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ABSTRACT: The three-dimensional behavior of flow transition circular jets atRe=5,000 is investigated with
experiments conducted on a free water jet by ties®lved tomographic particle image velocimetry. €ngphasis is
on the unsteady organization of coherent flow $tmas, which play a role in the generation of atioumise. Shedding
and pairing of vortices are the most pronouncechpimena observed in the near field. The charadtenstisatile

motion lead to the formation of streamwise vortiaes the growth of vortex-ring azimuthal waves. Séheulminate in
the breakdown of the vortex ring by abrupt axialcéipn of the azimuthal humps. The proper orthodaaomposition
(POD) is applied to the velocity and the vorticitglds to objectively classify and describe theethdimensional
patterns at transition. The most energetic mode®lokity show helical and precession motion ofj#tecore, whereas
vorticity modes reveal a characteristic orientatidrl5 degrees to the jet axis of the radial amdakial components.
Following Powell's aeroacoustic analogy, Lamb veclield is analyzed by POD and the instantaneoustialp
distribution of the acoustic source term is mappgdhe temporal derivative of the Lamb vector, edirgy the highest
activity during vortex ring breakdown.

1. INTRODUCTION

Acoustic emissions in jet flows are believed torékated to the dynamical behavior of large-scadevfbtructures and
their interactions. Sound radiation originates fremntex pairing (Crow and Champagne, 1971; Sch2005) and the
collapse of the annular mixing-layer at the endhef potential core (Hussain and Zaman, 1981; Joetlah, 2007).
Experimental studies that describe the dynamichhbieur of large-scale structures and their intéoas in jets are
particularly relevant to investigate the physica&amanism associated with sound production.

Experimental investigations on the organizatiorcoffierent flow structures require field measurentechniques
such as flow visualization (Dimotakés al, 1983) and, in the last decades, particle imagdecimetry (PI1V). This was
employed along streamwise or cross-sectional plahdise jet to investigate the unsteady behaviothefshear layer
and the transition patterns (Liepmann and Ghaf82). On the other hand, descriptions of the dynahtiehavior and
the three-dimensional patterns of flow structurequire time-resolved volume-based techniques. Tdeerd of
tomographic PIV (TOMO PIV, Elsingat al, 2006) enabled the measurement of the instantanezlocity vector field
over a three-dimensional domain, with the advanthgé the complete velocity gradient tensor and @bsociated
guantities (e.g. the vorticity vector and the setonvariant) can be obtained also in high-speed flegimes. For low
speed jets, Violato and Scarano (2011) have emgltiyee-resolved tomographic PIV to investigate ¢#welution of
three-dimensional structures in circular and cheyets.

The role of large-scale coherent structures ioutér jets has been the objective of several inyatons. In the
region next to the nozzle, the fluctuations areaniged as vortex rings that generate from the draftthe Kelvin-
Helmholtz (K-H) instability. At moderate Reynoldsimber, such structures grow maintaining axial sytnynand
undergo pairing due to the mutual flow inductiomd® and Champagne, 1971; Schram 2005). Further sto@am, the
flow transition to turbulence occurs with the grbvaf three-dimensional instabilities, such as atiraloscillations of
the vortex rings (Yule, 1978). Counter-rotatingrpaif streamwise vortices are also reported ta éxithe braid region
between two vortex rings. By the end of the potdmidre ring vortices disrupt into coherent sultites (Hussain and
Zaman, 1981) and the formation of smaller scalasefects bursts of fluids (Liepmann and Gharil92)9
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In the last decade, PIV has been successfully ilsedmbination with aeroacoustic analogies to stihdyflow-field
pattern producing noise. The potential and relegaoicthis methodology have found acknowledgememtsecent
review articles (Jordan and Gervais, 2008; Mo@s.1). In a Mach 0.85 jet, Seiner et al. (1999Yatierized the noise
sources using two-point turbulence statistics twate the Lighthill turbulent stress tensor andesbed that the actual
measurement of the Lighthill's acoustic tensor memgi volumetric measurements with temporal resofutiin a
subsonic and acoustically excited jet flow at loeyRolds number, Schram et al. (2005) investigdtedhtechanism of
sound generation by vortex pairing with phase-ldgilanar PIV and a conservative formulation of ggrsound theory
for axisymmetric flow, finding good agreement betwehe sound prediction and the sound measureddrgphone at
frequencies not contaminated by the acousticalta@n. Violato and Scarano (2011) showed the rfeedime-
resolved three-dimensional measurements to digbeseelation between the coherent structures amdngtantaneous
acoustic production based on Powell's analogy (Fph@64)

In this work, state-of-the-art experimental capiiés are employed to perform TR-TOMO PIV measueets over
a jet axial extent such that to capture the laggdesevents from the nozzle to 3-4 jet diametesobe the end of the
potential core. The investigation is conducted urfdeorable experimental conditions in a water IfgGi where a
relatively large measurement domain can be accesghdl OMO-PIV (Scarano and Poelma, 2009) and wihegh-
speed PIV systems can operate at a repetitiontsusolve the smallest flow time scales. The studsents first an
analysis of the vortex topology and evolution usthg vorticity and thé\,-criterion (Jeong and Hussain, 1995).
Emphasis is focused on the collapse of the anmuiteing-layer at the end of the potential core. Pheper orthogonal
decomposition (POD, Berkoozt al, 1993) is applied to the velocity and vorticiiglfls to objectively classify and
describe the three-dimensional patterns at tramsittinally, following Powell’s aeroacoustic anajpthe Lamb vector
field is analysed by POD and the relation betwdendoherent structures and the instantaneous &pustuction is
discussed associating the acoustic source to tmmddime derivative of the Lamb vector.

2.POD ANALYSIS

Proper Orthogonal Decomposition (POD, Berkooz £t1893) is a statistical technique to objectivelssifying and
describing turbulent flows in terms of most eneigebherent motions that can be used to produce lofwv-order

reconstruction of the flow field. Any of the velbgcisnapshotsi(x, t ) can be reconstructed using an arbitrary number

of modesK:
ux,t) =T(x,t)+ > a(t W, Xx) 1)

According to the snapshot POD method (Sirovich,7)9®&hich is implemented in this study, POD eigedescan be
written as a linear sum of the data vectors

(//k(x)=ZN:qJ:u'(x,tn) k=1,..,N (2)

n=1
where <D: is then™ component of th&™" eigenvector andi '(x,t) =u(x,t )-TU(x,t) is the fluctuating component of
the velocity snapshot. The eigenmodes can thenlwelfby solving the following eigenvalue problem
C,0 =40 3

where C is thelL,-norm matrix,
1 1 1
C, = (U, ue) @)

The cumulative sum of the eigenvaluds corresponds to the total energy and each eigennsoagsociated with an

energy percentage based on the eigenmode’s eigenvalue:
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ek:/ik/ZN:/ll. (5)

i=1
In this investigation, POD analysis is first contheton three-dimensional velocity data sets basetth® mean square
fluctuating energy eq. (4). Then, by centred défere scheme, the velocity information is used &iuate the three-
dimensional vorticity field. This is analysed by P@sing, as a norm, the mean square fluctuatintyapisy

1
C, = N(a)'(x), w'(x)), (6)

where w' is the fluctuating vorticity. Kostast al. (2005), argued that more efficient identificatiohthe coherent

structures in PIV data can be obtained by the sitytdecomposition. Finally, the velocity and tharticity vectors are

used to evaluate the Lamb vectormxV, which is a relevant quantity in aeroacousticé ascounts for the flow state
in Powell’s aeroacoustic analogy. The modal analgéithe Lamb vector field is conducted by POD dase the norm

of the fluctuating component L’ as follows:

1
C = N( L'(x), L'(X)) . (7)

3. EXPERIMENTAL APPARATUS AND PROCEDURES

Experiments are conducted in the water jet facidigscribed in Violato and Scarano (2011) at theofgnamic
Laboratories of TU Delft in the Aerospace EnginegrDepartment. A round nozzle of exit diameberl0 mm and
contraction ratio of 56:1, is installed at bottoralMof an octagonal water tank. The system is hst@tically driven and
provides a stabilized supply in a range of exibe#ly W from 0.1 to 2m/s, corresponding to Reynolds nusib&nging
between 1,000 and 20,000. Tomographic experimestperformed for a nominal axial velocity at the geit of 0.5
m/s yielding a Reynolds numbBe= 5,000 based on the jet diameber

Neutrally buoyant polyamide particles of ffh of diameter are dispersed homogeneously, aclyeainniform
concentration of 0.65 particles/mniThe illumination is provided by a Quantronbdarwin-Duo solid-state diode-
pumped Nd:YLF laser (2x25 mJ/pulse at 1 kHz). Atieransmission distance of 1.5 m, the laser bednth has a
diameter of 6 mm, is expanded through a divergéms lto a diameter of 80 mm and then is focused avithnverging
lens to obtain a conical illumination (Figure 1heTlight scattered by the particles is recorded bymographic system
composed of three Bnager pro HS 4Mcameras arranged horizontally with azimuthal aperof 90 degrees. The
choice of conical illuminated volume eliminates theed for camera-lens tilt mechanism to comply wiitle
Scheimpflug condition. Nikon objectives of 105 motdl length are set with a numerical apertiygre 22 to allow
focused imaging of the illuminated particles. Rog thosen illumination and imaging configuratioa frarticle image
density decreases towards the edge of the illumihablume and, at the jet axis, increases alongatied domain
between 0.037 and 0.043 particles/pixel. The detdithe experimental settings are summarizedhleta The choice
of a conical domain of illumination also resultsairmore favorable condition for accurate reconsisncof the particle
field, as the particle image density does not cbanigh the viewing angle along the azimuth and eases moving
from the axis to the periphery of the jet (Figuje 1

Sequences of images of tracer particles are redoadl 1 kHz resulting in a temporal resolution thiglds 35
samples for the fastest expected events (vorteddshg). The imaged-particle displacement at théisxapproximately
10 pixels along the jet axis. The field of viewois50 x 100 mm with a digital resolution of 18.X@lis/mm. Sequences
of images are also recorded at 20 Hz in frame-dtiregl mode (pulse separation time 1 ms) for a tbiaé of 25 s to
have statistically converged measurements.

The volumetric light intensity reconstruction isrformed following the of Multiplicative AlgebraiReconstruction
Technique algorithm (MART, Hermann and Lent, 19B8)LaVision softwareDavis 8. A three-dimensional mapping
function from image-space to physical object-spé&egenerated by imaging a calibration target. Théial
experimental errors due to system calibration atienated at approximately 0.5 pixels by the digyaréctor field. The
misalignment is reduced to less than 0.05 pixelkingause of theself-calibrationtechnique (Wieneke, 2008). The raw
images are pre-processed with subtraction of thmenmoim intensity at each pixel for the entire seaeerfollowed by a
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subtraction of the local minimum over a kernel ©k31 pixels. The MART algorithm is applied with foiterations. At
the given particle image density, despite the tadé&crease and axial increase (section 3.2), tleeofis3-camera
tomographic system leads to rather accurate 3Dcbbgeonstructions with a reconstruction qual@yabove 0.75

(Elsingaet al., 2006).
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Figure 1 Schematic view of illumination and imagimgthe tomographic experiment (left); top view tbe system

(right).

Table 1. Experimental settings for time-resolvedsugements

Seeding material

polyamide particles diameter: &86] [
concentration : 0.65 [particles/mm3]

lllumination

Quantronix Darwin-Duo Nd-YLF lase
(2 x 25mJ@1 kHz)

Recording device

3 Imager pro HS 4M cameras
(2016 x 2016 pixels@ 1.3 kHz)
11 p pixel pitch

Recording method

double frame/single exposure
continuou mode

Optical arrangemen

t

Nikon objectives ( f =105mn%32)
field of view 5D x 10D

Acquisition 1 kHz
frequency
Time of acquisition | 2s
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The illuminated volume is discretized with 660 X066 2000 voxels resulting in a digital resolutioh2® voxels/mm
(voxel pitch of 50um). Following Elsingaet al (2006), the accuracy of the reconstruction islieatad a-posteriori
comparing the intensity of reconstructed partigtethe illuminated region with that @host particleproduced in the
immediate surroundings of the illuminated domairsignal-to-noise ratio may be defined as the retcocted particles
intensity inside the illuminated area versus thatonstructed outside. In the present experimerm, itlbensity
distribution of the laser light is approximately @daian and the light is concentrated in the conichime shown in
Figure 2 where the signal-to-noise ratio is higihen 4.

The three-dimensional particle field motion is quied by Volume Deformation Iterative Multigrid (\DDM)
technique (Scarano and Poelma, 2009) with a fin@riogation volume of 40x40x40 voxels (2x2x2 Miwith an
overlap between adjacent interrogation boxes of ,7E#ding to a vector pitch of 0.5 mm. Correlatiaveraging
technique over three subsequent object-pairs ifiegbf have higher signal-to-noise ratio and highmeasurement
precision in time-resolved measurements (Scaedrad 2010) Data processing is performed on a dual -goael Intel
Xeonprocessor at 2.83 GHz with 8 GB RAM memory reaugjrirespectively, 1 h and 40 min for the reconsibncof a
pair of objects and 2 h for the 3D cross-corretatio

The suppression of the spatio-temporal noisy flattbns is obtained by applying the second ordgmpmial least
squares regression (Scarano and Poelma, 2009)avkiéinel size of 5 grid nodes in space (23nmorresponding to
the interrogation box size, and 7 time steps (6. kg velocity is affected by 2% precision errothniespect to the
particle displacement at the jet exit of 10 voxéte vorticity, in contrast, is subjected to a s®n error of 3% with
respect to the vorticity magnitude at the core ashad vortex (0.25 voxels/voxel). For details op ttorrelation
technique, filtering method and spatio-temporabhafon of the data, the reader is referred to &tieland Scarano
(2011).

4. RESULTS

4.1 UNSTEADY FLOW BEHAVIOR

In in the region near to the nozzle eXi[P=0 andZ/D=5.5), toroidal vortices shed and pair with a Stradunumber
SEfD/W of 0.72 and 0.36, respectively. The characterfstisatile motion of shedding and pairing leadtht growth
of azimuthal instabilities and the formation courrgtating pairs of streamwise vortices of radiati axial vorticity .
The instantaneous flow organization is shown inuFég3 where toroidal vortices are identified by-ssofaces of
azimuthal vorticityw,D/W whereas the three-dimensional development is Nisghby the axial vorticity components
w,DIW. The reader is referred to Violato and Scarafid {2 where more detailed descriptions of the vodgxamics
in the region near to the nozzle are available. pbintial core extends along the first 6.5 diamsetn the region
beyond the end of the potential co®§>6) ring vortices are not detected and streamwiaeménts ofw,D/W, and
,D/W are dominant.

The pattern evolution during the breakdown of mittal vortex is shown in the temporal sequencéigtire 4,
where the iso-surfack=-0.8 identifying the vortices are color-coded hg instantaneous axial velocity/W and are
shown betweeR/D=0 andR/D=1. The decay of the azimuthal coherence of toragttakctures begins after pairing with
the growth of four in-plane (see label “R%0) and four out-of-plane azimuthal instabiliti&gith the growth of in-
plane azimuthal instabilities, portions of the eortring (see labels “P”) are stretched towardsjéhexis (0¢<1.26),
where the axial velocity is large¥WW=1). Due to the asymmetric distribution 3 regions “P” are then ejected and
tilted along the jet axis (1.68<2.1), producing axial stretching and, ultimatelye disruption of the toroidal shape
(Z/D=5.8 and 6.5). By the end of the potential cores tharacteristic axial and radial velocity fluctaat are
w'/W=0.16andv,'/W; =0.14, 30% smaller than those observed for thengaprocess. In contrast, azimuthal velocity
component reaches peak activity of 0.11, whictbmuatwice that at pairing. Vortex portions origied from low-axial
velocity regions gradually disrupt into smallerustiure of “C” shape (see label “C”, 1.682.52), whereas those
originated from region “P” form an angle of 30-4&gdees with the jet axis (2.522.94).
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Figure 3 Instantaneous vortex pattern in the cncidt during pairing. Velocity vector slice in theial plane.
Iso-surfaces of axial velocity¢/W=1.05 (red). Iso-surface of vorticity componea®/W, =4 (cyan)wD/W, =-
1.2 (green) and 1.2 (yellow).

tW,/D=0.42 tw/D=1.26 tw/D=2.1 tw/D=2.94 WW

Figure 4 Time sequence visualization of vortex rbrgakdown. Iso-surfac&=-0.8 color coded with axial velocity
componentV/W. Time separation between snapshtiisi/D=0.42.
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Figure 5 Time sequence visualization of vorticdéerdfreakdown. Iso- Figure 6 Energy distribution across first 20
surfacel,=-0.5 color coded withV/W,. modes.

Downstream the potential core @9<10), vortex rings are replaced by a fully thremelnsional regime where the
most recurrent patterns are vortex filaments withttered orientation (Figure 5). The decay of thegex coherence is
faster between (R/D<0.8 where the axial velocity is characterized ywf patches of maximum axial velocity
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W/W=0.6, and velocity fluctuations’/W;, v,'/W; andv//W,; of comparable magnitude (0.1-0.12). By contrastihie
periphery of the jet (0.8%/D<1.6), where fluctuations are about 50% smaller, $€uctures {\W/D=0) tend to re-
organize into filaments “VF"t{\M/D=1.68). “VF” structures are typically oriented adpthe azimuthal direction and
have a characteristic length ranging between 1 pet 2iameters, based on iso-surfdge-0.5. The advection axial
velocity is 0.2. They induces fluid engulfment dre ttrailing side and ejection on the leading ongh yweaks of
instantaneous radial velocity of 0.1. The typid-time of the “VF” is4tW/D=6 after which they breakdown into sub-
structures betweezyD=9 and 10.

4.2 MODAL DECOMPOSITION

POD analysis is applied to inspect the three-dinomas patterns of velocity, vorticity and Lamb vecfields in the
region of jet core collapse. The analysis is cotehlitising a sequence of 500 velocity snapshotshadacresponds to
an observation length of 1000 jet diameters. Thk&idutions of energy across the first 20 POD maatesillustrated in
Figure 6. Mode #1 and 2# of the velocity corresptmd.5% and 7.4% of the total kinetic energy, vwelasrfar less
enstrophy corresponds to vorticity mode #1 and(BZ% and 5.6%). The most efficient decompositieanss that on
the Lamb vector where mode #1 and 2# respectivalgtuce 8.6% and 8.3% of the related energy. However
guantitative comparisons between the decompositaingelocity, vorticity and Lamb vector are possibbnly if
referred to the same norm.

The first 10 velocity modes, which correspond27d6% of the kinetic energy, there are pulsatileles(3 and 8)
and pairs (1 and 2, 4 and 5, 6 and 7, 9 and 1®ep$laifted ofi/2 in the axial direction describing travelling vesv For
conciseness, Figure 7 shows the iso-surface&//8¥,V,/W,, and V,/W, of one mode for each pair. Mode #1 and #2
describe travelling toroidal vortices that are fedvafter pairing (not illustrated). In mode #4 &itd across the end of
the potential core (6&D<8), the intertwining between the region of positiand negativéV/W describe ehelical
motion (Igbal and Thomas, 2007). Further downstréafb>8), instead, they describeflapping motion (Lynch and
Thurow, 2009). The aforementioned motions are caliplith awave-likemotion {,/\W) and a periodigwisting (V,
/W) that have 4 jet diameters of spatial frequencgd®|#6 and #7 describe travelling toroidal vortibefore pairing
(not illustrated). Mode #9 and #10, where two fitamts of positiveW/W and two filaments of negatiw//W are
phased shifted af/2 on the plane normal to the jet axis descrilpeegessiommotion. This is coupled with wave-like
motion (/W) and a perioditwisting (V,/W) that are similar to those observed in mode #4#mdode #3 and mode
#8 (not illustrated) are characterized by the agt@lelopment of four filaments &¥/W andV,/W, two of positive sign
atn/2 with two of negative sign. They describe axiadl aadial pulsatile motions (Z¢D<9) with a phase shift of about
45 degrees in the azimuthal direction.

POD analysis is now applied to the vorticity field describe the large coherent structures theglole in the jet. In
the first 10 velocity modes, which corresponds@&c2of the flow enstrophy energy, there are pairard 2, 3 and 4, 5
and 6, 8 and 9) phase shiftedm® in the axial direction describing travelling vesv Travelling ring vortices after
pairing are described by mode #1 and mode #2 (Eigurwhich are the most energetic (5.7% and 5.6%hefotal
energy), as found from the velocity decompositibhe patterns of three-dimensional coherence, wisigieculiar of
the process that lead to the breakdown of toroidetices, is illustrated by iso-surfaces of radiatl axial components
of the vorticity modesw,D/W, and w,D/W, as well as by cross-sectional iso-contours pbdtthe same quantities.
Mode #1 and 2# show that the motion of vortex riaffer pairing (see isosurfaces @fD/W) is accompanied by
travelling waves oto,D/W, and w,D/W that develop across the end of the potential cbney show a characteristic
inclination of 40-45 degrees to the jet afxis Z/D>4.5 (see dashed lines) and phase opposition opldne normal to
the jet axis (see iso-contour plots at Z/D=5.5migir patterns are observed in mode #5 and #6illnstrated) which
are rotated oft/2 around the jet axis. Pulsatile modes #7 and sHidw four pairs of counter-rotating streamwise
filaments ofw,D/W; andw,D/W, that develop across the region of vortex breakdogtween Z/D=3.5 and Z/D=8.
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k=4
1.8%
(k=5)
(1.6%)

k=9
1.25%
(k=10)

(1.15%)

Z/D Z/D Z/D
Figure 7 POD modes of velocity describing travelliwaves. Between brackets mode number and energlpeof
coupled mode. Positive (light grey) and negativarkdyrey) iso-surfaces &¥/W (left), V./Wj (centre) and/,/Wij (right)

Figure 8 POD modes of vorticity. Between bracketslennumber and energy of the coupled mode. Leftsisfaces
of wsD/W, (positive in light grey; negative in dark grey)dan.D/W (positive in orange and negative in blue) andsros
sectional iso-contour of,D/W. Right: iso-surfaces ob,D/W (positive in light grey; negative in dark grey)dan
w,DIW (positive in yellow and negative in green) andssreectional iso-contour af,D/W, with iso-linew,D/W,.
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Figure 9 POD modes of Lamb vector describing tlaglwaves. Between brackets mode number and erarghye
coupled mode. Left: iso-surfaceslgD/W (positive in light grey; negative in dark grey) dn®/W (positive in orange
and negative in blue); centre: iso-surfaces £f/W, (positive in light grey; negative in dark grey)ddnD/W; (positive
in yellow and negative in green); right: cross-&ewl iso-contour of ,\D/W,.

The POD analysis of the Lamb vector, which in PBsv@eroacoustic analogy accounts for the flowtestahows
the first 10 modes capturing 30.3% of the totalrgpecontent. Travelling waves are described byfitst 4 pairs of
modes which are illustrated in Figure 9. Whilehe worticity modes toroidal vortices were describgdhe azimuthal
vorticity component (Figure 8), in the Lamb vectoodes the azimuthal coherence is described byattialrand the
axial componentg, D/W, andL,D/W. Three-dimensional coherence is instead desctiyetthe azimuthal component
LoD/W (Figure 9). Mode #1 and mode #2 of the Lamb vediscribe the motion of toroidal vortices formederft
pairing and the presence of a three-dimensionélitiance (see isosurfatgD/W) that develop across the end of the
potential core. This disturbance grows with a cti@rstic 40-45 degrees inclination to the jet asimilarly to the
wavesw,D/W, and w,D/W, observed in vorticity modes #1, #2, #5 and #@&hmregion betweed/D=2.5 and 5, mode
#3 and #4 describes travelling toroidal vorticeerathedding as observed for the vorticity decortipms The motion
is combined with travelling wave &f,D/W that show an azimuthal distribution with a waventerk=4, similarly to
that observed in mode #3 and #4 for the radialeasi@ component of the vorticity (see cross-sectigaiots). Mode #5
and #6, as well as mode #7 and #8 (not illustratsidpw a travelling wave df,D/W characterized by three main
filaments of positive and negative sign that saidund the jet axis with an angle of 40-45 degtedke jet axis in the
region across the end of the potential coreZ(B<7). Pulsatile modes #9 and #10 (not illustratddvs 6 main pairs of
streamwise filaments a&f,D/W, coherence that develop until the region of votiseakdown Z/D=5.5) and then merge
into a main pair (Z/D=7.5). This, in mode #10,a¢ated of about/2 around the jet axis with respect to mode #9.

4.3 ACOUSTIC SOURCE CHARACTERIZATION

The phenomenological aspects of the large-scalefflictuations have been so far discussed in mat the unsteady
and three-dimensional behavior at transition. Aligio the current experiment does not enable to direeentire region
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of acoustic production, neither to resolve all spatial scales at which acoustic fluctuations aoslpced, the role of
coherent vortices, i.e. vortex rings, streamwisgie®es, in the local activity of acoustic source ¢ explored.

For low Mach numbers and compact source regioith, mo external force field and neglecting viscalisrmal
effects, the far-field solution of Powell’'s analo@owell, 1964) reads as

p'(x,t)=—¢a—zm.v(x Ey)xEILLday (8)

4’ || ot”

wherex is the listener position vectoy,is the source position vectdr, is the Lamb vector evaluated at the retarded
time t* =t —|x|/c0 andV is the three-dimensional domain. For the lingapprty of the integral function, the second

time derivative can be applied to the Lamb vectosurvey on the spatio-temporal pattern of

aZ 2 aZ 2 aZ 2 1/2
= LX + LY +| — LZ (9)
ot’ ot’ ot?

is discussed in relation large-scale structuresateidentified by the,-criterion.

az
ot?

L=l—L

Figure 10 shows that the production bfcorresponds to vortex rings downstreamzéb=3 (“3") especially at
pairing (“1” and “2"). Peak activity of 50 is assated with streamwise structures (“S”). The tengpa@equence of
Figure 11 illustrates the vortex patterns evolut{gniso-surfaces) and the corresponding acoustic sdiglk (iso-

surfaces ofL ) during the breakdown process of a vortex-ringicttire. Before breakdowrt\W/D=0), the acoustic
source shows a toroidal configuration correspontiiripe vortex ring, with peak activity associateith the azimuthal
instabilities. Subsequently, during the loss ofrrathal coherence (0.8845/D<1.68), the acoustic source is more
pronounced in the region closer to the jet axisgnetportions “P” of the vortex ring are ejected &ittdd along the jet
axis (Figure 4). On the other hand, the rupturehef vortex into “C” structures does not seem toseaacoustic
emissions. Beyond the end of the potential coesthurce activity rapidly decreases.

A statistical distribution of the source along jeeaxis is illustrated in Figure 12, which showe average of_
over the entire observation time and along the attial direction betweeR/D=0 and 1 (L}). Peak activity of(L) is
observed between Z/D=5.5 and 6 where the porti®isof vortex rings are stretched, tilted and theraldy ejected
yielding the disruption of the toroidal coherenBeyond the end of the potential co(i)decreases to 3.5, which is
comparable to the activity in the region upstreainipg (Z/D=2.5).

5 CONCLUSIONS

The three-dimensional behavior of flow transitiarcircular jet aRe=5000 has been studied by experiments conducted
in a tailored-water jet facility with TR-TOMO PI\Gtate-of-the-art experimental capabilities are eygd to perform
experiments on volumetric domain 10 jet diameteng! The flow exhibits a pulsatile motion accordioghe shedding
and pairing of vortex rings, followed by the forroat of counter-rotating pairs of streamwise vosi@nd the growth
azimuthal instabilities. These culminate in the dbdown of vortex ring by the end of the potentiakec as a
consequence of the abrupt axial ejection of theattial humps of the ring structure.

POD analysis is conducted to inspect the threeedgional patterns at transition. By the end ofgbeential core,
the most energetic modes of velocity show helica precession motion of the jet core, whereastbset of vorticity
reveal a characteristic 45 degrees orientatiohégdt axis of the radial and the axial componedrdsnb vector modes
show a similar orientation for the azimuthal comgain

The relation between coherent flow structures doedinstantaneous acoustic production is investayaécalling
Powell's analogy. Noise sources are characteriyetthd second time derivative of the Lamb vecta sfiatio-temporal
evolution is visually compared to that of the voe8, which are detected bycriterion, to identify large-scale patterns
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involved in the acoustic generation. Acoustic seucassociated with the vortex pairing, azimuihatabilities and
streamwise filaments. The vortex ring breakdownaghthe most intense source activity.

tW/D=0.84

tW/D=1.68 tW/D=2.52

1 2 3 4 5 6
z/D

Figure 10 Source activity of vortex rings at pajrin Figure 11 Source activity during vortex ring breawah (iso-
Top: iso-surfacest,=-0.8 (yellow); Bottom: iso- surfacesi,=-0.8 in yellow) with acoustic source (iso-surfaces

surfacesl. =30 (green) and. =50 (red). L =30 in green and_ =50 in red).

<>
S
%%\

Figure 12 Space-time average [of
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