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Executive Summary
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1. Objectives

Techniques for controlling the behavior of turbulent fluid flows are beginning to be
developed as a result of fundamental understanding of the basic mechanisms active in
turbulent flows. For example, by properly combining axial and helical (orbital) disturbances,
one can cause a round turbulent jet to split into two distinct jets (bifurcating jets) or to
explode into a shower of vortex rings forming a rapidly-mixing, wide-angle conical
spreading flow (blooming jets). These phenomena were discovered in an NSF-funded
program under the Principal Investigator, which led to extensive research on dual-mode

forcing under AFOSR support. This report summarizes the research accomplished under
AF-F49620-84-K-0005.
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- The general objective of this work is to control jet flows by properly organizing the
dominant large-scale vortex structures. The work has focused on understanding the
influence of excitation frequency and amplitude on the large-scale structures of these flows
at various Reynolds numbers. Specifically, the effects of dual-mode forcing on the structure,
momentum, and mixing characteristics of turbulent jets have been investigated using a
combination of laboratory experiments and numerical simulations. .. -

PSR

2. Overview of results

——

-

Dramatic changes in jet development described above were discovered by Lee and
Reynolds (1985a; see Appendix A) in a study of mechanically-excited water jets at a
Reynolds number of 4,000. The axial excitation was provided by weak pulsations in the jet
flow and the orbital excitation by mechanical motion of the nozzle. The basic flow regimes
and flow structure were determined using flow visualization with dye and laser-induced-
fluorescence. A fiber-optic laser-doppler-anemometry system was used to measure the
velocity field and momentum mixing, and acid-suppressed laser-induced fluorescence was

used to study molecular mixing. This work is reported in detail by Lee and Reynolds
(1985b).
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To provide insights into the governing mechanisms and to study the effect of various
parameters, a vortex-filament code for simulating the large-scale characteristics of excited
jets was developed in cooperation with NASA/Ames (Leonard, Couet, and Parekh 1985; see
Appendix B). This work provided confirmation of the mechanism of bifurcation and
blooming. Concentric vortex rings, the dominant flow structures in the near field of a normal
jet, leapfrog over one another axisymmetrically. These rings are made eccentric from one
another by orbital excitation, and eccentric rings tend to tilt one another. Under the right
conditions, this interaction forces them apart. In dual-mode excitation, the axial excitation
controls the phasing of the vortex rings, and the orbital excitation controls the azimuthal
phasing of the rings. If two rings are shed per orbit, and the spacing between them is in a
certain range, the jet will bifurcate. If the frequency ratio is a fraction in a certain range, the
jet will bloom into a shower of independent vortex rings.

-
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While on sabbatical leave at Caltech in 1984, the Principal Investigator constructed a
second water apparatus in which bifurcation and blooming were demonstrated with a smaller
diameter jet that allowed visualization up to 100 diameters downstream. There it was shown
that the bifurcation is permanent, and hence the far field of a bifurcating jet is dramatically
different than that for a normal jet with the same momentum flux.
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The experimental results in the water facility and the numerical simulation suggested
that similar control of jet flows could be achieved in air jets at higher Reynolds numbers.
The challenge at high Reynolds numbers is to force "collective interactions” of the closely-
spaced vortices in the thin shear layer occurring at high Reynolds number, so that the spacing
of the resulting large vortices is placed in the range necessary for bifurcation or blooming. A
simple air flow apparatus was constructed in which it was found that weak acoustic
excitations not requiring mechanical nozzle motion would produce the bifurcating/blooming
phenomena at Reynolds numbers up to 20,000. (Parekh, Reynolds, and Mungal 1987,
Appendix C). Subsequently another air apparatus for higher-speed experimentation was
constructed, and it was found that the phenomena could be produced by acoustic excitation at
a Reynolds number of 100,000, M = 0.22, where the vortex rings undergo transition to
turbulence before the bifurcation or blooming (Parekh and Reynolds 1987; Appendix D).
This provided the first clear evidence that the phenomena could be effected in flows of
primary technical interest to the AFOSR.

3. Summary of principal conclusions

1. Properly combined axial and helical excitations can produce significant changes
in the evolution of round turbulent jets, including spreading angles as large as 80
degrees.

2. Bifurcating and blooming jets are dominated by vortex rings which evolve in
well-defined patterns govermed by the ratio of axial-to-helical excitation
frequencies.

3. Bifurcating jets occur when the axial/orbital frequency ratio is 2 and the axial
Strouhal number is between 0.3 and 0.7. Within this range, the spreading angle
increases with axial Strouhal number.

4. The two branches of the bifurcating jet evolve as separate jets, apparently
indefinitely far from the jet exit.

5. Blooming jets occur when the axial/orbital frequency ratio is non-integer
between 1.7 and 2.8 and the axial Strouhal number is between 0.3 and 0.7.
Within this range, the spreading angle increases with axial Strouhal number.

6. Molecular mixing is enhanced in blooming jets.

7. Increasing either the axial or helical excitation amplitude can cause the spreading
angle of the bifurcating jet to increase. However, increasing amplitudes too high
results in saturation that inhibits further increases in spreading angle.

8. One can model the governing mechanism in these flows as a vortex-interaction
process.

9. Acoustic excitations can be used to force bifurcation or blooming in air jets at
Reynolds numbers up to at least 100,000 and Mach numbers up to 0.22. With
sufficient power in the forcing, the phenomena can probably be effected at any
Reynolds number and subsonic Mach number.

4. Future plans

Additional experiments in the high-speed air facility are needed to establish the
excitation amplitudes required for bifurcation and blooming flow control of high Reynolds
number jets at moderate Mach Numbers. This is now being accomplished under other
AFOSR funding.
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Methods for use of the flow power to produce the required oscillation need to be
developed if the phenomena are to be produced in large jets at high speeds. Methods for
accomplishing this are now being explored under other AFOSR funding.
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ABSTRACT

This paper is concerned with the coantrol of &
round jet discharging i{nto quiescent fluid. The fluid
is wager, and the jec {s excited dy a combination of
axial and orbdbital excitations. The axial excitations
are introduced cthrough motion of a diaphrags on the
piston that drives the msin flow, and cthe ocbital
excitacions are produced by orbital mocion of the tip
of the nozzle. The Reynolds number based on diameter
and exit velocity s 4300. Sowe surprising rtesults
are obtained when the ratio (R) of the axial frequency
to the orbical frequency is ia the range of l=4. When
R e 2, the jet bdifurcates i{ato two separste ring-
vortex trains, and vhen R = 3, cthe jet divides iato
three jets in an equilateral array. then R 1is non~
inceger (n the range of 1.6~3.2, the let “blooma” snd
£4lls a cone of 80° included angle with vortex rings.
This produces a very rapid spreading of che jet. Vel-
ocity 3essurements made at 5.5 and 8 dismeters avay
from che nozzle show a double-peak profile for the
S{furcacing and blooming jets. These results shovw
thet large changes can be produced {n round jets under
controlled excitation.

NOMENCLATURE

Ay Orbital execitation amplitude. Pesk to pesk
displacement of cthe nozzle lip.

b Dismeter of the nozzle.

‘e Axial excitation frequency, Hz.

£° Orbical excitation frequeacy, Hz.

R Ratio of axisl-to-ordital excitation frequency,
!‘/ ’o'

Re Raynolds number bYased on the average jet veloc-

tey U“‘ sod jet dismeter, U  D/v.
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BIFURCATING AND BLOOMING JETS

Mario lee and W. C. Reynolds
Department of Mechsnical Engineering
Stanford University,

CA 94305

4 Radial axis awvay from the jet centerline in a
cylindrical coordinacs syetem.

st, Axial Strouhal number based oca dismeter and
sverage jet velocity, f‘u/u"‘

St Orbital Strouhal oumber based ou diameter and

average jet velocity,
Mean axial veloecicy.

fODN.'.

ave Average ‘et velocity based on jet diameter and
the volume discharge race from the aozzle.

g, Mean centarline velocity of the natural jet 2ea-
sured at 0.l5 diameters avay from the nozxle.

u' Root-aean—square valus of the axial veloecicy.

x Stresmvise direction along the centerline of the
Jet L2 & cylindrical coordinace system.

[} Azizuthal angle.

v Kinesatic viscoeity.

INTRODUCTION
Numerous scudies i{n the pset have cried 3o con-

trol the evoluction of round, turbulent !ecs using

controlled excitacion. Sarohia and Bernal (1] asttemp~
ted to improve aixing by pulsing the zeen flow of a
round curbulent jec. Viets (2] advocated the use of
oscillacing jets and developed a fluidic actuacor.
Perry asud Was (3] obcained laong, coherenc, vorcical
structures vhile exciting a coflowing jet with lsteral
oscillacions. The present study was inepired Yy
Bioder and PFavre-Marinet (4], wvho showed thac the
effects of flapping a twvo-dimensional jet are felt far
avay from the nozzle. This led to the tdes of coo-

. trolling the evolution of jets through combined axial

and orbital excitstion.

Therefore, the objective of chis {nvestigstican
vas to study che near—-field cresponse of a round ‘et
under varying coabinations of axial and ordital exci-
tation frequencies. The results vere documented vith
the aid of flov visualizacion usiog dye (njection.
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Velocity profiles at various downstreas locations wvere
wessured vith s laser-Doppler gnemometry system having
an optical~fiber link betveen the laser and the trsus-
aitting optics.

EXPERIMENTAL FACILITY

The facility consisted of & large pleton-snd-
cylinder arvangement as shown in Fig. 1. The jet vas
formed by pushing water out of s l/2-tach-diameter (D)
nozzle which exited tato the hottom of & square plexi-
glas cank. The pilston we acctivated after the wster
was at rast and free of amy sotion. Sinusoidal per-
turbations were imposed on the wmesan flow through
motion of a flexible diaphrags situated on top of the
piston. The diaphraga was set 1inco wmotion by s hyd-
raulic system and driven by s wmotor through a set of
compound levers and cams. The details of this eystes
have been described by Bouchard (5].
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EXPERIMENTAL APPARATUS
Pig. 1. Schematic of experimental facility.

The orbital excitation vas achieved by moving the
tip of the oozzle in sn orbital fashion through a
drive plate and four equally spsced push-rods. As
showe in Fig. 2, the pesk-to-peak wmotion (A,) of
the ti{p of the nozzle vas approximately 0.018 inches.
The spring—loaded nozzle thus precessed about the
system axis at an angle of 0.2°.

EXPERIMENTAL METHOD

To visuslize the structure in the flow, diluted
food coloring wves injected circusferentially through
the dye slots shown in Pig. 2. The dye injected into
the boundary layer of the nozzle marks the shear layer
as it developed. Both 15 ms enapshots aad 16 ma cine
f1ila wvere msde of the flows.

A single—~component, laser—-Doppler anemocmetry
system 1in the forwvard~scatter wmsode wvas employed to
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h

Orbital Motion of Nozzie
(not to scale)

P{g. 2. Orbical motion of noztle.

Bessure the etrfeamvise component of velocity. Green
laser light was guided to the transmitting optics
(TSI, Inc.) through a polarization=preserving, single-
mode optical fider (NRC model FP-SPV-10) as shown in
rig. 3. The optical fiber allowed flexibility (n
alignment and traverse of the ®measuring volume. The
effective messuring volume vas 0.3 rma vide and 2 me
long. Although many systems have been designed and
proposed based on optical fiders, the systea config-
uration follows that of Meakin et al. [6] for sim
plicity. The details of this syetem and the orbdital
excitation mechanism have been descrided previously
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Fig. 3. Schematic of laser-Doppler asnemometry system.

NATURAL JET

At a Reynolds number of 4300, the observed near
fleld structure of the nsatural jet without artificial
excitation is consistent wvith the observstions of
Brovand and laufer (8] and Boucherd [5). A snapshot
of the natural jet using dye injection csn be found in
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:‘. i 7ig. 4. Cose oo the nozzle, the shear layer sepa- EFFECTS OF COMBINED AXIAL AND ORBITAL EXCITATION
':‘:' :-;r.u sron the lip and rolls up into vortex rings.
r‘:.f e formacion of the rtings is {rregular in cime. In In the present study, a sinusoidal pertubactoo of
y che present flow, che average shedding race vas 6 Bz, 17t was {mposed on the mean flow. The axial jet
( - vesed oa l6 = movies. The ring vortices undervent responded to the imposed excitatlon by shedding vortex
) ! inceraction in which che Jownstream ring would grow rings at rthe excitation Cfrequency. Visualizacion
{'.’_- g and slow down vhile zhe followiag rcing increased (o showed that all vortex-ring coalescence was suppressed
gl speed as LC ghraok in size. The upstvesm ring thea hy this excitation.
B : sassed :hrough the cencer of che ring {n front and
-':l-' : ¢1nally coalesced cogether to form a single ring. At When the axial and che orbital excitations were
+ NS sbout ‘ive dlamecrers, the Tings Sroke down into three- both {mposed on the jet, dramatic changes wers ob~
Ly . dimensional puffs as :he ‘et turned turbulenc. served. The dimensionless number R defined as cthe
i 3 ot ratio of axial-to~orbital excitation frequency s an
A B {mportant parameter characterizing the flows. An
~, {nterescing overview of the various types of jers can
~ be obtained when the axial excitation frequency (53)

ia fixed at 12 Hz while {ncreasing the orbiral excita-
tion £requency (fo) as R decreases, where Re =
4300. This will now be reviawed.

S
4 4 & s

At low orbital frequencies, the global features
of the flow are similar to those of an axtaily excized

x4 ,i\\nv
-
—

}‘ jet. Vortex rings are observed to shed regularly at
% the axial excitacion frequeancy of 12 Hz. Ip addiction,

.
b, the vortex—ring ctrain exhibits a slightly sinuous
W, behavior.

»
K,
‘| When the orbital frequency s gradually in~
® — creased, the vortex rings begin to tilt and collide
b 71g. 4. VNatural jec ac Re = 4300, with each other, breaking up at about five diamecers
- from the nozzle. During this process, the dye which
N 7elociy messurements of the aiatural jet takea at marks the shear laver is observed to disperse at a
RN J..3 itametars Jownscream (x/D = J.15) showed chat larger angle when compared with a natural jet. The
s the dean veiocity was Zlat withia 1.5 (Fig. 5). The observed dispersion angle {s about 40° when R = 4.
1 average ‘et 231t velocity (J,..) was 0.307 a/s, and Whens R 1is further decreased to a value between 3 aad
N the cencerlize 7eloctty (U3 was 7.327 3/s. The 4 yortex rings intermictently zove away from the :ec
' shear Layer -ad a lalf-slope :hicikness of 2.07 diam— axis at an angle. The vorzex rcings that move away
. aters witzh a ceaterline ‘luctuation {u’) of less than from the jet axis remain coherent for ive to ten
e 12 at %9 = J.15. 7eloeity profiles of che natural dlameters.
,,\. ' ‘ec ip 3 2i{ght 3jlametars iowmslTeam appear symmetric,
! " 1% 1 smooth, dell-shaped :curve. “hen the value of R} s avoroximately 3, :the ‘et
: 4 NAT_RAL =2~ splizs up {ato three branches with a slight pHreces-
AlAd - - | siona. The precession disapvears whea R = 3, wizn
,:. : ' the jet forming an equilateral array. 3ecause of this
8 P R - xoneg.:§ . £low pactern, the flow is called a “trifurcacing” jec.

° ~ . = . x/men 88 A similar phenomenon can be observed whem 2 1 2

. - X o=3. 30 (P{g. 6). In this case, the jet htfurcates into 3 7=

A

- x { shaped psttern {n opposite directions. Figure ’ shovs

v . 3= x x " an on-axis viav of the “bifurcating” jet {ssuing ovut
-I:' £33 of the plane where R = 1.9. The precession of :che
'..r‘: . x F 99" l hifurcating Jet (s indicacted by two spiraling =rails
’-' x o x { of dye deposited by the vortex rings as cthey bSreax
- x . up. Occasionally, a secondary forking of one of :he
o .t~ x 2 s - branches can be seen. This -ype of ‘et is called a

“bifurcacing” jet bSecause of zhe unique Jorking Seha-
vior of cthe vor-sx riangs. The angle Hetween :the axes
of the two branch of vortex -ings 1as deen Jdserved :2
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.'-.: < .‘ :: =) "‘. i be as large as 30°.
s - x - = -
-:':- - = - | At R = 1.7,  vortex cings zan Sa seen flving
"ot " - i away from the centerline along a side »f a cone in all
o: - ” 1 directions. A picture of this phesomenon (s shown :n
- 2 Fig. 8. The flow field resembles that of a flower
. 2 - J blocming whea vieved on axis (Fig. I), and “ence :the
-":: == » - 3% 23 flow is called a “blooming™ jer. This phenowenon
o . | parsists for a range of R = 3.2-1.5.
I- [
I..: ) - ) When the orbital excitation freauency is further
s - - i {ncreased such that R falls bdelow 1.6, the disper
’., -~ - - . . sion angle of the vortex rings drastically decreases.
T8~ 22 _ - . 2 At R < 1.3, che vortex rinds bSreak up vecy early
oy .- during the roll-up.
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- CLASSIFICATION OF FlLOW FIEWD

In an sttempt to map out the different types of
jets, dye injection wvas used to visualize various
flows at Reynolds uaumbers of 2800, 4000, 5500, 38300
and 10,000. Sowe of the jets are marked on the param
ecer plot shown f{n Ft;. 10. The frequencies are nor~
malized by D and U to form axial (St,) and
orbital (St o) S:roufm! nuabers. The open symbols
represent uci:cd jets whose vortex rings have bdeen
observed to bresk up befors being able to propagate
avay from the centerline. The closed symbols repre-
sent excited jets whose vortex rings remain cohereat
note than two digmeters avay from the centerline.
within the regioun roughly narked by the closed sym
bols, bifurcating, trifurcsting, sad blooming jets can

! -~ e i be found. For simplicity, the area is called che
Fig. 6. Bifurcaziag jer at R = ..9%. "blooming” region. The region lies roughly berween R

CTERZ & O ¢ 0 5 e o= o -

-f. = 1.6-3.2. Furthermore, the tegion is confined de~
s tween St, = 0.35-0.75 apnd Sc, = 0.15-0.35. When R
t} = 2, the jet difurcated {nto a Y~shaped pattern, and
‘J when R = 3, the jet splits up into three branches.

If the value of R =22 or 3, the jer is observed o
precess with the corresponding flow patterss. When
R takes on non—i{ntager values within the region, che
jets "bloom” to f£i11l a cone of 30° tncluded angle.

5 AXIAL-ORBITAL EXCITATION OF JET
£ r
N
c. LA | -
Q3.4 »
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s
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2 @ "': s 3.2
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- 2 e 4
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=] L )
&
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4 g . . . N
2 ;
= 0 a2 0.4 a.8 0.8 1
) AXTAL STROURAL NUMBER (Fa. D/Uove)
=]
Fig. l0. Parameter plot of bdbifurcating and bdlooming

Jets.
FLOW STRUCTURES
Based on the dye-injection photographs, the ap~

pearance of the excited jets (s very different ‘rom
that of the natural jet. Besides the tremendous

Blooahg et at R = 1.7.

- incresse in the spreading angle, a Dbifurcating ‘et
loses its axisymmetry and exhibits two planes of
- syrmecry. The first plane of symmetry lies along a

diemetric plane conctaining che two branches of :the ‘et
called the plane of bifurcation. The second plane of
symepectry bDisects the :wo branches and (s called the
. - S{¢ecting plane. In the case of the :looming let, the
axisymmetTy appears to be retained.

Vichin these complicated flow fields, the follow
tng fluid motion can be deduced. Tigure l1 shows a
schematic of a bifurcating jet imn vhich the solid line
aarks the boundary betwaen the jet and ambient flutd.
In the first few diameters, layers of jet and asbienc
fluid roll up to form vortex rings. Downstream of the
fork {n the flow, the jet fluid aust ba stretched back
and forth between two branches decsuse of the slter~
In? view of “looBlag leC. nating motiom of successive rings. In the same fash—
{on, blooming jets would exhibit a similar sotioa la
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Pig. ll. Schesmatic of a bifurcetiag jet with trajec-

torles of induced downwash.
TELOCITY PROPILES

Mean-velocity profiles aeasured at various down-
stresm locatlons of the blocaing jec (R = 2.4) and
{a the plane of “ifurcation of the bifurcaring jet (R
= 2) reveal soms incerescing developments. The Rey-
20lds aumber (s 4300 and £, = 12 Hz. In the firsc
three diamecers, bdoth difurcating and bdlooming jets
exhidit a flac zop-hat-shaped profile which gradually
ssoothes out ({nto & Hell-shaped curve like s osatural
lec. Prom four 20 eight diameters Jownstream, a
doudle~pesk profile develops im doth bifurcating (Fig.
*2) aod dloowing (Tizg. 1)) jecs. These peaks appesr
0 coincide vith the locatioa of the coherent vortex
cings which split up and 30ve away from the fjet
cencertli{ne. Since the vortex rtings ars probabdly the
%06t egergecic structuras i{n these flowe, chis obser-
vacion (s expected. “hat {s surprisiag are the addi-~
tlonsl dips within cthe double—pesk profiles of the
Sifurcacing ‘et at 6.5 and 3 diameters. The double
maks of the bSloouing jet develop at about the sase
location but without the addicional dips.

a an actempt o understand the origin of the
4128, velocity-time traces for one second at x/D =
5.5 vere recorded on an oscilloscope at locations
‘netde the dip and ac che peake of cha bifurcatiag
.et. ?igure 14 shows s comperison betveen the two
traces. Although boch traces reveal g regular fluc~
tuation of 5 2z (vortex—pessing frequency) and about
the csme peak velocity, the dottom trace recorded fna
the dip shows much lower valleys. If the schematic of
8 difurcating jec i{s analyzed, as shown {n Pigure ll,
four ctrajeczories can be seen along which & large
dovavash component of velocity {s {nduced by the rer
Peaced passing of vortex Tings. The tepeated passage
9f the vortex riogs in chig location could lead €o the
formation of che dips in che wvelocticy profiles as
obeerved. In cthe Slooming jet, dips do not sppear
because che rings 40 10t follow each other slong fixed

et gt N T ot Rt

vhich the jet fluid s stretched dack and forth im all

‘Fig. 12.

.1

trajectocries as (o a bifurcating jet.

Therefore, the
dowvnwash component of velocity {nduced Sy each vortex
ring s not reflected in the time-sveraged velocity
profiles.

3IFURCATING JET

.2

! ’ e X/T=4, 0
- Re®4300 A2 e X/2=%. 3 .
| z X/2=8. S ;
c. 3*— o X/C=§.2 -
e -0 ﬁ 1‘
L2 % =F°° ° \
C. 4 o @ -
°°° %° oc°°° ?3 JI
.o=° I00ea o © =,
- F 3 T 2.
o ‘C rra 2 B2 i
. z z 2 z2: i
> r zz z z z .
g z z :
< b = &Qz zz .
= k-4 i

s
[ s & s
b . L] -
. Iv
or .5, J. . ss g -
. & s -
- -
& - <
| s \
-d -2 o] F 4
/9

Mean-velocity profiles of bdifurcating ‘ec.
SLICMING JET

1.2 : —
! X/0=s. 3 -

e X/0=5. 23
X/0=6.
0.3 Res4300 R=2. 4 . X093 -
0. 4 -
i W ®a .
D -]
[ o a_.c
;; obeo?® L -
3 | 2 o
z -
z
z zz’z
or zZz % - 2Z2 -
- (]
< L ]
L ‘ e .
$ =
oF . Lot
L ]
| . ..
‘. '
, & -
% -2 2 4

rig. 13. Mesn-velocicy profiles of bloowing jec.

i LBAOGKOHBOOGAOA
:‘:‘?"l‘eh'..'(.\.'0‘!'4...'4"‘0"-"‘-




<N
&

» 8

P P ee W T R T

S TEL LA

Velocity Trace of Bifurcating Jet (9:q) 3. Perry, A. E., snd dm, T. 7., "Coherent Struc-
at XD = 6.5 for i sec. tures {n Coflowing Jets and Wakes,” J. TIilyig
: Mech., B88: 451~463, (1978).
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Binder, G., and Favre-Marinet, “Some Character-
isti{cs of Pulsating or Flapping Jets,” Unsteadv
Turbulent Shear Flows, Sympoeium of the Tncerna=
tional Unton of Theoretical and Applied Hechan-
> ics, Toulouse, France. Springer-Verlag. pp. 370=~
": b 379, (1981).
g -]
- [ f/om 1.2 S. Bouchard, E. E., and Reynolds, W. C., “The ZIf-
2 fects of Forcing on :he Mixing-layer Region of a
Round Jet,” CUnsteadvy Turbulent Shear Tlows,
Symposium of the Iaternsrional Union of Theorez-
ical and Applied Mechanics, Toulouse, France,
. Springer-Verlag, pp. 402-411, [1981).
Time 6. Meakin, R, L., Koseff, J. R. and Screet, R. L. ,
“A Fiber Optical Link for Modular Two Component
IDA Optics and Argoo-ion laser,” Proceedings of
the 2nd International Svmposium on Applied .aser
Anenomerry to fluid Mechanics, Iisbom, Portugal,
(1984 .
7. Mario lae, "Bifurcating and 3looming Jets,” Ph.D.
» dissercati{on, Mech, Eng. Dept., Stanford UTaoiver—
5 sity, Stanford, Calfformia (1985).
3
v /o= 1.4 8. Browand, P. K., and Lsufer, J. , "The BRole of
> large Scale Structures (n the Initial Development
of Circular Jets,” Proc. 4th Symposium on_ Turbu-
lence fn I{quids, Univ. Missouri-Rolla (1975).
Time
P{g. 14. Veloclity zracel of a bifurcating jet.
CONCLUSIONS
In summary, the spreading asagle of & round jet
has been Temendously increased by imposing axial and
orbical excizaction on the flow. The axisl excitations
sre small pulsations 3¢ =he =zean flow, and the ordital
excitations are small orbiral mocions of che 1lip of ;
the nozzle. Differenc ‘low fields called bifurcating :
and blooming jecs have heen ocbserved. A bifurcating ;
jet coasiscs of vortex rings split up {nte two trainse .
in a Y~shaped patzern and (s produced vhen the sxial :
excitation frequency 1s :-wo :times that of the orbi-
tal. %hen he tatio of excitation frequencies takes
ou noa-integer values, Zhe ‘et “blooms” to fill s cone
of 80° tnecluded angle with vortex rings soving along
the side. Observations based on dye injection and
velocity zessurements shov chat controlled axial and
orbital excitation can produce a large change {n che
development of round, turbulent ‘ets.
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TWO STUDIES IN THREE-DIMENSIONAL VORTEX DYNAMICS:
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~—ABSTRACT

Three-dimensional vortex simulations are used to study the remarkable
structure of the round jet with imposed axial and orbital excitations and
to investigate the dynamics of an inhomogeneous mixing layer in which
the unperturbed state is an infinite array of Stuart vortices. The simula-
tions reveal the nonlinear vortex interactions of importance that control
the structure and development of these flows.
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Abstract

Three-dimensional vortex simulations are used to study the remarkable structure of the

TWO STUDIES IN THREE-DIMENSIONAL VORTEX DYNAMICS:
A PERTURBED ROUND JET AND AN INHOMOGENEOUS MIXING LAYER

NASA Ames Research Center California, U.S.A.
Schlumberger-Doll Research Connecticut, U.S.A.
Stanford University California, U.S.A.

round jet with imposed axial and orbital excitations and to investigate the dynamics of an
inhomogeneous mixing layer in which the unperturbed state is an infinite array of Stuart

vortices. The

simuiations reveal the importance of the nonlinear vortex interactions that

control the structure and development of these flows.

1. INTRODUCTION

In this paper we discuss the computer simulation of complex three-dimensional fluid flows
by vortex methods and give two applications. By simulation we mean that a large range of

the imporaat
simulations.
aumbers.

scales of motion in space and time are computed directly, as in large-eddy

The flows we consider are at constant density and have high Reynolds

In a three-dimensional vortex method, vector elements of vorticity move at or near the local
fluid velocity with the vectors strained by the local velocity gradient. These elements are

required oanly

fields of vorticity or vorticity injected through computational boundaries, (2) to satisfy no-
slip boundary conditions or (3) during "grid" refinement when one element may be split into

two or more.

In many applications, the vorticity field is well represented by isolated, thin tubes. If the
tubes are assumed to have zero cross section, a logarithmic divergence in the induced
velocity is encountered. Thus the finite size of the vortex core must be taken into account

in developing

equations for the long-waveiength dynamics of thin vortex tubes are available and form the
basis for a three-dimensional vortex method, as discussed in Section 2. To discretize the

vortex tubes,
points. Velocities of all the N nodes on the vortex filamedts are computed {rom the infinite

where the vorticity is nonzero and are created only (1) to represent initial

equations for vortex tube dynamics. As a result of such analyses, accurate

the space curve of each tube or filament is marked with a sequence of node

A
\] ’.I."!...‘.
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medium Green's f'=~tion 'Biot-Savart aw), requiring O(N-) ~-erations per time step. The
strain on the vortex clements, which, roughly speaking, iare the vectors connecting adjacent
nodes pounts on each filament, is accounted for automatically by the method.

In Section 3 we discuss the simuliation of the excited round jet. using the thin-filament
approximation. In this application. it had been observed experimentally that dramatic
changes in the structure of the jet fluid are achieved by introducing axial and orbital

excitations (6]. The interpiay between computation and ongoing laboratory experiments has
led to a basic understanding of the mechanisms that govern the structure of the jet and how
they might be controlled.

In other applications, the vorticity field is a relatively smooth coantinuum. [n this situation,
vortex elements must be densely packed to represent properly the dynamics of the
continuum. Recent mathematical proofs have shown that, when properly constructed,
vortex methods will produce solutions that converge to the solution of the Euler equations
as the aumber of computational elements increases (1,2,5]. However, because a relatively
large number of elements is required for these applications, the cost of computation can be
very high if the dynamics are computed via the Biot-Savart law. Alternatively, the vortex-
in-cell technique, described in Section 4, may be used to compute the vortex interactions
thereby significantly reducing the price of the simulation. In Section 3 we use the vortex-
un-cell method to study the dynamics of perturbed Stuart vortices - 2 model of the mixing
layer with two-dimensional structure.

2. DYNAMICAL EQUATIONS FOR VORTEX FILAMENTS
For a constant density flow, the dynamics of the vorticity field @ is given by

Do _ da

.. - e ; 2
on atﬂ-uVu @Vu+vVie , (1)

where u is the velocity and v is the kinematic viscosity. From the relations ¥V -u=0 and
Vxu=a we find that

Vig= -Txae . (2)
50 that @ may be expressed as

1 (t—=¢t) xalt’t)
et - Rl dr
4 lr— r’]’

u(r,t) = — + Vo, (3)
where r is the space vector (X,y,2) and & is the potential associated with the homogeneous
solution of (2) required to satisfy boundary conditions.

For numerical purposes we assume that the vorticity may be represented as a system of
vortex filaments following the three-dimensional space curves r,(&,1), (i = 1, 2,3, )
where £ is a parameter aiong a given curve. The velocity field is then given by
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(r=r(€,1)) x @r,/3) g(r~r /o)
[t = r}?

, T
ulr,p) = -3 ;‘ ( e (4)

where ¢ is a smoothing function that depends on the assumed structure of the vortex core
as discussed in (8]. For the study described in the next section we used the function

glc) = (5)

(cz + a)J/z
in (4) with a=0.413, corresponding to Gaussian cores (7], and computed the velocities of
the node points at £, (k = 1, 2, 3, ...) using

ar(€,.t)

YR u(r(é,,n) . (6)

Viscous effects are neglected except for the creation of vorticity at a no-slip boundary.

A simple way to approximate the geometry of each space curve is to use a sequence of
linear segments between successive nodes. With this approximation we can obtain an exact
analytical expression for the integral in (4) with g given by (5). In an improved method
that we recently developed, the trapezoid rule is used to integrate along each space curve
with parametric cubic splines to estimate the required derivatives 3r/9€ at each node. The
new method requires only half the number of arithmetic operations per node point and,
generally, only half the aumber of node points for equivalent accuracy. As an illustration,
the convergence of the seif-induced velocity of a vortex ring are shown in Figure 1 for the
linear-segment scheme and the spline-based method as a function of the aumber of points.
As a consequence of the savings in operation count and number of node points (for the
same accuracy), the spline-based scheme is approximately a factor of eight faster.

3. SIMULATION OF THE PERTURBED ROUND JET

In a rypicai unperturbed, turbulent round jet, the shear layer exiting the jet nozzle roils up
into distinct vortex ring structures that eventually merge and appear to loose their
coherence. In the experimental work of Lee & Reynolds [6] it was observed that small
perturbations can significantly aiter the development of round turbulent jets. They
introduced both axial and orbital excitations. By pulsing the jet axially, they coatrol the
frequency at which the vortex ring structures are formed. The orbital excitation is produced
by moving the nozzle tip in a circular orbit about the nominal centertine of the jet. If the
orbital period id a smail integer (= a,.) multipie of the period of the vortex ring formation,
the jet splits into n, distinct trains of vortex rings equally spaced around the azimuth. For
n.= 2, the angle between the branches, referred to as the bifurcation angle, was found to
vary from 40° 10 80°, depending on the Strouhal number (St = fD/<U>).

In this section we investigate the dynamics of this process for n.= 2, the bifurcating jet,
using a three-dimensional vortex simulation with the thin-filament approximation. The
important vorticity in the flow is assumed to be in the,form of a semi-infinite cylindrical

‘-\
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:E; sheet of azimuthal vorucity, represenung the source tlow, ind a collecuon of vortex
~ filaments as ilustz. 4 in Figure 2. The velocity field indu. 4 by the voriex sheet was
" defined analytically and an efficient scheme was developed for its numerical evaluation.
:' ‘{'\ New vortex rings are created penodically at the jet exit with a circulation consistent with the
;‘, flux of circulation given by dI', dt=0.5U; where L. is the jet centerline velocity. The
'!t‘:'. effect of orbital excitation is approximated in the simulation by rotating the cylindrical
(' vortex sheet in a circular orbit about the nomuinal centerline of the flow.

! ::f‘: Typical experimental and computational resuits are shown in Figures 3 and 4 for a case of
;.:::: large bifurcation angle. In the experiment. dye was injected circumferentially at the jet exit,
. to mark the vortex structures in the jet Juid. The computational results have shown that
DY the axial spacing between rings, which depends inversely on St, is a crucial parameter. For
:'_ the spacing that yields maximum spreading, the successive rings strongly interact at a certain
::::; downstream location, launching one another aiong widely separated paths (Figure 4b). If

"o

the spacing is too large, the interaction is t0o weak to produce wide angles (Figure daj. If
the spacing is too small, successive rings collide and merge (Figure 4¢). As a consequence,
one obtains a bifurcation angle that increases with St, but with low and high frequency
cutoffs as shown in Figure 5a. The sxperimental resuits [6] presented in Figure 5b show a

ll.H

: Y
SLAPANTS

'rq similar relationship between bifurcation angle and Strouhai number. However the
o maximum angles achieved in the sxperiment are twice those of the simulation, and the
v excitation ampiitude is an order of magnitude less. We are currently exploring a number of
_'.: . possible reasons for these discrepancies. Errors due to the thin-filament approximation may
' be significant and the details of the flow near the nozzie may need more accurate
Rt representation. Nevertheless the vortex simuiations predict the correct trends and we
ey believe that they demonstrate that vortex interaction is the key mechanism governing the
'-Z.::: structure of the flow.

o 4 VORTEX-IN-CELL METHOD

o

As the number of vortex node points increases beyond a few thousand, the vortex method

C:

o described in Section 2, a direct-interaction scheme using the Biot-Savart law, becomes
A . . . .
_: prohibitively axpensive. even on presently available supercomputers. In this section we

' x

discuss an aiternative scheme to compute node velocities at a much lower cos.. The idea is

L

to retain the Lagrangian treatment of the vorticity field but to solve the Poisson equation for

the velocity field on a fixed Eulerian mesh. By use of fast Poisson soivers on a2 mesh of M

. &

,'_::-?; 1 3rid points. the operation count for this step can approach O(M log M). Additional required
‘;':Ef; . steps are (1) the generation of mesh values of vorticity {rom the Lagrangian representation
"‘:: ! and (2) interpolating velocities from the mesh back onto the Lagrangian points. Therefore
[ B the computing time per time step for the vortex-in-cell method is O(N) - O(MlogM). a
:',*-j? substantial reduction over the O(N?) time required for the direct-interaction scheme.
.-: However the vortex-in-cell scheme requires a more compiex aigorithm and the introduction
r’:* of another layer ol numerical approximation. [n addition, some boundary conditions. such
’ as the infinite domain, are more difficult 1o implerr:em. while the periodic boundary
.' condition. for exampie, is simpler.

.
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‘?-.,-:: [n the three-dimen<iona! vortex-in-ceil method of Couét 2t a! (3], developed for flow fields
‘ X that are periodic .. ail three directions, the vorticity field is .cpresented as a collection of
O filaments with Gaussian cross section,
Wt
Ny , 5

) —{r—r (& U< dr,
- a(r,t) =3 Fl_£cxp —_— N
o) . a* ¢
et

A specially developed quadratic-spline interpolation scheme is used to minimize the errors in
. deposition of vorticity onto the mesh and in interpolation of velocities onto the Lagrangian

., points. The method was used in the computation of model problems and the results were
o compared with solutions known to be accurate [3]. Excellent results were achieved. In the
) application below we use the extension of the method to the infinite domain (4], suitable for
ﬂ‘:;_' slabs of vorticity, having finite thickness in one direction.

()
»
&‘,:; 3. DYNAMICS OF AN INHOMOGENEOUS MIXING LAYER
B
Lt We apply the vortex-in-cell method, described in the previous section, to the study of the
) dynamics of perturbed Stuart vortices {12]. The vorticity field for the unperturbed, two-

:".-:j dimensional flow is periodic in the stream (x) direction with period L and is given by
N
) -".:‘ - -pnl
s w,(X.y) = 2z (1=p) /L T (8)
oy {cosh2wry/L) = p cos(2mx/L)]

[

X where p€(0,1] is a parameter. If p =0, a parallel tanh shear profile is obtained and if p—1

o one obtains a row of point vortices. At y= = oo the streawwise velocity is = 1. Thus the

g :_: circulation of each vortex is 2L. In the following, we study the case p=0.25 and set L =
“'

e 16.

> To simulate the dynamics of this vorticity continuum we use an array of 16x25 vortex
P filaments for each Stuart vortex. Thus the spacing between filaments is Ax=JAy=1.0. In
(-hl . - - -
g the span (z) direction. 32 node points are used to define the space curve of each filament
ﬂ - . - - . .
) To ailow for the study of subharmonic disturbances, the computational domain inciudes two
E: Stuart vortices or 300 filaments and a total of 25600 node points in a 32x3 Eulerian mesh.
i
N . . . - ‘
SR Each vortex filament represents a vorticity field given by Eq.(7) with an effective core
A parameter . Therefore the circulation of each filament may be determined to minimize
- square error in representing the exact vorticity field given by (8). Figure 6 shows the
o quaiisy of the representation that is obtamned. Contours of vorticity fieid given by (8) are
N \ plotted together with the field obtained numerically: they are virtually indistinguishabie.
P . R
§ : The rms error normalized to <w22> A is only 0.12%. The exact unperturbed state is of
P4
@ course steady but the approximate vortex filament representation produces a time-
'j: dependent flow. Figure 7 shows the evolution of the unperturbed state after 380 time steps.
l\ . . .
ASE Nearly neutral oscillations are observed with normalized rms arror equal to 29%. However,
«
A the time-averaged flow remains close to the exact steady state (Figure 8) with normalized
SRS
A rms error equal 0 3.6%.
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Next we consider s three-dimensionai perturbations (o :he  uart voruces. The linear

A}

~ stability calculations ot Pierrehumbert & Widnail {10] are available for comparison. In our
o calculations the vortices are centered at X=0 and x= 16 (= =16). Thus by displacing the
_'CE vortex node points in the X - y plane at t = 0 by the amount

. amx Bmy

’. 85X = 3y = € cos 6 | %% 16 9

K

! ) where € is a small parameter, we obtain the pairing instability for = | and the translative

'_;; instability for @ = 0, as studied :n [10] for spanwise wavenumbers 3=0,1,2,

c..

"; We expect that after an initial period of adjustment the most ampiified mode, if one exists,
':;:' will dominate the perturbation for intermediate times and yield an exponential growth rate.
;:‘. Al later times nonlinear effects shouid piay a role in the dynamics. These features are
'!?:: displayed in Figure 9 where we show the spnergy in mode 8= ! for the initial disturbance

a=1,3=1. In Figure 10 we plot the exponential growth rates for this case and several

-

’.:‘.: others along with the results of Pierrehumbert & Widnall (10]. The agreement for small 8
on is good to within a few per cent. Nakamura et al (9] observed errors of a similar magnitude
: o in their study of the growth rates of 3= 0 perturbations to parallel shear flows using a two-
h, dimensional vortex method with similar resolution. I[n the translative instability (Figure
. 10a ), the agreement for larger 3 is not good quantitativeiy but shows the same leveling off
\ *: to a broad piateau. For the a =1 mode (Figure 10b) Pierrehumbert & Widnail observed a
:; high 8 cutoff to the pairing instability, whereas the present resuits suggest a broader domain
.' of instability. One obvious possibility for these discrepancies is insufficient resolution in the
present results which causes a twofold problem. First, the unperturbed state does not
‘:f,; consist of the exact, steady Stuart vortices, but is time-dependent (recall Figure 7) and.
‘-., second, the resolution of the perturbation state must rely on the relatively coarse grid that is
g used. Another possibility is that, in our simulatiom; a branch to another family of unstable
™ modes has taken place as B is increased - a family that has more compiex structure in the
,‘.) vortex core. Finite area vortices (eilipses), when subjected to an external strain field. are
\ subject to an infinite hierarchy of instabilities as 3~—~ee [11,13]. If the strain is low. the
':':; unstabie domains in 3 are separated by neutrally stable domains. For higher strain, the
" unstable domains completely overlap. Further work is needed to establish whether such a
hierarchy exists for the Stuart vortices. We suspect that it does and that we have
’ encountered such a higher mode instability, but at the possibly incorrect wavenumber. In
N _ Figure 11 we show contours of w,—w, , where w, is the computed vorticity field for the
f:: : unperturbed initial condition (€ =0). Figure lla illustrates the mode shape for the pairing
.' instability @ = 1, 3= 0 after 380 time steps. The mode profile agrees qualitatively with that
< given in (10] for the same spanwise wavenumber. Figure 11b illustrates the mode shape for
";:j: the translative instability a =0, 3=1. the structure here appears more compiex but the
_'-::: results are not conclusive.
oy
' Of course the primary advantage of the present method s that fully nonlinear studies of
J} three-dimensionai inviscid flows are possiible. Figure |2 shows the energies of the various
N
',n.
e |
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::: spanwise modes ir°~ the nonlinear regime for the cases a=" 3= 2 and fora=1, 8=1.
As seen {rom the ..sualization of the vortex filaments in Figure 13, the vortex cores are
“ starting to overlap when t= 300 and the vortex shape deviates noticeably from a sinusoid
.,::- when t=400. Studies of more compiex physical problems are planned, including vortex
: h“ ring interactions with Stuart vortices.
)
U 8. CONCLUSIONS
'.f: Three-dimensional vortex methods. employing Lagrangian elements of vorticity, are well
:“ suited to the study of many compliex flows at high Reynolds numbers. When the flow
':‘ consists mainly of isolated tubes of vorticity, a single computational filament may be
T assigned to each physical vortex and the dynamics computed via the Biot-Savart law at a
: ‘ reasonable cost. Simuiations of the perturbed round jet were performed with this scheme
;' and have shown that three-dimensionai vortex interactions between successive vortex rings
E:' are responsible for the observed bifurcation of the jet fluid.
2l
o ? [f the physical vortex tubes undergo collision, merging, or any other process in which the
; " structure of the vortex core is important to the dynamics. a large number of computational
X _. elements must be used to represent cach vortex. In many cases the vortex-in-ceil method
;.. ) may be used to reduce substantiaily the cost of computation. [n this paper, the vortex-in-
cell method was used to study the linear and noalinear three-dimensional vortex interactions
.r':: , of perturbed Stuart vortices, a flow field that is representative of an inhomogeneous mixing
2 layer.
&
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BIFURCATION OF ROUND AIR JETS BY DUAL-MODE
ACOUSTIC EXCITATION

D. E. Parekh®, W. C. Reynolds®, and M. G. Mungal*
Department of Mechanical Engineering
Stanford University, Stanford, CA 94305-3030

Abstract

The response of circular air jets to combined stream-
wise and transverse acoustic excitation is described.
The jet evolution and structure are documented by
flow visualisation. When the ratio of axial to trans-
verse excitation frequencies is two, the jet “bifurcates”
into two distinct jets. The spreading angle increases
dramatically with excitation amplitude.

Nomenclature
A excitation amplitude, p’'/ZoU
D nozile exit diameter
f excitation frequency
L  sound pressure level
p’  acoustic pressure
R fu/fe
Re Reynolds number, UD/v
St Strouhal number, f,D/U
U  mean exit velocity
Z  acoustic impedance
v kinematic viscosity
Subscripts
a axial
0 ambient
t transverse

Introduction

The shear layer of a jet naturally rolls up into dis-
tinct vortex rings due to the Kelvin-Helmholts insta-
bility. These rings combine to form larger structures
which also pair or breakdown. This process of vortex
formation and pairing is somewhat random in the un-
excited jet. However, by proper axial excitation one
can control the frequency at which the vortices form
and subsequently pair. This is true for both the thin,
closely-spaced rings near the exit as well as for the
larger rings.! Furthermore, one can use this single-
mode forcing to control jet growth by enhancing or
suppressing vortex pairing.?
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This vortex pairing process has also been studied in
the mixing layer, where it was found that forcing at
a subharmonic of the most amplified frequency results
in the amalgamation of several vortices.> Only very
low levels of forcing are required to cause this interac-
tion. This pairing mechanism is known as a “collective
interaction”.

The study of excited jets has not been limited to
single- frequency plane wave excitation. A study of
active cancellation of pure tones in jets involved simul-
taneous perturbations at two frequencies.® The ampli-
fication of higher order modes and their contribution
to broadband jet noise has also been considered.>-%7
Other studies of excited jets have focused on high-
speed jets® and jets issuing from asymmetric nozsles®.

Properly combining axial and asimuthal modes can
dramatically alter the structure and momentum trans-
port of round jets.!® This type of dual-mode forcing
can cause a jet to split into two distinct streams (bi-
furcating jet) or to explode into a shower of vortex
rings (blooming jet). Bifurcating jets occur when the
ratio (R) of the axial to transverse frequency is two.
When R is a non-integer between 1.6 and 3.2, blooming
jets are observed. These phenomena occur only within
a small range of Strouhal numbers, and within that
range the spreading angle increases with St. These
dramatic changes in jet development were discovered
through a previous experiment in water at a Reynolds
number of 4,000.!! A vortex-filament simulation of bi-
furcating jets suggested the Strouhal number effect
and identified vortex interactions as a key mechanism

_in this flow.?

Potential applications @k this dual-mode excitation
involve air jets at higher Reynolds numbers. Thus,
this work extends the study of bifurcating and bloom-
ing jets to air flows. The objective here is to control
jet flows through properly organising the vortex struc-
tures and to study the influence of excitation ampli-
tudes.

This paper focuses specifically on bifurcating jets
at Re of 10,000 and 20,000. The acoustic excitation
system and flow visualisation technique are described.
Finally, some preliminary results on the influence of
excitation amplitudes are discussed.

Experimental Apparatus and Approach

Flow System
The experimental apparatus is shown schematically
in Fig. 1. Air flows through a porous bronze cylin-




der into the plenum and is directed through a honey-
comb disk upstream of the nossle. A plexiglas coupling
rigidly attaches the nossle to the plenum. The noss'e
exit diameter is 2.15 cm, and the area contraction ra-
tio is 25 to 1. The mean exit velocities are 7 and 14
m/s, which correspond to Reynolds numbers of 10,000
and 20,000, respectively. The streamwise turbulence
intensity, measured with a hot-wire on the centerline
of the exit plane, is 1% of the mean exit velocity. The
shear layer thickness, measured with a hot-wire 0.1 di-
ameter from the exit, is 3% of the diameter at Re of
10,000.

Flow Visualization

The plexiglas coupling shown in Fig. 1 also serves
as the passage for smoke injection. Cigar smoke en-
ters through four ports into the coupling and forms a
thin cylindrical sheet as it exits from the annular slot
in a direction tangential to the core flow. Alternately,
smoke can be channeled through only two opposite
ports to provide an approximate cross-section of the
jet. By injecting smoke into the boundary layer, in-
stead of seeding the entire jet, one clearly marks the
shear layer and vortex structures.

Both time-averaged and instantaneous pictures of
the flow are taken. Time-averaged pictures are ob-
tained by strobe illumination. The strobe is triggered
at a submultiple of the excitation frequency and is thus
able to phase-lock the evolution of the vortex struc-
tures. The images are recorded by a video camera. A
10-watt, copper-vapor, pulsed laser is focused into a
thin sheet to provide instantaneous cross-sections of
the jet. The laser is triggered to provide one pulse for
each exposure taken with a 35mm camera and stan-
dard print film (ASA 400). Since the pulse duration is
only 30 ns, this technique provides detailed images of
even high speed flows.

Acoustse Ezcitation

The bifurcating jet experiment in water used a me-
chanical excitation system operating at frequencies
around 10 Hs.!! A diaphragm on the piston driving the
flow produced the axial perturbation. The azimuthal
mode was introduced by moving the nossle tip in a
small circular orbit about the nominal jet centerline.
From the definitions of the Reynolds and Strouhal
numbers, the excitation frequency can be written as
fa = vReSt/D3?. This shows that switching from wa-
ter to air, while keeping Re, St, and D constant, re-
quires an order of magnitude increase in f,.

Since the frequencies required in this experiment are
several hundred herts, an acoustic excitation system
was developed. Loudspeakers produce both the ax-
ial and transverse excitations. A speaker mounted
on the bottom of the plenum generates the stream-
wise excitation. Four external speakers (Morel, 15-
cm woofers, 150W) surrounding the nossle provide the
cross-stream excitation. By mounting these speakers

in the plane of the nosale exit, one presents a flat sur-
face to the entrained flow.

The input signals of the external speakers are sine
waves of equal frequency and amplitude but different
phase. The signal of a speaker differs from that of
an adjacent one by 90°. The signal of the opposite
speaker is 180° out of phase. The input of the internal
speaker is a sine wave of a different frequency, and its
phase relative to the set of four speakers is variable.

One pair of opposite external speakers is sufficient
to generate the transverse forcing required to produce
the bifurcating jet. However, the jet will split only if
the phase shift between the pair of external speakers
and the internal one is properly set. The peaks of
the transverse excitation must coincide with the peaks
of the axial forcing. With all four external speakers
on, the phase shift simply detetmines the diametrical
plane in which the jet bifurcates. The results reported
here are produced with only the internal speaker and
one external pair of opposite speakers properly phased.
No signal is fed into the other pair.

The sound pressure levels are measured with a 2.4
cm microphone centered one diameter from the jet exit
and oriented perpendicular to the plane containing the
speaker pair. The purpose of this measurement is to
specify the excitation amplitudes and not to obtain
the acoustic response of the excited jet. In order to
determine the forcing amplitude prior to amplification
by jet instability mechanisms, all acoustic measure-
ments are made with no low. The two modes of exci
tation are measured separately. The transverse excita-
tion amplitudes that are reported are those resulting
from both speakers. The corresponding transverse am-
plitude from a single speaker is typically 15 dB higher
than that of the pair due to the absence of cancellation
by the other speaker.

The spreading angles are determined from the flow
visualization. When instantaneous pictures are used,
several realizations are compared to determine the an-
gle. The spreading angle of the bifurcating jet is de-
fined as the angle formed by the outer edges of the two
branches of the jet.

Results and Discussion

The results discussed here are of a preliminary na-
ture, yet they provide valuable insight into the struc-
ture and amplitude dependence of bifurcating jets.
The Strouhal number, defined as f,D/U, is around 0.6
in all these cases. This value of St was found in pre-
vious work to produce the largest spreading angles.!!
The non-dimensional amplitudes, A, and A, are de-
fined as the fluctuating acoustic velocity divided by
the mean jet velocity. The acoustic velocity is est-
mated by dividing the measured acoustic pressure by
the characteristic impedance of air. Thus, A, and A,
are defined as p),/ZoU and p;/Z,U, respectively.
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With both excitations off, we simply observe the
natural jet whose shear layer rolls up into vortices in an
irregular manner (Fig. 2). Turning the axial excitation
on locks the vortex roll-up to the forcing frequency as
seen in Fig. 3.

Cross-sections through the center of the jet show
interesting differences in jet response to A,. At low
levels of streamwise forcing, one controls the vortex
formation frequency by causing a periodic collective
interaction of the thin closely- spaced rings near the jet
exit. The axially-pulsed jet at A, = 0.03% (L, = 99
dB) is an example of this (Fig. 4). At higher levels,
A, = 0.12% (L, = 105 dB), the thin vortex rings are
no longer visible, and instead, one sees the initial for-
mation of rings whose spacing is on the order of the
jet diameter (Fig. 5). The stronger excitation causes
a tight roll-up of the shear layer. The structure of
the vortex core shows many interfaces between the jet
fluid and the entrained fluid. Several diameters from
the exit, vortex cores exhibit deformation and elonga-
tion due to the pairing process. The same amplitude
dependence is seen in jets having the same Reynolds
number, in which case the thickness of the shear layer
is not an issue.

The bifurcating jet has a strikingly different struc-
ture. Figure 6 displays a cross-section of a bifurcat-
ing jet in the plane of bifurcation at Re = 10,000
and St = 0.55. The jet appears similar to an axially-
excited jet near the exit except for the slight displace-
ment and tilt of the vortices. Farther downstream,
however, the low abruptly splits into two distinct jets
with an included angle of 70°. Initially adjacent vor-
tex rings propagate along different branches of the jet.
This results in the jet fluid being stretched back and
forth between the two branches of the jet. Similar be-
havior is seen at Re = 20,000 (Fig. 7). Since the
Reynolds number is higher and amplitudes are lower,
the vortex cores are not as distinctly organized and
the jet becomes fully turbulent sooner.

Changes in spreading angle due to different trans-
verse amplitudes are seen in Fig. 8. At low amplitudes
the vortices appear to be displaced laterally rather
than distributed on two separate branches. The angles
corresponding to different levels of axial and transverse
forcing are compared in Fig. 9. Increasing A; while
keeping A, fixed causes the spreading angle to increase
from 24° up to 52°. Increasing A, results in angles as
high as 70°.

Though more data would be required to form an
empirical relation between angle and amplitude, these
results provide the first insights into the nature of that
dependence. The spreading angle clearly increases
with both amplitudes. One would intuitively expect
the angle to increase with A, since that perturbation
is aligned with the direction of bifurcation. The fact
that the angle dramatically increases with A, would
be harder to anticipate. It appears that higher values
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of A, concentrate the vorticity in the shear layer more
strongly. Thus, the vortices are less diffuse and prob-
ably have a higher circulation. This, in turn, amplifies
the vortex interactions, resulting in wider spreading
angles. One would expect to reach a saturation level
beyond which the angle no longer increases with either
amplitude. However, that level did not appear to be
reached in these experiments.

These results confirm and expand the previous un-
derstanding of the governing mechanisms in this flow.
The bifurcation phenomenon has been regarded as the
result of vortex interactions.!!'1? Eccentric rings mu-
tually induce each other to tilt away from the center-
line. This process amplifies until the jet becomes two
separate trains of collinear rings. The present results
are in agreement with that model. Additionally, this
experiment demonstrates that the vortex interactions
can be intensified by increasing either excitation am-
plitude.

Conclusions

An acoustic excitation system capable of generating
both streamwise and cross-stream perturbations was
developed for round air jets. The effect of this dual-
mode forcing at different Reynolds numbers and ex-
citation amplitudes is visually documented. These re-
sults demonstrate that dual-mode excitation can cause
a jet to split into two distinct jets with a spreading an-
gle as high as 70°. The Reynolds number range for bi-
furcation has been extended to as high as 20,000 with
excitation frequencies up to 386 Hs.

This experiment agrees with previous understand-
ing of the bifurcating jet structure and past models of
the vortex interactions. Additionally, this work shows
that the spreading angle of the bifurcating jet increases
with both axial and transverse amplitudes.

Acknowledgments
This work was sponsored by the Air Force Office of
Scientific Research under Contract AF-F49620-84-K-
0005.

References
1. Zaman, K. B. M. Q,, and A. K. M. F. Hussain,

“Vortex Pairing in a Circular Jet under Controlled Ex-
citation,” J. Fluid Mech., pp. 449-491 (1980).

2. Bouchard, E. E.,, and W. C. Reynolds, “The
Effects of Forcing on the Mixing-Layer Region of a
Round Jet,” Unsteady Turbulent Shear Flows, IU-
TAM Sym., pp.370-379 (1981).

3. Ho, C. M,, and L. S. Huang, “Subharmonics and
Vortex Merging in Mixing Layers,” J. Flusd Mech., pp.
443-473 (1982).

4. Arbey, H., and J. E. Ffowcs Williams, “Active
Cancellation of Pure Tones in an Excited Jet,” J. Flusd
Mech., pp. 445-454, (1984).

oY
-

AR SRRt
My LN

-,-'.l‘- ~-‘\ -
e L L L FAUSE L -. - oy

LR

)

S
e

()




)

‘I

v

N 5. Bechert, D. W., and E. Pfisenmaier, *Amplifica-

) tion of Jet Noise by a Higher-Mode Acoustical Exci-

tation,” AIAA J., vol 15, no.9, pp.1268-1271 (1977).
" 6. Betsig, R. E., “Experiments on the Linear and

i‘ Non-Linear Evolution of the Double Helical Instability

' in Jets,” AIAA paper 81-0415 (1981).

K.

‘:: 7. Strange, P. J. R., and D. G. Crighton, *Spinning
- Modes on Axisymmetric Jets. Part 1.*,J. Fluid Mech.,
pp. 231-245 (1983).

Y 8. Lepicovsky, J., K. K. Ahuja, W. H. Brown, and

“ P. J. Morris, *Acoustic Control of Free Jet Mixing”,

U AIAA paper 85-0569 (1985).

": 9. Kibens, V., and R. W. Wlesien, *Active Control
of Jets from Indeterminate-Origin Nossles,” AIAA pa-

! per 85-0542 (1985).

( 10. Lee, Mario, and W. C. Reynolds, *Bifurcating
. and Blooming Jets,” Fifth Symposium on Turbulent

'\ Shear Flows, pp. 1.7-1.12 (1985).

:. 11. Lee, Mario, and W. C. Reynolds, *Bifurcating
A and Blooming Jets,” Report TF-22, Thermosciences

e Divisioin, Dept. of Mech. Engr., Stanford University,

, (1985).

o 12. Parekh, D. E., A. Leonard, and W. C. Reynolds,
> “A Vortex- Filament Simulation of a Bifurcating Jet,*

oY Bulletin of the Amer. Phys. Soc., vol. 28, no. 9, p.

s 1353 (1983).

‘o
L
x

i
4
'

]

)

)

’_'\

A

)

)

5
.

¥ (

¢
e

N

B

l. i

4N

|
J

b2 &

=)
’

- LGS .

), ", K Cun o« - . PRI "o o et oty! 8 A ] 3 ) LGN DR LT l.
B e AP Cal s e b e o N e o O EE R A K 2 AN AL WU L It R Lot 16, 20 LD




g ph* ol Paillar A p p a Y""‘V“"

7,000,

77 )

-

[ HH—
Lo POROUS CYLINDER 25:1 NOZZLE \
%

..:. N

p, Ny
..l

. ". ". ". "- "- *

—— SPEAKER HONEYCOMB

|

— = —I% A e——— ——  ~

st

o
s ‘s 's e

03
L
'

A . N
f‘-v":

Hi

- U A & |

A

Litird
[

g .
WA

&

e
AR

—— << —
— e " e Y AW S

SMOKE

"J.

2/

5 4

%
s ‘.

AIR

e
‘r

N
“»
Y
~
)

.« m-
-

-
s u
v

s s

Figure 1. Schematic of jet facility.

LAY
3

[t}
v v,

'
PR U

Y

Ul

14

v

.
3
s

FEIAOLN S
Fd

-_-_ -

\‘-‘ o

e

[
' JF S

¥

] . [']
Ay

=

f

Fi 2. Natural jet at Re = 10,000. Figure 3. Axially-excited jet. Re = 10,000, St = 0.60,
e a ) fa = 192 Hz, and A3 = 0.03%.

- R T T g ) 207 DU IO T W » " "y LTS TRy Sy TR DRIy,
o 0 SR ¥ / 0 AR B0
‘."i A 45,00, 80, 00 By, THh A :.’. ‘l.". """‘:" * .'»‘ ."5".h."0.. 3 "l.'.".," !' KR D !'k"l‘?'l‘- & "“!' ~ AN RN .aft Dt el BN SN0 'l.,“.v'l i




» .P‘l"
a
g

e

"

S,

".4' »
[.A" $ ’. " 4,4,

ta

Figure 3. Cross-section of axially-excited jet. Re = 20,000, Figure 6. Cross-section of bifurcating jet. Re = 10,000,
St=10.60, fa = 386 Hz. and Az = 0.03%. St=0.55, f3 = 180 Hz. f = 90 Hz,
A3 =0.12%, and Ar = 0.04%.

3
LY

Sl
LlAr

'®

Figure 5. Cross-section of axially-excited jet. Re = 10,000, Figure 7. Cross-section of bifurcating jet. Re = 20.0(X).
St=10.55,f3 =180 Hz. and A3 =0.12%. St = 0.60. f3 = 386 Hz. f = 193 Hz,
Az =0.03%. and Ay = 0.03%.

a0t




«
“s *,

,_,
£
A

W

(]
Do)

2PV
WA

R
- ".‘.-'., l‘l‘ a

.!,“.\‘
[

-

W
’
o
)
¢
p
v
[

555
'r'.‘.s;::. e

b4

F Xz 2 XX N
ﬁx.;'ﬁ';'{.:'

~

-

o
\/
&%

¥ PR
‘-'5~"" i) ol lI!’O.

Figure 8. Video images of bifurcating jets at different
transverse excitation amplitudes.
Re = 10,000, St = 0.60, f3 = 192 Hz,
ft = 96 Hz, and A3 = 0.05%.
(a) At = 0.01%, (b) At =0.02%. (c) A = 0.04%.

N > w
W AR AR AT UGy

Spreading Angle (degrees)

MM (L B AN A S S S S e

P B

L LR AL A SR A S B R L R B (SR S

A

LEGEND

& Asxs)=012%
® A (axsl)=005%

QNN
Wbl

0.0001 0.0002 0.0003 0.0004

Transverse Excitation Amplitude

Figure 9. Variation of spreading angle with excitation

amplitude.

DA™ N - SRR A L L N T R R TN
' v"w‘ Bl ..- 'h"l.‘?h‘..( Do ! ¥ n f.“'

DU IT AT AT Ui ST AU AT

| U B U TG S G




Yo
a

,
5
e rr @SSRS

- -

"y

Bifurcating Air Jets
at Higher Subsonic Speeds

D. E. Parekh and W. C. Reynolds
Stanford University
Stanford, CA

SIXTH SYMPOSIUM
ON TURBULENT SHEAR FLOWS
September 7-9, 1987
Toulouse, France

Sidet

RS T e TN R A, \ b
e T o LA NI AR AN N L NN

LSRN P Pk Bl Dt T *,

B




= ,
PR AL NN
SRTRIRR]

-A

o S B vy
2 LRI
..".‘-{.‘.': Ik

LS € Y
"_'I."'. T .
L A o

e

P

! “ | -l' 'ﬁ -.‘ -" :" ..' »

Ot i Ty T N
RORIGL S

aata
.'y 3 N
by .

1} a ¥ ‘l l; "-
NI

..

vaN

-
Pl ol
w1 @ Sy

Jur

w
.'

.
.

1

D

L4

BIFURCATING AIR JETS AT HIGHER SUBSONIC SPEEDS

D.E. Parekh and W. C. Reynolds
Stanford University

ABSTRACT

Dual-mode, dual-frequency acoustic excitation of
round air jets is described. The jet evolution and
structure is documented by flow visualization at
velocities up to 75 m/s and Reynolds numbers to
100.000. The ratio of the axial to helical excitation
frequencies is exactly two. This type of forcing causes
the jet to spread dramatically in one plane. The
spreading angle increases with excitation amplitude to
angles as high as 70 degrees.

INTRODUCTION

The sensitivity of jets to sound has fascinated
researchers for many decades. Brown demonstrated
that laminar jets develop vortex structures and increase
in spreading angle in response to acoustic excitation at
various critical frequencies (1). Most current work
focuses on jets consisting of an axisymmetric shear
layer and a potential core. In this case the shear layer
rolls up to form distinct vortex rings unlike the laminar
jets of Brown which form vortex structures comprised
of the entire jet stream.

The vortex-formation frequency can be fixed by
axial excitation. This single-mode forcing can control
Jet growth by enhancing or suppressing vortex pairing
(2,3). The "collective interaction” of several vortices
due to subharmonic forcing has been demonstrated in
mixing layers (4). This type of forcing has also been
applied to high speed jets (5) and jets issuing from
asymmetric nozzles (6).

The study of excited jets has involved multiple-
frequencies and multiple-modes. A study of active
cancellation of pure tones in jets involved simultaneous
perturbations at two frequencies (7). Other work has
focused on the changes in initial shear layer
development in response to multiple-frequency forcing
(8).

Properly combining axial and first-order helical
modes can dramatically alter the structure and
momentum transport of round jets. This type of dual-
mode forcing can cause a jet to split into two distinct
streams when the ratio of the axial to helical frequency
1s two. These phenomena occur only within a small
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range of Strouhal numbers, and within that range the
spreading angle increases with St.  These dramauc
changes in jet development were discovered in a study
of mechanically-perturbed round water jets at a
Reynolds number of 4,000 (9). Similar jet
development was observed in acoustically-excited air
jets in the Reynolds number range of 10,000 to 20,000
(10).

This work extends the study of bifurcating air jets 1o
Re of 100,000. Since the apparatus described in Ref.
10 is inadequate to produce the high levels of
excitation required at higher velocities, a new acoustic
excitation system was developed. The response of the
jet at various Reynolds numbers is visually
documented.

EXPERIMENTAL APPARATUS AND APPROACH

Flow System

The experimental apparatus is shown schematically
in Fig. 1. Air flows through a porous bronze cylinder
into the plenum and out through a 2-cm-diameter
nozzle. The two-piece nozzle has a carefully machined
fifth-order polynomial profile with zero slope at inlet
and exit. The transition from the lower to the upper
half of the nozzle occurs at the inflection point of the
profile. The area contraction ratio is 25 to 1, and the
length-to-diameter ratio is 5.

The jet exit is positioned in the center of a 60 cm x
60 cm flat panel and is flush with this panel. Baffles
made of particle board and Sonex acoustical foam
surround the jet on all four sides. These baffles are
located 1 m from the jet on each side. The fume hood
located 1.3 m above the jet is lined with Sonex foam.
Entrained air flows into the test cell through the 0.8-m
gap between the baffles and the floor.

Flow Visualization

A small 0.5-mm annular gap between the two
halves of the nozzle provides a passage for injecting a
fluid marker into the boundary laver. In these

LTSI T,

1-013.- A

e




A .

XA 1A

> P
x L3
4.":3!. : 4 x“- ".

LIV IS S R A J

'...'A._'v"l":'lﬁ_:."q . "1 L

oz
"

x
»
-

=
5

>

¥
A

s

-~
™
‘

N O

a e
’

RO

-
v
N

Crrire
® JS LY, o

-

) A g ™
RANED

in smoke reaching the jet centerline about one diameter
closer to the jet exit (Fig. 8).

An axially-excited jet at Re of 100,000 is shown in
Fig.9. The high level of forcing causes the shear layer
to turn wrbulent at the exit. At low levels of excitation
(below 120 dB), the shear layer remains laminar for the
same distance as in the unforced jet (Fig. 6). As
previously discovered (10), the spreading angle
increases with excitation amplitude to angles as high as
70 degrees (Figs. 10 and 11). At the lower Reynolds
numbers, increasing the helical excitation amplitude
beyond a certain level does not increase the spreading
angle and in some instances seems to reduce it. This is
true regardless of how the axial excitation is
introduced. The excitation levels required to reach this
saturation level is found to increase with Reynolds
numbers.

Adjusting the phase between the axial and helical
signals rotates the plane in which the jet bifurcates. By
rotating the jet such that it bifurcates in the plane
perpendicular to the light sheet, one obtains the image
in Fig. 12. Since the jet fluid moves away from this
bisecting plane, the smoke density along the jet
centerline decreases rapidly. The striking difference
between the cross-sections in Figs. 10 and 11
demonstrates the fact that the bifurcating jet spreads
rapidly in one plane rather than axisymmetrically.

CONCLUSIONS

The effect of combined axial and helical excitations
on the development of round, turbulent air jets has
been studied by flow visualization. Setting the axial
frequency at exactly double the helical frequency
causes the jet to spread rapidly in one diametrical
plane. Increasing the amplitude of the helical
excitation results in spreading angles as high as 70
degrees. However, increases above a certain level do
not further amplify the spreading angle. Higher levels
of excitation are required to reach this saturation level
at higher Reynolds numbers. This work demonstrates
that dual-mode forcing can cause jets to bifurcate at
velocities up to 75 m/s and Reynolds numbers up to
100,000.

\ |".o:f.o:f:|

ACKNOWLEDGMENTS

This work was sponsored by the Air Force Office of
Scientific Research under Contract AF-F49620-86-K-
20. The authors wish to thank Mr. Philippe Juvet for
his assistance in the laboratory and in the preparation
of this paper.

REFERENCES

1. Brown, G. B., "On Vortex Motion in Gaseous Jets
and the Origin of Their Sensitivity to Sound,”
Proc. Phys. Soc., vol. 47, pp. 703-732 (1935).

2. Bouchard, E. E., and W. C. Reynolds, "The Effects
of Forcing on the Mixing-Layer Region of a
Round Jet," Unsteady Turbulent Shear Flows,
IUTAM Sym., pp.370-379 (1981).

3. Zaman, K. B. M. Q, and A. K. M. F. Hussain,
"Vortex Pairing in a Circular Jet Under
Controlled Excitation,” J. Fluid Mech., pp. 449-
491 (1980).

4. Ho, C. M., and L. S. Huang, "Subharmonics and
vortex merging in mixing layers," J. Fluid
Mech., pp. 443473 (1982).

5. Lepicovsky, J., K. K. Ahuja, W. H. Brown, and P. J.
Morris, "Acoustic Control of Free Jet Mixing",
AIAA paper 85-0569 (1985).

6. Kibens, V., and R. W. Wlezien, "Active Control of
Jets from Indeterminate-Origin Nozzles," AIAA
paper 85-0542 (1985).

7. Arbey, H., and J. E. Ffowcs Williams, "Active
Cancellation of Pure Tones in an Excited Jer," J.
Fluid Mech,, pp. 445454, (1984).

8. Ng, T. T. and T. A. Bradley, "Effect of Mulu-
Frequency Forcing on the Near Field
Development of a Jet,” AIAA paper 87-0054
(1987).

9. Lee, Mario, and W. C. Reynolds, "Bifurcating and
Blooming Jets,” Fifth Symposium on Turbulent
Shear Flows, pp. 1.7-1.12 (1985).

10. Parekh, D. E., W. C, Reynolds, and M. G. Mungal,
"Bifurcation of Round Air Jets by Dual-Mode
Acoustic Excitation,” AIAA paper 87-0164
(1987).

- . r

G0 O WA OO0
,!0':',.’.',.'.’.':!o“.‘t'.‘t‘t‘u‘?‘;";‘c'f'l'?.‘o".‘q".’ l‘!‘d’.‘o‘"o".‘. X




Ll O B A Y Aad S S0l

L Am s o 2an 4

LA A e v
a

vy

Figure 7. Axally-excited jet at Re = SO.000 N = 320

St N et ar Re = 1000 N = s Figure s Riturcanre tetat Re = SO00G N = 2
H= 4 UB

Lol

PRSI AP W YOI Y G W



[N R A
. s
Dy
teta

PR A
DA

‘e

- o - - hf
[d Pl
.\1 .I ':)‘l' 'v' ':_'l 5

Y

(¢

J'\.}'.}l."s‘;&

Figure 9. Axially-excited jet at Re = 100,000 (N = 8). Figure 11. Bifurcating jet at Re = 100,000 (N = 8).

A=130dB A=130dBandH =124 dB.

’l

il el a
r 44
gL A A

-M e
LR

i b."

AL -

o 3

»
0
Sy
"

')
2t

>
®
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