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ABSTRACT

The effect of periodic perturbation on a jet in a cross-
flow (JICF) is rcviewed. In the first part of the paper, flow
visualization results from several past works are discussed.
Beginning with a description of the characteristic vortex systems
of a JICF it is shown that specific perturbation techniques work
by organizing and intcnsifying specific vortex systems.
Oscillatory blowing works primarily throngh an organization of
the shear layer vortices. A mechanical perturbatien technique is
found to organize the wake vortices. In the second part of the
paper, results of an ongoing experiment involving another
mechanical perturbation technique are discussed. It involves two
tabs at the orifice exit whose asymmetry in placement is reversed
periodically, It divectly modulates the counter-rotating vortex pair
(CVP). Effects of the perturbation for an array of three adjacent
orifices are explored. The flowficld data show an 1mpr0vement in
mixing compared to the unperturbed case,

1. INTRODUCTION
A jet in a crossflow (JICF) occurs in numerous
technological and propulsion applications. One of its usages has
been in ‘flow control” efforts. It has been explored for separation
control in diffusers and over airfoils, for thrust vectoring with
nozzle flows, for enhanced mixing i combustors as well as for
secondary flow management in curved ducts. The majority of the
- research invelved steady or continuocus jets discharged inte the
. crossflow. Research continves to focus on arifice geometry,
orientation, array configuration and their placement. Lately, there
is a growing interest in ‘active control’ by imparting a pertur-
bation to the JICE.'"? The interest stems from the promise of
gsignificantly larger benefit. For example, it has been shown in
Ref. 1 that oscillatory blowing rather than steady blowing, [fom
the same injection slot, is much more effective and efficient in
controlling separation ever a wing section.
It is fair to say that the fluid dynamics of a perturbed
NICF is far from being clearly understood. The flowfield of a
JICF with steady supply is already complex. There arc various
vortex systems with inherent unsteadiness.’ A given perturbation

technique apparently works through an organization and
intcnsification of the vortices. In fact, different vortex systems of
the tlow may be energized by different techniques. Beginning
with a description of the vortex systems of a JICF observed
perturbation effects will be teviewed in §2 with the help of flow
visualization pictures from several past investigations, In §3
results of a current experiment involving a mechanical
perturbation technigue will be presented. It employs a pair of
oscillating “tabs’ at the exit of the orifice. As to be elaborated, this
results in a direct modulation of the counter-rotating vertex pair
{CVP) of the JICF. Results for an array of three orifices perturbed
by the oscillating tabs will be presented.

2. VORTEX SYSTEMS OF A JICF AND EFFECT OF
PERTURBATION

Several vortex systems can be identified in a JICF. This
is illustrated in Fig. 1, reproduced [rom Ref. 3. The “horse-shoe
vortex', also called ‘necklace vortex’, occurs due to the
rcorienlation of the approach boundary layer. The counter-
rotating vortex pair (CVP), also referred to as the “bound vortex
pair’, is a well-recognized and prominent featurc of a JICF. The
CVP has been known to persist hundreds of diameters from the
origin. Both the horse-shoe vortex and the CVP have time-
averaged deflinition, i.e., their signatures are detectable in the
time-averaged flowfield. However, cach may involve significant
unsteadincss. The ‘shear-layer vortices” and *wake vortices’ are
inirinsically unsteady phenomena and detectable only in
instantaneous shapshots of the flowfield.

The shear-layer vortices (or, altematwely, ‘jet preferred
mode vortices’) arc a result of the instability of the jet shear layer.
Their dynamics are basically the same as studied extensively for
free jets.! With laminar efflux boundary layer there is initial roll
up of the vortices with frequency scaling on the boundary layer
thickness. Through successive amalgamation the frequency
reduces to the 'preferred mode' Strouhal number of about 0.3,
based on jet diameler, by the end of the potential core. It is also
known that periodic forcing can directly organize the preferred
mode vortices regardless of the initial boundary layer state.
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The focus of Ref. 3 was on the wake vortices. These are
similar to ‘Karman vortices’ shed from a bluff body — the column
of jet, in this case, acting as the bluff body. ITowever, as
identified in Ref 3, there are differences between the wake
vortices and the shed vortices from a bluff body in origin as well
as characteristics. The wake vortices will be discussed further in
the following,

All vortex systems play a role m the dynamics of the
JICF. It should be emphasized that these are not independent of
each other. An effect on one may influence another. After all, the
sources of all vorticity in a JICF are the efflux boundary layer of
the orifice and the boundary laver on the wall from which the jet
emerges. Yet, a given perturbation technique may primarily target
a particular vortex system as elaborated next,

2.1 Oscillatory blowing:

The effect of oscillatory blowing or periodic forcing on
an isolated JICF has been studied by several researchers in recent
years.”'® Profound impact on the flowfield has been observed.
Figure 2 shows flow visualization pictures taken from Eroglu and
Breidenthal.® The picture at the top represents the steady case
while that at the bottom is with [orcing. The pulsation results in
two branches of the jet, one penetrating deep into the crosstlow.

In order to assess the effect om jet penelration, jet
trajectories based on available correlation equations (see, e.g.,
Ref. 11) are shown by the dashed lines in Fig. 2. These are drawn
approximately based on scales inferred from the photographs. For
the unforced case, °J' tepresents the momentum flux ratio,
(UyU.Y, where U, is the jet velocity and U., the freestream or
crossflow velocity. It can be seen that the jet trajectory follows
the correlation well. The case m the bottom picture involves
square-wave pulsation with 100% medulation (i.e., the amplitude
is varied between 0 and 207;). Since for half the time the jet
velocity is zero, & branch close to the wall is perhaps expected,
Similarly, since for half the time the jet velocily is 2U; a branch
penetrating deeper than the unforced case is naturally expected.
One might anticipate the deeper branch to corrcspond to a
momenturn flux ratio, Jp = (24, / U)° = 4J. Comparison with the
cotresponding trajectory makes it clear that the actual penetration
is far more. That is, more than that cxpected from a steady jet
having a velocity equal to 2U,. Thus, the result of the periodic
forcing is not simply a quasi-stcady effect and there are “dynanuc’
effects involved.

An observation of Fig. 2 makes it apparent that there is
an organization and reinforcement of the shear-layer vortices,
Cross-sections of distinct vortex rings are visible. Each vortex
ring propels deeper into the crossflow due to self induction. The
effect here is similar to that in a synthetic jet (ST)."* Note that a
8T in a crossflow (SJCF) is similar to an oscillatory JICF albeit
with {/; = (. Forcing frequencies for a JICF that yielded higher
penetration and mixing in past studics,”'" correspond to Strouhal
numbers (St = fO/U) in the range of 0.1 — (.5, The range
brackets the jet ‘preferred mode’ Strouhal number. This
reinforces the notion that the effect of the oscillatory blowing
occurs primarily through an organization of the jet preferred
mode (or shear layer) vortices.

While the result shown in Fig. 2 is encouraging from
flow control and mixing enhancement perspective, another sct of

data from Eroghi and Breidenthal’s work raises the possibility of
a limitation. Tigure 3 shows forcing effect at a higher jet
Reynolds number. Here, the jet is mrbulent as inferred from the
smoke traces. It can be seen that the penetration for the forced
casc is not deeper than the trajectory expected from the peak
velocity within the cycle. Nevertheless, it should be recognized
that a net gain has been achieved with the forcing. The jet has
penetrated to a depth expected of the maximum velocity within
the cycle (2U7;) with half the mass flow rate (corresponding to
U/;). For a SICF also it has been shown that the penetration and
jet trajectory correspond to the maximum velocity in the
discharge half of the cycle.” (While the SICF is a subclass of
oscillatory JICF, i1 view of the breadth of the subject, they are
not meluded further in the discussion.)

Should the higher peneiration ol a forced JICF observed
in Tig. 2 disappear at high Re when the jet becomes turbulent?
The answer is not completely clear. However, as indicated earlier
the preferred mode vortices are characteristic of jets with fully
turbulent initial boundary layer and can just as well be crganized
by periedic forcing.*'* Thus, a dynamic effect as in Fig, 2 is quite
plansible with a turbulent JICE. Muny aspects of the perturbation,
e.g., frequency, amplitude, wave shape and duty-cycle come into
play. For a forced JICF, the effects of these parameters and their
interdependence are not fully understood yet. The latter aspects
have been explored in some detail in Ref. 9 as well as 7, as
discussed next.

Figure 4 shows sclected flow visualization pictures from
M'Closkey et. al’ The forcing function is a square-wave and
compensated to ensure a squarc-wave response at the orifice exit.
The pictures exhibit a similar effect as in Fig. 2. (The jet
discharge here is up and normal to the floor. This will be the case
for the rest of the paper.) The forcing is effective within a range
of frequency and ineflective outside that range. The frequencies
55 Hz and 110 Hz correspond to Strouhal numbers of 0.13 and
0.27, respectively. The duty-cycle (i.e., the fraction of the period
over which the high velocity occurs) has apparently been varied
to obtain a pronounced effect. The duty-cycle for the 55 Hz case
is 13% while that for the 110 Hz case is 31%. Obviously these
parameters determine the strength and spacing of the periedic
vortices. For a JICF mot only the forcing has to produce the
vortex 1ings with concentrated vorticity but they also need to be
spaced optimally so that self snd mutual induction are most
eflective for deeper penctration. Intriguingly, Ref. 9 reports
compensated sine waves to be inetfective. It is intriguing because
most previous studies on synthetic jets as well as forced free jets
have involved sine-wave periurbation.

It suffices 1o say that there are many unknowns at this
time. Thus, the difference observed between Figs. 2 and 3 may be
due to other factors rather than due only to a difference in the
state, viz., laminar versus turbulent. Clearly, more work is
desirable exploring the forcing ellects especially at higher
Reynolds number.

2.2 Wake vortices and a mechanical perturbation:

The wake vortices are illustrated in Fig. 5, with two flow
visualization pictures taken from Fric and Roshko.” The picture at
the top is a plan-view illustrating the Karman vortex like
structures in the wake. If the ‘shedding’ were from a vertical



cylinder, each of these vortices would be a “roll” parallel to the
cylinder. The JICF is curved, thus, the vortex system is complex,
The picture at the bottom is a side-view illustrating the curved
shapes of the vortex rolls. Obviously, they span from the jet at the
top to the wall underneath. Presumably, they connect the CVP
and the vortex sheet of the wall boundary layer.

In shedding from a bluff body thc vorticity source is the
boundary layer on the body itself. A JICF is not a source of new
vorticity. It is plausible that the wake vortices are a result of
vorticity redistribution {rom the CVP and the shear layer
However, by tagging the fluid from the jet and the wall boundary
layer separately Fric and Roshko inferred that the wake vortices
in fact drew vorticity from the wall boundary layer. This
constitutes a fundamental difference between the wake vortices
and the shed vortices from a bluff body. Notc in Fig. 5 that with
increasing distance away from the jet there is amalgamation of
the wake vortices — sometimes multiple — before they terminate
on the wall boundary layer.

In connection with a study of JICF from asymmetric
orifices Wu et al.’ presented a set of visualization pictures that
deserves attention. These are reproduced in Fig. 6. Upon an
inspection one may recognize strands of wake vortices in the
picture at the top. {(Note that thc terminology used in Refl 5 is
‘spin-off” vortices.) The orifice used is of “tcar drop’ shape that is
also yawed relative to the free-strcam. What is pertinent in the
present discussion is the effect of a mechanical perturbation that
is shown in the picture below. A small fin attached to the end of a
rod is placed on the lee-side of the jet and escillated periodically.
The organization of the wake vortices downstream is
unmistakable and remarkable. This has demonstrated thati the
wake vortices can be organized and made periodic. It is an aspect
that has not been pursued any further to the author’s knowledge.
Clearly, a further exploration of the process and its impact on
mixing enhancement is also desirable.

3. EXPERIMENT ON EFFECT OF OSCILLATING TABS

A mechanical perturbation technique, under exploration,
is described in this section. It appears to work through a direct
influence on the CVP. Results for an isolated JICF, presented
earlier,”” are reviewed first beginning with the observations that
led to the concept.

In previous investigations'®! stationary vortex genera-
tors in the form of triangular tabs were tried in an eflort to
increase mixing and penetration of a JICE. This was prompted by
carlier success with tabs in increasing mixing of free jcts,]ﬂ Fora
JICF, it was thought that 2 tab placed on the downstream edge of
the orifice, relative to the dircction of the crossflow, would be
effective. For then the vortcx pair generated by the tab would be
of the same sign as the CVP. This would reinforce the CVP that
in turn would cause an increased jet penetration. ITowever, results
of Refs, 16 and 17 made it clear that the flow was practically
oblivious of the presence of the tab in that configuration. Figure 7
is reproduced from Ref. 17. Mcan velocity distribution on a
cross-sectional plane is shown; the relevant tab conligurations are
indicated by the inserted sketches. The two sets of data on the top
exhibit the lack of effect when the tab is placed on the leeward
side. The ineffectiveness was qualitatively attributed to the

existence of a ‘pressure valley’ on the leeward side; for further
details the reader is referred to the cited paper. '

During the course of the experiments of Ref. 17 certain
other tab configurations produced effects worthy of
consideration. For example, when the tab was placed on the
windward side a reduction in the jet penetration was achieved
that may be of interest in film-cocling type application., This
effect can be seen at the bottom right of Fig. 7. An explanation
for the reduced penetration lies in the weakening of the CVP
caused by the tab vertex pair that now has a sense opposite to that
of the CVP. '

Of relevance to the current study is the result shown at
the bottom left of Fig. 7. Here, two tabs were placed at the 90°
and 270° positions relative to the direction of the crossflow. The
intent was to place the tabs symmetrically. Howcever, a slight
asymmetry in the placement upset the flowfield. drastically. The
corc of high-speed fluid tilted on one side, as can be seen. Later,
it was determined that if the asymmetry was reversed deliberately
the tilt eccurred the other way.

This led te the thought that a periodic reversal of
asymmelry in two such tabs would result in a side-to-side
swaying motion of the jet that might invigorate mixing., The
oscillation of the tabs would be between a ‘counter-clockwise’
(CCW) configuration, as shown in Fig. 8, and the reversed
‘clockwise” (CW) configuration. Results of such perturbation for
an isclated JICF, presented in Ref. 15, are summarized in the
following. First, the experimental procedure is briefly described.

3.1 Experimental procedure:

The experiments were conducted in a low-speed wind
mnnel with a 30 x 20 inch (76.2 x 50.4 cm) test section. The jets
discharged from % inch (1.9 cm) diameter (D) orifices. The ori-
fices were located on a rectangular plate that was flush mounted
on the test section floor. The tab oscillation mechanisms were
housed underneath the plate. A picture of the set-up is shown in
Fig. 9. Each orifice had two ‘relays’. The tabs, mounted on the
shafts of the relays, could be subjected to angular displacement at
desired frequencies up to 80 Hz.

The jet tlow was provided through a commeon plenum
chamber that branched off into three supply lines to the orifices.
Therc were two flow conditionming screens per orifice. Hot-wire
surveys were first conducted to ensure that the velocity at the exit
of each orifice was the same for a common supply pressure. This
required fine adjustment of the length of the feed tubes. An
orifice meter fitted to the supply line monitored the mass flow
rale. With the assumption that the flow divided equally ameng the
threc orifices, the average jet velocity (£/)) was determined.

The three orifices, spaced 6D apart, were aligned
perpendicular to the direction of the crossflow. For the following
data, the coordinate origin is at the center of the central orifice.
Streamwise (in the dircction of crossflow), transverse (perpendi-
cular to the fleor) and spanwise directions are denoted by x, y and
z, respectively. Hot-wire surveys were conducted with two
adjacent X-probes. This provided distributions of all three
components of velocity, time-averaged as well as phase-averaged.
The experimental set-up in Ref. 15 was identical to the
description above except that it involved only one orifice. An



interested reader may look up this reference for firther details of
the tab oscillation mechanism and measurement procedures.

3.2 Summary of results in Ref, 15:

Figure 10 shows phase-averaged streamwise velocity at
x/D = § for four different phases. The phases are approximately
equally spaced within the oscillation cycle. The purpose here is to
provide an overall picture without details of the data. It can be
seen that the periodic perturbation indeed swayed the jet side-to-
side providing a proof of (he concept. Figure 11 shows corres-
ponding phase-averaged streamwise vorticity distributions. The
CVP is visible and the effect of the perturbation is also clear. One
branch of the CVP gets accentuated periodically while the other
gets weakened as it is lifted up. Thus, the effect of the tab
oscillation may be viewed as a direct pertucbation of the CVP.

Parametric dependence of the flow response was investi-
gated. It was found that the technique was eflective only at high /
with little or no effect at J less than about 15, Above that
threshold, however, the effect became more pronounced with
increasing J. At J = 48, detailed surveys were conducted. The
flow oscillation persisted as far downstream as the measurements
were permitted by the facility {x = 100D). The flow responded to
the oscillation in a low frequency range. The fundamental
amplitude measured at a fixed location was approximately
constant up to about 25 I1z. At higher frequencies the amplitude
dropped off rapidly. Thus, the effective frequency range was low
-~ more than an order of magnitude lower than the preferred mode
Strouhal number. Tt was also found that the unsteady disturbance
propagated downstream approximately at the specd of the
crossflow (/).

3.3 Results for an array of three orifices:

An examination of the time-averaged flowfield in Ref.
15 indicated a modest increase in nuxing and jet spreading under
the tab oscillation. It was conjecturcd that the effect would be
accentuated with an array of orifices. Appropriate phasing of the
perturbation for the adjacent orifices might result in a beneticial
interaction of the CVP’s vielding enhanced mixing. This led to
further experiments. Preliminary results are discussed in this
section.

Time-averaged flowfield for the central orifice only are
first shown in Fig. 12. The two tabs are stationary and placed
symmetrically. The mean velocity field is as expected of a JICF,
with a ‘kidney shaped” distribution of the high momentum fluid.
The streamwise vorticity distribution quantifies the intensity of
the CVP., The turbulence intensity (x') data exhibit that the
highest turbulent activity coincides with the cores of the CVP.

The flowfield for the array of three JICFE, each run at the
same J and Re; as in Fig. 12, is shown in Fig. 13. All three
orifices have stationary tabs placed approximately symmetrically.
The central jet and parts of the outer jets are captured within the
measurement range. Relative to the isolated jet case (Fig. 12)
large changes are obscrved. The extent of the central jet has
shnink due to the influence of the side jets. Mean velocity
distribution exhibits pockets of low and high momentum fluid.
This is obviously due to imperfections in the placement of the
stationary tabs. The vorticity amplitudes for the CVP arc lower
with cores staying closer to the wall. The wrbulence intensity

distribution exhibit similar changes as noted for the mean
velocity.

Corresponding data for the triple JICF are shown in Tig,
14, for x/D = 12, providing an idea about the flowfield cvolution.
The distributions are similar as at x/D = 8 (Fig. 13} with
persisting nonuniformities. At x/D =12 the peak amplitudes of all
properties have decreased significantly. Note that instead of »’
the w'- component of turbulence intensity is shown in Fig. 14.
The latter component was influenced most by a specific case of
tab oscillation described next.

The three pairs of tabs were oscillated at 4 Hz in phase.
That is, all threc were swepl in the same angular direction at a
given instant. Thus, all threc pairs would be CCW or CW
simultaneously. Time-averaged data obtained at ¥/ = 12 are
shown in Fig. 15. The effect of the perturbation can be
appreciated by comparing with data in Fig. 14. There are
significant changes. Some of the nonuniformities in the mean
velocity field have been simoothed out. Vorticity magnitudes for
the CVP have dropped. The spanwise turbulence intensity {w’} is
significantly larger. For this oscillation case, the changes in either
i '- or v -fields (not shewn for brevity) was not as dramatic. Thus,
in this case strong spanwise tluctuations have been introduced.

In order to assess the overall impact of the perturbation
the following integral quantities were calculated. With all
velocities normalized by the freestream velocity, U, and 4 being
the area of the domain,

C = {U,2) -0 dyie.
AU

where,

U = lq.U(y, z)dvdz
y :

and

k= SQRT(% cj’(w'2 7w Ydydz)

The quantity ‘C’ is a measure of spatial nonuniformity in the U-
distribution, while k represents tetal turbulence intensity
averaged over the domain. In order to avoid a bias due to the
sharp gradients the wall boundary layer was excluded from the
mtegration domain.

Streamwise variation of C and % based on data at x/D =
8, 12 and 16 arc shown in Fig. 16. The case ‘oscl}’ denotes
unperturbed fowtfield as in Figs. 13 and 14, The case ‘osc2’
denctes the in-phasc oscillation of Fig. 15. The case ‘osc?’
denotes another oscillation case where the middle pair of tabs
was 130° out of phase with respect to the two outer pairs. For the
latter case only one set of data was acquired at x/D = 12 (It was
noted that ‘osc3’ introduced stronger transverse fluctuation
resulting in larger v’ intensity with little change in w', in contrast
to the effect of ‘osc2’ discussed earlier.) One finds that the overall
intensity (£) has increased at all streamwise locations under the
perturbation. The relative increase is more at farther downstream
locations. The percentage increase in & with perturbation is more
at x/D = 16 than at 8. Note also that the net impact on k is similar
for the two oscillation cases,



The spatial nonuniformity index C has decreased at all
stationg under the perturbaticn. An increased mixing has resulted
in a more uniform flowfield. As with £, the relative change in C is
more with increasing distance downstream. Thus, the effect of the
perturbation has become increasingly pronounced with increasing
distance downstream, within the measurcment range. This is a
consequence of the fact that the underlying periodicity persists far
downstream, via a modulation of the CVP. Thus, at this point, the
technique appears not to be attractive for applications demanding
fast and immediate increase in mixing. On the other hand, it may
be attractive for applications that requirc 1 persistent increase of
mixing sustained over a long distance. Alleviation of massive
flow separation and management of secondary flow could be
examples of such application.

4, CONCLUDING REMARKS

In this paper effects of periedic perturbation on a jet in a
crossflow are reviewed. Flow visualization pictures from several
past works are discussed. Different vortex systems of a steady
JICF are first identified. It is reasoned that specific perturbation
techniques work through an organization of specific vortex
gsystems. Thus, oscillatory blowing warks through an organization
and intensification of the jet shear layer {or preferred mode)
vortices. On the other hand, a mechanical perturbation applied on
the lee-side of the JICF is found to organize the wake vortices.

Oscillatory blowing increases jet penetration signi-
ficantly. The increase is more than that expected simply from
peak velocity within the oscillation cycle. The effect is most
pronounced at low Reynolds numbers when the jet is ‘laminar’,
The penetration is found to be less at higher Reynolds number
when the jet is “turbulent’. It is reasoned that the apparent in-
fluence of the state of the jet is not conclusive, There are many
parameters of the forcing [unction that come mio play. The
impact of the individual paramcters and their interdependence are
not clearly understood yet.

Results of another mechamical perturbation technique
from a current experiment are presented. This involves a pair of
tabs at the exit of the jet orificc. An asymmetry in the placement
of the tabs is reversed pericdically. This directly modulates the
CVP. With reference to the discussion of I'ig. 6 a question arises
if this technique alsa organizes the wake vortices. This aspect has
remained unexplored. The impact on the CVP, however, is clear
and demonstrated by phase-averaged measurcment of streaniwise
vorticity, The effect of the perturbation persists as far
downstream as the measurements are permitted by the facility
(100 diameters from the orifice). The persistent effect occurs
since the CVP also persists in the flow.

The technique is applied to an array of three orifices.
The flowfield downstream is surveyed to provide distributions of
mean velocity, streamwise vorticity and turbulence intensities. An
improved uniformity in the cross-sectional distribution of mean
velocity occurs under the perturbation. Qverall turbulent kinetic
energy, integrated over the cross-seclion, is also higher in the
perturbed case. The relative difference between the perturbed and
unperturbed cases, both in terms of flow uniformity and turbulent
kinetic energy, become more pronounced with increasing distance
downstream. This is also due to the persistence of the coherent
perturbations in the flowfield via the modulation of the CVP.
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Fig. 3 Flow visualization pictures of a pulsed JICF,
similar to those in Fig. 2, at Re; = 6200; Eroglu and
Fig. 1 Schematic of vortex systems of a jet in a Breidenthal (2001).°

crossflow, from Fric & Roshko (1994).°

Fig. 2 Flow visualization pictures from Eroglu and
Breidenthal (2001)° for a pulsed JICF at indicated
Strouhal numbers (S%); Re;= 650, J = 5.3. Superimposed
dashed lines are approximations of indicated equations
for jet trajectories. Momentum flux ratios, J and Jp, are
based on mean jet velocity (U;) for the unpulsated case il T T
and peak velocity (Up) for the pulsated -case, Fig. 4 Flow visualization pictures of a JICF pulsed with
respectively. ‘compensated’ square-wave with controlled ‘duty-cycle’

at indicated frequencies (Hz) from M’Closkey, King,

Cortelezzi and Karagozian (2002);° Re; ~ 1600, .J=6.7.




{b) Side view

Fig. 5 Flow visualization pictures illustrating wake
vortices; Fric and Roshko (1994).% (a) Horizontal smoke
wire at 0.5D from floor, Re; = 45,000, J = 16, (b)
vertical smoke wire at 6D downstream from orifice, Re;
= 114,000, J = 100.

No excitation

Excitation
Rod with a fin at tip

R b i

Fig. 6 Flow visualization pictures from Wu, Vakili and
Yu (1988)° demonstrating controllability of the wake
vortices by perturbation; Re; = 540, .J = 6.25.

Fig. 7 Effect of tab(s) on mean velocity distribution of a
JICF at x/D = 4, from Zaman & Foss (1997)."" Re; =
46,000, J = 21.

_Jet orifice

Tab

Fig. 8 Schematic of oscillating tab arrangement. Two
tabs are in extreme counter-clockwise (CCW) position.

Fig. 9 I;icture of triple JICF apparatus with oscillating
tab mechanisms.
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Fig. 10 Cross-sectional distributions of phase-averaged
streamwise velocity, for four different phases within the
(8 Hz) oscillation cycle; x/D = 8, Re; = 57,000, J = 48;

from Zaman."
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Fig. 11 Phase-averaged streamwise vorticity (aD/U.,),
corresponding to the data of Fig. 10.
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Fig. 12 Flow field of Single JICF with 2 symmetrically
placed stationary tabs; x/D = 8, Re; = 42,000, J = 45.
Top: mean velocity U/U., middle: streamwise vorticity,

axD/U.. , bottom: turbulence intensity, u /U....
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Fig. 13 Data corresponding to Fig. 12 capturing the Fig. 14 Data corresponding to Fig. 13 at x/D = 12. Top:
central domain of the triple JICF. Each orifice has 2 mean velocity U/U., middle: streamwise vorticity,
symmetrically placed stationary tabs; x/D = §, Re; = axD/U.. , bottom: turbulence intensity, w”/U...

42,000, J = 45. Top: mean velocity U/U., middle:
streamwise vorticity, @D/U.. , bottom: turbulence
intensity, #"/U...
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Fig. 15 Flowfield of triple JICF with all pairs of tabs
oscillated in sync at 4 Hz, Re; = 42,000, J = 45, x/D =
12. Top: mean velocity U/U.. , middle: streamwise
vorticity, aD/U.. , bottom: turbulence intensity, w/U...
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Fig. 16 Integral of total turbulence intensity (k) and rms
of spatial nonuniformity in mean velocity (C) from field
data as in Figs. 14 and 15. Oscillation cases: ‘0sc0’ =
stationary tabs; ‘osc2’ = all pairs oscillated in sync at 4
Hz; ‘osc3’ = oscillation at 4 Hz with central pair 180°
out of phase relative to the two outer pairs.



	
	
	
	
	
	
	
	
	
	
	
	
	

