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ABSTRACT

We present a study of subsonic jets, controlled by
means of a novel actuator that introduces perturbations
via steady fluidic actuation from a rotating centerbody
(Keenig et al. (2011a)). Preliminary results obtained with
this kind of actuator were presented during AIAA confer-
ence in Portland in 2011 (Keenig ef al. (2011b)). Louder
and quieter jets are produced, and these are analysed using
time-resolved, stereoscopic particle image velocimetry and
a hot-wire anemometer. We place the analysis in the frame-
work of wavepackets and linear stability theory, whence we
show that the quieter flows can be understood to result from
a mean-flow deformation that attenuates wavepacket growth
rates. The mean-flow deformation is shown, by a triple
decomposition, to be due to the generation of Reynolds
stresses associated with incoherent turbulence (rather than
coherent structures) which arises when the actuation en-
ergises the flow with a frequency—azimuthal wavenum-
ber (@ — m) combination to which the mean flow is stable.
When the actuation energises the flow with an @ —m com-
bination to which the mean flow is unstable, the response is
dominated by coherent structures, whose rapid growth takes
them beyond the linear limit where they undergo quadratic
wave interactions and, consequently, a louder flow.

INTRODUCTION

We know that jet noise can be manipulated, enhanced
or reduced, through a modification of the flow conditions
in the vicinity of the nozzle exit. The modification may be
due to a change in the geometry of the nozzle, using tabs or
chevrons for instance (Zaman et al. (2011)), or non-circular
nozzles (Gutmark & Grinstein (1999)). It may result from
the addition of mass and momentum via steady fluidic in-
jection (Henderson (2010)). But the synthesis, and/or ‘op-
timisation’ of, noise-reduction strategies remains problem-
atic, being either guided by trial and error or based on the
laborious exploration of hopelessly large parameter spaces.
In the latter scenario partial automation may sometimes be
possible (Maury et al. (2012)).

The limited success of noise control strategies can be
attributed to the lack of a solid conceptual framework con-
necting perturbations near the nozzle to the sound energy ra-
diated to the farfield, one which would enable a clear inter-
pretation of the control effect, and thereby provide physics-
based guidance through the myriad actuation possibilities.

Unsteady actuation, produced for instance by flu-
idic pulsing (Maury et al. (2011)) or plasma discharge
(Samimy et al. (2007)), is a means by which perturbations
can be imposed in a more controlled fashion at the nozzle:
a well-defined frequency and azimuthal mode combination
can be introduced and the response of the flow (turbulence
and sound) assessed with that knowledge. This is in contrast
to the aforementioned steady-fluidic techniques, where the
frequency-wavenumber structure of the near-nozzle pertur-
bation is largely governed by the turbulence resulting from
the interaction between the main jet and the injected fluid.

Furthermore, noise-controlled flows produced by un-
steady actuation, be they louder or quieter, provide a use-
ful setting for the development of understanding regard-
ing that conceptual framework that would link actuation to
sound. In this paper we present a novel actuator, partial re-
sults were presented during AIAA conference in Portland
in 2011 (Keenig et al. (2011b)), that produces an unsteady
fluidic perturbation in the near-nozzle region of a round jet.
Depending on the frequency-wavenumber structure of the
perturbation, the actuator can produce louder or quieter jets
with repect to the baseline; the study enables a rather com-
plete analysis and interpretation of both control effects, and
in this it goes some way towards validating the conceptual
framework we use, which consists in considering hydrody-
namic wavepackets, understood as instabilities of the turbu-
lent mean flow, to comprise the main sound-producing flow
activity.

EXPERIMENTAL SETUP

The experiments were performed in the PPRIME Insti-
tute anechoic jet noise facility, “Bruit et Vent”, at the CEAT,
Poitiers. An isothermal jet issuing from a round nozzle with
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Figure 1: Rotating plug actuator in “Bruit et Vent”.

a plug is studied. The exit Mach number is varied from 0.3
to 0.6, but on account of limitations in the rotation speeds
possible with the actuator, the main results reported here
are for the M=0.3 case. The nozzle diameter, Dje=0.05 m,
and a plug (centerbody) of diameter D,,=0.03, mounted
in the centre of the jet (see figure 1), is driven in rotation
by an electric motor. Air is injected into the plug via a
hole in the crankshaft. The air is ejected at 240 m/s into
the main jet by two diametrically opposed control ports of
diameter 0.0013 m. The control-jet flow rate is less than
0.5% that of the main jet. An equivalent diameter, D, is

defined as D = ,/D? — D? This leads to an equiva-

jet plug*
lent diameter D = 0.04m. This diameter is used as the
reference length of the flow and gives a Reynolds number,

Rep=U;D/v=2.7x10°.

Microphone measurements were made at 30 diameters
(D) from the jet, at downstream angles of 20° and 30°. A
moving average was used to smooth the spectra, and peaks
associated with sound radiated by the electric motor have
been removed by a notch filter in the results presented here.

Velocity measurements were made using a LaVision
time-resolved Stereoscopic PIV system and cameras with
1024x1024 pixel resolution. The light source was a 10 mJ
Quantronix Darwin duo laser (light sheet thickness 2 mm)
and the flow was seeded with oil smoke. Three components
of velocity were measured in r — 6 planes at a range of axial
stations by two SA1 Photron cameras. The sampling fre-
quency was 2.7kHz. 10000 PIV image pairs were recorded,
this being sufficient for convergence of first and second or-
der statistical moments. Image-processing consisted of a
five-pass correlation routine with 64x64 pixel correlation
for the first pass, 16x16 pixel for the final pass and with
a 50% correlation overlap at each pass. The spatial reso-
lution was one velocity vector every 0.75 mm for the small
window size (near the jet exit) and one velocity vector every
1.5 mm for the large window size (around the end of the po-
tential core). Hot-wire measurements are also presented in
this paper to evaluate the mixing layer close to the plug ex-
tremity. We use a single hot-wire (2.5um), sampled at 250
kHz. An in-situ calibration of the hot-wire is performed as
in Tutkun et al. (2009). This time, only the axial component
of the velocity is captured by the hot wire in x — r planes.

The perturbation introduced by the actuator is domi-
nated, on account of the actuator geometry, by an azimuthal
mode 2, and a frequency equal to twice the rotation fre-
quency: fp = 2 frotations @ perturbation Strouhal number is
defined as St, = f,D/U;.
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Figure 2: Change in noise baseline vs controlled jet (con-
tours in dB) as a function of perturbation Strouhal
number and Strouhal number at 20° and Mach
0.3.

ACOUSTIC RESPONSE

The injection flow rate and plug rotation frequency are
the two controlling parameters. These were assessed for
different main-jet Mach numbers and the analysis indicates
that, while similar noise reductions are probable at higher
Mach number, the rotation-frequency limit constrains us to
study the Mach 0.3 jet. We therefore focus on this jet, at a
fixed injection flow rate (around 0.5%), and we explore the
acoustic response of the system as a function of the pertur-
bation frequency.

The result, summarised in figure 2, has three features
of note. A high-frequency noise increase is observed at
Stp > 2. This is associated with scattering, by the plug,
of turbulence associated with the fluidic injection: we have
established that this component of the noise has a lower ve-
locity scaling than the jet noise, and is no longer measur-
able at higher Mach number. The second feature of interest
is the monotonic increase, with perturbation frequency, of
the cross-over frequency between noise reduction and noise
increase. Future studies, using a new, more rapid, prototype
will establish if this trend continues. The third feature, and
which constitutes the main focus of this paper, is the differ-
ence between the louder jet, observed when the actuator is
driven at a rotation frequency of Stp = 0.23, and the quieter
jets, typified by that obtained when the actuator is driven at
Stp = 0.46. The analysis of the flow will thus focus on these
two perturbation Strouhal numbers.

AERODYNAMIC RESPONSE

Some global indicators of the flow response to actu-
ation are shown in figure 3. The mean field deformation
in the near nozzle region is similar at both rotation fre-
quencies, except on the centerline, where a monotonic in-
crease in mean velocity is observed with increasing ac-
tuation frequency. Farther downstream the behaviour is
non-monotonic if the baseline case is included as a zero-
frequency case: as the frequency is increased, the mean flow
first spreads and then retracts, but remains always broader
than the baseline field.

The centerline profile, shown in figure 3(b), illustrates
this difference between the near-plug region and the down-
stream region: changes are monotonic with frequency up
to about x/D=5, downstream of which the trend is non-
monotonic. We note, nonetheless, that the two controlled
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Figure 3: (a) Mean axial velocity U, /U i+ (b) Longitudinal
evolution of centerline mean axial velocity.

Figure 4: Turbulent kinetic energy profile.

profiles have similar shapes: both entrain and redistribute
axial momentum toward the centerline in the initial region,
this effect being enhanced when the rotation frequency is
increased. Other global indicators, such as the entrainment,
show similar behaviour.

The turbulent kinetic energy (hereafter TKE), which
can be observed in figures 4 is similarly enhanced at both
frequencies in the near-nozzle region, whereas downstream
of x/D=3, after a large increase at Stp = 0.23 it decreases
at Stp = 0.46 to the point where the peak levels drop below
that of the basline downstream of x/D = 6. This normal
components of the Reynolds stress tensor (not shown) show
a similar behaviour, indicating that the energisation is more
or less isotropic.

In what follows, an analysis of the (®,m) structure
of the near-plug TKE will help to understand the very dif-
ferent axial evolutions of the fluctuation energy in the two
cases: both flows are equally energised, but with quite dif-
ferent spatiotemporal characteristics, provoking, as a conse-
quence, quite different responses in the downstream region,
from which sound emission is greatest.

ANALYSIS AND INTERPRETATION
The quieter flow
Hypothesis I: an attenuated axisymmetric wavepacket

We first consider the quieter, St,=0.46, case, and note
that the greatest noise reduction is observed at low emission
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Figure 5: Axial evolution of fluctuating energy of the ax-
isymmetric component of the axial velocity.
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Figure 6: Growth rates of azimuthal mode, m = 0, as a func-
tion of frequency, for baseline and Sz, = 0.46 ac-
tuation at X = 4D.

angles, where the sound field is known to be predominantly
axisymmetric (Kopiev et al. (2010), Cavalieri et al. (2012),
Juvéi et al. (1979)), and dominated by a source mecha-
nism driven by the axisymmetric component of the axial
velocity fluctuation (Cavalieri er al. (2012)). This sound
source is considered by many (Jordan & Colonius (2012))
to comprise a axially-extended, non-compact wavepacket,
understood as an instability of the mean field. We therefore
begin the interpretation with the hypothesis that the noise
reduction is associated with a reduction of the fluctuation
energy of the axial velocity component of an axisymmet-
ric wavepacket. The fluctuation energy of the axisymmetric
component, provided by a Fourier-series decomposition of
the TR-PIV data, and shown in figure 5, validates the above
hypothesis: downstream of x/D=4 reductions of up to 25%
are observed.

Hypothesis 11: reduced instability growth rates

The second hypothesis is that the reduction in the ax-
isymmetric fluctuation energy results from a change in the
growth rates of linear instabilities, this being due to the
mean-field deformation produced by the actuation. A lin-
ear stability analysis, based on the parallel-flow assumption
(Michalke (1971)), is performed using the mean velocity
profiles. The result is shown in figure 6 for the axisym-
metric component of the axial velocity. For the frequency
range over which a noise reduction is achieved Stp < 0.25
we see that, downstream of x/D =3—which is where the
reduction in axisymmetric fluctuation energy is observed—
the growth rates have been considerably suppressed. The
second hypothesis is thus verified.

We now try to understand the mean-flow deformation
by considering the mean momentum balance for the axial
velocity component, written in terms of a triple decomposi-
tion of the axial velocity, u = U +d+ 1/,
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Figure 7: Contribution of cyclic components in the
Reynolds stress tensor comparatively to baseline
jet for (up) u/u. and (down) u/,ut!.
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The deformation of the mean field is due to both co-
herent and incoherent Reynolds stresses, the former being
associated with coherent structures (or wavepackets), the
latter with background turbulence. We look at the contri-
bution of each in order to get a sense of how the actuation
produced the mean-field deformation. Figure 7 shows maps
of the difference between the Reynolds stresses of the base-
line and the controlled flows; the components shown are
those that participate in the axial mean momentum balance,
uhu. and uwlul.. The figure shows that the mean-field defor-
mation is dominated by the non-cyclic components of the
Reynolds stress. The cyclic component, associated with the
organised, wavepacket component of the response, is small,
indicating that the response of the flow to the high-frequency
actuation comprises turbulence rather than coherent struc-
tures.

Hypothesis I1I: actuation at stable (®,m)

The above observation leads to the following, third, hy-
pothesis: the dynamics of the flow response to actuation is
primarily comprised of incoherent turbulence because the
actuation energises the flow with an (@,m) structure to
which the mean-field is stable. A linear stability analysis
shows (cf. figure 8) that the mean field is indeed everywhere
stable to the actuation structure (S, = 0.46,m = 2); and so
we conclude that the considerable fluctuation energy intro-
duced into the system by the actuation at azimuthal mode
m = 2 (cf. figure 9), evolves downstream as incoherent tur-
bulence, producing a mean-field deformation on which ax-
isymmetric linear waves, which dominate downstream radi-
ation, have lower growth rates.

With this we have a self-consistent phenomenological
interpretation linking the actuation to the farfield and the
analysis of the quieter flow is complete. We note that the
results of a number of other jet noise control studies are
consistent with this: noise abatement is most efficient when
flows are driven with high @ — m combinations (Samimy et
al. (2007), Kopiev et al. (2010)). While we cannot affirm
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Figure 8: Growth rates of azimuthal mode, m = 2, as a func-
tion of frequency, for baseline and St, = 0.46 ac-
tuation at X = 2D. The dotted vertical line shows
the perturbation frequency.
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Figure 9: Fluctuation energy of azimuthal modes of the ax-
ial velocity component in the near-plug region
(x/D=2) at R=0.25D (where peak levels are ob-
served).

that the mean-fields are in those cases stable to such actu-
ation, this does seem likely, as the canonical mean field of
a round subsonic jet is most stable to high frequencies and
high azimuthal wavenumbers.

In the next section we consider the louder flow in a
similar framework, but find that the behaviour is in this case
fundamentally different.

The louder flow

Figure 10 compares the fluctuation energy of azimuthal
mode m = 0 between the baseline and louder flows. In this
case we see a slight global incease of the former. Applica-
tion of the triple decomposition here shows that, contrary
to the St, = 0.46 case, that most of the fluctuation energy
is contained in the cyclic component. Figure 11, which
shows six frames of the phase-averaged field over one com-
plete period, reveals a pattern that repeates twice during that
period: a frequency doubling appears to occur, indicating
a quadratic wave interaction between the fundamental fre-
quency and itself.

This is confirmed by analysis of hot-wire data. Fig-
ure 12 shows velocity power spectra of the baseline and
controlled flows. These were measured at the center of
the mixing-layer at x/D = 1.5. In the St, = 0.46 case a
large spike is seen at the actuation frequency, but there
are no harmonics. In the Sz, = 0.23 case, on the other
hand, we see a large spike at the fundamental frequency,
and this is accompanied by a series of harmonics. A bi-
coherence analysis shows (cf. figure13) levels of over 40%



—<_— International Symposium

\ é‘ﬁt On Turbulence and Shear Flow

ZA— Phenomena (TSFP-8)

August 28 - vf(), 2013 Poitiers, France
25
oL T g -
Eist g
E
:;(’]O - -
E
35 Baseline —H— |
0 1 1 1 S‘p 0'2?7 "V"\
2 3 4 5 6 7 8

Figure 10: Axial evolution of fluctuating energy of az-
imuthal mode O for the axial velocity compo-
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Figure 12: Hot-wire spectra in the mixing layer at X = 1.5D
for baseline jet and controlled jets at S7,,0.23 and
Stpg.46.

t (St,8t) = (0.23,0.23) confirming that the first of these
harmonics results from a non-linear interaction of the fun-
damental with itself. The response of the flow to actua-
tion at the lower frequency is thus see to comprise non-
linear wavepacket dynamics, which are known to be consid-
erably more efficient in the generation of low-angle sound
(Suponitsky et al. (2010)).

Hypothesis IV: non-linear response by energisation at
unstable (o, m)

Finally, with an eye to understanding why the flow re-
sponded so differently in this case we formulate and test the
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Figure 14: Growth rates, at x/D = 2, as a function of fre-
quency for azimuthal mode, m = 2, for baseline

and Sz, = 0.23 actuation.

following final hypothesis: the low-frequency actuation in-
troduces high levels of fluctuation energy with an @w —m
structure to which the mean-field is unstable. Figure 14
shows the result of a linear stability analysis, for azimuthal
mode, m =2, of both the baseline and actuated mean fields.
In both cases we see that the actuation frequency is close
to the most unstable frequency of the mean field. This
confirms the final hypothesis, and shows, furthermore, that
when non-linear wavepacket interactions are present in a
subsonic jet, the radiated noise levels are increased above
those of the canonical, unforced, flow. This suggests that
such quadratic wave interactions do not dominate sound ra-
diation in unforced flows.

CONCLUSIONS

An experimental investigation of subsonic jets sub-
jected to perturbations introduced by means of fluidic injec-
tion from a spinning centerbody has been performed. Fluc-
tuation energy is introduced to the flow at azimuthal mode,
m = 2, and over the perturbation Strouhal number range,
0 < 8t, <0.5. Atlow frequency the acoustic response of the
flow comprises a noise increase, while at higher frequen-
cies peak noise levels are reduced. The louder and quieter
flows are analysed using time-resolved, stereoscopic, par-
ticle image velocimetry and a hot-wire anemometer. The
high frequency actuation is found to quieten the jet by de-
forming the mean field such that the growth rates of ax-
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isymmetric wavepackets—understood as linear instabilities
of the mean flow and which are known to dominate low-
angle emission—are reduced. The mean-field deformation
is shown, by a triple decomposition, to result from the en-
ergisation of incoherent turbulence, which arises because
the high frequency actuation introduces fluctuation energy
with a @ — m structure to which the mean field is stable.
The louder flow is shown to be due to the exictation of non-
linear wavepacket interactions, which arise because at low
frequency actuation, the @ — m structure of the perturba-
tion corresponds to the most unstable frequency of the mean
field.
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