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PREFACE
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1 January 1986 in the Flight Sciences Department, managed by Dr. R. J.
Hakkinen. The principal investigator was Dr. V. Kibens; Dr. R. W. Wlezien was
co-investigator, The program technical monitor was Dr. James M. McMichael.
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1. INTRODUCTION

This report describes results of research conducted during the second and
third vears of the contract. Together with AFOSR document TR-84-0551, (Ref.
1), which covers the first year's work, this report describes the results of
the investigation entitled "Control of Jet Flowfield Dynamics."

The first year of the program (Refs. 1 and 2) dealt with passive
turbulence control techniques applied to subsonic, round jets of ambient-
temperature air. Variation of nozzle exit shapes and the consequent effect of
shape on inherent flow instabilities constituted the principal control mecha-
nism for manipulating jet development.

Indeterminate origin (1.0.) nozzles with slarted, stepped, and crenelated
exits were used to generate and passively control jet shear layers formed
under a variety of initial flow conditions, Extensive flow-visualization and
hot-wire surveys revealed a variety of distinct dynamic-instability modes
which resulted from the geometries selected over the velocity range 4 s U
S 40 m/s. The response of the constant-phase lines of the instability waves
to the geometry of the nozzle termination was the principal criterion used to
categorize the instability modes. A slight departure of the slant of the 5’ﬁ
nozzle exit from the normal to the flow direction caused an identical change ‘
in the slant angle between the original flow and the early instability waves.
As either the slant angle of the nozzle exit or the stream velocity was in-
creased, the orientation of the instability waves with respect to the slant of
the origin became more tenuous, until the instability wave finally became nor-
mal to the flow direction. Stepped nozzles showed a reconciling of vortex
lines originating firrom adjacent trailing-edge segments at different streamwise
positions.

The streamwise scale development was surveyed by spectrally mapping the
hot-wire anemometer signals. The results confirmed that the observed distor-
tion of the mean properties of the Jet spreading was related to the interac-
tion of the azimuthally varying instability wave patterns genecrated by the
particular 1.0Q. nozzle geometry.

Work described in the present report extended the application ol contrcl
to include active techniques; such technigues add excitation energy from ex-

ternal sources as perturbations to the shear layers that form the origin of

the jet. The objective of the research was to develop methods for controlling
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near-field fluctuating pressures and thus to reduce the sonic fatigue impact
of Jets, to reduce the acoustic and infrared signatures of aircraft and mis-
slles, and to improve the mixing efficiency of ejector rozzles by suitably
matching control signal characteristics, nozzle exit geometry, and jet flow-
field parameters.

The investigation of jet shear-layer control is part of a continuing MDRL
effort to develop techniques for modifying complex, unsteady flows. Either
enhancement or suppression of flow characteristics pertaining to a particular
application may be required. The approach chosen i3 data-intensive, using
computer-controlled apparatus and data surveying techniques. The approach
involves global flow-visualization methods and image processing, as well as

detajiled hoit-wire, LDV, and microphone surveys.



2. OBJECTIVES

The nrincipal objectives of the program were to observe and characterize
the three-dimensional effects of indeterminate origin (I.0.) nozzles by use of
flow visualization to obtain qualitative data and use of computer-controlled
hot-wire measurements for quantitative description of the flowfield
development.

The specific objectives of the second and third years of the program
centered on the implementation of active and interactive control concepts.

The second-year objectives were the following:

1. Select and evaluate the efficiency of acoustical and mechanical excitation
devices for introducing active control signals into jet flowfields, by use
of existing MDRL exclter designs for axisymmetric jets.

2. Perform a detailed flowfield measurement test sequence of selec-ed acousti-
cally excited jets by use of the 1.0. nozzles developed earlier in the
contract research program.

3. Perform additional tests to evaluate conirol effectiveness of exciter
systems by use of conditional sampling algorithms triggered by suitably
phased pulses derived from the signals that actuate the excitation devices.

. Install an ejector shroud at the end of a constant-diameter nozzle-
extension pipe forced by an acoustic nodal-point pipe resonance exciter.
Evaluate maximum positive conirol obtainable.

5. Select nozzle and excliter combinations that achieve the highest degree of
amplifying and attenuating dynamic flowfield control for experiments in

interactive control.

The initial objectives were modified as work progressed to reflect the
impact of the new active-control results. Acoustic excitation devices were
built for slanted and stepped nozzles (see description in Section 2.2). Flow-
visualization tests showed that acoustic excitation produced a great variety
of vigorous three-dimensional vortex interactions in the flowfields, which
resulted in spreading rates and jet asymmetries that exceeded those observed
under passive-control conditions. It was decided to refocus the program on
the detailed vortex interactions observed in selected actively controlled

flowfields. The new direction required development of an experimental tech-

nique for investigating the detalled motion of interacting vortices under the




influence of acoustic forcing. This technique used a phase-locked conditional

video schlieren system for optically averaging flowfield motion as a function

of the phase angle of the underlying periodicity of the flowfield.
Accordingly, the modified objectives for the second ycar of the program
were as follows:

1. Same as above.

2. Develop an optical sampling and averaging system consisting of a schlieren
system, a standard video camera and monitor, a white-light nigh-intensity
strobe light, and an analog logic circuit for deriving the flash triggering
pulse from a flowfield microphone signal and the excitation pulse train,
synchronized with the scan rate of the video system.

3. Obtain representative flow visualization data photographically and on vides
tape for the geometry, exclitation frequency, and jet velocity matrix using
the phase-conditioned optical system.

4, Perform hot-wire measurements characterizing the global flowfield features

for selected high-activity cases.

The initisl third-year objectives were to develop interactive corntrol
techniques and to apply them to the I.0. nozzle flowfields. These objectives
were replaced by an extension of the direction described above. The output of
the phase-conditioned flow-visualization system was a systematically ordered

set of ensemble-averaged images in ascending order of the phase angles of the

driving process. The new objective was to start using image-processing tech-
niques in conjunction with the sets of visualization images to determine tra-
Jectories and merging patterns of the systems of vortices generated by active-
contrel excitaticon of jets from I.0. nozzles.




3. ACTIVE-CONTROL INVESTIGATION

The work described follows MDRL rescarch described in Refs. 1 and 2, as
well as other investigations that demonstrate effects of initial jel geometry
on jet flowl'lelds. The other investigations include those by lHusain anag
Hussain3 and Gutmark and Hou in which spreading characleristics cf elliptic
jets are shown to be significantly changed by distortion of the nozzle exit
shape. Experiments by Krothapalli g&_gl.s demonstrate reclated effects for
rectangular jets. Threc-dimensionality of the origin has been investigated by
Breidenthal.6 who used a splitter plate with a tabbed trailing edge as the
origin of a two-dimensional mixing layer. Lee and Reynolds7 perturbed the jet
origin by applying streamwise pulsation of the fiow and simultancous rota-
tional displacement of the nozzle; a dramatic threc-dimensionalization of
vortex interactions was achieved. The complexity of generation and subsequent
interaction of three~dimensional vortex systems has also been demonstrated by
Rockwe118 and Smith.9

Our work describes properties of flowfields from 1.0. nozzles under active
control, 1.e., those inr'luenced by externally powered perturbations injected
into the flows to enhance or suppress naturally occurring instabllity wave
patterns. Most of the results are presented as flow-visualization photographs
taken with a phase-conditioned schlieren system that images instantaneous or
phase-averaged photographs of flowfieid activity when specific criteria are
satisfied.

3.1 Flow System and Data Processing

Experiments were performed with a flow system supplied from a high-
pressur¢ centrifugal blower with speed stabilized by feedback control. In the
experiments 24.5- and 63.5-mm-diameter nozzles were used to generate subsonic
flows with low disturbarnce levels. Flow rates were controlled by computer.
Hot-wire data were obtained with a three-degree-or-freedom, computer=
controlled traverse and processed through a minicomputer data acquisition
system. Nozzles were fnstalled al the cxit of a b.cubic contraction, along
with a specially designed injector located immediately upstream of the nozzle
exit. To provide density gradients for schlieren photography, helium was

supplied from a central distribution point through four separatc tubes into

the injection chamber. The heljum was introduced into the boundary 1aiyer




through a downstream-pointing irjection slit. This technique provides more
effective visualization of shear-layer faatures than techniques which intro-

duce smoke or helium into the entire {lowfield.

3.2 Nozzle Geometry

The 1.0. nozzles are depicted in Fig. 1. The inclined and stepped geome-—
tries are denoted by letters C - H, which desigrate the length of nozzl ex-
tension with respect to the nozzle virtual origin; tihie origins are indicated
by dashed circles. Nozzles of 25.4- and 63.S-mm di~meter arc dasignated series
1 and 2, respectively. The azimuth angle is referenced to y = 07, taken ar
the center of the nozzle lip sector with farthest downscream extension, as
shown in Fig. 1. The upstream section of all nozzles i3 an z«isymmetric,
constant-diameter pipe which is 2.5 diameters (D) in length from the ¢nd of
the contraction to the virtual origin. This arrangement ensuras that the

boundary-layer thickness is identical for nozzles in the same series.

3.3 Excitation Techniques

Externally powered acoustic perturbations were introduced through three
excitation techniques. 1In the first technique, external exciters wer2 con-
strunted for the inclined and stepped nozzles, 1C and iG, in the form of wrap-
around, segmental chambers, as shown in Fig. 2. The sound impiriges on the
shear layer as it leaves the nozzle 1ip. The excitation chambers are divided
into four subchambers, each driven independently through its inlet port; they
can be driven from one or morc acoustic drivers. Driver amplifiers are con-
trolled from multiple phase-locked gsignal generators. Thus the frequency,
ampl {tude, and phase relationships among the driving waveforms car be inde-
pendently controlled and the upper and lower shear-layer sectors for the
stepped nozzle can be excited separately. The external-lip excitation tech-
nique was limited to the two nozzles, 1C and 1G, for which excitation devices
were bujlt.

To apply excitation to other nozzle terminations, two additional means of
excitation were devised. The first consisted of introducing acoustic pertur-
bations into the helium injection chamber, thereby perturving the boundary
‘layer passing over the injection slit. This technique was effective ir per-
turbing tne shear layer, but left in question the exact nature ot thz pertur-

bations and their means of transport to the noczle lip. To answer these ques-

6




Designation '

n Inclined nozzle  Stepped nozzle
4 C F
2 D G
1 E H

Series D (mm)

1 254
b =N
® 2 63.5 |

-D/n

GPal-1730.R

Fig. 1 Geometry designations for (a) inclined ard
(b) stepped 1.0, nozzles.

tions, a second excitation technique introduced the signal into the plenum

-~

chamber at a location about 2 m upstream from the nozzle exit. The excitation

levels were selected for maximum effect at the nozzle exit. As a rule, exces-

sive excitation amplitudes reduced gross shear-layer spreading rates. No

attempt was made to engage chamber resonances.
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Fig. 2 Acoustic excitation app:iratus for (s) stepped and

(b) Inclined nozzles, I

3.4 Phase-Conditicned Schlieren System

Excitation enabled acquisition of visualization images on the basis of
specific flow featu~as. £ multiple-conditioned schlieren system was developed
for this purpose; a conditionally triggered strobe light was used as the light
source. The schlieren field was imaged by a black-and-white video camera,
displayed on a video monitor, and recorded on videotape.

Conditioning criteria for image selection are shown ir Fig. 3. A strobe
trigger pulse was generated by the conditioning circuitry when three criteria

were sequentially satisfied. The first criterion required the presence of the
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system __." camera i
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Bandpass
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Ac.ous‘tic - f tngger
excntaf:on Excited : .
Variable
; delay -
Strobe - Flash trigger

GPal- 149 0R

Fig. 3. Conditioning criteria for schlieren video. (f=shear iayer instability frequency).

video synchronization pulse, which signified the beginning of a video scan at
60 hertz. The second criterion was based on a shear-layer subharmonic fre-
quency sensed by a near-field microphone. The microphone signal was bandpass-—
filtered around a frequency chosen with a real-time spectrum analyzer. When
the filtered signal activated a zero-crossing detector, a pulse was generated
to indicate that the criterion had been met. The third criterion required the
fiash to be keyed to the fundamental excitation pulse immediately after the
second criterion was satisfied.

Triggering image selection on the fundamental excitation pulses minimized
the influence of the jitter of the subharmonic signal caused by uncertainty in
the location of pairing events that constitute subharmonic generation. An
additional effect of introducing tne third criterion was to phase-lock the
entire sequence of pairings that generated the large scales to which the
second criterion was keyed. A variable delay allowed the schlieren source to
be flached at an arbitrary phase of the subharmonic that was useced in the
second triggering criterion., The subharmonic normally selected was the lowest

excitation frequency submultiple for which a spectrum peak could be detected.

The effectiveness of image conditioning and selection decreases with the
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sharpness and level of the spectrum peak of the subharmonic being detected.
The multiple-conditioning system can also be used for an unexcited flow. For
that case, the third criterion was supplied by an external microphnone, which
sensed the initial instability frequency of the shear layer.

Since the flash duration was only 20 ns, the technique depended on the
image persistence of the video camera to generate a viable video presentation.
An alternative means of recording images, used for figures in this report, was
with a standard 35-mm camera, black-and-white film, and use of the condition-
ing circuit in a single-flash mode. Optical-enseuble averages of a series of
images may be pnotographed from the monitor or recorded directly onto 35-mm
film,

3.5 Results
The phase-conditioned schlieren technique, in conjunction with boundary-
layer helium injection, permits detailed observation of quasi-periodic flow-
field motion when the triggering flash delay is slowly varied. As the phase
is changed, the sequence of video images presents a slow-motion view of vorti-
city concentration interactions throughout the flowfield. Tﬂ
ince the observed flow features are periodic, nonsymmetrical nozzles may
be rotated for & synchronized presentation of views from arbitrary azimuthal
positions. The second conditioning criterion can select aay of the detectable .
subharmonics; therefore, the details of motion visualized can be keyed to a B
full cycle of any of the subharmonics found in the flowfield. Still photo- )
graphs taken with black—-and-white film, although of higher resoclution, present

much lers information than that avallable from videotape.

3.5.1 Reference Nozzle

The four images in Fig. 4 show flowfield development for the circular
reference nozzle 1A at velocity U = 25 m/s. The nozzle used in this figure
was described by Kibens in Ref. 10.

Plenum excitation was applied at 3344 Hz, the natural instability fre-
quency of the shear layer. The strobe was triggered on the third subharmonic
of the excitation frequency, fex/8. The spectrim of the signal obtained by
the microphone, which is seen in the photographs as a black vertical red,
showed sharp peaks at the fundamental harmonic and three subharmonics. Phase

values in the sequence of photographs differ by 90° and refer to one cycle of

10




X7.222.269

Reference nozzle 1A U =25 m/s, plenum
excitation, F, =3344 Hz. Flash triggered on
f../8: (a) @ =0°, () P =90°, (¢c) $=180°,

and (d) ¢ =270°.
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large~scale moticn corresponding to rex/8. Therefore, the smallest scales in
the flow correspond to the excitation signal at 3344 Hz and are visible at the
exit of the exciter. The full cycle depicted in the sequence of photographs
includes eight periods of the excitation signal. The double structure direct-
ly below the microphone in Fig. U(a) at ¢ = 0° has moved slightiy downstream
with respect to the microphone in Fig. 4(b). It is still farther downstream
in Fig. 4(c¢) for ¢ = 160°, and for U4{(d) the cycle is almost complete. The
next photograph in the sequence is U4(a).

This sequence of photographs documents the strong tendency of the vortex
pairing system toward axial symmetry which persists well past the end of the
potential core in the large-scale flow structures. This cbservation is fur-
ther confirmed when the axisymmetric reference flow is compared to flows from
I.0. nozzles, which exhibit a wide range of three-dimensiocnal, nonaxisymmetric
vorticity concentration patterns. The pairing process has the effect of
altenuating local asymmetries and regenerating axial symmetry by orienting the
vortex pairing system perpendicular to the vorticity vector which represents
the mean shear. Roshko
shear layers the tendency for the generation of three-dimensicnality by secon-
dary instabllities is suppressed at pairing locations and a strong reorganiz-
ing effect is imposed by the primary pairing process. The following sections,
as well as Ref. 1, illustrate the key effect in the control concept: even
very slight departures from the axisymmetric reference configuration in terms
of geometry or excitation parameters can introduce major changes in develop-
ment of shear-layer vortex structures. Particular geometries and excitation

parameters can be selected to modify global shear-flow properties.

3.5.2 Category I - Continuous I.0. Nozzles

Small departures of exit slant angle from perpendicular to the stream
direction are expected to result in flows that are qualitatively related to
the reference flow described in Fig. 4. Our work on passive control (Refs. 1
and 2), identified two general classes of shear-layer instability waves:
1) the continuous vortex-line instability wave systems for which the nozzle
lip~line geometry determines the phase relationship of the initial wave
fronts, and 2) the class of locally coherent instabilities for which charac-
teristics of the wave system are determined primarily by the shear-layer sec-

tor leaving the nozzle at the farthest upstream point. Subsequeni development

12




of constant-phase lines is keyed to the shear-layer sector that first becomes
unstable. As noted by Roshko (Ref. 11), introduction of three-dimensionality
at the origlin counteracts the tendency of shear layers to establish instabil-
ity waves with wave fronts parallel to the mean vorticity. 1If the jet shear
layzr were to be unwrapped, then the nozzle slant angle would represent the
discrepancy between the constant-phase lines that develop parallel to the lip
line and the mean shear vorticity vector of the jet flow,

Figure 5 presents two views of flow from nozzle 1C with external excita-
tion. 1Initially, phase fronts are parallel to the nozzle exit and pairing
occurs in the plane of the nozzle exit. This flow is an example of a
continuous~-vortex-line instability system, although subsequent vortex interac-

tions indicate a tendency tcward generation of vortex systems that orient

(a)

(b)

[ ER T I I W B 14

Fig. 5 Nozzle 1C; U =30 wi/s, lip excitation: .= 1390 Hz.
(a) Side view and (B) view from J =0° (hotiom). e
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themselves perpendicular to the mean flow direction. The orthogonal viegw in
Fig. 5(b) shows a loop structure corresponding to the original vortex rollup
and a subsequent complex interaction of vortices.

Figure 6 shows the tendency for a continuous vortex system that is
initially coplanar with the nozzle exit to relax to an orientation normal to
the jet. Even at the origin, the phase lines are not quite parallel and
vortex-line bifurcations appear. Figure 6 represents a class of vortex inter-
actions in which partially continuous vortex loops combine with each other in
unequal numbers of pairings to orient the vortex system roughly perpendicular
to the flow direction.

Tlgures T7-11 illustrate the large variety of vortex systems that can be
generated from slanted nozzles by varying the slant angle, excitation fre-
quency, and boundary-layer thickness. 1In Figs. 7-9 the primary variable is
the frequency of excitation.

The flow presented in Fig. 7 for nozzle 2D shows a strong departure from
the continuous vortex line system of Fig. 5. The distance to the initial

rollup in the upper part of the photograph is greater than that for the lower

Fig. 6 Nozzle 1C; U=30 m/s, iip excitation: fu=3230 Hz,

r
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Fig. 7 Nozzle 2D; U =25 m/s, helium chamber excitation:
=364 Hz.

shear layer. An intermediate vorlex structure is visible at the azimuthal
angle of approximately ¥ = 90°, corresponding to the side of the nozzle. Sub-
sequently, a distorted vortex system that spans the entire flow is oriented at
an angle halfway between that of the lip and the normal to the mean flow.

The flow shown in Fig. 8 demonstrates an even stronger tendency to form
vortex systems that are perpendicular to the mean flow. It must be emphasized
here that all the complex details of the flow visible in the photograph recur
every time the strobe triggering conditions are satisfied.

Figure 9 shows a superposition of two systems of instability waves, one
generated parallel to the nozzle exit and another of much smaller wavelength,
yielding a finer periodic structure along the constant-phase lines of the
lower frequency wave. The conditions of the flow in Fig. 9 are identical to
those presented in Fig. 8, with the exception of an increase in frequency from
450 to U75 Hz.

As the exit slant angles are increased, the fine structure visible in Fig.
9 can be demonstrated independently, as in Fig. 10 for nozzle 2E. The insta-
bility waves are initiated at y = 180°, and the subsequent phase fronts are
locally coherent for azimuthal angles that follow the slant of the nozzle
termination with streamwise distance. This flow exemplifies the category of

locally coherent instability-wave systems.
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Fig. 8 Nozzle 2D; U =20 m/s, helium chamber excitation:
f. =340 Hz.

GP4t174 T R

Fig. 9 Noazzle 2i»; ' =20 m/s, helium chamber excitation;
M., =450 Hz.
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Fig. 10 Nozzle 2E; U =15 m/s, plenum excitation: f,, =475 Hz.

Another version of an intermediate category of phase fronts is shown in
Fig. 11 for nozzle 1E. 1In this instance the initial shear layer is thicker _
than in the previous figure and the resulting wave fronts span the full flow. ;iﬁ
The slant angle of the nozzle in Fig. 11 {s the same as that in Fig. 10; how- ;
ever, the smaller nozzle size leads to an initial shear-layer thickness for j
which the ratio to the nozzle radius is approximately twice that of nozzle 2E ﬁ{
in Fig. 10. The thicker shear layer has sufficient mass-weighted energy in -
the coherent motion of the Instability wave system to allow the partially
coherent initial instability waves to influence the entire flow and organize
it into a system of vortices peirpendicular to the flow axis, spanning the full ,,;
flow width. In Fig. 10, for the thinner shear layer, the influence of the
instability waves was limited to a sector of the flow for each successive,
partially coherent wave segment. fﬁi

3.5.3 Category II - Discontinuous I.0. Nozzles

We now consider a second category of flows--those with discontinuous .
origins. Each flow is generated by the merger of vortex systems that
originate at the upper and lower lip lines of the stepped nozzles.

Figure 12 shows the flowlield for nozzle 2G. Plenum chamber excitation
was used; therefore, the exclitation wave may be taken to be an acoustic plane

wave. The impingement of the wave on the lip of the upper sector, centered on

Y = 180°, occurs effectively at the same time 3 that for the lower sector, "-._-.:
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Fig. 11 Nozzle 1E; U =15 m/s, plenum excitation: f_ = 1078 Hz,

GP4-TULGR

Fig. 12 Nozzle 2G; U =15 m/s, plenum excitation: f,, =266 Hz.

centered on y = 0°, because the speed of acoustic propagation is more than an
order of magnitudec greater than that of the mean flow. The upper shear layer
develops instability wave fronts perpendicular to the flow, analogous to that
of the circular reference nozzle. Instability-wave formation for the lower
sector, however, has been influenced by the upper one. Wave fronts of the
lower sector begin to develop earlier with respect to their origin than thosc
of the upper layer and interact with the more developed systems in the upper
part of the flow. The result is a conplex, asymmetric system of vortices for
which the motion is repeatable with great fidelity.

In Fig. 13(a), the flow for nozzle 1G with an external excitation chamber

is shown divided in the horizontal planc by a splitter plate which is visible




(a)

(b)
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Fig. 13 Noazzle 1G; U =15 m/s, lip excitation: f_ =1199 Hz. (a)
With spiitter pizte and (b) without spiitter piate,

as a line in the photograph. Both the upper and lower parts of the flow
exhibit a sequence of vortex structures of increasing spacing, positioned in
approximately the same sequence with respect to the local origin. When the
splitter plate is removed, as in Fig. 13(b), the two parts of the flow inter-
act, and the resulting vortex pattern appears qualitatively different from
that in Fig. 13(a), although all other conditions remain unchanged. Figurce 13
illustrates the role played by the full interaction of two vortex systems from
separate origins in forming the global features of the flowtield.

If the frequency is changed, as shown in Fig. 14, then it is possible to

obtain a vortex interaction pattern in which the upper and lower scctors of
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Fig. 14 Nozzle 1G; U =15 m/s, lip excitation: f, =680 Hz.

the flow are well synchronized, with a concurrent increase in the energy
residing in the coherent flow.
In Fig. 15, the excitation frequency has been increased to 985 Hz. The

series of three photographs demonstrates the complexity of three-dimensional

interactions in this flowfield and, at the same vime, shows the aegree of
repeatability of identical flow features in sequential cycles of vortex inter-
act.ion. The degree of three-dinmensionality in one photograph is sufficiently
great to give the impression that the flow becomes random just downstream of
the microphone positicn; however, when all three photographs are viewed, the ;
repeatability of the structures is readily apparent. The videotape of the
phase development of these structures highlights the fact that these complex
flows are cdeterministic and repeat with great precision from cycle to cyele.
Figure 16 demonstrates a flowfield obtalned by exciting only the upper
sector of the shear layer. The two views of this flow describe the vortex
patterns and demonstrate the disparity in spreading rates in the two perpen-

dicular directions.

A small adjustment in frequency of excitation can result in large differ-
ences in spreading rates, as demonstrated by comparing Figs. 16 and 17. A
change of only 17 Hz in excitation results in a large change in spreading
angle of the upper part of the shear layer.

In Fig. 18, the upper and lower sectors of the excitation chamber are
driven at the same frequency but with a 180-degree phase difference. The

upper sector of the shear l.yer appears to be spreading by means of a sequence
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Fig. 4. Step nozzle; U= 15 m/s; lip excitaticn frequency [, =985 Hz, Re =23 00{: (a}, (b), and
(c) are three realizations of flowfields that meet identical conditioning criteria.

bf vortex loops that are thrust out vertically; this flow represents cases in
which large spreading rates were obtained by external forci .g. The sequence
of discrete loops that appear to be thrown out on an independent trajectory
resemble the processes observed in the "blooming jet" experiments of Lee and
Revnolds (Ref. 7). If the excitation for both upper and lower shear layers
has the same phase, the effect is absent and a much lower spreading rate
results,

Figure 19 shows results of a hot-wire survey of the flow described in
Fig. 17. The data were taken at the axlial station x/D = 4. Figure 19(a)
presents the mean velocity as a contour plot, which i3 nonaxisymmetric with
maximum spreading in the vertical direction. Comparison with similar flows
without c¢xcitation reveals that exeitation produces a larger degree of distor-
tion than passive control of nozzle geometry alone. The azimutha' variation
of momentum thickness is shown in Fig. 19(b). The measured mnomentum-thickness
distribution reflects the vortex interactions visible in the corresponding
flow-visualization photograph, Fig. 17. The ratio of momentum thicknesses of
the top and the sides of the flow was approximately three,

21
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Fig. 16 Nozzle 1G; U =15 m/s, lip excitation, upper sector only:
f. =428 Hz. (a) Side view and (b) view from / =0°

Fig. 17 Naozzle 165 U=15 m/s, lip excitation, upper

sector only: £, =411 He. }
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Fig. 18 Nozzle 1G; U=15 m/s, lip excitation, upper and lower
sectors 180° out of phase: f_ =411 Hz.
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GPeL 4L

Fig. 19 Nozzle 1G; U=15 m/s, lip excitation,
upper sector only: f,, =411 Hz, x/D=4.0;
(a) mean-velocity distribution and
(b) momentum-thickness distribution.
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4. INVESTICATION OF SHEAR LAYER STRUCTURE

4,1 Image Acquisition

The three-dimensional structure of vortex lines in I.0. nozzle flows can
be extracted from flow-visualization data, provided that a sufficient number
of views of the flow from evenly distributed azimuthal viewpoints are ob-
tained. The reconstruction is schematically iillustrated in Fig. 20, which
shows a series of flow-visualization planes taken at 18 different azimuthal
angles; each flow visualization plane i3 photographed at 32 phase values of
the primary wavelength of the perlodically excited flow. The subsequent image
processing stores 256 x 512 pixel images for each of 576 images, for a total
of 75 Mbytes of data for one nozzle geometry at a single velocity and excita-
ticn condition.

Tne images are generated by phase-conditioned optical averaging, using a
composite excitation process. The excitation waveforms superimpose the funda-
mental frequency and an additional waveform at the appropriate subharmonic, as
shown in Fig. 21. Composite excitation permits locking of the large flow
structure formation to the desired subharmonic and phase conditioning of the

data with respect to the subharmonic.

32 Phases
18 Angles
1 S

576 hinages
256 x 512 Raster

75 Mbyte of data

87-222-270

Fig. 20 Three-dimensional reconstruction oi
voriex lines.
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Fiz. 21 Shear-layer composite excitation.

The entire pulsed-laser phase-conditioning system is shown in Fig. 22. A&
20~W Cu-vapor laser, (Model 251, Plasma Kinetics, Inc., with 27-ns pulse dura-
tion and 6-kHz maximum repetition rate) controlled by a triggered input, gen-
erates a 6-cm-diameter beam which is spread in one direction by a cylindrical
lens. The spreading is interrupted by a parabolic mirror, which generates a
converging light sheet that is directed at the nozzle along the axis of symme-
try of the flow system. A low-light-level RCA Ultricon video camera, operated
at standard video rates, is used to average approximately 10 images per video
frame. A high-resolution recorder provides stop-frame features for digitizing
the images. A typlcal computer-enhanced image of a jet that has been seeded
throughout the flow is shown in Fig. 23.

4,2 Image Processing

Data from the Sony BVUB20 video recorder were digitized at the facilities
of the MDAC Image Processing Laboratory, which uses a Gould Deanza 8500 Image
Processing cystem tied to a VAX 780 computer. The digitized images were
locally enhanced to resolve the diffusion of tracer particles with streamwise
distance. The dynamic range of the images has widened, the smoke intensity in
the shear layer was effectively uniformly saturated throughout the image, and
the vortices downstream appeared as bright as those upstream. Figure 24(a)

shows a digitized image, and Fig. 24(b) shows the enhanced image after local
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87-222-272

Fig. 22 Pulsed-laser flow visuglization.
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Fig. 23 Equalized image of seeded jet: Uy=22.5 m/s; f.= 1736, 434.

equalization. An intensity threshold was used to detect the individual vor-
tices. Figure 25(a) shows the binary image after the vortex-detection proc-
ess, and the vortex locations in Fig. 25(b) were obtained by calculating the
locations of the centroids of all independent intensity clusters. Separation
of some of the bar-bell-shaped vortices into discrete vortices is one of the

new {improvements being developed in the technique.
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(a) Digitized image (a) Binary image

hanced image

o,

(b) Vortex locations

GPS1-1811-6-R . ° .

Fig. 2¢ Local histogram equalization technique.

GIGL- YLK R

Fig. 25 Vortex detection.

The vortex core locations for each azimuthal plane were used to generate a
series of vortex track diagrams. Streamwise and radial positions of the vor-
tex cores were used to select pairing locations and to generate continuous
vortex tracks as shown in Fig, 26,
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Fig. 26 Vortex trzck diagram; axisymmetric jet.
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4.3 1Image Display

The three-dimensional data file generated by the image-processaing algo-
rithms was downloaded to a Silicon Graphics IRIS 2400 work station (32-image
bit planes, 8-Mbyte processor memory, 68020 processor, floating point proces-
sor, 272-Mbyte Winchester disk drive, Tektronix ink-jet printer, high-speed
Ethernet connection to the VAX and capability for video-taping directly from
the screen).

The calculated vortex tracks were converted into images showing vortex
lines and the nozzle fully in three dimensions by use of the Graphix and MVIEW
packages obtained from NASA Ames Research Center (ARC). The images may be ro- j
tated about arbitrary axes and viewed under arbitrary magnification. A suc- é
cession of images may also be played back by using another software package
obtained from NASA-ARC. This utility allows the images to be played back at a

variety of speeds.




5. DISCUSSION AND CONCLUSIONS

The above results represent a survey of shear-layer spreading mechaniams
related to initlal geometry and excitation-parameter variation. These mecha-
nisms result from the variety of three-dimensional, interacting vortex systems
generated by 1.0. nozzles and offer means for creating desired flow configura-
tions through active control of initial conditions.

This report presents a selected subset of cases that we have explored and
represents the beginning of an attempt to organize a variety of three-
dimensional vortex interactions into a rational taxonomy. It is clear, how-
ever, that 1.0. nozzle configurations offer controllable vortex systems whose
interactions are sensitive to variations in initjial geometry, excitation mode
and frequency, amplitude, azimuthal phase distribution, and other applicable
initial conditions.

Refined optical techniques, such as the phase-conditioned schlieren method

reported here, can play an important role in surveying the full range of mo-

tions available for control. Refinement of these techniques also represents
the initial step in collecting quantitative phase-~conditioned information on
the motion of complex three-dimensional vortex interactions. Such quantifica-
tion involves image digitization and processing to emphasize salient features
of three-dimensional systems evolving over time. Comparison of three-
dimensional vortex systems associated with I1.0. nozzles and the quasi-two-
dimensional vortex interactions of the axisymmetric reference nozzle indicates
that the large variety of avallable nozzle shapes and control modes results in
flows that are different from conventicnzl jet flows. Agtive contrel zappliecd
to I.0. nozzles appears to be an effective means of imposing a high level of
order on ccherent turbulent scales in shear layers, and therefore a technique
that can be profitably employed for shaping flowfield development.

The pulsed-laser techniques used in this work offer a means of quantifying
visualization results, by the systematic acquisition of visualization images
with respect to the timing of significant repeating or conditionally selected
flowfield events., The vortex-tracking procedure yields a quantitative de-
scription of interaction sequences that is not accessible through point meas-
urements obtained with discrete sensors. The new high-resolution techniques
for the monitoring of unsteady features of flowfields are needed to establish

effective procedures for controlling flowfield dynamics.
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TR-84-0551, 1984,
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2. R. W. Wlezien and V. Kibens, "Modification of Jet Flowfields by Passive
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ated Nozzles," 39th Annual Meeting of the Division of Fluid Dynamics, APS,
Providence, RI, November 1984, (Bull. Am. Phys. Soc. 29, 9 (1984).
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