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Two dimensional numerical simulations of plasma actuator flow control of the ACHEON nozzle are
conducted to give insight on the design of an experimental setup. Three configurations of the plasma
actuators with single and multi AC-DBD actuators are used in steady mode of operation. AC-DBD
actuators in standard mode (forward forcing mode), reverse mode (backward forcing mode) and plasma
synthetic jets mode were used. Three different main groups of test cases were investigated by varying
the reference velocity at the inlet of the nozzle stream from 4, 5 and 6 m/s. Moreover, each group
includes four velocity ratios Vg =1, 1.5, 2, 2.5. The locations of the flow separation points are obtained
numerically for all these cases and the plasma actuators are placed slightly upstream of these points
leading to a system of seven DBD plasma actuators in the forward forcing mode over the Coanda surface.
The induced thrust of the AC-DBD plasma actuators was estimated using a phenomenological model
which considers the maximum achieved voltage and frequency from the experiments. Using an excitation
voltage with maximum amplitude of 12 kVpp and frequency of 20 kHz, ionic wind was formed with
2.4 m/s velocity. The effects of plasma actuator are presented through change of the thrust and velocity
angle and thrust vectoring efficiency. Preliminary results of the experimental set-up correlate well with
the numerical design values.
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1. Introduction

To maximize the agility and safety of flight missions, thrust-
vectoring flight control (TVFC) is applied to complement conven-
tional aerodynamic flight control systems. The ACHEON (Aerial
Coanda High Efficiency Orienting jet Nozzle) nozzle is a novel de-
sign of thrust vectoring propulsion system without moving parts.
The work is supported by European Union (Grant No. 309041)
through consortium of six institutions [3].

ACHEON nozzle [14,35] makes use of two main inlet jet streams
for vectoring the thrust generated nozzle. The idea is similar to
fluidic thrust vectoring techniques, thus having similar advantages
of being lightweight, simple and built on a fixed geometry, in
comparison to mechanical thrust vectoring systems. However, the
ACHEON nozzle, in contrast to traditional fluidic thrust vectoring
system does not possess a secondary air jet exit and the nozzle
is made up of two main primary air jets. When the velocity ratio
between the primary jets is altered from unity, the exit jet of the
nozzle tends to deflect toward the Coanda surface at the side of the
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inlet with higher velocity. However, the thrust vectoring is limited
due to separation of the boundary layer over the Coanda surfaces,
which are almost entirely composed by a section of cylindrical sur-
faces. Flow control techniques that could suppress the separation
and enhance the flow streaming over the Coanda surface, while
maintaining the same functionality of the nozzle would be highly
beneficial.

DBD plasma actuators [22,30] are novel means of flow con-
trol. Being fully electrical and less complex they can be easily
applied in different applications for controlling flow in different
situations. They have also been used and studied for controlling
flow separation [20], transition to turbulent flow [28], enhance-
ment stabilization and mixing of the flow, noise control [32],
turbo-machinery flows [11,19] and other applications. However the
objectives of flow control in those works are different from those
in the present research, in spite of the mechanisms of controlling
the flow with plasma actuators acting through the same princi-
ples. Several papers have reported the mechanism through which
plasma actuators influence the surrounding flows. To improve the
performance of DBD plasma actuators and their discharge behav-
ior, different voltage shapes have been employed. However, in the
aerodynamic field, two major types of DBD plasma actuators are
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Nomenclature

V& Nozzle velocity ratio

f® Voltage wave form

or Angle of thrust (degree)

n Efficiency parameter

& Efficiency parameters

T Thrust (N)

oy Angle of exit jet stream (degree)

%4 Velocity magnetite (m)

Vsep Y coordinate of the separation location (m)

te Electrode thickness (m)

tq Dielectric layer thickness (m)

&4 Permittivity of the dielectric material

feorr Charge density correction function

Vapp Applied voltage amplitude (V)
Frequency of applied voltage (Hz)

0 Fluid density (kgm~3)

v Velocity field vector (ms~—!)

Pc Charge density (m—3)

g0 Permittivity of space (Fm~1)

&r Relative permittivity of material
Ad Debye length (m)

1) Electric potential (V)

Fo Body force (Nm—3)

Ceq DBD actuator equivalent capacitance (F)
Vhd Break-down voltage (V)

I, Plasma region length (m)

log Shape factor of charge distribution
% Shape factor of charge distribution
E Electric field vector (Vm™1)

p Static pressure (Pa)

subscripts

max Maximum

* Normalized variables

% Velocity

T Thrust

currently under consideration: the Alternating Current AC-DBD and
the Nanosecond DBD (NS-DBD) plasma actuators [23,33]. They dif-
fer in terms of the shape of the voltage signal that drives the
discharge and, thus, the mechanism of operation. AC-DBD plasma
actuations are capable of influencing the momentum boundary
layer significantly in low speed regime. Therefore, they find limited
application for high speed flows. As an alternative, high-voltage
nanosecond pulsed DBD plasma actuators are becoming a quite
attractive option for high speed applications [29,37]. The main
mechanism of impact for nanosecond pulsed plasma actuators is
the energy transfer [21,36]. When a DBD is excited by a nanosec-
ond pulsed voltage, the temperature near the surface is increased
(400 K for 50 ns pulse durations) [9]. Such fast heating (less than
microsecond) of the gas layer leads to periodic flow disturbances
that could control boundary layer.

As was mentioned before, one of the novel mean of control-
ling flow, and especially suppressing the flow separation, is to use
surface dielectric barrier discharge (sDBD) actuators. As shown in
previous studies, this kind of actuator has proven to offer great
potential for flow control in different applications. The specific
application we intend to demonstrate here is related to nozzles,
specifically how to increase the efficiency of thrust vectoring in
nozzles. Do et al. [7] used multiple DBD actuators to delay flow
separation behind a bluff body in atmospheric pressure air. The
bluff body was similar to Coanda surfaces of the ACHEON noz-
zle and was made of a flat plate connected, tangentially, to a half
cylinder as a round-cornered trailing edge. The flow speed was al-
tered in a range from 10 m/s to 25 m/s. Ginn et al. [10] patented
the usage of the DBD plasma actuators for manipulating the flow
in jet engine nozzles. They also suggested that the dielectric bar-
rier discharge plasma actuators could be used to direct cooling air
flow near the surface of the nozzle, thus avoiding excessive heating
of the nozzle, to create thrust vectoring and reduce noise associ-
ated with the exhaust flow exiting the nozzle. Benard et al. [4-6]
showed that the DBD plasma actuators could change in the deflec-
tion angle of the asymmetric jet by detaching the turbulent airflow.
They have employed both steady and unsteady plasma actuators
and concluded that unsteady actuation allows energizing the co-
herent structures and reduce power consumption while the forced
jet properties are conserved. Their electrode arrangement allows
production of counter-flow action on the initial region of the free
turbulent shear layer.

Plasma actuators are also employed in burst mode with the ap-
plied voltage being duty cycled with a specified burst frequency
and burst ratio. Kopiev et al. [18] conducted an experimental study
on the effect of high frequency DBD actuator on nozzle exit jet.
They claimed that the plasma actuator effect is related with the
acoustic radiation of the discharge, and showed that jet noise sup-
pression and intensification were achievable depending on the jet
excitation frequency. Kim et al. [16] and Samimy et al. [25] used
localized arc filament plasma actuators (LAFPAs) which were pow-
ered by a pulsed radio frequency (RF) plasma generator for flow
control of a high speed circular jet. These arc plasmas were shown
to be capable of flow excitation by depositing energy at fast rate in
the flow. The principles are similar to addition of energy and mi-
cro shock wave generation due to nano-second pulsed DBD plasma
actuators [1]. Kleinman et al. [17] demonstrated numerically the
control ability of LAFPAs to alter the development of supersonic
turbulent jets and suppress their noise. Recently, Das et al. [31]
showed that multiple electrode configuration of plasma actuators
is effectively capable of changing the exit jet flow direction. In the
continuation of these studies, we will in this paper consider the
application of DBD plasma actuator to improve the ACHEON noz-
zle thrust vectoring efficiency.

As a part of ongoing research in ClusterDEM lab [12], the ex-
perimental facilities were prepared for testing the ACHEON nozzle
geometry with plasma actuators [24]. The schematic of the ex-
perimental setup is shown in Fig. 1. However, due to limitation
of the achievable voltage, the controlling effect of one single AC-
DBD actuator is restricted. The objective of the present work is
to design a single or multi AC-DBD actuator configuration capable
of controlling the flow in the ACHEON nozzle. The design output
should include the position of the electrodes and number of DBD
pairs. The procedure is limited by the available experimental facil-
ity, namely the maximum excitation voltage and frequency and the
experimental inlet velocities.

2. Presentation of the ACHEON nozzle

The dimensions of the ACHEON nozzle model are presented in
Fig. 2. The Coanda surfaces are sections of cylindrical surface made
of 2 mm thick polycarbonate sheet. The two main primary jets
where created by using two electric ducted turbofans (EDTs) at the
inlets with diameter of 70 mm.
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Fig. 2. Dimensions of the ACHEON nozzle.

Previous studies have shown that the control authority of the
DBD actuators is dependent on their position in particular for
the case of suppressing separation; the best functionality will be
achieved when the actuator is placed slightly before the separation
point [15]. Thus, to correctly define the position of the DBD actua-
tors, the velocities at the inlet of each stream are required for the
computation of the flow field and the locations of low separation
on the Coanda surfaces. According to the available experimental
facility, three different test cases were selected, see Section 4.

3. Governing equations and numerical procedure

CFD simulations of the flow field without the DBD actuator
were done initially to obtain the necessary data for designing the
experimental setup. For simplicity, a 2D computational domain was
considered by ignoring three dimensional effects and the numeri-
cal grid used for the simulation is presented in Fig. 3.

The initial simulation was performed with the Commercial CFD
solver FLUENT by discretizing the governing equation with finite
volume method (FVM) using a cell centered collocated arrange-
ment of primitive variables. For this purpose, the steady two di-
mensional (2D) incompressible Reynolds-Averaged Navier-Stokes
(RANS) equations were solved with a coupled solver. The second
order upwind scheme was used to discretize the convective terms,
and the k-w SST model was employed for modeling turbulence.
Moreover, the interaction of the plasma actuator is implemented
as an explicit source term inside the momentum equation. A sim-
ple phenomenological model developed by Abdollahzadeh et al. [2]

20H
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Fig. 3. 2D computational mesh (328 000 grid cells).

was used for modeling the plasma actuators effect. This model is
based on correct scaling of the plasma generated thrust for com-
puting the body force and provides the distribution of the body
force vector field. Moreover, assuming that, the characteristic time
scale of plasma is much smaller than the time scale of the flow,
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Fig. 4. Normalized boundary condition of the plasma model applied to compute the DBD induced force.

an averaged body force distribution during a cycle period is used
to model the effect of DBD plasma actuator. The governing equa-
tions of flow and the plasma model (electric potential and charge
density) are as follows:

div(pv) =0, (1)

div(pvv) = —Vp+ Ve (1) + Fo 2)

Ve (eVp*)=0, (3)

o _ PC
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In the above equations f(t) is a function representing the shape
of the applied voltage and E* is the normalized electric potential.
In the above described model, a Gaussian distribution of charge
density is considered over the dielectric surface,

* _ Pew() (s — )?
,Oc’w(t) = IR0 = Pc,max eXP<—4202 ) (9)

where s is the length of the surface. Once the dimensionless distri-
bution is determined, the dimensional values at any given time can
be obtained by multiplying this distribution with the correspond-
ing normalization factor. In this manner, there is no need to solve
the plasma model in an unsteady manner. The corresponding nor-
malized boundary conditions of the plasma model are presented
in Fig. 4 for the DBD actuator geometry.

The plasma model was then coded as a UDF (User Defined
Function) and was used alongside for the simulation purpose. We
note that the grid spacing should not be larger than the Debye
length and the condition y* < 1 where y* = ”*Ty must be satisfied
for correctly resolving the development of the turbulent boundary
layer. For enforcing these conditions and reaching grid indepen-
dence of the results at reasonable numerical cost, the grid was
refined toward the electrodes and surface of dielectric layer. More-
over, the grid was refined in the regions where higher values of
electric field and charge density exist. Hence, the grid spacing was
stretched toward the electrode both in the normal direction and
in the streamwise direction, thus leading to minimum cell size of
about 2 um.

At the inlet of the nozzles, the velocity magnitude and direction
are prescribed alongside with turbulent intensity and turbulent
viscosity ratio. At the walls, the no-slip boundary conditions are
used. The boundary representing the outlet is considered to be far
enough from the exit of the nozzle (as shown in Fig. 3). Pressure
outlet boundary condition was used at this boundary by assign-
ing the value of the static pressure and turbulent intensity (0.1%)
and viscosity ratio. It is true that at the inlet there should be high
levels of turbulence. As this is the case, because of high level of
turbulence at the inlet, the transition is bypass type, and most of
the turbulence models do not capture it accurately. However, the
purpose of this investigation is only to analyze the Coanda flow
separation. Therefore, we have assigned low turbulent intensity
values to avoid bypass transition. Although this is not the proba-
bly true case of experiments, we wanted to make sure that bypass
transition was not observed prior to flow separation. Thus the flow
will be laminar before separation and turbulent after separation.

Moreover, the k-omega SST model used here is one of the best
for near wall and separational flows. Study of the influence of tur-
bulent intensity on flow deflection will be the subject of future
work.

4. Description of the experimental set-up

In the experiments, two turbofans HET EDF 6904 were used
to produce the two inlet flows to the nozzle. The turbofans con-
tain brushless motors Typhoon EDF 4W and were controlled with
electronic speed controllers 80A-Eco-6S ESC and pulse generators
PWM Hobbyking LED Servo Tester. The DBD plasma actuators were
feed by PVM 500, that is a high voltage frequency power supply,
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Fig. 5. Schematic of the configuration of the DBDs in experiments.

and the voltage waveform was produced by PWM 500 and mea-
sured with digital oscilloscope software designated by PicoScope.
Together with the PicoScope, was used an accessory designated
by Secondary Ignition Pickup allowed us measure the voltage and
the frequency of the signal. A laser sheet and a digital camera
CCD C10600-10B Orca-R2 was used to visualize the flow field. The
laser used was a 1 L2S-SL-660-130-S-A-60 SteamlLine Laser Sys-
tem and it can work in a continuous mode or in a pulse mode.
It was feed with 5 V and 250 mA by a power supply ITT Instru-
ments AX 322 Metrix. Solid particles were seeded uniformly using
a cyclone particle generator at the turbofans intakes. The cyclone
particle generator contains an inlet where compressed air is in-
troduced and an outlet to exit the mix of air and solid particles.
Talcum powder was used to mark the flow once the talcum parti-
cles can follow the flow without change its properties and present
a good reflection of the incident light. Before starting the exper-
iments a compressor with 110 L reservoir was used to compress
and store the air at a pressure of about 8 bar and the talcum pow-
der was deposited in the base of the solid particle generator. The
digital camera CCD C10600-10B Orca-R2 was positioned perpen-
dicularly to the laser sheet and connected to the computer. The
configurations of the capture and the reception of the images were
done using the software HCImage Live. The schematic of the ex-
perimental set-up is shown in Fig. 1.

To make a PIV analysis and to acquire a pair of images with a
very small time interval between them, the PIV mode of the cam-
era was used which allows the capture of two consecutive images
taking only 2 ps from the end of the first exposure until the begin-
ning of the second exposure. This operation mode of the camera
requires the control by an external TTL signal and to produce it,
a signal generator was used. Then a square signal with 5 V of am-
plitude and about 6 kHz was created with the signal generator.
At an input trigger signal edge (rising or falling edge), the cam-
era starts the acquisition of one image pair. As the frequency of
the external signal is very high, the camera captures consecutive
acquisitions of image pairs until reaching the number of images
defined by the user. Before starting the acquisition of image pairs,
one calibration image was captured in order to define the rela-
tion between the pixels of the image and the metric scale. After
the acquisition of the image pairs the software PIVLab was used
to make the PIV analysis and obtain the velocities of the flow. The
final result of the PIV measurement was obtained by the average
values of 10 PIV measurements. These ten PIV measurements were

performed for ten consecutive image pairs. The exposure time of
each image was 100 ps but the time between each image pair was
60 ms. The images of the flow visualization were captured with
60 ms of exposure. To measure the deflection angle a reference
point was defined for all the images. The reference point was lo-
cated at 67 pixels from the left side of the image and 519 pixels
from the top of the image. Lines were drawn from the top of the
flow until the bottom of the flow and the middle point of these
lines was calculated. These lines were drawn at a distance of 400,
700 and 1000 pixels from the left side of the image and the angle
was measured between the reference point and each of the middle
points of the lines.

The position of the DBD actuator sets used in the experiments
is shown in Fig. 5. The width of the covered electrode is 2 cm
and the width of the exposed electrode is 1 ¢cm. In Table 2, we
give some of the basic information about the DBDs available in the
experiments. The dielectric material was made from a 2 mm poly-
carbonate layer, electrodes were made from 0.1 um copper tape.
An AC-sinusoidal voltage with 12 kVpp and 20 kHz was used as
an excitation voltage.

5. Results and discussion

The ACHEON nozzle was tested with simulations based on the
values of the velocity magnitude at the inlet of the nozzles given
in Table 1. When the velocity ratio is equal to unity, the jet out
of the nozzle and the induced thrust are horizontal. This is con-
sidered the base case for comparing the capabilities of the plasma
actuators for thrust vectoring. When the velocity ratio is increased,
the jet at the exit starts deflecting towards the Coanda surface at
the inlet side having higher velocity magnitude. For each case, we
are interested on the following results: the location of separation
point; maximum velocity at the nozzle (Vmax), the thrust (T), the
angle of thrust generated at the nozzle («7); and angle of the exit
jet stream of the nozzle (ay ). Table 1 gives the data calculated by
the numerical simulation. For comparing the vectoring capability,
two parameters are considered, the induced thrust angle and the
exit jet angle. It is possible to define efficiency parameters based
on these angles and the mass flow rates at the inlet of nozzles as
follows:

oT

nr = (10)

i1y
(Ti‘l1 +11y )
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Table 1

Input and output data for the nozzle flows without plasma actuators.
VR V1 (m/s) V3 (ms) T (N) Vmax (m/s) ay (degree) ar (degree) Ysep
Test 1
1 4 4 414 1219 0 0.00 —0.0284
1.5 4 6 7.63 17.23 21.01 26.21 —0.0411
2 4 8 12.80 21.68 30.22 33.52 —0.0520
2.5 4 10 19.80 25.86 38.41 37.51 —0.0640
Test 2
1 5 5 6.26 15.23 0 0.00 —0.0289
1.5 5 7.5 12.02 2154 22.68 27.97 —0.0434
2 5 10 21.09 27.08 34.43 35.46 —0.0581
2.5 5 12.5 37.92 32.34 52.87 38.75 —0.0884
Test 3
1 6 6 8.77 18.27 0 0.01 —0.0290
1.5 6 9 17.79 25.85 25.11 30.21 —0.0466
2 6 12 31.95 32.44 37.86 36.83 —0.0643
2.5 6 15 58.13 39.01 63.98 38.67 —0.1006

Essentially, to insure a secure flight mission when using Table 2

ACHEON for aircraft propulsion, a safety angle (maximum desir- Operating conditions.

able design angle) for the thrust vectoring purpose needs to be te 0.1 pm

defined. Here, arbitrarily, we assume that the thrust safety angle ta 2 mm

should be equal to 45 degrees. This angle depends in a complex f/d g‘lk\l/"’lycarbo“ate

way on the flight speed, thrust magnitude, weigh and size of the o 20 kHz

system. Considering this value we can reformulate Eq. (10) as fol- T 29315 K

lows:

20T
T 45(Vp+1)
=120 Bl (12)
45 (VrR+1)

The detailed numerical results obtained by the simulations are
presented in Table 1. It is clear that when the velocity ratio be-
tween nozzle inlets increases, the deflection angle of the jet is
increased. However, the thrust angle increment is not at the same
rate as the angle of the exit jet. It should be reminded that this
improvement in vectoring capability is obtained by spending more
power in comparison to the case of Vg = 1.0. The position of sep-
aration point was also calculated for different cases and presented
in Table 1. These results show that flow separation over the Coanda
surface is postponed when the velocity ratio is increased. This en-
hanced tendency of the flow to follow the surface curvature could
be ascribed to enhanced injection of momentum from outside the
boundary layer to zones with lower velocity magnitude, because of
the difference of pressure drop between the two inlet jet stream
sections.

In Fig. 6, the velocity contours of the ACHEON nozzle are shown
for various velocity ratios, for the first test case. These figures illus-
trate how with an increase in the velocity ratio, higher deflections
of the exit jet angle are achieved. Moreover, by comparing the re-
sults for the three test cases indicated in Table 1 (low, medium
and high velocity range), it is possible to conclude that, when
the inlet velocity magnitude is increased, the deflection angles for
thrust and velocity become larger, but the thrust angle reaches its
maximum possible value (imposed by design and geometrical lim-
itation) sooner.

In Fig. 7, the velocity angle at the exit of nozzle, the thrust
angle and the performance ratios (Eqgs. (10) and (11)) are plotted
for different velocity ratios. The results clearly point out the exis-
tence of a limiting thrust angle for the considered dimensions of
the ACHEON nozzle. As can be seen, the plot of thrust angle ver-
sus velocity ratio meets a plateau at a maximum angle of around
39 degrees. It may also be observed that, when the nozzle exit ve-
locity magnitude is increased (going from Test 1 to Test 3), the
limiting thrust angle occurs at lower velocity ratios. However, the
velocity angle is seen to increase almost constantly over the ve-

ér (11)

locity ratios here tested. We see that this does not always imply
increase in the thrust vectoring capability.

The experimental facility of our lab provides us with a speci-
fied range of operating conditions that need to be considered for
the design of the DBD system. Table 2 presents the power source
characteristic, the thickness of the available electrode, thickness of
the dielectric material and permittivity of the dielectric material.

For the problem under consideration here, the previous CFD
results showed that when the velocity ratio of the nozzle is in-
creased, the separation point varies. Thus to design a flow control
system based on DBDs able to act almost universally over the
whole duration of a flight mission (velocity ranges and velocity ra-
tios), a multi-DBD actuator system should be adopted taking into
consideration the location of the various flow separation points.
That is, for global functionality, a DBD actuator is positioned at
each major separation point, and the distance between separa-
tion points is covered by the length of each DBD actuator system.
Since each actuator can operate separately, there should be enough
space between the electrodes of each system for preventing arc
and short-circuit formation. Therefore we consider seven sets of
actuator, with 15 mm length embedded electrode and 6 mm ex-
posed electrodes.

Previous results have shown that the influence of the DBDs on
each other is additive, and our CFD results [39] revealed that the
multi-DBD system will cause ionic wind with higher intensity. To
confirm this and to better understand how a multi-DBD actuator is
more effective than a single DBD actuator, Fig. 8 shows simulation
results for the ionic wind of a single DBD set and for a multiple
DBD set (four actuators). The maximum ionic wind induced by the
multiple DBD is clearly greater than with the single DBD case and
the plasma wall jet is seen to cover a much larger controlling sur-
face area.

For the purpose of comparing the effect of actuator location
and number of active DBDs, a series of numerical tests have been
carried out. To limit the number of cases to be studied, we have
considered one active DBD (seven test cases indicated from E1,
DBD at the beginning of the Coanda surface to E7, DBD near to the
end of the trailing edge of the Coanda surface), two active DBDs
in row (six test cases, E12 to E67, with numbers showing the loca-
tion of the DBDs), three active DBDs in row (five test cases, E1-3
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Fig. 6. Velocity contour at the exit of the nozzle at a) Vg =1.0, b) Vg =1.5, ¢) Vg =2.0, d) Vg =2.5 (all cases with V, =4 m/s).

to E5-7) and also four cases with four to seven active DBDs (E1-4,
E1-5, E1-6, E1-7). We considered the velocities equal to the condi-
tion of Test 1. Fig. 9 shows the comparison between these cases for
different values of velocity ratios. The dependency of the actuation
efficiency is clearly obvious from this figure. When the actuation
zone is located slightly before the separation point, the plasma
actuators have effective performance on controlling the flow. Actu-
ators E6 and E7 which are installed at the end part of the Coanda
surface, do not have any effect on the flow characteristic. Thus in
the case of single active actuator depending on the velocity ra-
tio, one of the actuators from E2 to E5 should be turned on. It
is possible to increase the tolerance of controlling algorithms by
using two sets of side by side active actuators. In this case, for
each velocity ratio (except Vg = 1), there is two possible selections
for the active actuator set. Moreover in this case, we observe that,
the velocity deflection angle is improved for all velocity ratios (in
Vg = 1.5 it wasn'’t significant). When three side by side DBDs are
active, the controlling effect is improved. The number of possible
configurations which can be used for flow actuation also increases.
In Fig. 9d, more than four DBD sets are active. Difference between
E1-6 and E1-7 are almost negligible and, when Vg =1 and 1.5, all
the cases show almost the same efficiency. However, when the ve-

locity ratio is increased, especially at Vg = 2.5, the arrangements
that cover greater part of the Coanda surface have larger perfor-
mance. However, when the numbers of electrodes are increased
the total power consumption will increase.

It is interesting to mention that, it was possible to alter the
velocity angle by at least 10 degrees by altering the active DBD lo-
cation. In Fig. 10, velocity contour corresponding to the selected
cases at Vg = 2.0 and with single and double DBDs are shown.
When single DBD is used, by using an actuator at E5 the veloc-
ity angle just changes around 31.85 degrees. Changing the position
of the DBD to E3 and E4 causes the thrust angle to increase re-
spectively to 34.3 and 38.1 degrees. This is quite interesting, since
if one covers the control surface with a suitable number of actua-
tors, and using a suitable control algorithm, it will be possible to
alter the flow angle arbitrarily with less power consumption.

In Fig. 11, the thrust vectoring performance number and effi-
ciency, for different configurations of DBD plasma actuators, and
nozzle velocity ratios, are shown. nt and ¢r are showing the point
for optimum thrust vectoring on different velocity ratios. How-
ever, both variations show that maximum thrust vectoring occurs
at medium velocity ratios. This result can be justified by the fact
that, at higher velocity ratios, boundary layer is already attached
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to the Coanda surface to the maximum extent (look at asymptotic
value of thrust), thus further increasing the velocity ratio or using
plasma actuators would not add more efficiency to the system but
it will use more power.

In Tables 3 and 4, the flow and thrust deflection angles are tab-
ulated for all the cases with plasma actuators. As can be seen if
the plasma actuator is placed at optimum location, the increment
in the velocity vectorizing is large, from 16.5 degrees for single ac-
tuator to 23.39 degrees for multiple DBDs. We should mention that
this increment will be reduced when the velocity magnitude at the
inlet of the nozzle is increased. However, by analysis of the data of
thrust angle, we see that the influence of DBD system on thrust
vectorizing is just pronounced at low velocity ratios and even in
the presence of single or multiple DBD actuators the thrust angle
will not increase more than its asymptotic value, shown in Fig. 7b.
Moreover, we should mention that, the increment in thrust angle
at those cases that DBD is installed at exit section of the Coanda
surface is not related to increase in Coanda effect for suppression
of separation over the surface. It is only related to the surface jet
created by the plasma actuator (here with 2.4 m/s speed).

Besides the standard configuration of the actuator that was
shown with single and multiple DBDs, plasma actuators can be

used in several different configurations [8,13,18,27,38]. Here, using
2D modeling we only consider two of these configurations. In the
first case, a plasma actuator is added in the top Coanda surface
in a reverse mode to promote separation of the jet stream earlier.
In the second case, linear plasma synthetic jet actuators [26] (two
plasma actuators, one acts in forward mode and other acting re-
verse mode) are placed over the top surface to induce a jet normal
to the surface. In Fig. 12 the induced ionic winds of the plasma
actuator for the mentioned configurations in quiescent air are pre-
sented.

The velocity contour corresponding to the cases with single and
multiple (two) DBD actuators in reverse mode and single and dou-
ble DBD plasma jets are shown in Fig. 13. These results are for the
velocity ratio equal to unity with the inlet velocity of 4 m/s. When
the actuator is used in reverse mode on the top Coanda surface,
the separation is promoted and exit jet of the nozzle is deflected
downward. Using multiple DBD actuators also increases the deflec-
tion of the jet. Interestingly, when DBD plasma jets are used, the
flow tends to be directed upwards.

To verify the accuracy and validity of the numerical simulation,
basic PIV measurements of the exit jet of the nozzle were used for
measuring the average velocities, as shown in Fig. 14 for validat-
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ing the baseline flow. The PIV measurements were conducted for
Vr =1 and V, ~ 2 m/s. The average velocities in five velocity pro-
files are tabulated and are compared with numerical simulation in
Table 5. The small differences between the numerical and exper-

imental results are related to the fact that the numerical results
are a 2D approximation of the 3D experiments. Moreover, the im-
posed boundary conditions in the numerical simulations V1 and
Vo are pure axial velocities. However we have computed before
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that swirl velocity induced by the two fans reduces the velocity
vector exit angle. In the 3D experiments the flow, after exiting the
nozzle starts to spread towards the lateral areas, thus the veloc-
ity level in that regime should be lower than the computed by 2D
numerical simulation.

We should note that PIV computes instantaneous velocity fields
and a large number of PIV results are needed to achieve an asymp-
totic averaged solution, for the velocity field obtained experimen-
tally to be comparable with averaged results of CFD computation.
We should note that due to difficulty in the experiments and high
levels of unsteadiness, obtaining a perfectly averaged solution was
difficult.

From the preliminary result of the experimental tests, the jet
deflection angle was calculated by analyzing more than 20 images
for the cases with the actuators off and on, in order to decrease
the error of the measurement. The jet angle is calculated by defin-
ing the potential core center of the jet. This center is defined
as the mean distance between the upper and lower shear layers.
In Fig. 15, for the purpose of conciseness, only three consecutive
snapshots of the air jet are plotted for both the uncontrolled case
and the controlled case. According to Taylor [34], the uncertainty



M. Abdollahzadeh et al. / Aerospace Science and Technology 41 (2015) 259-273 271

of a final result obtained by the mean of a series of measurements
is given by the standard deviation of the mean (o%). The standard
deviation of the mean can be calculated by:

) N 172
o 32
o3 = <—N(N—1) i;(x, X) ) (13)

where x; is the result of ith measurement, x is the mean of the
measurements and N is the number of measurements. Using the
standard deviation of the mean, in the case with actuators off, the
average angle is 0.687 + 0.056° and the relative error is 9.18%.
In the case with actuators on, the average angle is 4.86 £ 0.23°
and the relative error is 4.93%. This is only an error in the sense

560 px

Fig. 15. Exit jet velocity angle at Vg = 1: a) DBD plasma off; b) DBD plasma on.

b)

of obtaining averaged solution and not specifically an error of the
measurement of flow field. The experimental results also confirm
that when DBD actuators are active the flow is deflected.
Experimentally measured velocity angles for both cases, with-
out plasma actuation and with plasma actuation with Vg =1 cor-
responding to Fig. 15 are tabulated in Table 6. The random errors
of the measurement process were estimated by the standard devi-
ation of the mean error and are presented in Table 6. The results
are actually an averaging procedure to obtain the steady average
angle since the real flow is unsteady. Experimental results pre-
dict a lower value for the angle of deflection. As was mentioned
before, these discrepancies between the computed and experimen-
tal results are ascribed to 3D effects existing in the experiment,
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Table 3 Table 4
Influence of single and double DBD plasma actuators on thrust and velocity angles. Influence of three DBD plasma actuators on thrust and velocity angle.
(ar —aor) (v —oov) (ar —aor) (v —aov) (ar —aor)  (av —aov) (ar —aor)  (av —aov)
EO1 1 8.40 6.12 E12 21.16 17.4 E123 1 23.69 18.92 E1-4  23.90 19.10
1.5 0.04 —0.08 1.95 8.49 1.5 6.01 8.93 6.76 5.95
0.26 1.30 0.68 3.28 2 1.66 4.57 3.47 9.08
2.5 0.10 1.21 0.04 4.59 2.5 0.80 5.19 1.12 11.22
E02 1 20.59 15.48 E23  22.77 17.64 E234 1 23.17 18.59 E1-5 23.97 19.21
1.5 1.36 1.82 5.80 8.79 1.5 6.54 11.04 6.88 6.17
0.49 1.58 1.57 3.46 2 3.42 12.14 3.76 11.95
2.5 0.22 1.25 0.68 9.19 2.5 1.13 9.86 0.85 19.20
EO3 1 1.71 0.24 E34 2.01 0.43 E345 1 1.81 2.04 E1-6 23.92 19.23
1.5 5.55 8.39 6.17 9.41 1.5 6.36 10.55 6.84 6.10
1.45 4.15 3.32 11.63 2 3.64 13.61 3.78 12.28
2.5 0.51 3.29 1.11 9.49 2.5 0.93 —4.67 0.35 23.39
E0O4 1 0.30 0 E45 0.09 0.00 E456 1 0.05 0.00 E1-7 23.87 19.21
1.5 0.98 0.19 0.62 1.00 1.5 0.64 1.15 6.83 6.07
2.70 7.95 3.36 11.89 2 3.46 12.39 3.77 12.27
2.5 1.08 8.64 0.96 17.51 2.5 0.75 20.01 0.29 23.07
E05 1 0.02 0 E56 0.15 0.00 E567 1 0.20 0.00
1.5 —-0.66 —0.48 —0.63 —0.44 15 -0.68 —0.46
0.74 1.63 0.52 1.70 2 0.51 1.68
2.5 1.02 16.30 0.90 17.89 2.5 0.91 17.87
E06 1 0.05 0 E67 0.11 0.00
15 —1.08 -1.29 -1.12 —1.34
2 0.06 0.31 0.05 0.32 Table 5
2.5 0.12 0.93 0.12 0.93 . . . .
Comparison of the average velocity magnitudes between the experimental and nu-
g 1 4.19 0.00 merical results for the case without DBD at Vg =1 and V, ~2 m/s
1.5 -1.18 —1.54 ’
2 —0.01 0.01 Velocity profile Average velocity from Average velocity from
2.5 0.00 0.11 experiments (m/s) numerical computations

pure axial velocities as imposed boundary conditions in numeri-
cal experiments. Thus, it is to expect a high degree of deflection
obtained by the numerical computation in comparison with the
experimental and it was correctly expected that 2D exit model is
“guiding” more directly the flow as compared to the 3D experi-
ments. However, we should mention that although the experimen-
tal results are preliminary, the objective of the paper is not a direct
numerical-experimental quantitative comparison. Instead the ob-
jective is to show through a qualitative comparison that numerical
results could be used to confirm the possibility of using DBDs for
thrust vectorizing and better designing the experimental tests.

6. Conclusions

Plasma actuators were used for controlling the flow over the
Coanda surface of the ACHEON nozzle. When the plasma actu-
ator is used, it was possible to postpone separation of the flow

Table 6

Comparison of numerical results with experimentally measured exit jet velocity angle.

with V, =2 m/s

Profile 1 (1 cm from 4,084 3.437
the reference)

Profile 2 (2 cm from 4175 3.869
the reference)

Profile 3 (3 cm from 4.201 4.304
the reference)

Profile 4 (4 cm from 4.251 4,733
the reference)

Profile 5 (5 cm from 4,639 5.160

the reference)

and increase the deflection angle of the exit jet of the nozzle. To
find the optimum position of the actuators, seven DBD actuators in
forward forcing mode were placed over the Coanda surface consid-
ering the numerically obtained separation points. Different com-
binations of the multiple DBD actuators were also used. Results
show that when the actuator is placed slightly before the surface
point, enhanced thrust vectorizing with the use of DBD actuator
is achievable. Moreover, both single and multiple DBD actuators

Mean angle (°)

Average angle of deflection (°) Numerical result (°)

Without plasma actuators First snapshot ay =-0.17
ay =1.36
ay =—0.61

Second snapshot ay =0.17
ay =—0.91
ay =3.07

Third snapshot ay =1.72
ay =1.36
ay =2.09

With plasma actuators First snapshot ay =4.64
ay =6.13
ay =3.01

First snapshot ay =7.86
ay =5.32
ay =2.52

First snapshot ay =6.68
ay =3.98

ay =423

ay =0.90 ay =0.0

ay =4.93 ay =6.12
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were used in reverse operating mode and also single and multi-
ple DBD plasma jets were used for increasing the thrust vectoring
characteristic of the nozzle. Results have shown that utilization of
DBD plasma actuators used in reverse mode will promote the sep-
aration on the surface, thus will force the exit jet of the nozzle
to deflect toward the other Coanda surface. Although reverse DBD
plasma actuators and DBD plasma jets were not tested for all the
range of velocity ratios, we could expect that using a combination
of these actuators and normal operational mode of DBD actuators
will provide flexibility for controlling the flow direction. Prelimi-
nary results of the experiments were compared with the results of
numerical simulation. We should note that it is difficult to fully
compare the present 3D experimental results with result of 2D
numerical simulation, since firstly, the numerical results are 2D
approximations of the 3D experimental configuration and in the
3D experiments the flow, after exiting the nozzle starts to spread
towards the lateral areas. Moreover, the imposed boundary condi-
tions in numerical cases are pure axial velocities that differ from
the ones of the experiments. However, the present experimental
and numerical results are consistent in the sense of demonstrating
the capabilities of the CFD to help to system design by avoiding
a large number of experiments. Detailed experimental study of the
effect of plasma actuators on thrust vectoring efficiency of ACHEON
nozzle will be presented in future work.
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