largest
and the corresponding increase in the wall pres-
sure recovery coefficient is also the largest (Fig. 8).
This demonstrates that the control effect of the PSJ
near the separation point is the strongest and its
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overall control efficiency reaches a maximum. When
the PSJ actuators are placed upstream of the separa-
tion location, the jets have a certain effect on the wall
pressure recovery. However, the energy is injected
in advance and the control effect is weakened as the
jet reaches the separation location. The wall pres-
sure coefficient is less than that excited near the sepa-
ration location. When the PSJ actuators are positioned
downstream of the separation location, the jets work
in a wide range of low-speed flow in the separation ar-
ea, where they barely control the flow. In summary,
the jet control position near the separation location is
optimal and contributes most significantly to flow
control when the same excitation energy is used. Be-
sides, changing the jet configuration, jet momentum,
and excitation frequency in the above experiments al-
so regulated the effect of the PSJ on flow separation
and secondary flow control.

The above discussion on the mechanism is mainly
based on the measurement results of a 2D flow field.
The mechanism should be further studied, e.g. the in-
teraction process between the streamwise vortex gen-
erated by the jet and the separated flow of the BL,
and the evolution of the 3D flow structure in the
duct. In the future, 3D PIV technology will be con-
sidered in the investigation of the streamwise flow
field variations with different cross-sections to ob-
tain a more refined and comprehensive internal flow-
field evolution.

4 Conclusions

In this study, serial discharge PSJs were used to
actively control the flow-field characteristics of an
S-duct. The effects of the jet control position, jet con-
figuration, jet momentum, and excitation frequency of
the PSJ on the flow-field characteristics of the duct
were systematically explored. The primary and sec-
ondary orders of the four parameters were determined
via an orthogonal experiment, and the best control
parameter set was obtained. Finally, the mechanism
for controlling the flow-field characteristics of the
PSJ was discussed. The main results and conclusions
of this study are as follows:

(1) The PSJ can significantly improve the wall
pressure recovery coefficient, suppress the flow sepa-
ration of the S-duct, and improve the outlet pressure
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distortion. The jet control position is optimal near the
separation location. We adopt the ‘A’ jet configuration,
which is demonstrably better than the streamwise and
spanwise jet configurations. In this experiment, the
higher the jet momentum coefficient and excitation
frequency, the better the control effect. The maximum
increase in the wall pressure coefficient was 127.8%
(x/L=0.33).

(2) The primary and secondary orders of the in-
fluencing factors of the duct outlet pressure distortion
control effect were determined via the orthogonal
method as follows: jet control position>jet momen-
tum coefficient>excitation frequency>jet configura-
tion. The best control parameters are an excitation fre-
quency of /=250 Hz, double jet orifices (the jet mo-
mentum coefficient is the largest), a control position
near the separation location, and the ‘A’ configura-
tion. Accordingly, the steady pressure distortion index
of the outlet decreased by 9.15%.

(3) The mechanism by which the PSJ improves
the flow distortion at the duct outlet is that the high-
speed jet directly injects energy into the BL and induces
a streamwise vortex, indirectly controlling the BL.
These two control effects make the BL velocity pro-
file fuller and reduce the BL shape factor. Thus, the
PSJ improves the ability of the BL to resist adverse
pressure gradients, delays flow separation, and re-
duces the flow-separation area. Moreover, the high-
speed jet reduces the secondary flow velocity includ-
ing the range of high transverse and longitudinal ve-
locities. It also reduces the vorticity and backflow at
the outlet cross-section, and effectively reduces the
intensity of the secondary flow. Finally, the wall pres-
sure increases significantly, and the flow distortion
and steady pressure distortion coefficient decrease
remarkably.

This study provides a new technology for the
control of flow-field characteristics of S-ducts and has
important guiding significance for the application of
synthetic jet technology to ducts. Several aspects
should be further investigated in future work. For ex-
ample, the jet configuration should be further opti-
mized. The actuator design should be optimized to
improve the stable excitation frequency and explore
the best excitation frequency. Furthermore, 3D PIV
should be used to measure the flow field and elucidate
the control mechanism.
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