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ABSTRACT

This paper investigates an ultrasonically driven bistable fluidic diverter at inlet nozzle Mach num-
bers of up to Mn = 0.3 and operating pressure ratios of up to Pr = 1.1. Part | examines the
switching characteristics with respect to non-dimensional parameters of excitation amplitude, fre-
quency, required energy, switching time and inlet total pressure. It is shown that to promote switch-
ing at turbulent jet Mach numbers of up to Mn = 0.3 it is necessary to excite a jet preferred mode
of St=0.45 which differs from previously reported laminar jet operation of the similar device. For
the reference case the switching time amounts to 1.2 ms suggesting oscillation frequencies of up

to 800 Hz. Part Il is a combined experimental and numerical study that examines the triggered
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Fig. 1: Left: Basic device layout and an example snapshot of a LES simulation showing attachment
on side B. Right: Schematic and governing dimensions of the fluidic device in mm

instability modes in the free shear layer using Large Eddy Simulations (LES) and visualises the

flow field using Particle Image Velocimetry (PIV).

1 INTRODUCTION

Step changes in the performance of aerospace and automotive components cannot be ex-
pected by pure passive shape design. Flow control, in contrast, holds the potential to unlock
significant efficiency gains and fuel burn improvements by manipulating or suppressing undesired
flow phenomena. Over the last two decades this has led to a renaissance in flow control research
focusing on both passive and active methods. The variety of applications and concepts is vast and
includes boundary layer separation control [1-7], drag reduction of ground vehicles [8—10], un-
steady film cooling [11, 12], combustion instability control [13], jet vectoring [14], mixing enhance-
ments [15, 16], cavity tone and resonance suppression [17, 18] as well as the control of secondary
flow phenomena in inlet ducts or highly loaded compressors and turbines [19-23]. The enormous
amount of published articles regarding different strategies and applications demonstrate not only

the huge interest within the aerospace community but also the difficulties and challenges that still
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persist. As a result, flow control devices are still rarely seen in real world applications and com-
mercial progress has mainly been hampered by the lack of reliable, low weight and high bandwidth
actuators. We are presenting a novel no-moving parts fluidic switching device for active flow con-
trol that due to its ability to switch realistic (0.3 Mn) jets offers hope for higher TRL development
and eventual industrial application in aerospace (Fig.1).

In general, fluidic devices convert a continuous inflow into an oscillating or sweeping outflow using
either active or passive means. Passive fluidic oscillators have received by far the most attention
in the past. This is mainly due to their relative simplicity and robustness since they rely entirely on
fluid instabilities or internal feedback channels [24—26]. A comprehensive review of passive fluidic
oscillators can be found in [27] or [28]. However, an inherent limitation of passive oscillators is that
the output oscillation frequency depends on the device geometry as well as on the mass flow rate
and thus somehow restricts the bandwidth of the device. For a high bandwidth variable-frequency
oscillator that can also be phase-locked to the flow phenomena in question, e.g. rotating stall or
fan flutter, an active mechanism is required. Such flow control devices are bistable in nature and
take advantage of the Coanda effect, the tendency of a jet of fluid to be attached to an adjacent
wall. If the device is supplied with a pressurized fluid, a jet of air issues from the nozzle orifice and
encounters a highly unstable region in which any small disturbance produces a pressure gradient
across the jet [29]. When such a gradient is developed, the main flow bends towards one surface
or the other and once this imbalance is developed, the fluid adheres to the wall by means of the
Coanda effect. If no control is applied, the attachment remains stable and the flow follows the
surface of the wall. If a small amount of force/momentum is exerted at the right location, the flow
detaches and switches to the opposite wall. The challenge here is the development of a suitable
actuation mechanism that imposes the force necessary to switch the jet. An excellent review of
existing flow control actuators including purely fluidic, moving surface and plasma actuators can

be found in [30].

During the early years of oscillator development transverse blowing or air extraction was the
most common technique to drive the de- and reattachment process [31,32]. This, however, calls

for additional air supply systems including valves or flaps which in turn feature a relatively long
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Fig. 2: Schematic of the experimental set-up

response time as well as a higher propensity to mechanical damage. This has spurred more recent
studies to focus on novel switching mechanisms that exclude secondary air systems. Gregory et al.
[33], for instance, used a cantilever piezoelectric beam located on the jet centreline with its free end
oscillating up and down at the nozzle orifice (nozzle width w = 0.5 mm). The device was capable of
switching high-speed jets (Mn = 1) up to a frequency of 5 Hz. The concept successfully decouples
the frequency from the prevalent flow rate and is able to operate at engine realistic pressure
ratios. Both Gregory et al. [34] and Tesar et al. [35] used Single Dielectric Barrier Discharge
(SDBD) actuators inside control port channels and the interaction region, respectively, but only
achieved switching at low flow velocities. More recently, Martin et al. [36] used a piezoelectric
driven synthetic jet actuator to switch a bistable fluid diverter with main jet velocities up to 5 .
Chen et al. [37] used a spark discharge inside the recirculation bubble to switch the flow. The
device was successfully operated at pressure ratios up to 1.1 (u. = 50 %+ and Re = 10000).

The present study describes a novel actively controlled fluidic oscillator concept that is based
on the acoustic excitation of natural instabilities in the ultrasonic range. A proof of concept study
was published previously which showed that if an initially laminar jet is excited at its shear layer
mode (Sty = 0.012) an increased entrainment on the unattached side leads to a pressure drop
sufficient to counteract the initial attachment force [38]. Here we extend the operational bandwidth
of the device to engine realistic pressure ratios and velocities of up to Mn = 0.3.

Section 2 discusses the experimental set-up as well as its respective uncertainties. Section 3
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highlights the governing design aspects of acoustically driven FSDs and shows how the relatively
small wavelengths of ultrasonic frequencies can be used to amplify the sound pressure level.
Experimental results in section 4 determine the switching characteristics subject to changes in
pressure ratio, excitation properties and density. The dynamic performance of the device is further

shown as well. Section 5 finally concludes the paper.

2 EXPERIMENTAL METHODOLOGY
2.1 Experimental Set-up

The present FSD is supplied with pressurized fluid via an Omega FMA-2609A flow controller.
A stagnation chamber just upstream of the device inlet is used to measure the total to static
pressure ratio Pr (HCX002D6V). The device is 3D printed, features a perspex cover plate to allow
flow visualization studies and has a weight of less than 150¢ (see Fig.1&2). Pitot probes on both
attachment sides are attached to customary pressure transducers (HCXM350D6V) to record the
total gauge pressure at fs = 30 kHz. The data is further filtered using an analog low pass filter with
a cut off frequency at 1.5 kHz. The tube length between Pitot probe and pressure transducer is
kept below 50mm so that the response time of the tubing exceeds the cut off frequency by a factor
of 2 and its length has no adverse effect on the measured data. The switching time is then defined
as the time between the onset of excitation and the point where the signal exceeds 90% of the final
mean value. Both outlets can be connected to a single needle valve to increase the back pressure
and thus allow experiments at higher densities. 250ST150 Prowave ultrasonic transducers with a
resonance frequency at 25 kH z are mounted inside both control port chambers (see Fig3). The
square wave signal is provided by two Tektronix AFG1022 signal generators and amplified using
an ultra-low noise amplifier (PDu150). The sound pressure level is recorded downstream of the
nozzle orifice with a high intensity omnidirectional Kulite microphone at f; = 250 kH 2z (Mic-093).
Each data point presented in this paper is averaged using ten successive switching events. The

minimum required acoustic energy to enable switching is defined as

tex 2
E = / P(t)dt = Ai - €080 - toy (1)
0 pc
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Fig. 3: Cutaway model of the nozzle and interaction region and display of the acoustic domain

where t., is the minimum excitation time that switches the jet 10 out of 10 times. Flow conditions

are turbulent through out the study (Re;, = 6000 to 13000 based on nozzle height h).

2.2 Experimental Uncertainties

Pressure measurements of the Pitot probes feature an uncertainty that is more than two orders
of magnitude lower than the average variation in switching time and therefore negligible. The
pressure ratio Pr = % determined by the total pressure inside the stagnation chamber exhibits
an uncertainty of +£1%. The set mass flow rates feature an uncertainty of 2% but are corrected
in hindsight using an orifice plate leading to an uncertainty of less than +1%. All dimensions of
the 3D printed device are measured separately to check for possible discrepancies. Deviations
from the design point amount to less than 0.1 mm (10% of k) but are included in all subsequent
calculations. The sound pressure level measured inside the interaction region is accurate to within

+0.3%. The experimental set-up is further described in Fig.2.

3 FLUIDIC DESIGN
3.1 Fluidic Jet Behaviour

Typical bistable devices have two independent outlet channels that are separated by a splitter.
The location of such a splitter is usually crucial to the performance of the device. For an upstream
location close to the nozzle orifice, for instance, the jet attachment will become unstable as soon
as the splitter leading edge interacts with the jet potential core. Furthermore, the location of the
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Fig. 4: Acoustic optimisation of the control port chamber

leading edge also determines where the reverse mass flow, if present, is fed into the main jet
and therefore might strengthen the attachment. While some switching mechanisms require the
presence of a splitter, such as the plasma switched vortex valve in [37], acoustic excitation works
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just as fine without. The enhanced entrainment and subsequent pressure drop on the unattached
side due to excitation is independent of a splitter being present or not. The reason for the present
FSD not having such a splitter is twofold. First, it enables non-intrusive laser optical measurements
(PIV) which will be discussed in Part Il of this study and second, it demonstrates the ability to

operate the device as a frequency controlled sweeping jet.

Other governing geometric parameters of bistable devices are set-back distance and wall at-
tachment angle. For acoustically driven devices, it is especially the set-back distance that enables
the switching in the first place. A too large set-back would allow that the enhanced entrainment
is supplied by an infinite reservoir, e.g. reverse mass flow, and the rolled-up vortical structures
would not form a confined space with the attachment wall. Hence the pressure would not drop
and switching would not occur. It is therefore obvious to correlate the set-back distance to the
size of the expected vortical structures. This means that the set-back should not be larger than
the nozzle height itself. The present FSD features a set-back of 0.8h as it was used in a previous
study. Set-backs smaller than that have only limited effect on the pressure drop of the unattached
side since the volume from which fluid is entrained depends mainly on the size of the control port

chamber.

The attachment wall angle has an effect on the curvature of the jet centreline and therefore
the strength of the attachment force. Here, a straight attachment wall for the first two nozzle
heights downstream of the orifice and a subsequent increase to 40° with respect to the streamwise
direction is used. The attachment was found to be remarkably stable and is maintained even if the

outlet is completely blocked. The aspect ratio is AR = 7 = 3.

3.2 Non-dimensional Parameters

Based on the results gained in [38] the dominant parameters that determine the switching
characteristics are the sound amplitude p, the excitation frequency f, the required energy E, the
pressure ratio Pr, the density p, the jet speed ., the distance L between a possible splitter and

the nozzle orifice, the nozzle height h and finally the momentum thickness of the unattached shear
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layer 6. The switching time can thus be written as:

ts= [, [, E,Pr,p,ue,L,h,0) (2)
This can be transformed into:
e 1 I ) 3)
or rather
T, = f(Am, Sty E, Pr,%,%). (@)

The switching time is non-dimensionalised by the transport time, the time it takes a fluid particle
to travel form the nozzle orifice to the splitter leading edge assuming a constant velocity u.. For
the splitterless configuration considered subsequently the splitter distance L is replaced by the

distance between the nozzle and the Pitot probe.

The first parameter on the right of Eq.4 is the non-dimensional pressure amplitude which we
will call the Amplitude Flow Factor Am. It indicates that the sound power required for switching
scales with the kinetic energy of the flow. The second parameter, the Strouhal number St, can
either be based on the nozzle height 4 or the momentum thickness 6. Subsequently St;, or rather
Stp., is used since it offers a better comparison with other published articles that use circular
nozzles. The non-dimensional energy E is a pure function of the excitation time if signal properties
and flow conditions remain the same. Together with the pressure ratio Pr and the switching time
Ts, those three parameters form the foundation of all subsequent performance characteristics.

The two remaining parameters % and % are independent of the excitation properties but

nonetheless affect the switching process. % is a dominant geometric parameter that, as already

FE-20-1221, MAIR 9



Fluid Dynamics of a Bistable Diverter Under Ultrasonic Excitation - Part I: Performance
Characteristic

outlined, can considerably alter the flow field itself. Depending on the actuation mechanism as

well as on the shape of the splitter, values for % are typically between 5 and 12 [25,39]. The

Rey,
Rey

ratio of nozzle height to momentum thickness, equivalent to , IS an important parameter with
significant contribution to the downstream development of vortices. In [38] it was shown that for
an initially laminar jet, hence small % the only mode at which switching is feasible corresponds to
the shear layer roll-up frequency at Sty = 0.012. Excitation of the natural instability of a laminar
jet shifts the roll-up location and therefore the entrainment of ambient fluid to further upstream
positions. The forced entrainment closer to the nozzle orifice counteracts the attachment force
and triggers the switching. However, as the Reynolds number and the ratio of nozzle height to
momentum thickness increases the location of the natural roll-up advances towards the nozzle
orifice even without any forcing present. With respect to an acoustically driven FSD, this means
that a sufficient increase in entrainment (which counteracts the attachment force) is unlikely to
be accomplished by fundamental forcing if Re exceeds a certain threshold. In other words, the
excitation and amplification of the primary instability (Sty = 0.012) will not achieve the necessary
increase in entrainment if % is high since the shear layer characteristics become less dependent
on the initial roll-up of vortical structures. This suggests that different instability modes, e.g. sub-
harmonic or jet preferred mode, need to be addressed if Re exceeds a certain threshold. Clearly,
this threshold corresponds to the location of the shear layer roll-up and hence to % . The ratio of
nozzle height to momentum thickness can therefore be used as a measure for which instability

has to be excited and, what will be shown later, which length scale the non-dimensional frequency

St should be based on.

3.3 Acoustic Considerations

A big advantage of using ultrasonic frequencies is that the wavelength of the acoustic signal
becomes comparable to the dimensions of the device (\a5:» =~ 10h). This means that the control
port chamber can be used to amplify the sound pressure level by matching one of its eigenmodes
to the transducer resonance frequency. Such eigenmodes can be found by means of the Helmholtz
equation, a time-independent form of the wave equation as described in Chapter 3. Solving the

wave equation in the frequency domain then yields the frequency response at any given point for a
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Fig. 6: Non-dimensional switching parameters as a function of Pr

given geometry. With regard to the present FSD this means that the control port chamber should
have a geometry that satisfies the requirements of sufficient amplification of the input signal so to
enable switching. Such a geometry can be found by iteratively solving the time-independent wave
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equation along with an optimisation algorithm. Here a simple gradient based algorithm that uses

the so called interior-point method is used [?]. The objectives for the design are

1 Keep chamber resonant frequency close to transducer resonant frequency
2 Maximise sound pressure level SPL at resonant frequency

3 Design for @ so that bandwidth is 2k H =

Note that the latter objective takes into account inevitable manufacturing tolerances. The objec-

tives can be summarized mathematically as

|fr — f7]
f@)=min{ A~ (5)

QIJ;?JZ - Q‘

fr is the transducer resonance frequency and f* the frequency at the highest sound pressure
level SPL*. The location where SPL* is computed is a separate measurement domain between
the control port throat and the nozzle orifice, the point where the acoustic wave interacts with the
shear layer. The variables to be optimized are the x and y coordinates of 5 Bézier points that
form each side wall of the symmetrical control port chambers. The acoustic domain in which the
wave equation is solved for frequencies between 18 — 32 kH z is further highlighted in Fig.3 and
Fig.4 a.). Given that the optimisation requires more than 100 iterations it is further opted for a
2D eigenmode calculation to keep computational costs within reasonable bounds. The optimised
geometry, as shown in Fig.3, features a sextuple amplification of the input pressure (Fig.4 b.)). In
absolute numbers this amounts to a maximum sound pressure level of 158.8 d B for the splitterless
configuration (Fig.4 c.)).

Furthermore, Tam [40] derived a measure of the relative sensitivity of the shear layer to sound
induced instability as a function of the angle of incidence. For the range of Mach numbers expected
in this study (Mn = 0.3) the angle that generates instability waves with the largest amplitudes was
found to be 10°. The control port chambers are thus rotated by 10° with respect to the cross-stream

y-direction. Fig.3 further shows that springs are used to place the ultrasonic transducers inside
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the chambers. This was found to ensure that the membrane is at the correct location so to obtain

the amplification set by the optimisation.

4 RESULTS

4.1 Performance Characteristic
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Fig. 7: Non-dimensional and absolute switching time vs. Strouhal number and pressure ratio for
different sound pressure levels

4.1.1 Switching Characteristics

Fig.5 shows an example for 10 successive switching events at Pr = 1.07 (Mn =~ 0.3) measured
via the Pitot probe on the initially unattached side. The average switching time amounts to ¢t5 =
5.5ms with a maximum deviation of 9%. The negative total gauge pressure measured on the
unattached side illustrates the reverse mass flow that supplies the entrainment of the unforced
jet. The graph further reveals that the excitation time, defined as the number of excitation cycles
divided by the frequency, is only a fraction of the time needed to switch the jet, that all lines show

a similar hump prior to the switching and that the actual switching seems somehow delayed. Note
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that the delay is an order of magnitude larger than the transport time and is therefore not caused
by the downstream location of the Pitot probe. The short excitation time indicates that the driving
force, caused by the pressure drop on the unattached side, is reached long before the jet has fully
responded to the new steady state condition. This indicates that the jet has already attached to the
opposite side after the excitation has stopped but the recirculation bubble on the initial attachment

side persists, increases in size and elongates downstream (see Fig.8). This 'double attached’ flow

New recirculation bubble

Jet centreline

Initial recirculation bubble

Fig. 8: Schematic of a 'double attached’ flow

stalls the detachment from the initial side and causes the delay in switching. This again is simply
due to the absence of a splitter that would otherwise prevent the elongation of the recirculation
bubble. It is interesting to note that the condition of the 'double attachment’ persists for several
flow-through times. However, it is reasonable to assume that the switching time can be decreased

by either using a splitter or introducing vents downstream of the reattachment point.

The hump, which is consistent for every single switching event, shows that the shear layer
responds instantly with an increased spreading rate as of the onset of excitation. The deflected
shear layer travels downstream along the attachment wall and is measured as an increase in total
pressure (10ms after the onset of excitation). This is verified by the fact that the hump starts off
one flow-through time between the nozzle and the Pitot probe after the onset of excitation and that

the flat peak of the hump lasts exactly for ¢, .
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Fig. 9: Dynamic switching at two different oscillation frequencies

4.1.2 Non-dimensional Energy and Switching Time

It was found in the previous section that the minimum required energy to switch the jet serves
as an appropriate criterion to find the preferred pressure ratio and/or Strouhal number for a fixed
excitation frequency. In that respect Fig.6 a.) shows the non-dimensional minimum energy for four
different sound pressure levels as a function of Pr. An increase in sound pressure level simply
increases the range of pressure ratios that enable switching similar to the results at laminar flow
conditions and low frequency excitation presented in [38]. At the lowest sound pressure level
switching is only feasible between Pr = 1.06 and Pr = 1.075, or rather Stp,, = 0.47 and Stp,, =
0.43. The preferred pressure ratio (Pr ~ 1.07) thus seems to be at Stp,, ~ 0.45 suggesting that the
excitation of the jet preferred mode is responsible for switching [41]. The non-dimensional energy
exhibits an exponential increase as the pressure ratio approaches the lower end (Pr = 1.04) at
which only the highest tested amplitude (p = 158.8 d B) can switch the jet. At higher pressure ratios,
in contrast, only a moderate linear increase in E is required for switching. The global minimum
in energy (E) is found around Pr = 1.075 which corresponds to Stp., = 0.43 and is marginally
shifted to higher pressure ratios with respect to the preferred mode. In absolute terms the energy
E follows a symmetrical parabolic curve with its minimum at Stp,, = 0.45 (Pr = 1.07). The shift
towards higher pressure ratios when looked at the non-dimensional numbers is also shown in
Fig.6. Here the minimum required non-dimensional amplitude Am corresponds to Pr ~ 1.09. It
is clear that the minimum amplitude that allows switching increases exponentially as the pressure
ratio moves away from the preferred mode. This can be observed especially at lower pressure
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ratios since Am 1712 The minimum required amplitude flow factor around the jet preferred mode
amounts to ~ 0.1. The absolute power required to switch the jet varies between 10 and 200m V.
The non-dimensional switching time, shown in Fig.7, exhibits a linear increase over Pr that
results in a minor decrease when put to absolute terms. No preferred mode in terms of ¢, can thus
be derived. This indicates that, once E (or rather Am) and St D., are within the feasible range that
triggers the switching process, the switching time is a mere function of the jet speed. The average

switching time at Pr = 1.07 amounts to 5.5 ms.

4.1.3 Dynamic Switching

Fig.9 a.) shows a forced oscillating jet at f,,; = 10 Hz measured with the Pitot probe on side
B. For each switching away from the measurement probe a significant undershoot is observed
before the new steady state is reached. It is suggested that this is caused by the previously
mentioned recirculation bubble that increases in size and elongates in the downstream direction.
The undershoot is, in fact, a measure of the low pressure region inside the recirculation bubble that
extends across the location of the Pitot probe. This is further supported by calculating the pressure
difference across a reattached jet using the jet curvature equation as derived by Ries [31] and a

jet centreline radius R equal to the attachment wall radius, so that

m? 1
Ap=——— . — = 535Pa. 6
P=""13AR? R ¢ ©)

In general, the FSD can output any desired frequency pattern and is only limited by the min-
imum switching time ¢5;. Given the standard deviation of ¢; of 0 = 9% and that we defined the
switching time as the time span between the onset of excitation and the point where 90% of the

final mean value is reached, we can determine the maximum output oscillation frequency by:

0.9
mee =0 _q5pf 7
out = 51.09 - Ly min : )
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Fig. 10: Non-dimensional energy and absolute switching time vs. changes in density

Unfortunately, sometimes the switching process takes longer than (1 + o)ts min and so in practice
the maximum reliable switching frequency was found to be 70 Hz which corresponds to a 2o

deviation

0.9
maz —70H 8
Ut =5 (1 +20)  tsmin ‘ (8)

Dynamic switching at 70 H z is displayed in Fig.9 b.).

4.1.4 Effect of Changes in Density

Temperature and absolute pressure in aerospace components differ from the conditions of
typical bench test experiments. This is to say, the effect of changes in density on the behaviour
of fluidic devices is crucial for the implementation in real world applications. Here the effect of
changes in density is examined by increasing the mass flow rate while simultaneously adjusting
the back pressure so as to maintain a constant volume flow rate. The pressure ratio across the

device is therefore kept constant while the density increases. Fig.10 a.) shows the absolute
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switching time along with the required non-dimensional energy as a function of ,0% at a constant
pressure amplitude p. The pressure amplitude is kept constant by decreasing the input voltage
since p increases in compliance with the acoustic impedance pc. The volume flow rate tested
corresponds to a pressure ratio of Pr = 1.07 at % = 1. It can be seen that the required energy,
in absolute and non-dimensional terms, increases exponentially as the density goes up. Since
p = const and the increase in density is linear, it is the excitation time that has to be increased
exponentially. However, at density ratios p% > 1.65 an increase in excitation time is not able to
cancel out the decrease in Am any more and switching becomes out of reach. The switching time
ts is somehow independent and is maintained around 5.5ms. With a constant Amplitude Flow

Factor Am Fig.10 b.) shows that the non-dimensional energy decreases linearly as the density

ApPtes

goes up. This corresponds to a constant energy when put to absolute numbers ( -

= const).
The switching time is again not affected. It is therefore concluded that the switching performance is
independent of changes in density, and thus mass flow rate, if the Strouhal number Stp_, and the
Amplitude Flow Factor Am remain constant. Moreover, since switching time is inversely related to
the transport time, at same Mach number but hotter air the jet velocity will be faster and therefore
switching time be shorter; in conjunction with independence of switching time to density this leads

to conclude that there is no downside in performance when used at engine realistic conditions, i.e.

high temperatures and high absolute pressures.

5 SUMMARY

We have presented an actively controlled bistable FSD that outputs any desired frequency
pattern subject to the minimum switching time (¢ = 5.5 ms). No additional air supply systems are
needed and the switching mechanism relies entirely on the excitation of shear layer instabilities
(See Part Il for a more in-depth discussion on the respective shear layer instabilities). The oper-
ational bandwidth of the device goes up to pressure ratios around PR = 1.14 that yields Mach
numbers up to Mn =~ 0.3. The acoustic signal was produced by standard, off the shelf and low
cost ultrasonic transducers. The sound pressure level was amplified with an optimised control port

geometry so that a 2D eigenmode matches the transducer resonance frequency. The absence of
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a splitter not only reduces the complexity of the design but also demonstrates the ability to operate
the device as a frequency controlled sweeping jet, a novelty with possible impact on applications
like boundary layer separation control or unsteady film cooling. It was further suggested that the
flow features a 'double attached’ state after the excitation and prior to the point where the jet has
fully switched.! While the increased entrainment has already achieved a pressure drop that causes
the jet to detach and reattach to the opposite side the initial recirculation bubble persists for sev-
eral flow through times while moving downstream causing a delay in switching. The introduction
of a splitter could therefore considerably speed up the switching. Similar to the results presented
in [38] it was shown that the sound pressure level has no significant effect on the switching as
soon as a threshold is exceeded. Here the threshold for the non-dimensional amplitude at the
preferred mode (Pr = 1.14) amounts to Am = 0.11. Furthermore it was shown that the switching
performance does not decline at higher absolute pressures and densities. The discussion of the
device performance based on non-dimensional parameters of geometry as well as signal prop-
erties serves as a guideline for future designs. The present concept of driving a bistable fluidic
device with sound offers a promising alternative to conventional actuator technologies with the

ability for closed-loop control.
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NOMENCLATURE

A Area

AR Aspect ratio

¢ Speed of sound

D., Equivalent diameter of a circular jet

E  Energy

FEl_'Qr[p.qgge}s,pp}pNng flow field of the 'double attached’ flpg is shown in Part Il
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f Frequency

h Nozzle height

Mn Mach number

P Acoustic power

p Pressure

p Sound pressure

Pr Pressure ratio

Q Q-factor

Re Reynolds number

St Strouhal number

t Time

ue Jet exit velocity

w Nozzle width

# Momentum thickness

p Density

o Standard deviation
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Left: Basic device layout and an example snapshot of a LES simulation showing
attachment on side B. Right: Schematic and governing dimensions of the fluidic
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Non-dimensional switching parameters as a function of Pr
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7 Non-dimensional and absolute switching time vs. Strouhal number and pressure
ratio for different sound pressure levels

8  Schematic of a 'double attached’ flow

9  Dynamic switching at two different oscillation frequencies

10 Non-dimensional energy and absolute switching time vs. changes in density
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