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Abstract: Energy deposition for flow and flight control has received significant interest in the past
several decades due to its potential application to high-speed flow and flight control. This paper

reviews recent progress and recommends future research.
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1. Introduction

Flow control is the modification of the flow structure by means of either active or passive
modification to the original flow configuration. Cattafesta and Sheplak [1] categorize the
former into three classes of actuators. The first class is fluidic characterized by fluid injection
or suction. An example is the zero net mass flux jet actuator [2]. The second class is moving
surface. An example is a vibrating flap [3]. The third class is plasma actuators including
Dielectric Barrier Discharge (DBD) [4] and DC, laser and microwave discharge [5]. By
contrast, passive flow control is characterized by a fixed change to the geometry of a
body resulting in a modification of the flowfield. Examples include aerodynamic drag
reduction using microstructure variations in the surface of a body (riblets) [6] and control
of shock wave boundary layer interaction using vortex generators [7]. See also the review
by Gad-el-Hak [8].

During the past several decades, numerous experimental and computational investiga-
tions have examined the effect of energy deposition on high-speed flow. The methods can
be divided into continuous (C) and pulsed (P) energy deposition. A partial list of methods
is shown in Table 1.

Table 1. Methods of Energy Deposition in High-Speed Flow.

Method Type
DC Arc C,P
Dielectric Barrier Discharge (DBD) P
Laser Discharge P
Microwave Discharge P
SparkJet P

Recent reviews of energy deposition methods include Chernyi [9], Bityurin [10],
Russell et al. [11], Knight [12], Zheltovodov [13], Knight et al. [14], Fomin et al. [15],
Bletzinger et al. [16], Zubkov et al. [17] and Knight [5]. The present review focuses on
developments since the publication of Knight [5] with a focus on three areas: (1) SparkJet,
(2) drag reduction, and (3) flow control.
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2. SparkJet
2.1. Background

The Spark]Jet (also known as Plasma Jet, Plasma Synthetic Jet or Plasma Synthetic Jet
Actuator) was originally developed by Grossman et al. [18,19] and Cybyk et al. [20-22].
The concept is shown in Figure 1 for a SparkJet in an ambient environment. Two (or more)
electrodes are contained within a cavity. A small orifice typically designed as a converging
nozzle allows exchange of gas with the exterior. An electrical energy source (e.g., charged
capacitor) is discharged between two electrodes within a cavity (Stage 1). The resultant
spark creates a high pressure, high temperature plasma and a high-speed jet issues from
the cavity exit (Stage 2). The pressure in the cavity decreases as the jet exhausts the cavity,
and the cavity cools due to heat transfer to the surrounding surface. Subsequently the
pressure drops below the external ambient pressure, and a reverse flow of air refills the
cavity (Stage 3).

i i i
Stage 1 Stage 2 Stage 3
Energy deposition Discharge Recovery

Figure 1. Spark]et operation.

Other early studies of SparkJets include Haack et al. [23-25], Caruana et al. [26],
Hardy et al. [27], Narayanswami et al. [28-31], Anderson and Knight [32,33] and Golbabaei-
Asl and Knight [34,35], Emerick et al. [36], Laurendeau et al. [37], Sary et al. [38],
Zong et al. [39-42], Zong and Kotsonis [43-47].

2.2. Wang et al. (2018)

Wang et al. [48] conducted a combined computational and experimental study of the
effect of an array of pulsed SparkJets on boundary layer separation in supersonic flow.
A nominally two dimensional blunt flat plate with forward facing step generated a large
separation region (Figure 2). The flow conditions are detailed in Table 2.

Table 2. Flow Conditions.

Quantity Value
Moo 2
pt., (kPa) 95.6
Ty, K) 296
Re-107° (m™) 11.9

Transduser

B]untbody| Flat plate 20 Step |I -

30

(o]

Actuators

Figure 2. Model (side view). Reprint from [48] with permission from Elsevier.
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Experiments were performed for three SparkJet pulse frequencies in quiescent air and
at Mach 2. The parameters are listed in Table 3. Figure 3 displays the average SparkJet force
F(t) defined as

t
=1 [ panadr M

[

where p;(t) is the “dynamic pressure” (presumably, the stagnation pressure since the jet
Mach number is subsonic) at the orifice exit of area A. The force decreases with time as
the jet weakens, and is insensitive to the pulse frequency. Figure 4 shows time-averaged
Schlieren images of the boundary layer for both no energy deposition and the three different
frequencies of energy deposition. The separation region ahead of the forward facing step
is significantly reduced by the pulsed Spark]ets. The natural frequency of the separation
shock in the absence of energy deposition is in the range of 2 kHz to 4 kHz, and therefore
the energy deposition at f, and f3 (Cases 2 and 3) causes resonance.

Table 3. Spark]Jet Parameters.

Configuration Case 1 Case 2 Case 3

Quiescent
Energy (m]) 177.1 108.9 84.9
Frequency (kHz) 1 2 3
Supersonic
Energy (m]) 172.5 105.4 79.7
Frequency (kHz) 1 2 3

F (mN)

40~

35 o O  1kHz

30 A O 2kHz

25 A 3kHz

20+ 0O

Ja
15+ 5
10+ 22
B g
5 Baan
0 \ \ \ \ { t (ms)
0 50 100 150 200 250

Figure 3. F versus t.

No energy deposition
20mm

Case 2 Case 3

Figure 4. Time averaged Schlieren images. Reprint from [48] with permission from Elsevier.
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2.3. Zhou et al. (2018-2019)

Zhou et al. [49] and Zhou et al. [50] examined two- and three-electrode Spark]et
arrays. Zhou et al. [49] focused on the efficiency and flow properties of a serial array of
Spark]Jets. Figure 5 illustrates the concept of parallel and serial arrays. The parallel array
uses separate energy supplies for each actuator, while the serial array uses a single energy
supply. Figure 6 indicates the power supply circuit for the serial array. Figure 7 shows a
sectional view of the two-electrode SparkJet.

Actuator 1
Actuator 1

— Actuator 2 L -1
Actuator 2

I
I
I
i
I
i
I

Actuator n -
Actuator n

(a) Parallel (b) Serial

Figure 5. SparkJet arrays in parallel and serial.

1GBT (_
e) —_—
Actuator 1
L,

= Transformer

+ — -
- Capacitor_|  Actuator 2 !
— i

!

|

|

DC

o —

Actuator n

Figure 6. Power supply.
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Figure 7. Sectional view of two-electrode SparkJet.

A series of experiments were performed to measure the efficiency of the Spark]Jet serial
array. The efficiency is defined as

E.—E
7= CEC w 2)
where
E. = icu? 3)
)
E, = J'iRdt 4)
[

where C is the capacitance of the capacitor, U is the maximum voltage across the actuator
array when a pulse arc discharge occurs, i is the current and R is the resistance of the wire.
The average value of three tests is 77 = 0.20.

Figure 8 shows an example of the velocities of the jet front and shock for the first
SparkJet of a three Spark]et array. The velocities of the second and third SparkJets are
similar. The initial velocity is nearly 350 m/s (i.e., M = 1) but rapidly decreases with time.
The precursor shock wave velocity is initially slightly supersonic, but rapidly decreases to
an acoustic disturbance. Additional experiments examined the effects of actuator spacing.

Speed (m/s)
500 -
m]
400 O
N DDDDDDDD AAAAADAA
| YO0 A
300 o
O
00°
200 - o
O Jet front
PN
100 O Shock O OOOOOO
A Merged shock
0 T T T \ t(ps)
0 50 100 150 200

Figure 8. Velocities of jet front and shock.
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Zhou et al. [50] investigated the effect of a single three-electrode SparkJet discharge on
the interaction of a hypersonic laminar boundary with a 25° compression corner at Mach 5.
The experimental configuration is shown in Figure 9. Experiments were performed for
different air supply pressures to the SparkJet cavity. The capacitor voltage U at discharge
(and thus energy deposition) increases with increasing air supply pressure. Schlieren
images at selected times are presented in Figure 7 of Zhou et al. [50] for different air supply
pressures and orifice inclination angles and indicate a significant effect of the Spark]Jet
discharge on the flowfield structure. Additional references from these authors are Zhou
etal. [51], Zou et al. [52], and Zou et al. [53].

2.4. Zhang et al. (2017-2020)

Zhang et al. [54] examined experimentally a multichannel discharge SparkJet. They
studied two types of multichannel Spark]et, namely, multi-electrode Spark]Jet containing
11 electrodes and multi Spark]et array of 12 two-electrode SparkJets. Both of the multichan-
nel SparkJets are using one single power supply. The schematic of the circuit is illustrated
in Figure 10. Figure 11 shows the 11-electrode SparkJet.

Compression ramp

M

ol
Orifice plate
Figure 9. Model configuration.
L R ] OO O o 0o o0 —00O+——0O O
1 2 n-1 n
DC 6) IS —_ -
o O O

Figure 10. Schematic of the multichannel Spark]Jet circuit.

The efficiency of the 11-electrode Spark]et is 77% which is three times higher than a
2-electrode Spark]Jet (efficiency of 25%). Figure 12 presents the schlieren images of variable
electrode SparkJets. Note that the numbers 1 to 10 represents 2 to 11-electrode Spark]ets,
respectively. Additionally, the jet presented in the figure shows an increase in the jet front
velocity by increasing the number of electrodes. For example, the 11-electrode Spark]et jet
front velocity is 50% higher than a 2-electrode SparkJet.
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Orifice

Cavity

Electrodes

Figure 11. 11-electrode SparkJet. Reprint from [54] with permission from Elsevier.

Figure 12. Schlieren images of several multichannel SparkJet. Reprint from [54] with permission
from Elsevier.

Figure 13 displays the side-by-side comparison of a 12-SparkJet array and a single
SparkJet. The affected area using a 12-SparkJet array is about 6 times the affected area of a
single Spark]et. The jet front velocity of each Spark]et in the 12-SparkJet array is presented
in Figure 14. The SparkJet numbering is from the left to the right of Figure 13. The average
jet front velocity for the 12-SparkJet array is about 100 m/s which is 64% of the single

SparkJet (157 m/s).
m
0.03
0.02
0.01
0

Figure 13. Schlieren images of 12-Spark]Jet array and single SparkJet. Reprint from [54] with permis-
sion from Elsevier.
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Velocity (m/s)

120 -

110 O

100 - O O

90 -

80 I , , , , , , SparkJet number
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Figure 14. Jet front velocity of each SparkJet in the 12-Spark]et array.

Zhang et al. [55] performed an experimental examination of the 10-SparkJet array on
the interaction of the supersonic turbulent boundary layer with a 20° compression corner
at Mach 2. The SparkJet array is placed in the streamwise direction and connected to a
single power supply. The experimental configuration is shown in Figure 15. As seen in
Figures 16 and 17, the 10-Spark]Jet array has a significant effect on the flowfield structure.
The effective controlling time for the Spark]Jet array was about two times the jet ejection
time for a single actuator.

Compression ramp

\

< 920"

N AN N N AN N NN N
N\t
Orifices of SparkJet array

Figure 15. Model configuration.

2.5. Kyu Hong Kim et al. (2018-2019)

Kim et al. [56], Kim et al. [57] and Shin et al. [58] conducted a series of computational
investigations of the SparkJet. Kim et al. [56] performed unsteady three-dimensional
compressible Navier-Stokes simulations of a SparkJet model shown in Figure 18. Thermo-
dynamic properties were obtained assuming chemical equilibrium [59]. The dimensions
are listed in Table 4. Figure 19 shows the jet front position versus time. Comparison with
the experimental data of Laurendeau et al. [37] is excellent. Additional analysis of the wave
structure within the cavity is presented.
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Figure 16. Interaction of the SparkJet induced shock with the separation shock. Reprint from [55]
with permission from Elsevier.

OF )
Bifurcation . Bifurcation /’/Z

#

-40 -30 -20 -10 0 10 20 30 -40 -30 -20 -10 0 10 20 30 -40 -30 -20 -10 0 10 20 30
x [mm] x [mm] x [mm]

Figure 17. Interaction of the heated region with the separation shock. Reprint from [55] with
permission from Elsevier.

Orifice exit diameter

Orifice throat length

Orifice taper angle

Energy deposition region

Cavity
height

Cavity diameter

Figure 18. Spark]Jet model.
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Table 4. Spark]Jet Model Characteristics.

Quantity Value
Orifice exit diameter (mm) 1
Orifice throat length (mm) 4
Orifice taper angle (deg) 45
Cavity height (mm) 4
Cavity diameter (mm) 4.6
Energy deposition region (mm) 1.2x1.0x2.0
Energy deposited (m]) 3.0
Electrode height (mm) 1,2and 3

Position (mm)

il

41— O  Experiment

— CFD

0 I I I I I T t (us)
0 10 20 30 40 50 60

Figure 19. Jet position versus time.

Kim et al. [57] performed unsteady three-dimensional compressible Navier-Stokes
simulations of the same configuration as Kim et al. [56] using both perfect gas and equi-
librium thermochemistry. Results are shown in Figure 20 and indicate that the equi-
librium thermochemistry model provides better agreement with experiment of Lauren-
deau et al. [37].

Position (mm)

]

7k

6 -

5 -

4 —

sl Equilibrium

........ Perfect gas

2 O Laurendeau et al

1 -

0 x N W ‘ ‘ £ (pis)
0 20 40 60 80 100

Figure 20. Jet position versus time.
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Shin et al. [58] performed a computational parametric study of the effect of location
of the electrodes on the impulse generated by a SparkJet. The SparkJet configuration is
indicated in Table 4. Electrode heights of 1 mm to 3 mm (measured from the bottom of the
cavity) were considered. The computed impulse and jet ejection duration for each case is
shown in Table 5. The largest impulse is achieved for the lowest position of the electrodes
which allows the largest initial increase in the pressure within the cavity. An analytic model
is presented for calculation of the initial blast wave within the cavity and its reflection.

Table 5. Effect of Electrode Location.

Quantity Value
Case 1 Case 2 Case 3
Electrode height (mm) 1 2 3
Impulse (uN-s) 2.47 2.22 2.01
Jet duration (us) 233 210 210

2.6. Zong et al. (2018-2022)

Zong and Kotsonis [60] performed a series of five experiments for a single Spark]Jet
configuration. The model is shown in Figure 21 and the electronic circuitry in Figure 22.
Details of the experiment are listed in Table 6 where the dimensionless energy deposition is
defined as the ratio of the discharged capacitor energy to the initial static enthalpy in the
SparkJet cavity (note the error in Equation (2.1) in Zong and Kotsonis [60]).

2
3GV,

- 2709 5
PoCpVeaTo ©)

£
where C, and V,, are the capacitance and initial capacitor voltage; p, and T, are the initial
density and temperature of the gas in the SparkJet cavity, and V,, is the cavity volume.
Additionally, f; is the discharge frequency and f}, is the Helmholtz frequency of the Spark]Jet
cavity [61]

_ b [ A
fo=5q VoL ©)

where a, = /vRT, is the initial speed of sound in the cavity, A, is the cavity exit area
and Ly, is the throat length. The experimental diagnostic is phase-locked Particle Image
Velocimetry (PIV).

Jeedine he Ceramic cavity Copper lid
Seeding hole Y PE

] T

-
o

(-
Anode Cathode

Exit orifice

Figure 21. Model.
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R1 D1

A A anode cathode
ZX D2 SparkJet
C) DC power suply T

\/

@ High-voltage trigger pulse

Figure 22. Electronic circuit.

Table 6. Experiments.

Quantity Case 1 Case 2 Case 3 Case 4 Case 5
Vo (kV) 1.25 1.77 2.50 1.77 1.77

E. () 0.78 1.56 3.12 1.56 1.56

fa (Hz) 100 100 100 50 200

€ 1.3 2.6 52 2.6 2.6

2 0.06 0.06 0.06 0.03 0.12
N 10* 1.05t01.09 1.10t01.15 0.86t0092 1.14t01.20 0.77t00.81

V, Initial voltage of capacitor

E. Capacitor energy 1C, Vo2

fa Frequency of SparkJet

fn Helmholtz frequency

€ Dimensionless energy deposition

Figure 23 shows the jet exit velocity U, versus time for Cases 1 to 3 corresponding to
E. =0.78] to3.12] at f = 100 Hz. The peak exit velocity U, increases with increasing E at
fixed f4. Zong and Kotsonis conclude

Uy o« s% 7)

Figure 24 displays the jet exit velocity versus time for Cases 2, 4 and 5 corresponding
to E. = 1.56 ] and f; = 50 Hz to 200 Hz. The peak exit velocity is invariant with f; for
fixed E, implying that the cavity gas has returned to its approximate initial state between
discharges. The efficiency #; is defined as

™

N = E—r: 8)

where E,, is the net jet mechanical energy during a cycle
T 1 2
Eu= [ LolZIU|A ©
0

where Ty = f. ! The experiments show an efficiency on the order of 0.01%.
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120 A
JAVAN
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Figure 23. Jet exit velocity versus time at fixed fj.
U, (m/s)
120 t
90~ D% % | Case 2
S D>[> < Case 4
60 | & DEIQ]
> > [ﬁl > Case 5
30 D%
i X<
=30 T I 1 t (ms)

x x x
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 24. Jet exit velocity versus time at fixed E..

Zong [62] conducted experiments on two different SparkJet models shown in
Figures 25 and 26. Details of the two models are shown in Table 7. Experimental diagnostic
is Particle Image Velocimetry (PIV).

Tungsten needle X
\\ Ceramic block
/
o r
\ | |
—— |i I—i I4 mm —
| \\
la Ceramic cylinder
LC(I,

Figure 25. Small cavity model.
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Ceramic cap

12 mm

Electrode

- |

Ceramic cavity Seeding hole

Figure 26. Large cavity model.

Figure 27 presents the spatially averaged exit velocity U, versus time for the large
cavity model for different values of the electrode spacing I, from 2 mm to 8 mm. The peak
exit velocity U, increases with electrode spacing due to the greater volume of heated gas
by the electrical discharge.

Figure 28 shows the efficiency defined by Equation (8) for the small and large cavity
models versus the dimensionless heating volume defined as

1,d>

g —3
LcaDga

(10)

where ], is the separation distance between electrodes, d, is the mean arc diameter, and L.,
and D, are the length and diameter of the cavity, respectively. The experiments indicate a
monotonic increase in efficiency with dimensionless heating volume, and an approximately
order of magnitude difference in efficiency between the small and large cavity models.

Table 7. Experiments.

Quantity Small Cavity Large Cavity
C, (uF) 0.1 1.0

Vo (kV) 0.25 2.0

E. () 0.003125 2.0

V., (mm®) 50 to 150 942

I, (mm) lto7 1to8

D, (mm) 1.0 1.5

C, Capacitance

V, Initial voltage of capacitor
E. Capacitor energy 1C, V02

I, Electrode separation distance
D, Cavity exit diameter
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U (m/s)
180 I, =2mm
150 I, =3 mm
120 I, =4 mm
90 I, =6 mm
60 I, =8 mm
30
g mE 8 8
O —
-30 T T T \ t (ms)
0.0 0.5 1.0 1.5 2.0
Figure 27. Jet exit velocity versus time.
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Figure 28. Efficiency versus dimensionless heating volume.

Zong et al. [63] review developments of SparkJet research during the previous fifteen
years including experimental and numerical investigations for both Spark]et performance
in quiescent and applications to flow control. Discussion includes power supply systems,
actuator construction, structure of the jet and vortex formed by the SparkJet and effect of
the electrical parameters on the performance.

Figure 29 shows the peak jet velocity U, versus the dimensionless energy deposition
defined as .

. J, Fua(t)ig(t) dt

PoCoVea T, (1

where 14(t) and i4(t) are the voltage and current across the electrode, Tj is the time interval
of the discharge, V, is the volume of the cavity, and ¢,, p, and T, are the specific heat at
constant volume, density and temperature of the air in the cavity. Results are shown from
studies by Belinger et al. [64], Reedy et al. [65], Wang et al. [66], Zong et al. [39] and Zong
and Kotsonis [60]. Peak values up to 300 m/s are observed.



Energies 2022, 15, 9645 16 of 40

Uy, (m/s)

400 - O Berlinger et al (2011)
O Reedy et al (2013)

= A Wang et al (2014)

300  AS .
A < ong et al (2015)
A > Zon% and Kotsonis (2018)
200 <
<

100 |-

0 T T T T T T €
0 5 10 15 20 25 30

Figure 29. Peak jet velocity U, versus dimensionless energy deposition [39,60,64-66].

Figure 30 displays the relative peak jet velocity U, /Up, versus relative dimensionless
energy deposition €/e, where U, and ¢, correspond to the peak jet velocity at the lowest
dimensionless energy value and the lowest dimensionless energy. Zong and Kotsonis [60]

proposed U, o< €3 (Equation (7)) which implies

Up (e)%

U, ~\& (12)

The experimental data generally follow this trend.

2.7. Xieet al. (2022)

Xie et al. [67] performed experimental and numerical simulations for opposing Spark-
Jets to examine the use of opposing SparkJet for drag reduction at Mach 3. They placed
a SparkJet with 1.08 ] discharge energy at the nose of a 50 m diameter hemisphere. The
comparison of their simulation was in good agreement with the experimental data as
shown in Figure 31. The variation of the drag in response to the opposing SparkJet is
presented in Figure 32. Moreover, they numerically studied the effects of Spark]Jet exit
diameter, discharge energy, freestream Mach number, freestream static pressure, and angle
of attack on drag reduction. They find out that there is an optimal value for exit diameter
and discharge energy. The average drag reduction decreases with increasing Mach number,
the static pressure of the freestream flow, and the angle of attack. Additionally, they find
out that in general, the cases that show the existence of a large penetration mode at some
duration of the simulation have better performance in drag reduction in comparison with
the cases that only create a short penetration mode.
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Reedy et al (2013)
Wang et al (2014)
Zong et al (2015)
Zong and Kotsonis (2018)
Belinger (2011) A"/ o
i . %ééﬁ' Do
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ey %QA
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ApAY <
JRayie
PN
100 - \\\\\‘ \\\\\' e/eo

10° 10! 102

O < D> o O

Figure 30. Relative peak jet velocity U, /U, versus relative dimensionless energy deposition €/¢,
[39,60,64-66].

Figure 31. Comparison of the experimental and numerical results. Adapted from [67].
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50 |
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Figure 32. Change in drag in response to the opposing SparkJet. Adapted from [67].

Xie et al. [68] also examined the effect of the Spark]et exit shape, i.e., Laval shape
versus straight shape, on the drag reduction of a hemisphere at Mach 3. They validate
their simulations with the experimental schlieren imaging of the Laval-shaped SparkJet in
quiescent air. The design of the Spark]Jet is displayed in Figure 33. As shown in Figure 6 of
Xie et al. [68], the comparison of the experiment and numerical simulation is reasonable.
The variation of the maximum exit Mach number with the dimensionless energy ¢ = Q,,/E
is presented in Figure 34, where Q,, is the input electrical energy and E = c,p0ToV and
po and Ty are the cavity density and temperature, respectively. The improvement of the
Laval-shaped SparkJet maximum exit Mach number becomes evident for € > 5.06 which is
the critical value that changes the flow in the diverging section of the exit to supersonic flow.

Laval nozzle

__—Discharge vavity

Electrode

Figure 33. Schematic of the Spark]Jet and the Laval-shape exit.
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Figure 34. Variation of maximum exit Mach number with dimensionless energy of the SparkJet.

Figures 15 and 16 of Xie et al. [68] compare the variation of the drag vs. time for Laval-
shaped and straight exit SparkJets represent respectively for € = 4 and € = 32.01. Since for
€ < 5.06 in the Laval-shaped exit the exit flow is subsonic, there is no improvement in drag
reduction using the Laval-shaped exit at € = 4. However, since the exit flow for € = 32.01
is supersonic, the Laval-shaped exit makes a significant improvement. Figure 35 shows
the average drag reduction vs. € for both types of SparkJets. Again, the main difference
appears for € > 5.06. Additionally, an optimal value of € exists which is because of the
increase in the drag rise in the initial stage of the discharge due to the stronger shock in the
discharge cavity.

Xie et al. [69] examined experimentally the application of the Spark]Jet for shock control
in hypersonic flow at Mach 6.9 with total enthalpy of about 5 M]. They pressurized the
Spark]et chamber to improve the controlling effect of the SparkJet. Figure 36 presents the jet
front velocity of the pressurized SparkJet which shows a significant increase in comparison
with the unpressurized SparkJet (about 500 m/s). Figure 37 displays the effect of a Spark]et
with a pressurized cavity of 133 kPa and discharge energy of 13.5 ] on the oblique shock of a
50° ramp showing a significant change in the flow structure. They showed that the Spark]et
will have a better shock controlling effect by increasing the discharge energy (or in other
words increasing the pressure in the SparkJet chamber) or increasing the distance between
the SparkJet and the ramp, and by decreasing the ramp angle. They also investigate
the effect of a pressurized Spark]Jet on a shock-shock interaction over a double ramp. A
significant change in flow structure is achieved as displayed in Figure 38.

Average drag reduction (%)

30+
251 5 © .
o O
20+ H o o
m]
15 B o
10 Bz) O SparkJet with Laval-shaped exit
5 O SparkJet with straight exit
08— \ \ \ \ \ \ — €

0 10 20 30 40 50 60 70 80

Figure 35. Average drag reduction vs. dimensionless energy.



Energies 2022, 15, 9645 20 of 40

Vi(m/s)

900 t

800 - %
700 - %

600 -

500 - @%é%%

400

st oy

200 -

T

T T T T T T T T —= t(us)

100 T
0 20 40 60 80 100 120 140 160 180 200

Figure 36. Variation of jet front velocity by time.
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Figure 37. Change in flow structure over a ramp due to a pressurized Spark]Jet. Reprint from [69]
with permission from Elsevier.
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Figure 38. Change in flow structure of shock-shock interaction over a double ramp due to a SparkJet.
Reprint from [69] with permission from Elsevier.

3. Drag Reduction
3.1. Background

An early area of research interest in energy deposition was aerodynamic drag reduction
in supersonic and hypersonic flows. Georgievskii and Levin [70] considered the effect of a
steady energy deposition upstream of a body of revolution in supersonic flow at zero angle
of attack assuming a Gaussian energy. A reduction in drag (i.e., integrated frontal surface
pressure) was observed for sufficiently high levels of energy deposition. Toro et al. [71]
performed a series of experiments for a “Directed Air Energy Spike” based on the concepts
of Myrabo and Raizer [72] and achieved a reduction in frontal drag. Tretyakov et al. [73]
(also see Tretyakov et al. [74]) measured the drag on a cone-cylinder and hemisphere-
cylinder at Mach 2 in Argon with a high frequency CO2 laser discharge upstream of the
body and observed drag reduction up to 45%. Kolesnichenko et al. [75-81] observed drag
reduction due to a microwave filament discharge on blunt bodies at Mach 1.7 to 2.1 in air,
argon, carbon dioxide and nitrogen. See also the reviews by Knight [82]. Recent research in
energy deposition for drag reduction is discussed below.

3.2. Dobrov et al. (2018)

Dobrov et al. [83] conducted an experimental and numerical investigation of the interac-
tion of a heated microwave filament with a blunt cylinder at Mach 1.6. The cylinder diameter
is 12 mm. The cylinder axis length is 20 mm and is aligned with the freestream. A microwave
discharge generated a heated filament in the shape of an ellipsoid of revolution upstream of
the cylinder with a major axis of 15 mm aligned with the freestream. The flow conditions are
listed in Table 8. A gradient heat flux sensor was attached to the flat face of the cylinder.
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Table 8. Flow Conditions.

Quantity Value
Moo 1.6
Poo (kPa) 3.06
T (K) 187

The interaction of the heated filament with the blunt body shock generated by the cylin-
der caused a momentary lensing forward of the shock as seen in previous experiments [82].
Figure 39 shows the upper and lower bounds of experimental heat flux variation at the
stagnation point on the cylinder face versus time. The interaction of the heated region
causes an initial reduction in surface heat flux followed by an overshoot and return to the
undisturbed level.

Q (W)
0.4

0.2

0.0

-0.2 T T t(ps)

T I T
0 100 200 300 400 500

Figure 39. Upper and lower limits of stagnation point heat flux Q versus time.

3.3. Yu et al. (2018)

Yu et al. [84] performed a two-dimensional numerical investigation of the interaction
of pulsed energy deposition on the pressure drag of a cylinder with diameter D at Mach 8.
The cylinder axis is perpendicular to the freestream flow and the pulsed instantaneous
energy deposition was modeled as an increase in pressure and temperature within a circular
region upstream of the cylinder at a distance D on the symmetry plane. The dimensionless
energy deposition € was defined as

_ PooCoATV

R (13)

where AT is the instantaneous temperature increase in the circular region representing the
discharge and V is the volume per unit depth of the discharge. Thus € represents the ratio
of energy added per unit depth at constant volume to the static enthalpy per unit depth of
the undisturbed freestream flow. The flow conditions are shown in Table 9.

Table 9. Flow Conditions.

Quantity Value
Moo 8
Poo (kPa) 0.855
T (K) 123.5
Uoo (m/s) 1782
D (mm) 76

€ 10
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The reduced (dimensionless) frequency of energy deposition is

fD
0= (14)
where f is the frequency of the energy deposition where f = 10 kHz, 20 kHz and 100 kHz.
The reduced frequency is the ratio of the flow convective timescale (corresponding to the
time for the flow to travel a distance D [equal to the distance from the laser discharge to
the cylinder]) to the period of the energy discharge. Figure 40 displays the relative wave
drag coefficient c;/c4, versus the reduced frequency where ¢, is the wave drag coefficient
in the absence of energy deposition. The results indicate a nearly linear decrease in wave
drag with increase in reduced frequency.

ca/ca,

1.00

0.75

T

0.50

T

0.25

T

0.00 I I x x x fD/Us
0 1 2 3 4 5

Figure 40. Wave drag versus dimensionless.

3.4. Alberti et al. (2019-2021)

Alberti et al. [85,86] conducted a numerical investigation of the interaction of a laser dis-
charge with hemisphere and double cone configurations. The simulations incorporate a self-
consistent, physical-based laser induced breakdown model incorporating non-equilibrium
thermochemical and thermodynamic effects and radiation [87-89]. The compressible un-
steady laminar Navier-Stokes equations are solved assuming a two temperature model
with a thermochemistry model incorporating nineteen species. The radiation field is
modeled using the radiative transfer equation [90].

The experiment of Adelgren et al. [91] was simulated. A laser spark was discharged
upstream of a hemisphere. The experimental configuration is shown in Figure 41. The
freestream conditions and laser discharge parameters are listed in Table 10. The laser energy
discharged at the laser head E,,, = 283 m]. The calculated laser energy absorbed by the gas
E... = 40.78 m] [86] representing 14.41% of the laser discharge energy. The difference is due
to absorption in the tunnel glass walls and radiation from the discharge focal region. An
additional simulation was performed using E ,, = 141.5 mJ with a resultant E_,; = 11.41 m]
corresponding to 8.06% of the discharge energy. The discharge was focused on the axis of
the sphere at one diameter upstream (Figure 42).
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Table 10. Flow Conditions.

Quantity Computation Experiment
Moo 3.45 3.45
Pt., (MPa) 1.40 0.93
Tz, (K) 290 263
T, (K) 85.78 235°
E,,, (m]) 283 283
E.,. (m]) 40.78 na‘
FWHM ¢ (ns) 10 10
Wavelength (nm) 532 532
Focal length (mm) 100 100
2 From Adelgren et al. (2005) [91], p. 258 and Table 3, b Erom Ty = Too[l + @ mMi, ], ¢ Not available, 4 Full
Width Half Maximum.

Endevco 8530G100 Transducer Mounted
\ Inside 25.4 mm Diameter Sphere Test Model
o Behind 1.32 mm Diameter by 1.78 mm Deep
15 cm x 15 cm x 30 cm Test Section

Pressure Port
1.4 Mpa Stagnation Pressure
290 K Stagnation Temperature R
. Mach 3.45 :

Figure 41. Experiment. Adapted from [91].

e

N

Bow shock

Energy Deposition Locations
Surface Pressure Tests

Sphere model
25.4 mm diameter

Figure 42. Laser discharge. Adapted from [91].

Figure 43 compares the computed and experimental centerline pressure on the sphere.
Also shown are the simulations by Kandala and Candler [92] and Zheltovodov et al. [93].
All simulations show differences compared to the experiment.
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Figure 43. Centerline pressure versus time. Adapted from [86].

3.5. Azarova et al. (2019)

Azarova et al. [94] performed a computational investigation of the interaction of a
continuous heated filament with a simple two-dimensional body at Mach 2.5. The flow
configuration is described in Figure 44a which shows the instantaneous density contours
corresponding to the approach of the off-axis heated filament to the wedge shaped body.
The governing equations are the unsteady laminar compressible Navier-Stokes equations
for a perfect gas. The flow conditions are listed in Table 11 where  is the ratio of specific
heats, Pr is the molecular Prandtl number, d is the height of the filament, D is height of the
wedge body and « is the ratio of the density in the filament to the freestream density. The
velocity and pressure in the filament upstream of the blunt body shock are equal to the
ambient velocity and pressure.

Table 11. Flow Conditions.

Quantity Value
Moo 2.5

Re 9500

0% 14

Pr 0.703
d/D 0.25

o 0.4,0.5,0.6

Figure 44 displays instantaneous density contours for & = 0.4 at four different dimen-
sionless times. The interaction of the heated filament with the blunt body shock causes a
lensing forward (upstream) of the shock system and the formation of a shear layer and
triple point. A self-sustained oscillation forms resulting in a periodic behavior of the stag-
nation pressure p; at the apex of the wedge (Figure 45a). Simulations based upon the Euler
equations show significantly lower level of oscillations compared to the Navier—Stokes
results. The resultant total lift force for « = 0.4 shows oscillatory behavior (Figure 45b).
The oscillations decay for & = 0.5, and no oscillatory behavior is observed for « = 0.6
(Figure 45b).
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Figure 44. Density contours showing oscillatory behavior. Adapted from [94].

3.6. Das et al. (2019)

Das et al. [95] conducted a numerical study of the interaction of a continuous energy
deposition source of strength Q with a sphere of diameter D at Mach 8 for both earth
and Mars atmospheres. The flow configuration is shown in Figure 46 and the conditions
are listed in Table 12. The simulations are based on the axisymmetric compressible Euler
equations incorporating non-equilibrium thermochemistry with a five species model for
the Earth atmosphere (78% Ny, 22% O,) and eight species model for the Mars atmosphere
(97% COy, 3% Np).

0.6

12 — N-S, Grid No.1,CFL=0.2 7 Fiifttotal
Py N-S, Grid No.2,CFL=0.2
. Eu, Grid No.2,CFL=0.1
10 -
1 0.4 -
8 —
6 —
0.2+
4 0p=0.5
] ap=0.6
t t
2 T I T I T I T I T I 0 I T I T I T I T I
0 2 4 6 8 10 0 2 4 6 8 10
(a) ps at wedge tip for a = 0.4 (b) Lift force for « = 0.4,0.5,0.6

Figure 45. Stagnation pressure at wedge tip and lift force versus time. Adapted from [94].
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Table 12. Flow Conditions.

Quantity Value
Moo 8
Poo (Pa) 89
T (K) 113
D (mm) 60
QW) 5to 18

Outflow

M

Inviscid wall

Energy deposition
R

...... N
~ 7 Axis of symmetry

Figure 46. Flow configuration.

Figure 47a,b show the power effectiveness P for the earth and Mars atmospheres,
respectively, versus the energy power Q where

(Do — D)tioo

p 0 (15)
where D, and D are the pressure drag in the absence and presence, respectively, of energy
deposition. There is an optimal power Q for drag reduction which is less than the maximum
power examined, and a significant difference in the peak power effectiveness between the
earth and Mars simulations. The observed difference is attributed to the difference in the ratios
of specific heats for the earth and Mars atmospheres. Figure 48a displays Mach contours for the
Mars simulation at Q = 5.5 W and 10.83 W. The effect of energy deposition is the formation of
a recirculation region in front of the sphere and the movement of the stagnation line upwards
on the sphere surface. Figure 48b shows the surface pressure distribution for the earth and
Mars simulations at Q = 10.83 W. The location of peak surface pressure is at a higher angle for
the earth simulation, resulting in a lower drag and higher power effectiveness.

P P

265 - & 60

260

40

250 ; . ‘ r —= Q (W) 35 py . ; : : ‘ — QW)
8 9 10 4 6 8 10 12 14 16 18

(a) Earth (b) Mars

S
o
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Figure 47. Efficiency of energy deposition.
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Figure 48. Mach contours and pressure coefficient. Reprint from [95] with permission from Elsevier.

3.7. Elias et al. (2018)

Elias et al. [96] conducted a computational and experimental investigation of the
interaction of a heated filament generated by a femtosecond laser discharge with a blunt
hemisphere-cylinder model (D = 25.8 mm) at Mach 3. The experiments were performed in
the ONERA R1Ch blow-down wind tunnel. The axisymmetric simulations were conducted
using the CEDRE code [97]. The experimental configuration is shown in Figure 49. A
femtosecond laser discharge is focused on axis using a mirror and transparent diaphragm
at the blunt nose of the hemisphere-cylinder. The flow conditions and laser properties are
listed in Tables 13 and 14.

Table 13. Flow Conditions.

Quantity Value
Mo 3
pt., (MPa) 0.361
Tt (K) 309
Reoo -107% (m™) 25.6

Table 14. Laser Properties.

Quantity Value
Wavelength (nm) 800
Pulse * (m]) 170 £ 10
Focal length (mm) 1500
Length of pulse (mm) 55+2
Duration of pulse (fs) >50
Distance to hemisphere b (mm) 25+2
Repetition rate (Hz) 10

% At laser head, ® Measured from center of discharge.

Figure 50 displays the measured drag force versus time for a single femtosecond laser
discharge. The energy deposition creates a heated filament with a maximum diameter
of 5 mm. The filament convects with the flow and interacts with the blunt body shock
generated by the blunt hemisphere-cylinder. The initial rise in the drag force is due to the
impact of the blast wave, while the subsequent interaction of the heated filament creates
an oscillation in the measured drag. Figure 51a,b show the experimental and simulated
schlieren images at three instants of time illustrating the interaction of the heated filament
with the blunt hemisphere-cylinder. The flow structures are in close agreement.
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-
Figure 49. Flow configuration. Reprint from [96] with permission from ONERA.
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Figure 50. Drag versus time.

(a) Experiment

(b) Simulation

Figure 51. Comparison of experiment and simulation. Reprint from [96] with permission from ONERA.
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4. Energy Deposition for Flow Control
4.1. Background

The application of energy deposition for flow control (other than drag reduction)
attracted interest subsequent to the early work cited in Section 3.1. Following previous
research efforts involving both passive and active flow control devices (Section 1), interest
focused on a variety of topics in flow control including, for example, shock waves posi-
tion [98-101] and boundary layer separation control [28,29,102,103]. See also Starikovskiy
and Aleksandrov [104]. Examples of recent research are described below.

4.2. Takahashi and Ohnishiy (2018)

Takahashi and Ohnishiy [105] conducted a computational study of the effect of repeti-
tive laser energy pulses on separation control for a diamond airfoil at Mach 1.17. The airfoil
chord is 400 mm and the thickness to chord ratio is 0.1. The two-dimensional simulations
were performed using the compressible Navier-Stokes equations for a perfect gas. The
angle of attack is 10° to cause separation on the upper surface near the trailing edge due to
the recompression shock wave. Pulsed laser energy deposition was focused on the lower
surface of the wing near the trailing edge. The flow conditions and laser properties are
listed in Tables 15 and 16.

Table 15. Flow Conditions.

Quantity Value
Moo 1.17
Altitude (km) 20
Angle of attack (deg) 10

Table 16. Laser Parameters.

Quantity Value
Pulse energy (m]) 100
Repetition rate (kHz) 80

Figure 3a,b of Takahashi and Ohnishiy [105] display Mach number contours for the no
energy deposition case and an instantaneous image for energy deposition under the trailing
edge of the wing . The combined effect of the initial blast wave (increasing the pressure
momentarily on the lower surface) and subsequent expansion (reducing the pressure
momentarily on the upper surface) reduces the separation bubble on the upper surface and
increased the lift-to-drag ratio from 4.16 to 4.26

4.3. Ukai et al. (2018)

Ukai et al. [106] investigated the effect of a laser discharge on the flowfield structure
of a laminar boundary layer on a flat plate at Mach 5. The flow conditions are shown in
Table 17. A Nd:YAG laser was focused on the surface of a flat plate at distances from 10 mm
to 40 mm from the leading edge. The laser parameters are listed in Table 18.

Table 17. Flow Conditions.

Quantity Value
Case 1 Case 2 Case 3
Mo 5 5 5
Pt., (MPa) 0.548 0.641 0.719
T;., (K) 372.3 375.5 375.5

Reeo - 1070 (m™h) 11.0 13.0 14.4
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Table 18. Laser Parameters.

Quantity Value
Wavelength (nm) 532
Pulse (m]) 203
Duration of pulse (ns) 4
Location * (mm) 10, 20, 30 and 40

* Measured from leading edge.

Figure 52 shows a sequence of schematic schlieren images describing the effect of the

laser discharge on the flowfield structure for Case 2 at Ree, = 13 X 10°m™". Figure 52a
shows the moment of laser discharge. The sphere spot indicates the location of the discharge
at the surface and beneath the leading edge shock wave (LSW) induced by the boundary
layer displacement thickness. Figure 52b shows the formation of the laser-induced blast
wave (LIBW) characteristic of laser discharge [5]. A separate laser-induced oblique shock
wave (LIOSW) forms on the upstream side of the blast wave due to the interaction of the
blast wave with the laminar boundary layer. The boundary layer thickness at this location
(in the absence of the laser discharge) is approximately 0.8 mm. The shock wave boundary
layer interaction results in the formation of a triple point and a slip line. Subsequently, the
blast wave moves outwards and interacts with the weak leading edge shock wave.

LSW Slip line

LIBW

Flow
e \— LIOSW
Laser \/
Flat plate
(@)t =0us t =11 us

Kink point

(b)t =22 us t =33 us

Figure 52. Schematic of schlieren images of laser discharge.

4.4. Feng et al. (2022)

Feng et al. [107] conducted a combined computational and experimental investigation
of the interaction of a distributed arc discharge array with a shock wave turbulent boundary
layer at Mach 2.5. The configuration, shown in Figure 53, is mounted flush with the tunnel
test section wall. An incident shock wave is generated by a wedge mounted on the
opposite side of the wind tunnel (Figure 54). The flow conditions are shown in Table 19.
Experiments were performed for three different shock strengths. The capacitor discharge
energy E = 200 mJ for each experiment, and the estimated energy deposition into the air
was 60 m] based upon an assumed efficiency of 30% [108].
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Table 19. Flow Conditions.

Quantity Value
Case 1 Case 2 Case 3
Moo 25 2.5 2.5
Pt., (MPa) 0.10 0.10 0.10
T;,, (K) 300 300 300
Reoo -107% (m™) 8.84 8.84 8.84
Res-107° 51 51 51
« (deg) 12 14 16
B (deg) 33.1 359 38.1
E (m]) 200 200 200
nE (m]) 60 60 60
Discharge duration (ps) 5 5 5

Figure 55 displays schlieren images of the initial discharge (f = 0) and later interaction
(t = 5At, where At is the temporal resolution equal to 33.3 us) of the plasma with the shock
wave turbulent boundary layer interaction. The influence of the heated regions is seen
in the momentary virtual disappearance of the forward shock wave. Direct Numerical
Simulation shows qualitatively similar results.
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Figure 53. Surface Arc Plasma Actuator.
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Figure 54. Flow configuration.

4.5. Gan and Wang (2022)

Gan and Wang [109] examined the effect of a Surface Arc Plasma Actuator (SAPA) on
the shock wave boundary layer interaction generated by a 26° ramp at Mach 2. The flow
conditions are listed in Table 20 and the experimental configuration in Figure 56. Details of
the power supply are indicated in Table 21.
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APED zone

Figure 55. Interaction of arc plasma discharge with shock wave turbulent boundary layer. Reprint
from [107] with the permission of AIP Publishing.

Table 20. Flow Conditions.

Quantity Value
Mo 2.0
., (MPa) 0.097
T;., (K) 296
Reso -107% (m™) 11.3
Table 21. Power Supply Parameters.
Quantity Value
Maximum output voltage (kV) 10
Maximum frequency (kHz) 5
Pulse duration (us) 1

Side view

SAPA arra;
Y /_1 Ramp

I Flat plate |

Top view 25 25
e =
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Figure 56. Flow configuration.

Figure 57 displays schlieren images of the interaction of the SAPA with the shock wave
boundary layer interaction generated by the 26° ramp. The initial discharge (Figure 57a)
forms a blast wave and a heated region ejected into the incoming boundary layer. The
interaction of the blast wave with the ramp shock forms a triple point (Figure 57b). The
ramp shock is momentarily moved upstream by the interaction (Figure 57c) before relaxing

to its original position (Figure 57d).
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Figure 57. Interaction of energy deposition with shock. Reprint from [109] with permission from Elsevier.

4.6. Ma et al. (2022)

Ma et al. [110] performed a numerical simulation of the interaction of a pulsed arc
discharge with the shock wave boundary layer interaction generated by a half cylinder
attached to a flat plate at Mach 2.5. The configuration corresponds to the experiment of
Feng et al. [111]. The flow conditions are listed in Table 22 and the configuration is shown
in Figure 58. The simulations are based on the compressible Reynolds-Averaged Navier—
Stokes equations for a thermally perfect gas with the SST k—w turbulence model. The
energy deposition is modeled by a periodic energy source term with a volume estimated
from the experiments of Feng et al. [111]. Energy deposition at reduced frequencies
w = 0.39 and 1.55 are examined where w = fA/uq, f is the frequency, A is the streamwise
spacing between energy deposition regions and u is the freestream velocity.

Table 22. Flow Conditions.

Quantity Value
Moo 2.5
Pt., (MPa) 0.1
Ty, (K) 300

Figure 59 displays instantaneous contours of the magnitude of the density gradient for
w = 1.55. The heated regions generated by the energy deposition (CGB or Controlling Gas
Bubbles according to Ma et al. [110]) are apparent near the surface. The separation region in
front of the half cylinder is increased compared to the no energy deposition configuration,
with a maximum reduced of 25.5% in drag coefficient achieved.
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Figure 59. Instantaneous density contours for w = 1.55. Reprint from [110] with the permission of
AIP Publishing.

5. Conclusions

Energy deposition for aerospace applications including drag reduction and flow
control is certainly appealing for many researchers, as evidenced by the amount of available
literature. However, the question is the feasibility of using energy deposition for any of the
assumed applications. Despite being proven in the literature that using energy deposition
can reduce the drag of a body, due to the amount of energy that is required and the
complexity of implementing the required technology for this purpose the practicality of
this method is unproven. On the other hand, energy deposition for flow control has not
matured yet. It is well known that the interaction of the blast wave and heated region
resulting from energy deposition will change the flow structure. However, how we can
use this change for practical applications should be the topic of future research in this
field. Some example questions are as follows: Is it possible to use this method to solve the
startup problem of ramjets and scramjets? Is it simpler to have a pulse of energy deposition
at the entrance of an inlet to start an unstarted supersonic engine rather than a complex
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mechanical mechanism to change the area distribution? Can energy deposition be effective
in modifying the flight trajectory of supersonic and hypersonic aircraft?
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