Vortex dynamics in jets from inclined nozzles
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Experimental tests were performed on round jets exiting inclined nozzles at a Reynolds number of
9000. Both natural jets and jets forced with single frequencies corresponding te 8t25, 0.5,

0.75, and 1.0 were examined. In the natural case, the nozzle incline caused a mild increase in the
radial spreading in the plane of azimuthal symmetry. The forcing amplified the asymmetric radial
spreading by altering the vortex structure. In general, the inclined vortex rings rolled up at an angle
slightly smaller than the nozzle incline angle. As the rings moved downstream, they migrated away
from the jet centerline and their incline angle increased. Vortex rings generateg-at(&s did not

pair because that Strouhal number was near the “preferred” mode. For nozzles with slight inclines,
forcing at larger Strouhal numbers led to pairing ned = 2 in order to achieve the “preferred”
mode. For nozzles with larger inclines, the vortex cores broke down before pairing could occur.
Forcing at a lower Strouhal number (St 0.25) yielded ring formation at §t= 0.5 and subsequent
pairing. Increasing the incline angle moved the pairing location closer to the nozzle lip. Also, the
pairing process was found to depend on the nozzle incline anglel9%Y American Institute of
Physics[S1070-663197)01903-X

I. INTRODUCTION nate origins” to describe nozzles in which the axial position
of the trailing edge varies with azimuth. In previous work,

A jet of fluid exiting a round nozzle is unstable to the this type of nozzle shape has been used not only to initiate
surrounding fluid and reacts by forming either axisymmetric type P . y .
longitudinal secondary structures, but also to “bend” pri-

or helical structures. The formation frequency of the struc- _ ,
tures normally is determined by the initial shear Iayermary yortex fings. SEUd.'eS on stepped.an;j sawtooth '?Ozz'es
thickness-? The form of the initial and subsequent struc- (W(Ije[z;en %%)d K|ben|éaKLbens ‘?‘I.nd W(Ijemeﬁ, .arr:d rl;ong?;we

tures, however, can be influenced by either forcing schemedNd Puong’) revealec that trailing edges with sharp discon-
or nozzle geometry. tinuities in axial position could be used to generate bent vor-

Many researchers, including Crow and Champa’gne,tex ring; anq irregulgr helical structures. In most cqse;, the
Browand and Laufet Bouchard and ReynoldsHussain and "0zZl€ lip discontinuity appeared to promote longitudinal
Zamar® Arbey and Ffowcs Williamg,and Mankbad?, have vortl_C|ty, WhIF:h intermittently entrained fluid from thg ambi-
investigated the effects of axial forcing on round jets. This€nt into the jet core. When the flow was forced axially at a
type of forcing normally encourages the formation of axi- Subharmonic of the most unstable roll-up frequency, neigh-
symmetric vortex rings. The amplitude and frequency of theP0ring vortex rings induced one another into opposing orien-
forcing pattern determine the vortex ring strength, spacing@at'ons leading to a bifurcation of the jet. Thus, the axial
and pairing locations. Orbital forcing has been employed tgnomentum could be redistributed into distinct primary and
perturb the axisymmetry of round jets. Corke and Kdsek Secondary columns with opposing radial directions. The
used orbital forcing to induce helical structures, while Leecrown-shaped nozzles of Longmie al,”* which had sharp
and Reynold¥ and Parekh, Leonard, and Reyndfdsom- discontinuities in the slope of the lip, produced longitudinal
bined axial and orbital forcing to produce blooming and bi-Structures somewhat similar to those observed downstream
furcating jets. In this case, the forcing generated vortex ring®f nozzles with tabs. In this case, however, the longitudinal
with slight asymmetries in position and shape, and neighborstructures were always coupled with primary vortices that
ing rings induced one another to move on angled paths witivere either planar or azimuthally wavy depending on tooth
respect to the jet centerline. length and forcing frequency.

Nozzle geometry has also been used to control the vor- In the current work we address the simplest indetermi-
tex dynamics in jets. In some cases, the control objective hagate origin geometry: inclined nozzles with continuous lip
been to accelerate the breakdown of large structures int@cation and slope. Hence, the longitudinal structures associ-
smaller scales. For example, tabs that project into the flovated with nozzle discontinuities are unlikely to occur. In pre-
near the nozzle lip generate longitudinal structures that envious work, Wlezien and Kiben&and Kibens and Wieziéf
hance mixing and accelerate the breakdown of axisymmetrifound a nonaxisymmetric increase in jet spreading that was
vortex rings>**Wavy or fluted nozzle shap¥sand the cor- amplified by acoustical excitations. Their flow visualization
ner regions of square nozzlégproduce similar effects. Jets photographs revealed two basic instability types in the near
from elliptic nozzles have also been studied and were foundield of jets from inclined nozzles. In the case of relatively
to significantly increase the mass entrainment due to the noeng instability wavelengths compared to the incline length
axisymmetric vortex ring formatiotf:*’ (ML > 0.5, approximately the shear layer rolled up parallel

Wilezien and Kiben¥ introduced the phrase “indetermi- to the nozzle lip thus leading to continuous inclined vortex
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rings. Although some variation was observed, the inclined ( 1
rings tended to evolve downstream into an axisymmetric ori- B
entation. Wlezieff found that portions of a given ring paired
with either the leading or trailing neighbor depending on the Plenum
azimuthal position. This asymmetric pairing process reorga-  [H Tank C':
nized the jet column vorticity into nearly axisymmetric struc-
tures forx/D > 4. The second instability type was observed
when the instability wavelength was small compared to the
incline length /L < 0.5). Once the shear layer at the azi-

muthal location where the nozzle was shortest became un- —

stable, it triggered locally coherent instabilities at other azi- R s ® I

muthal locations. The structure formed normal to the jet axis, 1 I Cate. t’7

and the phase relation was referenced to the initial instabil- C%F(T Forcer
ollector ump

ity. The extent to which the structure was coherent around
the circumference was a function of the shear layer thick-
ness. Acoustical excitation at certain frequencies produced FIG. 1. Recirculating water jet facility.
combinations of the two basic instability types in which

high-frequency waves normal to the_ Jet axis were ObserVe%rough an axisymmetric contractidl.5 to 1 area reduc-
n vl\_/ha(tjappeared to be the braid region of a Iower-frequencyfion) with an overall length of 152 mm and a wall profile fit
incline _stru_cture. . . . to a fifth-order polynomial. The inner diameter of the con-
. The |ncl|_ned nozzle jet.f_low IS analogqus to planar mix- traction exit was 30 mm, which matched the jet nozzles ex-
ing layers with skewed trailing edges, which have been exéctly. The jet nozzle geometry is shown in Fig. 2. The PVC

. . 23 . 24 .
f"‘m'”e.d. by Klben$t al= and Grundel™ In this work, the nozzles had an inner diameter of 30 mm and a wall thickness
instability mechanisms and subsequent vortex structure a| 1.7 mm. For each nozzle, the development length was

peqred S'T”."ar to that.m the J.e.t studies. In aon aCOUSt'Ca"yapproximately 26 mm to the shortest nozzle lip location. The
excited mixing layer with a trailing edge at 45° to the mean

. . . ; unforced turbulence intensity at the centerline of the jet exit
flow direction, Kibenset al?® again observed two types of g J

tox f i At | torcing f . i was 0.6% of the nominal velocity.
vortex formation. OWer forcing Irequencies, Vvortices The forcer consisted of a 76 mm diam piston driven by

formed parallel to the trailing edge, vyhile at higher forcing an 80 W subwoofer speaker. The speaker/piston apparatus

U\(/ar?uenﬁlesﬂ, vortices forn:ced pgrpt;an(rj]lcular to tfhe mean ﬂov‘(}vas controlled by a constant frequency signal generated by a
er(ljt e flow was not forced, both types of vortices OC'computer and amplified externally. The amplitude of the ve-
curr:e .h' d dd . b h locity oscillation superimposed on the flow by the forcer was
n this study we address new questions about the StruGs o req by placing a hot-film probe at the jet nozzle exit.

ture of jets from inclined nozzles. Specific objectives are tOrhe probe was connected to a TSI constant temperature an-
determine the effects of incline angle, forcing frequency, and

forcing amplitude on the near-field vortex ring formation and
propagation. Of particular interest is the influence of flow
parameters on vortex ring orientation, interaction, and pair-
ing. We are also interested in the effect of the vortex struc-
ture on radial spreading and entrainment.

II. FACILITY AND EXPERIMENTAL TECHNIQUES

The experiments were conducted in the recirculating wa-
ter facility shown in Fig. 1. The jet flowed into a Plexiglas
tank with 965 mm length, 760 mm width, and 710 mm
height. The influence of the tank walls and free surface on
the free jet was negligible. Water was removed from the tank
by four suction pipeg50.8 mm i.d), each containing 22
holes(8 mm diam arranged in two columns 120° apart. This
arrangement ensured that equal amounts of flow passed
through each pipe. The suction pipes were connected to a
collector chambef102 mm i.d. circular cross sectipwith
flexible tubing. The flow was driven with a magnetic-drive
1/10 hp pump. The pump was mechanically isolated from the
tank and pump vibration effects were minimal. Downstream
of the pump, the flow rate was controlled with a 25.4 mm
PVC gatfe valve and measured Wlth. a ro.tam(amerlo gpm. . FIG. 2. Perspective view of the inclined jet nozzle. Here O denotes the

The jet plenum had a 102 mm i.d. circular cross sectionordinate origin at the nozzle centerline and incline midpoints the
that contained two honeycomb arrays. The flow passethcline length.

origin plane

inclined nozzle lip —
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0.15 : the image in order to resolve directional ambiguity and to
alleviate the large-velocity disparity between the jet core and
ambient fluid. The mirror position was controlled with a
Cambridge Technology coil galvanometer-based scanner
(Model 6650. The rotation rate of the mirror was 0.87 rad/s.
Hence, the artificial shift corresponded to 11 pixels on the
array (or a velocity of 1150 mmjs
Timing and control signals were generated with a Ma-
cintosh IIx computer and a National Instruments NB-MIO-
16X (12-bit DAC) board. Separate DAC channels were used
to generate a sine wave for the forcer and a sawtooth wave
for the rotating mirror controller. The relative phase of the
o 5 10 15 >0 sine wave signal was controlled in order to measure specific
E tcropead VOIES) phases of the forced cycle. An external timing circuit was
triggered on the down-edge of the sawtooth signal. The tim-
FIG. 3. Flow response at the jet exit to forcifl2.5 Hz (Sb = 0.25): A 5 ing circuit controlled the laser pulsing and camera shutter
Hz (0.5); ® 10 Hz (1.0. E is the voltage input to the speaker. such that the camera recorded the images when the mirror
was nominally at 45°.

Acquired images were stored on a PCMCIA Type Il
emometermodel IFA-100 operating at a resistance ratio of card inside the camera an(_j subseq_uently downloaded with
1.08. Figure 3 shows that the flow response amplitude wa’é‘dObe_PhOtOShOIO toa Mgcmtosh llci .computer through. the
dependent on the forcing frequency. CSI interface. On a S|I|00|j1 Graphics Indy workstation,

software from Flow Diagnostics Inc. was used to calculate

Flow visualization was performed by injectingpid ba- h ixel displ fi L hi
sic bromothymol blue dye solutiofi5 g of NaOH and 0.4 g the average pixef disp qcement ot image pairs in eac Inter-
rogation area via a spatial autocorrelation method. Interroga-

of bromothymol blue per liter of solutigorthrough ports at . : .
4 b 0 gh b tion areas were 6464 pixels, corresponding to a spatial

the inflection point of the contraction. The blue dye solution luti f6.56.8 Th | f the int i
mixed with dilute hydrochloric acid in the water tank result- resofution of 6.¢:6.c mm. The overiap ot the interrogation
rea was 50%, so that a 847 vector field was calculated

ing in a yellowish background color. Molecular diffusion a

was small compared to turbulent mixing, thus the dye streakg)r each image file. No interpolated vectors were substituted

tracked the shear flow until transition to turbulence. The!nto the field. The time delay between laser pulses and the

evolving dye streaks were captured on S-VHS format tapémage magnification were then used to calculate the velocity
with a Panasonic video camera at each point. Fifteen instantaneous files were ensemble av-
' rcgraged for each case. The uncertainty of the ensemble-

Instantaneous velocity fields were measured using pa d velocit ¢ timated to- 2%
ticle image velocimetryPIV). lllumination sheets were gen- averaged velocity measurements was estimated tc .
eof the nominal jet velocity. The largest contribution to this

erated with two pulsed Nd:YAG lasers arranged side by side;

The beam paths were combined with a polarization beam@stimate was the uncertainty in the particle displacement

splitter, such that the on-axis beam was transmitted by thgweatsurefmer:t. T_he _un(i_ertamtyl of tge su_kt)_sequent Teastu(rje-
“splitter” while the off-axis beam was reflected. Each laser MEN'S OF VOrteXTing Incline angie and posilion are estimate

pulsed at 10 Hz with a pulse duration of 7 ns. The dela)}O be+1% and+0.01D, respectively.

between pulses was 1.0 ms. The energy output per pulse was

approximately 100 mJA 1 mfocal length spherical lens and lll. RESULTS

a 50 mm focal length cylindrical lens were used to create  The cylindrical coordinate systefn, ¢, x) is shown in

each illumination sheet. The thickness of each sheet was ajig. 2. The origin was along the jet centerline at the average

proximately 1 mm throughout the photographed flow field.axial lip location denoted with the dotted line. Tlkiecoor-

The water was seeded with Ti(Qparticles with a specific dinate was zero at the location where the nozzle lip was

gravity of 3.5 and nominal diameter of @m. The inertial longest, and thusj=m where it was shortest. The reference

time constant of the particles was approximately® and nozzle(0° incline angl¢ and nozzles with incline lengths

the settling velocity was 12m/s, both of which were neg- in Fig. 2) of D/4 (14°), D/2 (26°), 3D/4 (37°), andD (45°)

ligibly small for this flow. were tested extensively. Additional tests were performed on
Single images of double-pulse events were acquired withonger incline lengths up to®2 (63°). The PIV measure-

a Kodak DCS 420M digital camera and Nikon AF Micro- ments were performed in two planeg=0, 7 and =/2,

Nikkor lens with 60 mm focal length. The monochrome 37/2. The nominal jet centerline exit velocity)) was 304

pixel array size was 10221524, and the pixel depth was ten mm/s corresponding to Re= 9000.

bits. The ISO equivalent was 800, and the aperture settin

wasf 5.6. The camera and a rotating mirror were located in

plane parallel to the illumination sheet. The focal distance = The momentum thickness of the initial shear layer was

was 659 mm. The resulting resolution for the digital imagesestimated from the velocity profile at the reference nozzle

was 9.45 pixels per millimeter in the illumination plane. The exit to be 0.32 mm. Following the linear stability analysis of

rotating mirror (45x54 mm) imposed an artificial shift on Michalke! the most unstable frequency was 16 Hz

0.10

u_ /U

s’

0.05

0.00

. Unforced flow
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y=n for the unforced reference nozzle. For clarity, only every
second vector is plotted in thedirection in all vector plots.

] Individual vortex ring structures were averaged during the

ensembling process and do not appear in the figure. The jetis

] symmetric as expected, although the shear layer appears

slightly wavy owing to the relatively small number of en-

] sembled fields|[The number(15) of instantaneous velocity

fields used to ensemble average was sufficient to achieve the

] stated measurement uncertaimtyrigure 3b) shows in-

creased radial spreading from thB/3 nozzle relative to the

: reference nozzle especially in the=0 half-plane. In con-
trast, Fig. %c) indicates that th&y=n/2 and 37/2 half-planes

y=0 behave symmetrically. The flow field in this plane strongly
resembles the unforced reference flow, and the spread rate is
similar. The overall effect of the nozzle is an elongation of

FIG. 4. Instantaneous vorticity field for the unforce®/a nozzle. The  the jet column cross section into an oval shape. This asym-

figure shows 14 contour levels ranging fror#U/D to 4U/D. metric elongation of the jet column agrees with the observa-

tions of Wlezien and Kiben¥

1.5

1.0

0.5

/D 0.0
-0.5 7

A0l

(St,=0.017. The wavelength measured from the flow visu-
alization yielded an instability frequency within3% of this
value, indicating that the unforced reference jet behavior Flow visualization was performed for each nozzle in-
agreed well with inviscid theory. cline for the frequency and amplitude combinations shown in
Figure 4 shows an instantaneous vorticity field for theFig. 3. The flow characteristics remained qualitatively simi-
unforced jet from the B/4 nozzle, which is indicative of the lar among the forcing amplitudes explored. As discussed be-
behavior from the other nozzles. Three inclined vortex ringdow, the vortex structure consisted of continuous inclined
are evident: two centered aroundD = 1.25 and one at rings. Increasing the forcing amplitude increased the vortic-
x/D = 2.5. The incline angle of the rings nearly matches thatty in the core of the ring; however, the vortex dynamics
of the nozzle, indicating that the instability waves at eachremained essentially unchanged.
azimuthal location were dictated by the local distance from  The PIV measurements were conducted for each nozzle
the nozzle and hence form parallel to the nozzle lip. by supplying the forcer withra8 V peak-to-peak signal. A
Figure Ha) shows an ensemble-averaged velocity fieldlimited number of cases with a 20 V signal were examined in
order to verify that qualitatively similar behavior was ob-
served. For th 8 V case, the velocity perturbation at the
nozzle exit wasl,,s/U = 0.06 for 2.5 Hz (S§ = 0.25), 0.04
w=r for5Hz (St = 0.50), and 0.03 for 10 Hz (St= 1.0). In all
cases, the vortex structure locked into a repeatable pattern
that could be sampled at specified phases in the forcing
cycle. The phase notatio®, which is shown for each figure,
was specified relative to the sine wave signal supplied to the
forcer.

The case with Strouhal number equal to Q5%6H2z) is
discussed first because the vortex dynamics are the least
complicated. Figure 6 shows velocity fields for thenozzle
in the two orthogonal planes. Velocity perturbations result-
ing from the vortex ring structure appear in the shear layer of
each half-plane spaced at approximatBly The perturba-
tions in they= /2 and 37/2 half-planes have reflective sym-
metry, while the nozzle geometry prevents symmetry be-
tween they=0 and half-planes. By comparing orthogonal
views, the continuous inclined vortex ring structure can be
reconstructed. The inclined vortex rings are consistent with
. =32 those observed by Kibens and WleZigfor long instability
wavelengths compared to the incline length.

At this Strouhal number, the vortex ring dynamics are
similar for each nozzle incline. Continuous rings form nearly

FIG. 5. Ensemble-averaged velocity field for tf@ unforced reference Parallel to the inC"neq nozzle lip, and the rings do not pair.
nozzle, andb) and(c) orthogonal planes for the unforce®84 nozzle. (In the current experiment, the Reynolds number and shear

B. Forced flow

@

y=0

(b) -

10 v=r

0.0

-1.0
\|[:

y=n/2

© 4

LD L IR D L LELI LY ATR Y
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FIG. 6. Ensemble-averaged velocity field for tBenozzle forced at $t
= 0.50(5 Hz), u;ns/U = 0.04.(a) and(b) are orthogonal planes at phase
O=37/2.

FIG. 8. Ensemble-averaged vorticity field for tBe nozzle forced at $t

= 0.50(5 H2), u,,s/U = 0.04 for two phases. The figure shows 14 contour
layer thickness agree closely with those of Browand andevels ranging from-5.5U/D to 5.8J/D.
Laufer? who observed a “preferred” mode of $t= 0.5in a
simple round je). Shown in Figs. 7 and 8 are the vorticity .
fields for theD/4 andD nozzles. The vortex cores, which are ¢N b€ compared among nozzles. For each case, the incline

clearly identifiable, are spaced at approximately one diamgngle of the vortex ring is slightly less than the pozzle @ncline
eter. Two basic characteristics of the vortex ring evolutionangle forx/D < 1.5. The fact that the ring deviates slightly

are clear. The incline angle of each ring increases as it mové&om parallel alignment indicates.that the fqrthest upstream
downstream, and each vortex ring migrates towardyther roll-up (aty=m, where the nozzle is shortgsnildly encour-

half-plane. Figure 9 reveals these trends explicitly by plot-29€S the roll-up at other circumferential locations. Once

ting the incline angle and radial position as a function Offormed, the incline angle of each fing Increases monotoni-
downstream position for each nozzle. cally for all nozzles, and the effect is stronger for the less

In Fig. 9a), the vortex incline angle has been normal- inclined nozzles. Vortex rings from the/4 nozzle achieve
ized by the nozzle incline angle so that the relative change
25

(a) ]

D=n/2 20

15

v ortexl(xnozzle

] 1.0

LB L L L L B

0'5||||l||..l...l....

!
o
-
N
w
»~

1 @=3n2 0.3 ———mr—r———7r T

10

0.2
/D 0.0 1 /D

0.1

LA B B B B BN B B

0.0 '

o
-
N
w
I

x/D
FIG. 7. Ensemble-averaged vorticity field for tbé4 nozzle forced at §t FIG. 9. (a) Relative incline angle, antb) radial position of the vortex ring

= 0.50(5 H2), u;ys/U = 0.04 for two phases. The figure shows 14 contour as a function of downstream position. Forcing g St0.50(5 Hz) for thell
levels ranging from—5.5U/D to 5.8J/D. D/4, A D/2, ¢ 3D/4, and® D nozzles.
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more than twice the nozzle incline angle, while rings for the 15 y=n
D nozzle reach a maximum of 5% greater than the nozzle

incline before the cores break down. The flow visualization 1.0 3

of Kibens and Wileziel? revealed the opposite effect, ]

namely that the inclined vortex rings tended to evolve intoan o5} 1
orientation normal to the jet. Wlezinfound that the evo- i

lution to an axisymmetric structure was a result of a vortex D 0.0 .
ring pairing with its upstream neighbor in thg=0 half-

plane and its downstream neighbor in tie-7 half plane -05 .
aroundx/D = 2. In contrast, no pairing was observed for the

current jet flow when forced at $t= 0.5. For the Strouhal -1.0 -
number discussed below, pairing was observed, but never in

the manner observed by Wlezién. -15 w=0

Figure 9b) shows that, for all of the nozzles examined,
the midpoints of the vortex ring migrate toward thle=7
half-plane. This is quite different from the reference nozzleriG. 10. Instantaneous vorticity field for the/4 nozzle forced at $t
case in which axisymmetric rings remain essentially centered 1.0(10 H2, ums/U = 0.03 at phasé=1r/2. The figure shows 14 contour
on the jet axis. The inclined orientation of the rings results in/®Ves ranging from-5U/D to SU/D.

a self-induced trajectory into thé=7 half-plane. The rate of

migration into they= half-plane is greater for the more coyld be observed at a given phase in the 10 Hz cycle. In
inclined nozzles because the self-induced trajectory is morgddition, the nonlinear roll-up process led to some variation
severely off the jet centerline for a more inclined vortex ring. of the vortex ring pairing location. For the example shown,
By comparing Figs. 7 and 8, it is clear that the cores ofine initial spacing of the inclined vortex rings B/2. Two
the initially more inclined rings break down much closer to rings are beginning to pair aroundD = 1.5. An inclined
the nozzle. One intriguing hypothesis is that the incline anglqing is observed downstream atD = 2.8 as a result of a
of the rings may increase to an universal maximum precednrevious pairing process. Distinct coherent vortex cores were
ing breakdown. This did not appear to be the case, howevepot observed downstream of this point in this or any other
since the maximum incline angle of the rings varied signifi-instantaneous field. Thus the coherent structure breaks down
cantly with Strouhal number and nozzle incline anglEhe  earlier than for §§ = 0.5, in which case vortex cores were
maximum incline angle observed for thg;St 0.5 case was  clearly identifiable beyona/D = 4. The reference case be-
49°) A more agreeable idea comes from the recent experihaves essentially in the same manner; the initial vortex rings
ments of Liepmann and Ghafband the inviscid vortex fila- spaced abD/2 pair betweenx/D = 1.5 and 2. Then, the co-
ment simulation of Martin and Meiburdf. They have shown herent paired ring cores break down betwgdd = 3 and 4.
that, for a simple round jet, longitudinal vorticity perturba-  Ag the nozzle incline angle increases, the pairing process
tions grow in the highly strained braid regions between thqs syppressed. Figure 11 shows an instantaneous vorticity
ring cores and that the longitudinal vorticity is fundamentally fie|d for theD nozzle forced at $t= 1.0. Again the initial
important to the breakdown of the cores. By inclining thegpacing of the inclined vortex rings B/2. No distinct pair-
vortex rings, additional strain rates are introduced to thgng was observed in any instantaneous fields. The coherent

braid regions. In particular, the terms containing azimuthalortex structure breaks down within two diameters of the
derivatives are nonzero for inclined rings. Although the

strain rate tensor was not measured, the accelerated core
breakdown for more inclined nozzles indicates that the addi-

tional strain rates were increasing the growth rate of longi- 15 ¥
tudinal vorticity perturbations in the braid region.

1.0 ]
2.Stp = 0.75and 1.0

Flow visualization was performed for each nozzle with ok

forcing at Sy = 0.75(7.5 H2 and S§ = 1.0(10 Hz. The oD 0.0 ]
vortex structure again formed as continuous rings inclined
nearly parallel to the nozzle lip. The vortex ring spacing was 05 1
D/2 and D/4 for Sty = 1.0 and 0.75, respectively. In both
cases, the rings paired arouxstD = 2 in order to achieve a 10 ]
“preferred” mode. Only results for the §t= 1.0 case will be ‘ ‘
discussed here since the;St 0.75 case behaved similarly, 450 . L ‘ S L y=0
except for the absolute ring spacing. 0 ! 2 w8 4 °

Figure 10 shows an instantaneous vorticity field forced
atSp = 1.0 from theD/4 nozzle. Ensemble averaging was FIG. 11. Instantaneous vorticity field for th® nozzle forced at $t= 1.0

ingppropriate for this case because neighboring vortex MNG8 0 H), u,me/U = 0.03 at phaséb=/2. The figure shows 14 contour levels
pair to a S§ = 0.5 spacing, hence two possible flow fields ranging from—4U/D to 4U/D.
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FIG. 12. (a) Relative incline angle, an(b) radial position of the vortex ring
as a function of downstream position. Forcing g St 1.0(10 Hz) for the
D/4, A D/2, ¢ 3D/4, and® D nozzles.

nozzle lip due to the additional strain rates in the braid region
resulting from the inclined orientation. Hence, the opportu-
nity to pair and achieve the “preferred” mode simply does
not exist. The amplitude of the forcing signal was increased
to 20V, corresponding to,,,s/U = 0.07, in order to evaluate
the effect of amplitude on this case. Essentially the same
behavior was observed.

In agreement with the §t= 0.5 case, the vortex incline
angle increases with downstream distance and each vortex
ring migrates into the/= half-plane. Figure 12 shows the
incline angle and radial position to abodD = 1.5. Beyond
this point, the vortex rings either pair or break down depend-
ing on the nozzle incline angle. The vortex incline angle
starts slightly smaller than the nozzle incline angle and then
increases monotonically. The increase is greater for the less
inclined nozzles. The migration into thg= = half-plane is
greater for the more inclined nozzles because of the trajec-
tory of the self-induced motion. These observations are con-
sistent with those for the $t= 0.5 case.

Kibens and WIleziel? observed “locally coherent insta-
bilities” aligned normal to the jet axis whex/L < 0.5. In
the current experiments, nominal vortex ring spacing for the
Sty = 1.0 case wabB/2. Thus, the wavelength to incline ratio
wasA/L = 0.5 for theD nozzle (Fig. 11). Continuous in-
clined vortex rings were reconstructed from the orthogonal
data planes for these conditions. In an attempt to generate
instabilities perpendicular to the jet axis, nozzles with incline
lengths upto B (A/L = 0.25 for St = 1.0) were tested. All
cases yielded continuous inclined vortex rings. Furthermore,
as the incline angle increased, the trends reported above con-
tinued: The inclined vortex rings migrated into thie==
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FIG. 13. Ensemble-averagédéd) velocity field, and(b) vorticity field (14

half-plane, the incline angle increased downstream, and théntour levels ranging from-4U/D to 4U/D) for the reference nozzle
breakdown of coherent structure was accelerated. The diffeferced at S§§ = 0.25(2.5 H2 andu,,s/U = 0.06. Four phases are shown.
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ing results observed in the two studies may be explained by U—
two important differences in the experimental setup. First, F
Kibens and WIleziel! employed three independent forcing TOE oo e
procedures, including a nozzle lip excitation technique that E SonsEETnt s
was quite different from the current simple axial forcing. 0.0 1

Second, Kibens and Wlezithhad a much thinner shear g
layer (relative to the jet diametgbecause they operated an -
air jet at larger Rg. They varied the shear layer thickness
somewhat and found that a thicker shear layer allowed the jet
structure to be organized around the entire circumference.
The shear layer thickness for the current water jet may have
been sufficiently thick that continuous inclined vortex rings
always formed for the tested nozzles.

1
\
N
W

NN YA 444

N

MWL

WY

D=0

D=n/2

3.St, = 0.25

Figure 13 shows four equally spaced phases of the
ensemble-averaged velocity and vorticity fields for the refer-
ence nozzle forced at $t= 0.25(2.5 H2. The vortex ring
evolution can be observed in the vorticity plots. Vortex rings
initially form at a frequency of 5 Hz, then pair axisymmet-
rically at approximatelyx/D = 2.5. In agreement with previ-
ous authors’ observations, the trailing ring reduces its diam-
eter and speeds up until it combines with the lead vortex D 0.0
ring, which has decreased its speed and increased its diam- E— - STRTTrTZAL:
eter. The velocity vectors show that the jet column remains EREEEEEEEE ' NN 1 AP
essentially symmetric and that the axial momentum has e ——— — e
spread mildly in the radial direction by/D = 4. Weak en- 0 2 4
trainment and ejection are observed on the upstream and (a) x/D
downstream side of each ring core, respectively.

For theD/4 nozzle shown in Fig. 14, the incline angle of
the vortex rings affects both the pairing process and the jet
column shape. In the vector plots, the axial velocity just
downstream of the ring cores shows a nearly linear variation
between tha/=7 (small and O(large half-planes. In addi-
tion, the velocity vectors near the combined vortex rieg.,
atx/D = 3.5 in phaseP=0) are tilted into they= half-
plane. Upstream and downstream of the ring, the vectors are
nearly aligned with the jet axis. The net result is a jet column
that appears serpentine in the neighborhood of the paired
ring. The entrainment on the upstream side of each ring is
mild as in the reference nozzle case. However, the radial
ejection of fluid on the downstream side of each inclined ring
is greatly enhanced, particularly fafD > 3 and they=0
half-plane. This is consistent with the increased radial
spreading in tha/=0 half-plane for the unforced flow dis-
cussed above.

The axisymmetry of the vortex pairing is also altered.
The pairing sequence shown in Fig.(tdoccurs as follows:
Two vortex rings with spacind roll up nearly parallel to
the inclined nozzle lip. The leading ring migrates into the
=0 half-plane while its incline angle decreases. At the
same time, the trailing ring migrates into tiye= 7 half-plane
as its incline angle increases. The cores pair aroxiidl
= 2.5 in the =0 half-plane. In they== half-plane, the
cores are moving apart as a result of the incline angles di- 0 2 4
verging. Nevertheless, the cores in phdse3n/2 appear to (b) D
have paired. Alj[hough t.he process Is not clear from the PIV; IG. 14. Ensemble-averagéd) velocity field, and(b) vorticity field (14
data, the flow visualization indicates that the weakened leaGsontour levels ranging from-4U/D to 4U/D) for the D/4 nozzle forced at
ing core is rapidly ejected radially outward and then spinsst, = 0.25(2.5 H2 andu,,,,s/U = 0.06. Four phases are shown.
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FIG. 15. (a) Relative incline angle, an(b) radial position of the vortex ring 1.0 ]
as a function of downstream position. Forcing g St 0.25(2.5 H2) for the ]
H D/4, AD/2, ¢ 3D/4, and® D nozzles. Solid symbols are for the trailing 0.0 ]
and paired vortex ring and hollow symbols are for the leading vortex ring. /D Y. -
. ) ) 1.0 J o=3n2
around the trailing core. As the combined vortex ring moves L
downstream, the incline angle increases, and the ring mi- 0 2 4
grates into the/=# half-plane, in agreement with the behav- «/D

ior at higher Strouhal humbers.

In order to quantify these effects, Fig. 15 plots the rela-FiG. 16. Ensemble-averaged vorticity fieft# contour levels ranging from
tive angle and radial position of the midpoint of each vortex—4U/D to 4U/D) for the /4 nozzle forced at $t= 0.25(2.5 H2 and
ring. The closed square symbols are for the trailing and com{ms/U = 0.06. Four phases are shown.
bined vortex rings, and the open square symbols are for the
leading vortex ring. The incline angle of the leading ring
decreases until it is nearly zero and the combined vortex ringlined vortex rings are observed 1.5 diameters from the
eventually exceeds three times the nozzle incline angle. Theozzle lip. In phaseb==/2, the vortex core in the/=
evolution of the vortex rings shed from tBg2, 3D/4, andD half-plane have combined, while two distinct vortex cores
nozzles are also shown. The same general trends occur fogmain in theg=0 half-plane centered aroundD = 2.1.
each nozzle, and the relative effects are the same as tho$béese cores combine soon afterward, and a single vortex
observed at the larger Strouhal numbers. Namely, the relacore is observed at/D = 2.3 in thed= plot. Thus, the
tive increase in incline angle decreases with nozzle inclinepairing in they=m half-plane occurs even closer to the lip
and the migration into the/== half-plane increases with than for the ®/4 nozzle(about 1.® from the lip, and the
nozzle incline. pairing in they=0 half-plane occurs at about D&rom the

The length of the curve for the leading vortex ring de-nozzle lip. The relative angle and radial location of the vor-
creases as nozzle incline increases because the pairing occtes ring are shown in Fig. 15. Unlike the cases discussed
closer to the nozzle lip. The pairing for th&/2 nozzle oc- previously, the trailing and combined vortex ring incline
curs arounc/D = 2. In Fig. 16, the vorticity fields are shown angle do not increase monotonically with downstream dis-
for the D/4 nozzle. In phas®=0, two inclined vortex rings tance. When pairing occurs in the= half-plane, the vor-
are observed aroundD = 1.5, while in phaseb==/2, the  tex core moves forward slightly and the incline angle is re-
rings have paired. Inclining the vortex rings appears to acduced. The subsequent pairing in &0 half-plane causes
celerate the pairing process; however, the nozzle with aan increase in the vortex ring incline angle, and the angle
incline length ofD deviates from these trends somewhat. continues to increase downstream. Nozzles with longer in-

In Fig. 17, the velocity and vorticity fields are shown for cline lengthsup to 2D) show a similar pairing process when
the D nozzle. Note that, although they are not shown hereforced at S§ = 0.25.
the orthogonal data and flow visualization were fundamen-  The jet columns shown in Figs. (@ and 17a) have
tally important in determining the complex ring orientation similar characteristics. In particular, the radial spreading rate
and dynamics. In phas&=0 of the vorticity plots, two in- of the jet is greatly enhanced for the inclined nozzle relative
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-1.0 :— —Eq)=0
- o=
—: FIG. 18. Axial velocity profiles ak/D = 4. — unforced reference nozzle;
] ---, forced reference nozzle;--, unforcedD nozzle; and — — —, forced
—: B=x nozzle. Forcing at §t= 0.25(2.5 H2 andu,,,s/U = 0.06.
D 00 |- -’-'—*-*h-__._._:,__.»—:w;%,_‘&\j == . . L
oo 7 oggEEEEr ] to the reference nozzle with the larger increase occurring in
! Lo i S . the =0 half-plane. Figure 18 shows the profiles of axial
— velocity atx/D = 4. The centerline velocity has decreased by
0 2 4 about 10% for the forced reference nozzle case relative to the
(a) x/D unforced case, but the symmetry of the profile is retained.

The unforced flow for th® nozzle showed mild asymmetric

radial spreading of the axial velocity. Forcing the flow from

the D nozzle caused the centerline velocity to decrease to

less than 0.8, and the axial velocity to increase significantly

forr/D > 0.5. This observation is in agreement with previous

investigations, which showed that breaking the axisymmetry
®=0 of the jet enhances mixing and entrainment rates. Forcing at
Sty = 0.5 and 1.0 yielded the same qualitative trends, al-
though the quantitative effects were smaller.

The second common characteristic of the jet columns in
Figs. 14a) and 17a) is the serpentine appearance. Close to
the D nozzle /D < 2) the jet column deviates more se-
verely from axisymmetric conditions than thH2/4 nozzle
case. Farther downstream, however, the jet columns appear
similar. This is a result of vortex incline angle in ti¥4
nozzle case increasing much more rapidly than inDhease
[see Fig. 189)]. The last inclined vortex ring shown in phase
®=7/2 of Fig. 14b) has an incline angle of 44°, while the
same vortex ring has an angle of 48° in thenozzle case.
d=r (The final vortex incline angles observed for tbé2 and

3D/4 nozzles were 43° and 45°, again yielding a similar
serpentine jet columplin Fig. 19, profiles of the axial veloc-
ity for each nozzle forced at $t= 0.25 are compared. Each
profile shows a reduction of the centerline velocity and a
significant increase in axial velocity beyontD = 0.5. Both
D32 effects increase with a nozzle incline angle. Thus, although
the jet columns have a similar appearance, the more inclined
0 2 4 nozzles are more effective at spreading the axial momentum.
(b) /D Profiles of the radial component of velocity are in complete
FIG. 17. Ensemble-averageéd) velocity field, and(b) vorticity field (14 agreement and reinforce the observation that the radial ejec-

contour levels ranging from-4U/D to 4U/D) for the D nozzle forced at  tion of fluid is enhancedparticularly in they=0 half-plane
(Stp = 0.25(2.5 H2 andu,,s/U = 0.06. Four phases are shown. by the inclined nozzle.

D=r/2
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moved into theyy=0 half-plane. Simultaneously, the trailing
vortex moved into they= half-plane and increased its in-
cline angle. The vortex rings eventually paired aroxib

= 2.5. As the nozzle incline length increased /3 (37°)

the location of pairing moved closer to the nozzle lip. For the
D nozzle, the pairing of the vortex rings occurred approxi-
mately 0.® closer to the nozzle lip in th¢== half-plane
than in they=0 half-plane. The result was an initial decrease
and subsequent increase in vortex incline angle. All other
cases showed a monotonic increase.
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