PHYSICS OF FLUIDS VOLUME 16, NUMBER 8 AUGUST 2004

Experimental study of a free and forced swirling jet
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The present study concerns the response of a swirling jet to various azimuthal modes and
frequencies forced at the nozzle exit. The different unforced dynamical states are first described as
a function of the swirl setting, determined from measured velocity fields in the longitudinal plane
using particle image velocimetry. A second experimental technique, based on laser induced
fluorescence, is described, which is more suited to the description of the low-amplitude response of
the jet to the forcing. It is shown that the receptivity of the jet is very poor when the forcing is set
to the naturally prevailing azimuthal modm& 2) and frequency. In contrast, a strong response is
observed for both co-rotating and counter-rotating forced azimuthal maodes2, m= £3) for
frequencies about one order of magnitude larger than the frequency prevailing in the absence of
forcing. Finally, the present actuator is seen to be ineffective in preventing the appearance of vortex
breakdown itself. ©2004 American Institute of Physic§DOI: 10.1063/1.1758171

I. INTRODUCTION ments of the free swirling jet experiment developed by Bil-

Vortex breakd : id d oh th t.lant, Chomaz, and Huerfeat LadHyX, describes the re-
ortex breakdown 1S a widespread phenomenon tha I§p0nse of the swirling jet to various time-dependent
encountered in aeronautical industrial applications as well a

i . . . Szimuthal perturbations generated at the nozzle exit. In the
atmospheric c_on_dltlons. It. IS '.‘”0‘.”” to altgr considerably th rebreakdown stage, the flow is shown to respond most in-
flow characterlsnc_s resulting n e'thef desirable fea_tures suc nsively at substantially higher frequencies than that of the
as ﬂame-holder_s in combustion de_wces or un_deswa_ble Corgftural mode in the absence of forcing. In contrast, vortex
sequences, for instance on delta_— wings as reviewed in F_Zef. eakdown occurs at the same value of the swirl parameter
or 2. In the latter flow—c.onf|gurat|on, the high technological ? matter what frequencies or azimuthal modes are appliec
issue at stake has motivated researchers to develop contrl

. . . force the flow.
strategies(see Ref. 3 for a revie But only a few studies The paper is organized as follows. Section Il briefly pre-

have dealt with the control of the more academic experimeng, o thea experimental setup and forcing device, while the

tal ;etupg in tubes and free sywrlmg jets. These fIO.W'diagnosti(: tools are described in Sec. lll. Section 1V is de-
configurations have enabled the discovery of a large variet

. . i Yoted to a description of the flow states in absence of forcing
of flc_)w-stateé \_N_here hellcal and _aX|symmetr|c breakdowns whereas the forced experiments are analyzed in Sec. V, witt
are in competition. Since there is no generz_al agreement o r 1 Giscussion concluding the paper.
whether vortex breakdown is basically an axisymmetric pro-
cess or how helical modes contribute in the breakdown pro-
cess, we examine the response of a swirling jet to helical
perturbations in both the prebreakdown and the breakdown. EXPERIMENTAL SETUP
regime as defined in Ref. 5.

A recent study by Panda and McLaugfilinas aimed at
determining the influence of swirl on the amplification of The present experimental study makes use of the sam
unstable modes in a free swirling air jet at Reynolds numbergxperimental apparatus as the study of Billattal.” and
above Re=20000 in the regime preceding vortex break- Loiseleux and Chomaand we therefore briefly review their
down. In the unforced regime, these authors established thgain results. Billantet al.” thoroughly measured the axial
absence of any streamwise growth of the perturbations. Aand azimuthal velocity profiles at the nozzle exit using the
acoustic forcing device was then arranged circumferentiallyaser Doppler velocimetryLDV) technique. The azimuthal
around the jet axis, consisting of four large loudspeakersprofile was characterized by a core in nearly solid body ro-
Various phase combinations between speakers were possidiion with a rapid decrease to a zero azimuthal velocity as-
and different instability modes could be excited, developingsociated to an outer annulus of negative vorticity. Such a
into organized structures consisting of both axisymmetricshielded vortex is usually referred to as an isolated or
(m=0) and bending modegrf|=1). screened vortex and is known to promote both the axisym-

The present study, after presenting some new measurgietric centrifugal instability as well as the destabilization of

azimuthal modes resulting from the Kelvin—Helmholtz insta-
dPresent address: Laboratoire J.-A. Dieudo@NRS, Universitede Nice blllt.y .aSSOCIated FO the aZImtha:I shear, !'e" .to t.he rapid
Sophia Antipolis, Parc Valrose, F-06108 Nice Cedex 02, France. Electroni¥ariation of the azimuthal velocity in the radial directitsee
mail: francois@ladhyx.polytechnique.fr Ref. 8 for a review. This contrasts with the celebrated

A. Background
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Lamb—Oseen vortex with single-signed axial vorticity. Fur-of the helix. The sense of their winding was the same as tf
thermore, the axial velocity profile was seen to present af the rotation of the jet.

mild axial shear and a velocity overshoot in the vicinity of In a related study making use of the same experiment
the axis of the ]et which increases with the swirl. Billant device, Loiseleux and Chon’f-—abcused on the ear]y devel-

etal argued that this phenomenon is a consequence of thgoment of the instabilities at Re1490, immediately at the
nonlinear interaction between the axial and azimuthal Ve'°°hozzle exit. Adequate image processitas described in

ity components in the contraction nozzle. more detail in the next sectipenabled them to distinguish

Flow-visualizations were carried out using longitudinal between three flow regimes. The first regi®e [0:0.6] is

and cross-sectional laser induced fluoresce(idE) tech- . . . . .
niques. This experimental technique reveals most of the ev thracterlzed b.y- the axisymmetric Kgl\{m—HeImhqltz nste
ility very reminiscent of the nonswirling round jet. The

lution of the flow as the swirl parameter is increased. In th > ) -
Reynolds number range 38®Re<1200, Billantet al” dem- roll-up of the Kelvin—Helmholtz rollers is precisely the fea-
onstrated that the swirl number, as defined in B, was ture which prevents quantitative measurements based on
indeed an adequate Contr0| parameter for the determinatidﬁ'z Visualizations further aWay from the nOZZIe eXit, Since ir
of the onset of vortex breakdown. Vortex breakdown occurghat case, the radius of the jet cannot be defined unambic
for a swirl setting ofS=S,~ 1.3, for all Reynolds numbers ously. The second regim8e[0.6;1] is characterized both
considered. Four distinct types of vortex breakdown werddy the axisymmetric Kelvin—Helmholtz instability but also
identified. In addition to the steady and precessing bubbléy anm=+ 2 co-rotating helical instability. The last regime
vortex breakdown types, evidence was given of a new typgvhich precedes breakdowBe[1;1.3] is very unstationary
of vortex breakdown, the congoth in its steady and pre- and irregular. Only Fourier transforms revealed the presen
cessing form The LDV technique was used to document theof anm=—1 counter-rotating structure.
axial and radial velocity field in the case of a bubble at
Re~670. B. Experimental setup

Striking helical structures were observed for parameter
settings prior to vortex breakdown, independent of the Rey- ~ The experimental setup used in this study has been c
nolds number. Helical structures of wavenumbes 2 (tri-  scribed in Ref. 7 and is shown schematically in Fig. 1.
dend andm= 3 (celtic cros$ were observed. They were ob- The main characteristic of the apparatus resides in tl
served to rotate at very low or nearly vanishing frequenciedact that rotation and advection are generated independen
and small axial wavenumbers corresponding to a large pitcihis leads naturally to the definition of two independent nor
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side-jet velocity increases linearly with We have therefore
verified that the forcing velocity never exceeds 1% of the
mean axial velocity.

Ill. DIAGNOSTIC TOOLS

Two experimental techniques are used in the presel

: study. Particle image velocimetr§PIV) has been used to
Spring describe the dynamical flow-states. Laser induced fluore:

> cence(LIF) in the cross-sectional plane immediately at the
nozzle exit together with sequential image processing he
also been used in order to characterize the response of t
swirling jet to a time-periodic forcing. The same continuous
5 W argon laser is used for the global PIV measurement
(together with an opto-acoustic shujteand for the LIF
cross-sectional images.

Syringe

Tube

A. PIV

FIG. 2. Forcing device. Since the velocity fields are three-dimensional, PIV mea
surements require precise parameter settings which a
briefly described herein. We use the PIV FlowMaster3 sys
Jem manufactured by LaVision which consists of an ultra:
sensitive digital camera by Kodak, a hardware synchronize
tion unit and a software for the correlation algorithm. In
2U (r=R/2) addition, we use an opto-acoustic shutter to produce lase
= U r=0) (1) pulses from a continuous laser.

The PIV works in double-frame/double-exposure mode
The swirl numbesS characterizes the intensity of the rotation in the sense that each flow evaluation results from the cros
with respect to the axial advection. The Reynolds numbercorrelation of two physical frames exposed at two differen
characterizing the advection, is based on the maximum vedaser flashes. The resolution of the CCD camera is 128

locity of the jet in the absence of rotation and on the diam-X1084 with a sensitivity of 12 bitg.e., 4096 light intensity

dimensional parameters. The swirl number is defined accor
ing to

eter of the jet according to levelg. The acquisition frequency of the camera is 4 Hz, i.e.
the camera shoots a pair of frames four times a second. Tt

2U,(r=0,S=0)R acquisition frequency is too low for dynamical studies anc

Re= v : 2 PV is therefore devoted in our experiment to the charactel

ization of the flow-states.

The forcing device is presented in Fig. 2. As in Ref. 9 it The two frames are separated by the time interva
consists of a forcing box divided into six cells of the samest=60ms, which is one of the most important control pa-
size filled with water. Each cell has a small aperture of sizeameters. This time interval is chosen so as to minimize th
2 mm which is near the nozzle and through which water isnumber of in-plane and cross-plane lost particles but mu
pumped in or out. Each cell is connected to a pulsing devicalso remain greater than the exposure time. Since our laser
by a tube filled with water. Different pulsing devices wereonly 5 W, the exposure time is chosen relatively long
used. Loudspeakers have the advantage of a precise deterriz;=4 ms, in order to illuminate the camera sufficiently so
nation of the forcing amplitude and offer a total freedom inas to make the most out of the high sensitivity of the camerz
the choice of the actuator signal. However, they work onlyThis exposure time is a compromise between having a ne
for frequencies higher than 5 Hz. image with steady particles and no streaks and havin

For forcing frequencies less than 5 Hz, we developed a&nough light. In order to obtain as much light as possible w
cam shaft controlling syringe@-ig. 2); this has the restric- use a multimode fiber. At the end of the fiber, a set of cylin:
tion of imposing periodic signals. The amplitude of the sig-drical lenses produces a laser sheet of thickn&ssThe
nal can be varied by changing the interaxis distance, within @election of §z is a trade-off: it seeks simultaneously to
limited range of amplitudes. maximize the number of illuminated particl@sroportional

Because of the finite number of forcing points, theseto §z), to maximize the intensity received and reflected by
forcing devices can only excite modps|<6. Furthermore, each particleproportional to 16z) while also to minimize
whenever a modm s forced, the moden—6 is also forced. the number of lost out-of-plane particléproportional to
The modes are thereby forced in pai®, (+1,—5), (+2, 1/6z). The density of particles is then chosen so as to have
—4), (+3,-3), (+4,—2) and(+5,—1). least three particles in the interrogation window. The par

For either a given amplitude of the loudspeaker memtdicles are chosen to be as bright as possible and to have
brane motion or a given value of the cam shaft interaxisapproximate size of :22 pixels, thereby diminishing the
length, the forcing device provokes a forcing at constant volpeak-locking effect® We use TiQ particles of mean diam-
ume for any value of the frequeney As a consequence, the eter 200 microns.
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FIG. 3. (Color) Velocity and color coded vorticity fields
in a transverse plane measured with PIV S&t0.8,
Re=900, andX=0.6.
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The cross-correlations are evaluated with standard FFTsieglected, the Kelvin theorem specifies that a vorticity sut
The flow fields are calculated by means of an adaptativéace evolves as a material surface. The dye interface sta
multipass algorithm which gradually decreases the size otherefore a vorticity surface until far downstream where cor
the interrogation windows to estimate the shift from the re-rugation of the surface is strong enough for the diffusion o
sults at the previous steps for better window-matching. Thevorticity to be significant. Following the dye perturbations a
initial interrogation windows are 128128 and the final ones shorter timescales than vorticity diffusion provides informa:
are 32<32 with an overlap of 50%. The final algorithm used tion about the vorticity sheet deformations which charactel
consists of a sub-pixel displacement evaluation through &e the intensity and development of flow-perturbations. Thi
three point Gaussian cross-correlation peak fitting. contrasts to flow visualizations based on a single filament

For velocity measurements in the streamwise plane thdye at the swirling jet centerline which is not a particular
camera and laser sheet are easily aligned with a symmetmporticity line (except if the centering is perfect
plane of the swirling jet, whereas for measurements in cross- Figure 4 displays a cross-plane LIF cut at a downstreal
sectional planes, we use a mirror leaning at 45 degrees whiddtation X=1 in the case 0fS=0.86 and a forcing of the
avoids parallax errors which would have occurred if the camim= —2 mode at nondimensional forcing frequeney=7
era lens had been tilted with respect to the laser sheet. Thisee the next sectipnin this case, the double helix distur-
method nevertheless presents several drawbacks: the losskiance(black arrow rotates in time in the direction opposite
luminosity during the optical path in the seeded water, ago that of the underlying swirling jetwhite arrow. The ra-
well as the necessity to focus the camera and to calibrate thgial position of the dye interface is first extracted out of &
image each time the cross-sectional streamwise locatiomovie as a function of the cylindrical angteand timet via
X=x/D is varied. Figure 3 depicts a typical velocity field in image-processing built into thélH Imagesoftware. In order
the transverse plane just at the nozzle eXi=0.6 for  to avoid roll-up of the dye and to guarantee a unique defin
Re=900 andS=0.8. In addition, the corresponding axial
vorticity component is plotted with pseudocolor on the same
image. The vorticity calculated via discrete finite difference
formulas complemented by a Gaussian filter shows the exis-
tence of an annulus of opposite vorticity screening the vortex

(Fig. 3.

B. Spatio-temporal diagrams

Although LIF is generally used to provide qualitative
insights, Loiseleux and ChontaZzhave also demonstrated
how to extract quantitative results from LIF movies, using
the same experimental apparatus. We take advantage of the
fact that, if the tracgr is homogenequsly mixed in th(_a honey-FIG_ 4. Transverse cut produced by LIF: RB490, S=0.84, X=1:
comb before entering the contraction, the dye delineates @_ 5 forcing atw;=7. The dashed line corresponds to the nozzle exi

vorticity surface at the nozzle exit. If viscous effects areradius.
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figure respectively, so as to cover the full range
0<|U,|<|U,|"™ where|U,|"™=max(U,]) is the maximum
absolute value of the axial velocity over the whole corre
sponding field. Along the same lines, throughout Figd)-6
6(f), the color code associated to the azimuthal vorticity i
depicted in Fig. &) and is rescaled for each subfigure re-
spectively, so as to cover the full range”ma= 7= Tmax:
where 7ma=Mmax(7|) is the maximum absolute value of the
vorticity over the shown field.

B. Trident state

The second regime 0s6S<1 is characterized by the
development of a double spiral mode that appears on a m
ridional LIF image as a triderjsee Fig. 7a)], since the laser
FIG. 5. Typical spatio-temporal diagram. The radius is represented as a gra&guts the middle of the spiral and both arms that develop ¢
level in thea—t spatio-temporal plane. the side. The velocity distribution obtained from PIV image:

shows similar features as seen in Figb)6obtained for
S=1.35 and Re900. The high axial velocity region appears
tion of the radius functiom(e,t), the positionX of the laser  spiit in three as a result of the development of the doubl
sheet is kept close enough to the nozzle exit, resulting ispiral. The perturbation corresponding to the remainin
general in values oK less than 1. Typical spatio-temporal m=0 modes produces roll up of vorticifyas seen in Fig.
diagrams are then obtained as shown in Fig. 5 for the ung(e)] in each of the arms. This state is not a breakdown stat
forced case aB=0.86, where the gray-level represents thesince no stagnation point is present!
radial deformation of the jet(«,t) as a function of the angle
@ and timet. C. Breakdown cone

On such a spatio-temporal diagram, the Kelvin— _ o
Helmholtz jet instability corresponding to axisymmetric In F'Q- 6(c), the transverse velocity field is representec
modes (=0) is visible as the horizontal stripes. Azimuthal fOf @ swirl number ofS=1.35 and Reynolds number of
waves or instabilities i 0) are readily identified by ob- Re='900. This vequty field elucidates the str'ucture of thg
lique stripes. This enables a precise determination of the azfonical breakdown in con;plete agreement with the LIF vi
muthal wavenumbem as well as the phase-velocity,,. sualizations of Billantet al. rep.roduce_d in Fig. (‘p). What
When the swirl number is in the second regime<0$<1  Was assumed to be a stagnation point is effectively seen
defined by Loiseleux and Chomazwo or three oblique Stagnate. Further downstream in the cone, the velocity fie
stripes appear in addition to the characteristic horizontals remarkably concentrated into a thin layer. The angle of th
stripes corresponding to the developmentof2 orm=3  cone here is approximately 100°, in good agreement with tt
on top ofm=0 modes. The phase velocity of thase=2 or  results of Billantet al.”
m=3 mode is lower than of the rotation rate of the vortex  Still more insight can be gained while computing the
(abouts) and proportional to the swirl number. Gallaire and vorticity field in the z-direction. Results are depicted in Fig.
Chomaz! have recently proposed a theoretical explanatiorf(f) for the same parameter settings as in Fig).6Positive
to the double-helix mode selection in the second regime. Theorticity values are depicted in red, negative in blue, whils
double-helix can be understood as a nonlinear self-sustaingtle hue(ranging form light to dark reveals the absolute
global mode relying on the absolutely unstable nature of theralue of the vorticity. This figure should not be misinter-

34s

flow at the nozzle exit. preted, since it represents theorticity in a full meridional
section; only the right part corresponds to the azimuthal ve
IV. ELOW STATES IN ABSENCE OF FORCING locity field for positive radiir (at an azimuthql angle of)0 .
_ _ whereas the left part corresponds to the azimuthal veloci
A. Weakly rotating regime field for negative radir (and therefore to the opposite of the

Figure Ga) represents the measured meridional velocityvorticity at the azimuthal angle of 180°The axisymmetric
of the nonswirling jet which is representative of the first Structure of the cone suggested by Billattal.” is demon-
regime 0<S<0.6. As for nonrotating jets, the flow is domi- strated since the left part of the velocity field is axially re-
nated by the development of axisymmetric Kelvin—lated by reflection to the right part. In the following, we
Helmholtz rings corresponding to the waviness of thecomment on the right part of Fig( corresponding to the
streamlines and of the axial velocity contours. The correusual convention of positive. Upstream from breakdown,
sponding transverse vorticity fielg is shown in Fig. 6d)  just at the nozzle exit, the vorticity is positive and concen
and demonstrates the rolling up of vorticity associated to thérated in the jet shear layer.
formation of Kelvin—Helmholtz rings. Throughout Figs. The most striking fact is that vortex breakdown is alsc
6(a)—6(c), the color code associated to the axial velocity in-accompanied by substantial generation of negative azimutr
tensity is depicted in Fig.(® and is rescaled for each sub- vorticity. There is indeed a mechanistic explanation of vorte!
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nmax
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FIG. 6. (Color) Longitudinal velocity field and associated intensity of the axial component of velp@y(c)] and transverse-vorticity components
[(d)=(f)] in the three regimega) and(d) Regime I: longitudinal velocity field andvorticity component in a streamwise plane measured with B¥/Q;
Re=1200.(b) and(e) Regime II: longitudinal velocity field andvorticity component in a streamwise plane measured with B¥0.8; Re=900. (c) and
(f) Regime llI(cone type breakdownlongitudinal velocity field and-vorticity component in a streamwise plane measured with Bi¥1.35; Re=900. Note
that the velocity scale varies from one subfigure to the other. Furthermore, the color code repres@nfgdspectively in(d)] is specific to each subfigure
and scales from 0 to)}* (respectively from— 7,2, t0 7max)-

breakdown proposed by Brown and Logéharmofal®and  vortex breakdown, the characteristic stagnation point appe
Althaus et al,! according to which vortex breakdown is ing in the flow only when a sufficient amount of negative
nothing more than the end result of the tilting of axial vor- vorticity has been produced. The appearance of negative &
ticity due to the swirling motion into negative azimuthal vor- muthal vorticity starts a positive feedback mechanism, whic
ticity. Furthermore, according to this line of thought, the ap-accelerates its production, finally leading to vortex breal
pearance of negative azimuthal vorticity is a prerequisite fodown. This scenario can be in particular identified in th
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FIG. 7. (a) Trident state observed by Billaet al. (Ref. 7) at S=1.41 and Re=606. (b) Cone type breakdown state observed by Billangl. (Ref. 7) at
S=1.37 and Re-606.

streamwise development of the breakdown flow. There existmode number. Although the natural structures prevailing i
another particular point on the axis, upstream of the stagnahe unforced flow are co-rotating, we consider the respon:
tion point, which might elsewhere or even better characterizéo co-rotating (h>0) and counter-rotatingng<0) perturba-
the appearance of vortex breakdown. This point is denotetions of azimuthal wavenumbers which correspond to th
by a X in Fig. 6(f). Upstream of this point, the azimuthal observed modes in the second regime, i.e., double helic
vorticity is positive for small values of the radius whereas(|m|=2) and celtic crossedrq|=3). It is emphasized that
downstream of this point the azimuthal vorticity is negativethroughout the study the sign af refers to the propagation
in the vicinity of the axis. In other words, the production andin time of the azimuthal disturbance in a cross-plane, in cor
distribution of negative vorticity, when sufficient, is able to trast with theoretical studies where it refers to the sign c
change the sign of the azimuthal vorticity near the axiswinding in space of the perturbations. The Reynolds numbe
Rockwell, Ozgoren, and SaHfhsuggested that vortex break- is kept constant and equal to R&490 and the swirl number
down might be more easily diagnosed by monitoring sucho S=0.84, a swirl value of the second regime identified by
points of sign change of vorticity. It was argued that, in con-Loiseleux and Chomaz.

trast to the stagnation point, which is known to become un-  The forcing frequencyw; is nondimensionalized with
steady as a consequence of the helical instabilities of ththe natural prevailing frequency wg.= 20¢,nat= 50

bubble itselﬁs'lethe point of sign Change of VOftiCity mlght X 10 2rad-s ! as estimated by Loiseleux and Choﬁ]@z

remain steadier and be therefore easier to identify. measured on the spatio-temporal diagram from Fig. 5. Tt
receptivity of the jet is determined through the analysis o
V. FORCED EXPERIMENTS spatio-temporal diagrams for different azimuthal modes an

) ) ) _ different frequencies in the range &%¢<<14 at a distance
In spatially developing flow, time-dependent forcifig-  from the nozzle exit oX=0.6 diameter. The intensity of the

ferred to as the spatial instability approach the preferred  yesponse is then computed as follows. First the axisymmetr

spatial growth rates. Our forcing device, in contrast to the

corrugated nozzle used by Lasheras, Lecuona, and Ay(t)=(A(t,a)), (3
Rodriguez’ in their study of pure jets, can prescribe both the

azimuthal wavenumber and frequency. In the present studyyhere (-) designates the angular average, and subtract
the spatial growth rate of the instabilities is, however, notfrom the initial fieldA(t, «) to yield the azimuthal deforma-
accessible since the saturation of the rings restricts presetion field A(t, «):

measurements t§<<1 for forcing frequencies such that the ~

response of the swirling jet is large. On the other hand, the A(t,a)=A(t,a)—Aq(t). (4)
setup does not allow observation f&rcloser to the nozzle

exit thanX=0.6. Use of the PIV technique is even more Introducing for any time dependent functié(t) the tempo-
restricted to large perturbation amplitudes and thereforeal averagef and the standard deviatioh=/f2—f2, the
would not give access either to spatial growth rates. We conmean amplitude of the azimuthal field is then estimate
sider instead the amplitude at a given streamwise coordinatirough an angular average of all standard deviations accol
X=0.6 as a function of the forcing frequency and azimuthaling to
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FIG. 8. Spatio-temporal diagrams
obtained at 1 diameter of the nozzle
exit whenm= +2 forcing is imposed
at various frequencies; S=0.84;
Re=1490.(a) ws=1; (b) w;=7; (c)
w;=11; (d) w;=14.
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Am(v¢)=<ﬂ(t,a+v¢t)), (5) Thg forc_ing at the natural fr_eguentﬁyee Fig. 8] is
—_— surprisingly inefficient at regularizing thm=+2 mode. In

where v, designates the forcing phase velocity. This re-particular them=0 mode remains present. We have checked
sponse amplitude is nondimensionalized with the value ifyrther downstream that the development of the double-helix
the unforced reference cag(0). was not enhanced by the inlet forcingait= w,,,; despite the
optimal tuning of the forcing. When the forcing frequency is
increased tow;=7, the spatio-temporal diagrafsee Fig.
1. m=+2 forcing 8(b)] demonstrates a clear response of the flow at the pre-

Let us first compare in Fig. 8 the qualitative response toscribed frequency, although one can distinguish as a water-
anm=+ 2 co-rotating helical wave at four forcing frequen- mark traces of the natural irregular low-frequency wave.
cieswi=1, w;=7, ws=11 andw;=14. The spatio-temporal Note that, in contrast to Fig.(8, them=0 mode, signalled
diagrams are calculated as previously for a recording of 64 diy the horizontal stripes, has disappeared. In one of our ex-
In Fig. 8, the contrast has been enhanced on each spatiperimental runs, the results &=1.5 for m=+2 and
temporal diagram separately to ease the identification ofy;=7 are exceptionally free from axisymmetric perturba-
structures; the relative amplitude corresponding to the recepions and this has enabled us to compare the amplitude of the
tivity is discussed later. At the bottom of each diagram, a linedisturbances ak=1 and X=1.5, as done in Fig. 9. It is
is drawn which represents the dimensional phase velocity dibund that the amplitude effectively grows in the down-
the forcingv 4 = w¢/m. Some noisy stripes are identified in stream direction. In Fig. 9, an arrow indicates the sense of
Fig. 8(d) which result from image processing errors. rotation in time of the disturbance which is the same as that

A. Qualitative results

(a) m=+2; X=1 (b) m=+2; X=1.5

FIG. 9. Cross-cuts obtained at the forcing frequency
w;=7 for m=+2 at X=1 (a) and X=1.5 (b);
S=0.84; Re=1490.
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(b) m=t3
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FIG. 10. Spatio-temporal diagrams
obtained at X=1 diameter of the
nozzle exit when then=—-2 (a) and
m= =+ 3 (b) forcing is imposed at vari-
ous forcing frequencies;S=0.84;
Re=1490.
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of the underlying jet. Note the presence of dye filamentatiorperturbation which is opposite to the background flow. Com-

which breaks the full symmetry of thm= +2 perturbation. parison of both figures suggests that the receptivity of the

Considering the rotation of the perturbation around the jeflow is similar for the co-rotativen=+2 and the counter-

core, the arms of the double helix present dye filamentatiomotativem=—2 atw;=7.

at the rear of the perturbation. This is the manifestation of the  Finally, note that the flow does not show any receptivity

so-called stripping or erosion process. to modem= +4, which is automatically forced by the forc-
The largest response to the forcing is obtained foring device together with mode= — 2.

w;=11 [see Fig. &)] where the helicam=+2 wave is

synchronized with then=0 rollers. In this case, the natural

frequency of them=0 mode iswy=8 close to the forcing 3. m==%3 forcing

value, and both waves are strongly affected by the forcing.

When the frequency is further increased as dge=14 in 10(a) for m= = 3. The checkboard-type spatio-temporal dia-

Fig.'8(d), the ]ow-frequency natural_mode= +2 appears grams obtained fow;=4.5 demonstrate that the jet responds
again and is irregular, as if no forcing were applied to the

flow. B h . 0= 0 mod d as well to a co-rotative excitatiom=+3 as to counter-
ow. By contrast, the axisymmetrin=0 mode responds to | vive excitatiorm= — 3.
the forcing.

hould finallv b d that the flow d h Figure 11 demonstrates the receptivity of the flow to the
It's ould finally be noted that the flow does not s oWforcing further downstream through a comparison of a LIF
any receptivity tq moder_n=—4, Wh'Ch. is automatically cross-section ak=1 and atX=6. The instantaneous Fig.
forced by the forcing device together with moge= +2. 11(b) displays a threefold symmetry. Three arms branch out
2. m=—2 forcing of _the jet core e_md roll up into mushroom-type structures.
Figure 1Qa) presents spatio-temporal diagrams reflect-?”gs Ztrzcture dtlffetrs ftrr? T ttr?e na(tjuralf P][Ehc?s. Flgu(a)7f "
ing the response of the flow tm= — 2 forcing at frequency 'M@€€d demonstrates ihat he ends ol the two arms ot the

w;=7 andw;=11. In both cases, the qualitative response iSdouble—hellx roll up into single-signed end vortices. This

signaled by the alignment between the observed structur ntrasts with _the mushroor_n—type gpd structures_observed I
and the forced phase velocity. Still, the natura+ + 2 helix 9. 1Xb), which reveal axial vorticity of both signs. We

is identified as a watermark in Fig. (). Not shown here are sug_g_est that the structure could be a consequence of a supe
the results at lower and higher frequencies where the naturQPs't'on ofm=+3 andm=—3 modes.

double-helix takes over and no response to the forcing wa
found.

Figure 4a), which was introduced in Sec. Ill in order to Quantitative results are displayed in Fig. 12. For each
describe the construction rules of spatio-temporal diagramszimuthal wavenumber and each forcing frequency, the re-
represents a cross-section@t 1, ;=7 andm=—-2 and it sponse amplitude has been measured on three differen
is the complementary picture to Figa at the same stream- spatio-temporal diagrams recorded at different times. The
wise location and frequency but for the opposite mode. Irplotted value is the mean of these three values and the erro
Fig. 4(a), the arrow indicates the direction of rotation of the bar their standard deviation.

Figure 1Q@b) represents analog results to those of Fig.

g. Quantitative results
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(a) X=1 (b) X=6

FIG. 11. Cross-cuts obtained at the forcing frequency
wi=7 and m==3 for X=1 (a) and X=6 (b);
S=0.84; Re=1490.

A brief summary of the results is that, whatever forcing appearance of negative vorticity on the jet axis as demon-
mode is considered, the response is strongly peaked in thtrated by vorticity plots in the longitudinal plane. Forced
vicinity of w¢=8-10. For am=+2 forcing, we thereby experiments at Re1490 andS=0.86 have been conducted.
demonstrate that the maximum response is obtained for g is shown that the receptivity of the jet is very poor when
frequency one order of magnitude higher than the naturahe forcing is set to the natural prevailing azimuthal mode
frequency. The swirling jet does not respond to forcing fre-5ng frequency. In contrast, a strong response is observed for

quencies which are either too low or too high. This result is, co-rotating and counter-rotating forced azimuthal

quite surprising since one would have imagined that the Pres odes (n=+2, m= =+ 3) for frequencies about one order of

vailing frequency in the unfprced case COL.JId easily be trlg'magnitude larger than the natural frequency prevailing in the
gered through external forcing at this precise frequency set- .
ting absence of forcing.

Finally, we have examined the response of the swirling A striking result of the study is the extreme robustness of

jet to the forcing of different azimuthal modes and frequen-iN€ Vortex breakdown, which remains unaffected by azi-

cies in the breakdown regimé&&1.3). The breakdown ap- Muthal forcing at the nozzle periphery with the present ac-
pears insensitive to these control attempts; it seems to préuator. This might be understood in at least one of the fol-
vent any instability development. Moreover, f8-1.3, the lowing manners: according to Squifer Wang and Rusak,
stagnation point corresponding to vortex breakdown sooithe mechanism leading to vortex breakdown is a core mecha-
migrates close to the nozzle exit, thereby inhibiting any LIFnism related to the Kelvin wavésr inertial wavesliving in

measurements. the core of the vortex. Alternatively, the appearance of nega-
tive azimuthal vorticity, claimed by Brown and Lopézo be
VI. DISCUSSION responsible for vortex breakdown, also takes place near the

The main findings of the present experimental study aréWirling jet axis. The present actuator is efficient in manipu-
as follows. PIV measurements in the prebreakdown regim@t'ng the vorticity sheet separation; it acts at the periphery of
have been conducted which confirm the results of Billanthe vortex. As one would have guessed from nonrotating jet
et al’” The vorticity fields obtained from finite differencing €experiments, this type of actuator is efficient in controlling
of the velocity fields in the cross-sectional plane demonstratéstabilities that develop at the periphery but not in the core
the screened nature of the vortex at the nozzle exit. Furthepf the vortex. This may be the reason for the failure of the
more, it is seen that vortex breakdown is associated with thpresent forcing device in controlling vortex breakdown.

(a) m=+2 (b) m=-2 (c)m=t3
14 14 14
12 | 12 12 l
10 21_ 10 ]I 10
A 8 ] ":‘ A 8 A 8 FIG. 12. Response amplitude to the forcing as a func-
2 B _2 ; +3 S tion of w; at X=0.6 and(a) m=+2, (h) m=-2 and
6 i : 6 ; | 6 : (c) m==x3; S=0.84; Re=1490.
o ER
4 I : 4 I 4
1 [ [
0 0 0
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