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ARTICLE INFO ABSTRACT
Keywords: Fluidic oscillators are interesting actuators for flow control purposes as they produce unsteady jets without any
Bi-stable fluidic oscillator moving part. Flow separation control in a large scale, for instance on a wing, needs an array of such actuators,

Active flow control actuator whose efficiency can be improved if the pulsed jets are synchronized. In this paper, two synchronization con-

f)}:clicll;;?iz:ztl:;mics figurations based on interconnections of the feedback loops have been applied successfully to two bi-stable
CFD Y fluidic oscillators. The first configuration permits to obtain jets pulsating at a similar frequency as the jets

produced by the oscillators working separately. The second configuration, which differs by the interconnection
pattern, leads to a much lower frequency. Two different phase lags between the jets produced by the two os-
cillators have also been identified, depending on the interconnection pattern. These experimental results have
been completed by a numerical study of the internal flow patterns of the two oscillators for an in-depth analysis
of the physical mechanisms controlling the oscillation dynamics. In the first synchronization configuration, the
oscillation is shown to be mainly controlled by the back and forth propagation of pressure waves in the oscil-
lators’ branches and feedback loops and its frequency can be estimated by the same simple relation as the one
used for single oscillators. In the second synchronization configuration, the jet switching time is no more
negligible compared to the pressure waves propagation time, leading to more complex oscillation dynamics.

actuators are able to alternate between blowing and suction using a
periodic motion generator. On the contrary, other types of actuators do
not require any moving parts (e.g. continuous jet actuators [4] or
sweeping jet actuators [10]) and appear to be more reliable and robust
for harsh operating conditions.

As unsteady actuation appears to be a much more attractive strategy
to improve FC system efficiency [11,12], fluidic oscillators seem to be
good candidates for FC application compared to other types of fluidic
actuators [7], both because they have no moving parts, and deliver
periodic fluidic excitations. They can emit oscillating jets when supplied
with a pressurized fluid. The fact that their oscillations are totally
self-induced and self-sustained and only depend on the internal flow
dynamics is a great advantage [13-15].

Among many concepts of fluidic oscillators detailed by Tesar [16],
fluidic oscillators with single bistable amplifier and two feedback loops

1. Introduction

Even if flow control (FC) strategies can be employed for a wide range
of applications including for example flow-induced noise reduction [1]
or mixing in combustion chambers [2,3], the main field of investigation
concerns flow separation control in order to reduce pressure drag on
bluff bodies [4] or to increase lift on airfoils [5,6]. Active FC techniques
drew researcher’s attention due to their ability, unlike passive tech-
niques, to be adapted to operating conditions. For this reason, the study
of actuators for active flow control has been in focus for many decades
[7-9].

By blowing or suction in a steady or unsteady manner, fluidic actu-
ators aim to re-energize the flow in the boundary layer by enhancing the
momentum in the vicinity of the wall. Zero-net-mass-flux (ZNMF) fluidic

Abbreviations: FC, Flow control; FBL, Feedback loop; OSC, Oscillator; HPCW, High pressure compression wave; LPEW, Low pressure expansion wave; ZNMF, Zero-
net-mass-flux.
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Nomenclature

Co Speed of sound in air at 20 °C (m/s)

f Oscillation frequency (Hz)

L¢ Feedback loop length (m)

u Local velocity in the feedback loop (m/s)

U Local velocity at the center of oscillators’ outlet (m/s)

U Area-averaged velocity in the oscillators’ branch inlet
(m/s)

t Time (s)

T Oscillation period (s)

Patm Atmospheric pressure (Pa)

APp_p Pressure difference between the control ports at the jet
base (Pa)

APp_a Pressure difference between the two main branches (Pa)

Ty Transmission time in one direction (s)

Ts Switching time (s)

recently received a great attention for flow control applications [17-20].
They have been widely used, since the 1970 s, as fluidic logic compo-
nents or flowmeters [21-23]. Two versions of this type of oscillators
have been developed. The first one has only one outlet in which a
continuous but spatially oscillating jet can be generated [24-27], and is
called sweeping jet oscillator. The other kind of oscillator has two outlets
which can generate pulsing jets in opposite phases, and is called pulsing
jet oscillator [17,18,28,29].

From a practical point of view, in order to apply this kind of fluidic
oscillator to control the flow separation in a large scale, for instance on a
wing, a series of actuators arranged in the area requiring flow control is
needed. Gokoglu et al. [30] showed that synchronization improved the
control authority of the array of oscillators when applied to air film
cooling in turbines, while Shigeta et al. [31] observed that synchronized
fluidic oscillator arrays were able to suppress the noise produced by a
turbulent flow over an open cavity.

In the work of Aram et al. [32], large eddy simulations were carried
out to study the phase delay effects between two identical fluidic os-
cillators on the flow control efficiency of a hump flow. And their results
show that the flow control efficiency of synchronized fluidic oscillators
is remarkable in which the whole recirculation separation region is
eliminated, while different delayed phases lead to different control re-
sults. In the experimental studies on interactions between fluidic oscil-
lators and main flow stream by Ostermann et al. [33] and Hossain et al.
[34], it is found that the phase position of neighboring oscillator gen-
erates a major impact on the flow vortex along the main flow direction,
which affects the overall separation control efficiency. All the above
mentioned studies imply that the frequency and phase synchronization
of a large fluidic oscillator array can generate an orderly vortex in the
controlled flow region, so as to further improve the flow control
efficiency.

To our knowledge, only a few studies have investigated the syn-
chronization strategies of fluidic oscillators arrays in the literature. The
first common strategy applied in these works is based on a shared inlet
accumulator, as proposed by Gokoglu et al. [30], who tested numerically
an array of sweeping jet oscillators (with one inlet and one outlet). The
authors concluded that synchronous output jets could be obtained if the
array is started from stillness. However, they were not able to experi-
mentally synchronize, by controlling the inlet boundary conditions, an
initially asynchronous array, because the array behavior was shown to
be very sensitive to asymmetric perturbations and imperfections in the
oscillators geometry. In the patents of Ciro et al. [35] and Koklu [36],
new methods to synchronize an array of, respectively, pulsed jets and
sweeping jet oscillators, have been proposed using the concept of shared
feedback accumulator in addition to the shared inlet accumulator. In the

Sensors and Actuators: A. Physical 369 (2024) 115165

first patent [35], the authors proposed to connect each feedback
chamber of one oscillator side (e.g. left side) to the opposite feedback
chamber of the next oscillator (e.g. right side) and so on. In the second
patent [36], the author proposed, in addition to an inlet accumulator, to
use a feedback plenum for the right sides and another one for the left
sides to synchronize three sweeping jet oscillators. As a result, all jets
from connected oscillators’ outlets are synchronous in sweeping direc-
tion and have the same frequency. Tomac et al. [37,38] applied with
success this concept to synchronize a pair of sweeping-jet oscillators for
a wide range of operating conditions leading to exit jet Reynolds
numbers ranging from 4250 to 34,000 and oscillation frequencies be-
tween 182 and 940 Hz. In addition to the experimental proof of concept,
their numerical analysis highlighted the complex flow interactions in the
shared feedback channels leading to the outlet jets synchronization. This
idea of shared feedback plenum was also extended to a back-to-back
configuration by Sundstrom et al. [39,40] or a stacked configuration
by Tomac et al. [41,42] to synchronize an oscillator pair. In the patent of
Seifert et al. [43], the authors suggested two strategies to synchronize a
pair or more of suction and blowing oscillators, as presented in Fig. 1 (a
fluidic ejector, not represented in the figure, supplying a fluidic diverter
valve with two outlets in addition to two control ports). Their first
strategy consists in connecting oscillators in a parallel configuration,
which means that all control ports of each side are connected to the same
control flow source (Fig. 1-a). On the contrary, the second strategy
consists in connecting each control port of an oscillator (right or left
side) to the same port of the next one (Fig. 1-b). According to the patent,
the oscillator array operates uniformly with a limited oscillation fre-
quency and amplitude deviations between 1 % and 20 %, and an
oscillation phase offset ranging from 0.1 to 0.4 rad. Finally, Bauer et al.
[44] proposed two ways to control the switching process of an array of
fluidic diverters connected to a pressurized air source. The first method
is based on a periodic pneumatic signal obtained by solenoid valves and
used at the diverters control ports. In the second method, the pneumatic
periodic control signal is obtained from a 1st stage fluidic oscillator
connected to the control ports of the second stage oscillators, as shown
in Fig. 2. Even if these two methods make it possible to synchronize the
generated pulsed jets, the system in the second method seems to be more
complex and, for the first switching control method, abandon the great
advantage of reliability of fluidic oscillators due to the use of solenoid
valves.

All previously described works clearly highlight that the way in
which actuators are connected has a great impact on their collective
behavior.

However, these studies were either dealing with sweeping jet fluidic
oscillators, whose switching mechanism is mainly controlled by the in-
ternal design of the oscillator and the mass flow through the feedback
loops, or concerned pulsed jets oscillators but with an additional control
system for the synchronization of the output jets.

To our knowledge, there are no studies on the synchronization of
bistable fluidic oscillators, whose switching mechanism is mainly linked
to the length of their feedback channels as it will be shown in the next
section. As the synchronization strategy adopted in this work is based on
interconnections of the feedback loops of adjacent oscillators in the
array of actuators, an in-depth study of the internal flow dynamics of the
oscillators is needed in order to understand how the switching mecha-
nism is modified by these interconnections, and thus to be able to pro-
pose guidelines for actuator array design to match the FC requirements.

The present paper is organized into five sections. Following the
introduction and literature review in Section 1, a reminder of the dy-
namics of a typical bistable oscillator is presented in Section 2. Then, in
Section 3, the experimental configurations tested during this work are
detailed. The analysis of synchronization strategies is developed in
Section 4. Finally, a computational analysis is conducted and detailed in
Section 5 to determine whether or not the synchronization methods
chosen have affected the operating dynamics of the connected oscilla-
tors. The paper ends with a conclusion and perspectives on the use of an
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array of synchronized fluidic oscillators to control flow separation on a
ramp.

2. Operating dynamics of a typical fluidic oscillator

In previous studies [45,46], a pulsing jet fluidic oscillator for flow
separation control was proposed and characterized. It was based on the
geometry of the mono-stable oscillator developed by Khelfaoui et al
[47] but with two feedback loops (FBL) and outlet channels, as shown in
Fig. 3, which includes a detailed view of the “switching” region. This
prototype is basically composed of a nozzle which throat is 0.2 mm in
width, two changeable feedback loops F; and F; and two outlets O; and
O,. The depth of the device is 10 mm, which is much larger than the
width of the internal channels thus ensuring a quasi-2D behavior of the
internal flow. The FBL are made with changeable plastic tube, 4 mm in
diameter, connecting connectors « to f§ in each side. Its behavior is based
on the Coanda effect [48]: the jet issuing from nozzle N attaches one of
the two walls W; or W». The attachment to either wall Wy or wall Wy
depends on the initial conditions or is the result of specific actions on the
jet. Without feedback loops and for large enough outlet sections, the
flow would stay attached to wall W; or wall W5 and, accordingly, would
exit through the corresponding outlet, O; or O,, respectively. With
feedback loops, when the jet is attached to wall Wy, due to the hydraulic
restriction at outlet O3, a part of the flow is deviated towards the feed-
back loop Fy, which in turn yields a pressure increase in the left side of
the device. This pressure increase, coupled with a lateral perturbation to
the main jet induced by a pressure difference between oscillator main
branches A; and Aj, provokes the jet switching to the other side.
Following the jet switching, the same phenomenon develops in the right
side of the oscillator and results in a self-sustained oscillating behavior,
with a pulsed flow alternatively exiting through outlets O; and O.

The operating dynamics of a typical fluidic oscillator, and specially
its frequency response, has been studied in detail in a previous paper
[46]. Its findings are presented here briefly in order to emphasize the
modification of flow patterns induced by the synchronization. More
detailed information can be found in the original work.

It was found that the jet oscillation frequency has a direct relation-
ship with the forth and back propagation of the pressure waves in the
branches and the feedback loops. The switching of the jet results from
both the pressure difference between the control ports (P; and P, in
Fig. 3b) at the jet base and the pressure difference between the two
branches (A; and A, in Fig. 3b). When the jet is attached to one branch,
e.g. on the left side, a high-pressure compression wave (HPCW) propa-
gates along the left feedback loop F1, which results into the rise of the
local pressure. The HPCW propagation velocity is C, + u;, where C, is
the speed of sound and u; is the local fluid velocity in front of the wave.
At the same time, on the right side, there is a low-pressure expansion
wave (LPEW) propagating along the right FBL. When these two pressure
waves arrive at the jet base after almost a quarter of period, the pressure
difference between these two control ports reverses. However, this
pressure difference is not able to initiate the main jet switching, though
it makes the main jet very unstable. Hereafter, the HPCW is reflected
back and continues propagating along the left FBL with a velocity C, —
uy, where u; is the local fluid velocity in front of the reflected wave. This
reflected HPCW increases the local pressure to a higher level. As it
reaches the left branch inlet section, the main jet is forced to switch to
the right side and another half period begins.

The oscillation period can thus be estimated by the following rela-
tion:

1 L L
r-l_ o b | L
o\ tm G

+74) (€Y

where Ly is the feedback loop length (from section A to section P on
Fig. 3-b, including the connecting tube length and the internal channel
length), while 7, is the jet switching time.
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The wave propagation patterns and switching dynamics have been
confirmed experimentally in a more recent paper [49], using fast pres-
sure sensitive paints.

3. Synchronization strategies and experimental configuration

To study the synchronization of the oscillators in the simplest con-
figurations, experiments were first carried out on two identical inter-
connected oscillators, Osc.1 and Osc.2. The detailed dimensions of these
two symmetrical devices are given in Fig. 3. The depth of the central part
was 10 mm. Plastic tubes were used to form feedback loops (a, b, ¢, and
d) linking connectors o; and p;.

Two interconnection configurations, shown in Fig. 4, were tested to
synchronize these two oscillators and led to an oscillatory behavior of
the actuators.

In the first configuration (Fig. 4a), the left upper connector oy of
Osc.1 was linked to its own left lower connector p; by FBL a, and the
right upper connector ap of Osc.2 was linked to its own right lower
connector Py by FBL d. On the other hand, the right upper connector of
Osc.1 was linked to the left lower connector of Osc.2 by FBL b and the
right lower connector of Osc.1 was linked to the right upper connector of
Osc.2 by FBL c.

In the second configuration (Fig. 4b), the left upper connector of
Osc.1 was linked to the left lower connector of Osc.2 by FBL a, while the
left upper connector of Osc.2 was linked to the right lower connector of
Osc.1 by FBL c. The same interconnection pattern was used for the right
connectors of both oscillators.

All tubes used for interconnections (a, b, ¢, and d in Fig. 4) had a
length of 500 mm and an inner diameter of 4 mm. The FBL length L; was
then the sum of the tube length (500 mm) and the internal channel
length (86 mm). Both oscillators’ inlets were connected to the same
pressure tank.

Two pressure sensors (Endevco 8506-2, gauge pressure range 0-14
kPa, resonance frequency 35 kHz) were placed in front of right outlets
0O, of both oscillators at a distance of 0.5 mm from the oscillators’ exit
slots. It was verified that the frequency of the acquired signals was not
influenced by this distance. The sampling frequency was set to 25 kHz in
both cases and the signals were recorded simultaneously during 10 s

4. Experimental results

Firstly, the frequency response of each oscillator working indepen-
dently was measured. The inlet pressure P; ranged from 0.12 to
0.27 MPa. Frequency deviations between the two single oscillators can
be clearly observed in Fig. 5, though the difference stays in the range 3 to
10 Hz, i.e. about 2 to 6 % of the average frequency, depending on the
supply pressure. These deviations are probably due to small differences
in the oscillators’ internal geometry (linked to the fabrication process)
and in the tube lengths of the feedback loops.

The frequencies obtained for the two synchronized configurations
are also shown in Fig. 5. With the first synchronization configuration
(see Fig. 4a), the working frequency of both oscillators is fi ~ 155 Hz,
which is very close to the frequencies obtained when the oscillators work
separately. More precisely, there is a slight difference between the
natural frequencies of each single oscillator, as previously explained,
and the frequency of the synchronized oscillators in the first configu-
ration is between the natural frequencies of Osc.1 and Osc.2 working
alone. The auto-correlation and cross-correlation of the pressure signals
from Osc.1 and Osc.2 shown in Fig. 6 permit to calculate the phase lag
between the two pulsed jets in the first configuration, AT; = 0.46T1,
close to half a period.

The frequency obtained with the second synchronization configu-
ration (see Fig. 4b) is f5 &~ 105 Hz, which is much smaller than that of
the oscillators working independently. This frequency change implies
that the oscillator’s working dynamics in this synchronized case is very
different from that in the separated case.
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a) Configuration 1

b) Configuration 2

Fig. 4. Two interconnection configurations leading to the synchronization of the two oscillators.
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Fig. 5. Frequency responses of Osc.1 and Osc.2 working independently and
frequencies obtained with different synchronization methods.

A sample of auto-correlation and cross-correlation of the pressure
signals is also shown in Fig. 7. The phase lag in this case is AT, =
0.253T5, i.e. approximately a quarter period.

5. Numerical analysis of the flow patterns inside the fluidic
oscillator

In order to better understand the physical mechanisms controlling
the oscillation dynamics in both configurations, the internal flow pat-
terns were investigated with the help of computational fluid dynamics
(CFD) analysis. The same computational method and settings as those
used in [46] were applied. The main purpose of the simulations pre-
sented in this section was to analyze the synchronization dynamics,
rather than the role of the FBL length which has a linear relationship
with the oscillation frequency exploited in Eq. (1), as demonstrated in
[46]. Thus, in order to reduce the simulation cost, the FBL length in the

T T T
ATi
0.5
Auto-Corr-Osc.1
—— Auto-Corr-Osc.2
0 —— Cross-Corr-Osc.1-2 E
-0.5 J
Ti
-1 L 1 L L \/ L 1
-6 -4 -2 0 2 4 6

t (ms)

Fig. 6. Auto-correlation and cross-correlation sequences of the experimental
pressure signals from Osc.1 and Osc.2 — 1st synchronization configuration.

1 T T T T
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—— Cross-Corr-Osc.1-2
0 - -~
-0.5r E
b
-1 1 1 \/l \/ 1
-10 -5 0 5 10
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Fig. 7. Auto-correlation and cross-correlation sequences of the experimental
pressure signals from Osc.1 and Osc.2 — 2nd synchronization configuration.
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Osc.1

Osc.2

Fig. 8. Sketch and overall dimensions in mm of the two simulated oscillators,
Osc.1 and Osc.2. Only the half part of each symmetrical oscillator is
represented.

numerical model was chosen much shorter than in the experimental
configuration, as shown in Fig. 8. Consequently, a qualitative -but not
quantitative- comparison is possible between numerical results pre-
sented in Section 5 and experimental results from Section 4.

The open source CFD code OpenFOAM has been chosen to imple-
ment the 2D numerical simulations for its ability to deal with complex
geometries using finite volume method and its high parallel computa-
tion capability. The governing equations are compressible Navier-Stokes
equations in their conservative form. In the following series of simula-
tions, the sonicFoam solver was used with 2nd order upwind spatial
discretization schemes and a backward 2nd order temporal discretiza-
tion scheme. The absolute total inlet pressure was set to 0.2 MPa, and an
outlet static pressure of 0.1 MPa was imposed at the external boundaries
of a rectangular domain with an area of 100 x 60 mm? placed at the
oscillators exits to allow the pulsed jets development. The turbulence
model was the realizable k-epsilon model. With a time step of 4 x 10~°
s, the maximum local Courant Number was limited to 0.3. The grid
density at the wall permitted to obtain an average value of the dimen-
sionless wall distance y* of the order of 10, compatible with the used
standard wall function. The mesh files were generated using the soft-
ware GAMBIT and only consisted of quadrangle cells in order to get high
mesh quality. The total cell number was 1.2 x 10°, with 20 nodes in the
throat part and 15 nodes in both outlet sections. The working fluid was
air, considered as an ideal gas with the following properties: molar mass
M =28.9 g/mol, specific heat capacity at constant pressure c, =
1005 J kg~! K~', dynamic viscosity p = 1.8 x 107% Pa s, and Prandtl
number Pr = 0.7. In order to reach a steady periodic behavior, at least
ten periods were simulated in each case.

Before starting the analysis, an elementary time 7;, which is the
transmission time of the pressure wave through the feedback loop in
one-way (go or return), is defined:

L L Ly

=" x N 2
"ot T C—w &)

as up and up are small compared to C, and can be neglected.

Moreover, the switching time 7 is usually negligible compared with
the whole period T. Thus, the oscillation period T, given in Eq. (1), can
be roughly predicted by a simpler relationship:

o b b
Cotu C,—u

+ r,,.) R 21+, +1,) 4T, 3)
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5.1. Simulation of two separated oscillators

In order to reproduce numerically the small differences in the
working frequencies observed experimentally with the prototypes, all
internal dimensions of these two oscillator models, given in Fig. 8, were
identical, except the outlet width which was set to 0.375 mm for Osc.1
while it was kept to 0.5 mm as in the original design for Osc.2.

As the FBL length Ly (i.e. the distance between Sections A and P) is
here equal to 75.62mm, an oscillation frequency fo_gq(2) =

Tsat5s = 1124 Hz can be expected from Egs. (2) and (3).

The simulated temporal evolutions of the velocity in the y-direction,
Uy, in the center of left outlets O; of both oscillators, are compared in
Fig. 9. It can be clearly observed that the two oscillators have slightly
different frequencies. In time to = 15.25 ms, they reach the maximum
Uy in same phase, while about At= 0.09 T phase lag appears after 5
periods. More precisely, Osc.1 has an oscillation frequency fo_osc1 =
1104 Hz while Osc.2 has a frequency fo_osc2 = 1127 Hz, which are both
very close to the value fy_gq (23 = 1124 Hz estimated with simple Eqs.

(2) and (3).

5.2. Simulation of two oscillators synchronized according to 1st
interconnection configuration

Fig. 10 presents a sketch of the 1st simulated configuration. In order
to facilitate the analysis of the oscillator behavior, three representative
sections, noted (A, D, P), have been selected: they represent the branch
inlet, the loop center, and the control port, respectively. Subscript a is
relative to the sections along tube a connecting the left control port and
the left branch of Osc.1; Subscript b is relative to the sections along tube
b connecting the right control port of Osc.1 to the left branch of Osc.2;
Subscript c is relative to the sections along tube c¢ connecting the left
control port of Osc.2 to the right branch of Osc.1, and Subscript d is
relative to the sections along tube d connecting the right control port and
the right branch of Osc.2. In this 2-D simulation, a translational periodic
boundary condition is implemented to virtually connect Sections Dy and
D, for each oscillator.

In Fig. 11, where the velocities Uy in the center of the left outlet slots
0, in both oscillators are compared, it can be seen that they are suc-
cessfully synchronized with a frequency f; = 1107 Hz, very close to the
estimated value from Egs. (2) and (3). The phase difference is equal to
AT; =0.384T; =~ %Tl, which is a bit smaller than the phase difference of
0.46T; found during the experiments. Here, T; = % is the period of the

oscillation.
1=15.25 ms A= 0.08T
200 v - - T
" 57=4.45 ms
M 57=4.53 ms -

150 |

100

y

U (m/s)

50 F

20

t (ms)

Fig. 9. Evolution with time of velocity Uy at the center of the left outlets O; of
Osc.1 and Osc.2 working separately.
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Fig. 10. Sketch of the simulated pattern for the 1st synchronization
configuration.

These two results indicate that the synchronization dynamics is not
significantly different from the one observed in the experimental case,
despite a much smaller FBL and consequently a much higher frequency
in the numerical case, confirming that the simulation results can be used
to analyze the underlying synchronization mechanisms.

The transmission time 7; will be used thereafter in order to facili-
tate the analysis of the synchronization dynamics. According to Eq. (2),
7, = ¢ =0.224ms.

Fig. 12 shows the phase portrait obtained from the velocities Uy at
the center of the left outlets O1 of Osc.1 and Osc.2 synchronized ac-
cording to the 1st configuration. It is evident that the self-sustained
oscillation mechanism remains stable, as the trajectory overlaps for
each period.

Several critical times are chosen for better analyzing the flow pat-
terns inside the oscillators and explaining the synchronization dy-
namics. These times are defined according to the evolution of area
averaged velocity U, in the branch inlet sections of each oscillator,
which are shown in Fig. 13.

180, T T T T
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- to is defined when the main jet in Osc.1 is switching from the left
branch to the right one, i.e. when the initially positive velocity U, in
the left branch inlet section A, becomes equal to the initially negative
velocity Uy in the right branch inlet section A. This time is assumed
to be the beginning point of an oscillation period in our analysis. In
the same time, the main jet in Osc.2 is attached to the right branch,
which is indicated by the positive value of Uy in section Ag, while U,
is negative in section Ap.

t; is chosen when the main jet in Osc.2 is switching from the right
branch to the left one, while the main jet in Osc.1 is attached to the
right branch.

t, and t3 are defined as one transmission time 7, later than ty and t;,
respectively: to =ty +r,and t3 =t + 74

t4 is defined as the mid-point of a period: t4 =ty + 0.5T; ~ ty + 214,
as 7, is close to a quarter of period.

In the second half-period, it can be clearly observed that the pressure
and velocity variation profiles are similar to those in the first half period,
thus, detailed analysis is focused on the first half period.

Fig. 14 presents the evolution with time of the pressure differences in
Osc.1 between the branch inlet sections A and A, APaq.4c, and between
the control port sections P, and Pp, APp,pp, together with their coun-
terparts in Osc.2, APap-aq and APpc.pg.

-50 L " L
0 50 100 150

Osc.1 U, (m/s)

Fig. 12. Phase portrait of the velocity Uy at the center of the left outlets O1 of
Osc.1 and Osc.2 synchronized according to the 1st configuration.
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Fig. 11. Evolution with time of the velocity Uy at the center of the left outlets O; of Osc.1 and Osc.2 synchronized according to the 1st configuration.
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Fig. 13. Evolution with time of the average velocity U, in the branch inlet sections A of both Osc.1 (sections A, and A, upper figure) and Osc.2 (sections A, and Ay,
lower figure). Time intervals between the critical times t, t;, ts, t3 and t4 are identified by different background colors for a better visualization.
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Fig. 14. Evolution with time of the pressure differences between the control ports P and branch inlets A in each oscillator (upper figure: Osc.1 and lower

figure: Osc.2).

For each of the specific times defined above, a simplified sketch
showing the main jets direction and the propagation of pressure waves
along the feedback loops in each oscillator is also presented in Fig. 15
The pressure levels in sections A, D and P in each side of each oscillator
are schematically represented by a level in a cylinder: an empty cylinder
means that the pressure at this time has the lowest value calculated over
the whole period, while a fully filled cylinder means that the pressure
has reached its highest value. These pressure level representations are
relative: the maximum pressure level in section A is not necessarily
higher than the minimum one in section D,

Time ty: from Fig. 14, it can be observed that at t;, the pressure in
section P, is 27 kPa higher than that in section Pj, while the pressure in
section A, is also a slightly higher than that in section A.. The combi-
nation of these two pressure differences provokes the switching of the
main jet in Osc.1 from the left branch to the right one. Concerning the jet
in Osc.2, though the pressure in section P4 is 20 kPa higher than that in
section P, the main jet is still attached to the right branch since the
pressure in section Ag is still about 7 kPa lower than that in section Ap.

This is consistent with the fact, demonstrated in our previous works
[46], that the jet switching mechanism in a single oscillator is provoked
by the combination of the pressure differences between the control ports
and between the branches.

Time ty: from to to t; ~ ty + 0.125T;, a HPCW propagates along tube
¢, from A, to D, and a LPEW also moves from A, to D, due to the
entrainment effect of the main jet. At the same time, in Osc.2, a HPCW
propagates from Dy to Ag and provokes at t; the switching of the main
jet from the right side to the left one.

Time ty: At t; = typ + 7, the HPCW in tube c arrives in section P,
which is the left control port of Osc.2, leading to a pressure augmenta-
tion up to the highest value. Similarly, the LPEW in tube a arrives in
section P, leading to a pressure decrease down to its lowest value. In the
case of a single oscillator, the pressure in one of the control ports would
decrease simultaneously when the pressure increases in the other con-
trol port, leading to the inversion of the pressure difference and pro-
voking a destabilization of the main jet. However, in this synchronized
case, the pressure in Py is maintained at its lowest level since the HPCW
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Main jet

Main jet

Fig. 15. Sketch showing the main jet directions and propagation of pressure waves along the feedback loops at each defined critical time; left side Osc.1, right

side Osc.2.

in tube b needs additional time, 0.125 T, to reach P;. Similarly, the
pressure in P4 is maintained at its highest level since the LPEW in tube
d also needs 0.125 T; to reach P4. Thus, APp,_py is still positive and APp,.
pa still negative at time t5, although their absolute values have decreased
a lot compared to t; (cf. Fig. 15). Consequently, the main jets in both
oscillators stay very stable, as it can be seen on the U, evolution curves in
Fig. 14.

Time t3: At t; + 7, the pressure differences APp,pp and APp.pg have
changed their sign since the HPCW and the LPEW arrive in sections Py,
and Py, respectively. As the pressure difference AP, is still positive,
the main jet in Osc.1 does not switch but becomes unstable. The velocity

U, in section A, begins to decline.

Time t4: Just before t4 = ty + T1/2, the HPCW reflected from section
P, in tube c¢ reaches section A.: APa,ac is negative and reaches its
maximum absolute value. In combination with the large pressure dif-
ference APpp.p, at the control ports, this thus provokes the switching of
the main jet in Osc.1 from the right side to the left one which occurs at t,.
The first half period is finished.

Due to the interconnection pattern, the frequency response is shown
to be here independent from the phase lag between the two oscillators
and is directly linked to the back and forth propagation of pressure
waves in the branches and feedback loops. Therefore, in this
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configuration, the synchronized oscillator reaches a switching frequency
very close to that of the individual oscillator.

5.3. Simulation of two oscillators synchronized with the 2nd
interconnection configuration

Fig. 16 presents a sketch of the simulated configuration. Three sec-
tions, noted (A, D, P) are selected in the same way as in the previous
configuration. Here, subscript a is relative to the sections along tube a
connecting the left control port of Osc.1 to the right branch of Osc.2;
subscript b is relative to the sections along tube b connecting the right
control port of Osc.1 to the left branch of Osc.2; subscript c is relative to
the sections along tube c connecting the left control port of Osc.2 to the
left branch of Osc.1, and subscript d is relative to the sections along tube
d connecting the right control port of Osc.2 to the right branch of Osc.1.
In this 2-D simulation, translational periodic boundary conditions were
implemented to virtually connect sections Dy, Dp, D, and Dy defined on
each oscillator.

In Fig. 17, computed velocities Uy at the center of the left outlet slot
O; in both oscillators are compared and it can be seen that they are
synchronized successfully with a frequency fo = 1/T, =88 Hz, which is
much lower than the value estimated from Eqs. (2) and (3). This fre-
quency is also very similar to that observed experimentally. In addition,
the phase difference is equal to AT, = 0.24T, ~ %Tg, which is close to
the phase difference 0.252 T, found dur