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Dynamics and Control of an Isolated Jet in Cross� ow
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Experimental results from a systematic exploration of the dynamics and control of large-scale, organized struc-
tures in an isolated, circular jet issuing into a uniform cross� ow with a jet-to-cross� ow velocity (or blowing) ratio
of 6 are presented. Surveys of the unsteady � ow� eld were conducted using a single sensor hot-� lm probe, and
the instantaneous and time-averaged scalar � elds were explored using Mie scattering-based � ow visualization. A
spinning mechanical valve was used to modulate the jet � ow with a single frequency. The forced � ow response
illustrates the � ow receptivity to high frequencies near the jet exit (associated with the jet instabilities) and to
low frequencies farther downstream (where the counter-rotating vortex pair dynamics are dominant). Open-loop
forcing in a jet Strouhal number around SrD = 0.1 was recognized and demonstrated to be effective in organizing
unsteadiness and enhancing mixing and entrainment in the � ow� eld. Measurements of the time-averaged velocity
and scalar � elds are used to demonstrate increased mass entrainment and mixingas a result of the unsteady forcing.

Nomenclature
A = cross-sectionalarea of channel, m2

D j = diameter of jet nozzle, m
f = frequency, Hz
h = channel height, m
l = � ow structure length scale, m
Re = Reynolds number, (U D j =º)
r = velocity ratio, (U j =U1 )
SrD = Strouhal number, identical to f D j =U
U = local mean velocity, m/s
U j = jet exit velocity, m/s
U1 = cross� ow velocity, m/s
u 0 = local turbulence intensity, m/s
x = axial distance, 0 at jet centerline
y = vertical distance, 0 at jet injection wall
z = spanwise distance in channel, 0 at center
± = boundary-layer thickness on channel horizontal wall, m
º = kinematic viscosity for air, m2/s
½ = density of air at room temperature, kg/m3

I. Introduction

J ETS in cross� ow are used in several applicationssuch as thrust
vectoring1 and dilution jets for combustion.2 It has been known

that the forcingof jets exitingintoquiescent� uid canhave a substan-
tial impact on the structure and mixing of the jet. The optimal forc-
ing frequencies for increased jet mixing are claimed3 to correspond
to a nondimensional forcing frequency of SrD. ´ f D j =U j / D 0:4,
based on the forcing frequency f , jet diameter D j , and jet ve-
locity U j . Enhanced entrainment and mixing are caused by large-
scale vortical structuresexcited in the jet shear layer. Consequently,
similar forcing of the shear layer of a jet in cross� ow has been
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attempted, although forcing at lower excitation frequencies was
shown to be effective.4¡6 However, the bene� cial nondimensional
forcing frequency range reported varies signi� cantly in the range
0:004 < SrD < 0:22. Several forcing parameters have been consid-
ered, in addition to the forcing frequency, over a range of jet-to-
cross-stream velocity ratios, such as the forcing amplitude, duty
cycle (i.e., the fraction of the forcing period over which a pulse is
injected), and the shape of the forcing signal waveform. Although
the forcing waveforms input to the actuators are different, the ve-
locity � uctuations imposed on the � ow were seldom measured, and
they may have varied signi� cantly. In general, forced transverse jet
data identifying the dominant underlying � ow structure dynamics
appears to be scarce. Only recently have attempts to characterize
the actuation system for the forced jet in cross� ow been reported
and used systematically to develop jet control schemes.7

In the present study, we aim to understand the intrinsic dynamics
of the jet in cross� ow via forced response tests and then utilize
this for open-loopcontrol to enhance the mixing of an isolated jet in
cross� ow. This approachis in contrast to prior studies that attempted
to maximizemixingand/or penetrationof jets in cross� ow by testing
a variety of forcing techniques and waveforms and then analyzing
the excited � ow� elds to explain the underlying mechanisms. For
instance, M’Closkey et al.7 found that optimal jet penetration and
spread was achievable for square wave excitation at subharmonics
of the natural vortex sheddingfrequencyof the jet with speci� c duty
cycles.

The jet in cross� ow, consisting of a jet emerging perpendicu-
larly from an ori� ce into a uniform channel � ow, has a complex,
three-dimensional � ow structure. Kelso et al.8 provide a detailed
review of the dominant � ow structures. The shear layer along the
upstream edge of the jet develops oscillations that roll up into vor-
tical blobs and advect along the jet axis. As the jet bends into the
cross stream, a counter-rotating vortex pair (CVP) forms and en-
trains cross� ow � uid. The details of the mechanism underlying the
formation of the CVP is a subject of ongoing research. Most stud-
ies attribute the CVP formation to be intimately connected with the
folding and tilting of the ring-type initial jet shear layer vortices,8¡10

particularly for velocity ratios (r ´ U j =U1) in the range 5–10. In
this velocity ratio range and for high-Reynolds-number� ows,8 that
is, Re ´ U1 D j =º > 400, wake vortices shedding unsteadilybehind
the primary jet were seen. Horseshoe or necklace vortices were
seen for low-Reynolds-number Re < 1500 � ows,11;12 wherein the
oncoming channel � ow boundary-layer thickness is larger than the
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jet diameter. We focus our attentionon the jet shear layer dynamics,
which can be controlled via manipulation of the jet initial condi-
tions, and the dynamics of the CVP, which are largely responsible
for the cross-stream mixing. These � ow structures seem to be the
dominant ones for the velocity ratio r D 6 considered here.

Our objective is to evaluate the effect of periodic forcingon mix-
ing by a jet in cross� ow and to determinethemost excitableand most
bene� cial forcing frequencies. Prior studies have focused on iden-
tifying and understanding the most bene� cial forcing frequencies,
namely, those that enhance metrics such as mixing and jet penetra-
tion. In addition to exploring this in the present study,we investigate
the most excitable dynamics, associated with frequencies that are
preferentially ampli� ed in the � ow� eld such as those arising from
instabilities and coherent structures. It is not clear how the range
of bene� cial and excitable frequencies are related, and this has not
been addressed or exploited for control.

We present detailed measurements of the time-averaged and un-
steady features of an isolated jet in cross� ow focusing on the dy-
namics and mixing in a near-� eld � ow region involving the un-
steady evolution of the jet shear layer structures and their coupling
to the formation and dynamics of the three-dimensionalCVP struc-
ture. The majority of measurements discussed in this paper are re-
stricted to the � rst six jet diameters D j from the jet exit (shown
subsequently), which for a velocity ratio r D 6 � ow translates to a
length scale r D j D 1; note that the global length scale r D j allows
scaling and comparisonsbetween transversejets with variousveloc-
ity ratios.Pratte and Baines13 claim that the far � eld of a jet in cross-
� ow begins after r D j D 3, where the CVP structure is consideredto
be fully developed. Therefore, it should be noted that a bulk of the
present measurements and interpretationsare valid only in the near
� eld of the � ow, where the CVP formation can be manipulated for
enhancingmixing. A companiondirect numerical simulation-based
studyof a forced jet in cross� ow was also performedto evaluatevar-
ious mixing metrics and the impact of sinusoidal forcing on them.2

II. Experimental Facility
The subscale experiments were performed in the cold, nonreact-

ing environmentof a 3-mm-diam incompressiblecircular jet issuing
intoa test sectionof a 11:75 £ 11:75 cm channelwith uniformcross-
� ow. The facility is schematically shown in Fig. 1. A large settling
chamberprecedesthe test sectionwith two pairsof perforatedplates,
which sandwich an air � lter followed by a 7.6-cm-longhoneycomb.
These � ow conditionersare followed by a � ner mesh screen, which
leads to a contoured10:1 area ratio contraction through which low-
turbulence level, uniform air� ow is delivered to the 37.5-cm-long
test section; � nally, the air exits into the laboratory ambient. The
streamwise pressure gradient introduced in the test section (with
a length-to-height ratio of 3.2) is believed to be negligible, even
when the small jet � ow is introduced (roughly halfway between
the contraction exit and the test section opening to the ambient).

Fig. 1 Schematic of experimental facility and setup of mechanical spinning valve for unsteady jet forcing.

The air jet velocity was chosen to be 24.4 m/s, and the channel
freestream air� ow speed was chosen to be 4.07 m/s to provide a
velocity (or blowing) ratio of 6. This choice of the airspeeds en-
abled a moderate jet Reynolds number (based on jet diameter and
jet velocity) of 5 £ 103 in which reliable, unsteady, high-response
velocitymeasurementscould be made. The Reynoldsnumberbased
on channel height and cross-stream� ow speed was 2:75 £ 104. The
oncoming channel boundary layer was veri� ed to be turbulent with
a uniform core � ow having freestream turbulence intensity levels
around 2%. The channel boundary-layerthickness ± was veri� ed to
be thin compared to the jet diameter, having ±=D j < 0:3.

Single hot-� lm anemometry was used to survey the mean and
unsteady velocity characteristics of the � ow� eld; the TSI 1210-20
hot-� lm sensorused had a frequencyresponseof up to 100 kHz with
reliable turbulence spectra measurementsup to 10 kHz (without re-
quiring additional corrections). When the accuracy of the hot-� lm
measurements and the repeatability of � ow condition setting are
considered, a §2% uncertainty in the mean velocity measurements
and a §5% uncertainty in measurements of the � uctuating com-
ponent of the velocity exists. The single-sensorhot-� lm probe was
introduced in an end on con� guration into the test section from the
downstream opening of the test section (Fig. 1), where the cross-
stream � ow dumped into the ambient. Thus, the resultant of longi-
tudinaland transversevelocity componentswas measured.Because
of a signi� cant cross� ow, reverse � ow regions do not exist near
the jet or in the mixing region of the jet as it bends into the cross
stream. Depending on whether velocity measurements were made
in the vertical portion of the jet or in the bent (horizontal) portion
of the jet in cross� ow, the orientation of the hot-� lm probe relative
to the dominant � ow vector was different, namely, parallel to the
probe support axis in the former case and perpendicular to it in the
latter. Accordingly, two different calibrations were conducted and
applied to the two different measurement modes in the respective
� ow regions.

Instantaneous and time-averaged Mie scattering-based imaging
were used to visualize the � ow� elds in a streamwise and sev-
eral cross-stream planes. Details of this technique are described by
Vranos and Liscinsky.14 A commercially available (Elven) smoke
generator was used to provide (submicrometer sized) vaporized
mineral oil seed into the jet stream. A 2-W argon ion laser was
used to provide a 0.5-mm thin laser sheet for the imaging. The
time-averagedscalar images, displayed as a mixture fraction (com-
puted as the ratio of the scattered scalar intensity to the maximum
intensity in an image), were acquired by an electronically cooled
Photometrics charge-coupleddevice camera using a 10-s exposure
and provided a spatial resolution of 7 pixels/mm. The uncertainty
in measurements of the mixture fraction is on the order of §10%
(Ref. 14). Instantaneousscalar images were acquired using a NAC
high-speed camera at 200 frames/s providing a 5-ms exposure.

A mechanical spinning valve15 was used to modulate the jet
� ow with a single frequency, providing excitation in the frequency



2318 NARAYANAN, BAROOAH, AND COHEN

range of 100–1600 Hz corresponding to 0:012 < SrD < 0:2. The
nondimensionalfrequencyStrouhal number SrD is based on the jet
diameter D j and peak jet velocityfor all cases presentedhenceforth.
Figure 1 schematically shows the experimental setup, showing the
excitation technique and the spinning valve actuator. The valve-
based actuator is described in detail by Barooah et al.,15 and we
supply a brief descriptionin the following.Air supply was provided
to a plenum inside a rotating drum (which was connected to a dc
motor spool)with 12 small circularholes aroundthe periphery.Con-
centric to the rotating drum was an outer stationary cylinder, which
had two diametricallyopposed circular holes connected to a pair of
3-mm-diamtubes.When the motor was operatedat a � xed speed, air
was delivered to the two outer (stationary) drum holes in a periodic
fashion. (The frequency is determined by the number of holes on
the rotating drum and the rotor speed.) Thus, a periodic (in-phase)
jet � ow issued from the two tubes. When the motor used to actuate
the valve was not operated, nearly steady � ow issued from the two
exit ports.The jet is believed to be only partiallymodulatedbecause
of a dc bias � ow resulting from leakage within the valve. This was
seen in the measured actuator response (shown subsequently and
discussed in Sec. III.B), having nonzero air� ow from the spinning
valve at all times. Long tubes (nearly 50 mm) with large radius
bends to minimize � ow distortion were used to transport the � ow

Fig. 2 Pro� le of mean and � uctuating component of longitudinal velocity at jet exit plane.

a) b)

Fig. 3 Instantaneous scalar images of the unforced jet in cross� ow: a) streamwise plane (through the spanwise jet centerline) and b) cross-stream
plane (at x/Dj = 3 downstream of the jet exit plane).

from the outer cylinder to the test section with the cross� ow (in-
set in Fig. 1). The two tubes merged into a straight, 12-mm-long,
3-mm-diam tube, which delivered the air jet into the test section.
Normalized pro� les of the unforced jet mean velocity and turbu-
lence intensity measured using a single-sensorhot-� lm probe at the
jet exit are shown in Fig. 2. The straight tube was kept short (with
a pipe length-to-diameterratio of nearly 4) to improve actuator au-
thority and frequency response; yet this seems to be suf� cient to
provide a fully developed mean velocity pro� le at the exit.

III. Experimental Results
The dynamics in the � ow were explored using velocity spectra

from the hot-� lm probe positioned at various locations within and
outside the jet as it emerged and bent into the cross� ow. These
were � rst conducted in the unforced � ow to reveal the underlying
natural dynamics and then in forced � ows. These were followed
by proof-of-concept,open-loopcontrol experiments to demonstrate
the mixing and entrainment bene� ts.

A. Unforced Flow� eld and Dynamics
Figure 3 shows instantaneousstreamwise (x , y) and cross-stream

(y, z) Mie scattering image snapshots of a jet in cross� ow. Also
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a)

b) c) d)

e) f) g)

Fig. 4 Time-averaged scalar intensity images of the unforced jet in cross� ow, displaying a) streamwise (through the spanwise jet centerline) and
crossstream planes at x/Dj = b) 0, c) 1, d) 2, e) 3, f) 4, and g) 6, downstream of the jet exit plane.

denoted is the streamwise extent over which most of the cross-
stream measurements presented in the forthcoming sections were
recorded. The jet instabilities, originating as the shear layer struc-
tures, and the far-� eld CVP structure are evident. There is little
evidence of jet � uid in the wake region. The instantaneous cross-
stream plane image (Fig. 3b) clearly shows an asymmetric � ow pat-
tern. Such a pattern is far from the idealizedand simpli� ed pictureof
the jet-in-cross�ow comprisinga pair of symmetric counter-rotating
vortices.10 The cross-streamstructure is quite complex and appears
to comprise several smaller scale vortices (perhapsoriginatingfrom
the jet shear layer) and will be addressed later. The instantaneous
and time-averaged scalar structure of the jet in cross� ow was the
subject of detailed investigations by Smith and Mungal.16 Of par-

ticular interest was the asymmetry in the time-averaged crossplane
� ow images.

Figure 4 shows the time-averaged images (streamwise and cross
stream) of the scalar (smoke particles), showing the jet bending into
the cross stream, and a nearly symmetric pattern arising from the
CVP dynamics at downstream locations. Figure 5 shows the time-
averaged velocity � eld in cross-stream planes located downstream
of the jet exit plane. Note that the measured mean velocity was
dominated by the vertical jet velocity in the jet core region of the
� rst cross-stream plane (Fig. 5a), whereas the axial velocity com-
ponent dominated in the freestream region. The bending of the jet
into the cross� ow and its cross-streamentrainment is evident in the
spreading velocity distribution. Slight asymmetries were observed
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a) b)

c) d)

e) f)

Fig. 5 Time-averaged longitudinal velocity � eld in unforced � ow, with velocity normalized by peak inlet jet velocity, displaying cross-stream planes
at x/Dj = a) 0, exit plane for unforced jet in cross� ow, b) 1, c) 2, d) 3, e) 4, and f) 6, downstream of jet exit.

in the cross� ow pattern in the scalar images (Figs. 4c–4g) and in
the velocity � elds (Figs. 5b–5f). These may be due to inadequate
averaging in downstream locations, where much lower frequency
modulations were observed. The asymmetries are similar to those
noted fartherdownstreamin phase-averagedscalar images by Smith
and Mungal,16 who explored this in further detail. No asymmetries
were found in the jet or the cross� ow with the exception of small
secondary � ow structures at the four corners of the channel.

The corresponding turbulence intensity distributions are shown
in Fig. 6. The initially high-turbulence intensities concentrated in
the jet core migratedand accumulatedin regionswhere the unsteady
(large-scale) mixing of the CVP was dominant. The scales on the
contour plots for the mean and � uctuation quantities have been ad-
justed at various locations to better illustrate the spatial structure;
the scales at a given location are, however, maintained for ease of
comparison with other cases to be presented later.

The dynamics of the unforced jet were also explored via mea-
surementsof the velocityspectra usinga single hot-� lm probe along
the jet trajectory. Measurements close to the jet exit did not reveal
distinct frequencypeaks associatedwith the shear layermodes, pos-
sibly due to the thick boundary layers in the pipe leading up to the
jet exit. Similar measurements were reported recently by Shapiro
et al.,17 where power spectra of the velocity measured in the up-
stream shear layer of the jet revealed broadbandspectral peaks cor-
responding to 0:5 < SrD < 0:8; these are consistent with the initial
jet shear layer scales and dynamics. Such broadband peaks are ex-
pected to shift to lower frequencies in the range 0:3 < SrD < 0:5
(corresponding to the large scales of the preferred mode of a jet)
farther away from the jet exit plane and closer to the end of the jet
potential core, for example, see Fig. 5a. This was also found in the
studies of Blossey et al.2

Velocity surveys were conducted in the � ow region where the
jet bent into the cross stream. Figure 7 shows velocity spectra with
broadbandpeakssurroundingmuch lower frequenciesthanexpected

in the near � eld of an isolated jet, such as SrD ¼ 0:03, 0.08, and 0.1.
These locationsfarther from the jet exit (stations1, 2, and 3 in Fig. 7)
were chosen to be close to where the CVP structure was formed.
The probe was positioned close to the outer edge of the jet shear
layer to help discern the large-scale structure passage frequency.
The spectra suggest that low-frequency oscillations were prevalent
during CVP formation. When the probe was moved inside the jet
at these downstream locations, to reveal further internal details of
the CVP structure, the spectra were masked by broadbandbehavior
with no discernible dynamics.

Based on the preceding observations, we attempt to establish a
connectionbetween the timescalesof the jet � ow structures(scaling
with D j ) and those associatedwith the CVP (scaling with r D j ). De-
tailedexperimentalevidencefor theassociatedspatialstructuredoes
not exist, leading to speculations while remaining consistent with
the observations.The dynamics near the CVP formation region are
associatedwith lower frequenciesthan expected from jet vortex dy-
namics. Therefore, it appears that these dynamics were excited and
sustainedby the collectivebehaviorof several jet structures.The jet
itself evolves via vortex mergers from high-frequencysmaller scale
structures appearing near the jet origin to lower frequency, larger
structures appearing away from the jet exit [(x , y) plane images in
Figs. 3 and 8a]. Instantaneous scalar images (Fig. 3) clearly show
the quasi regularly spaced � ow structures on the upstream edge of
the jet, with progressively growing scales along the jet trajectory.
Any distinct structure in the aft portion of the jet was lacking. It is
plausible that the lower portion of the jet vortices was reoriented,
with vorticity aligned in the streamwise direction (as for the CVP).
The complex cross� ow pattern noted in the instantaneous scalar
image in Fig. 3 is also indicative of smaller scale vortices in the
cross-streamstructure (perhaps originating from the jet vortices).

A simpli� ed conceptualpicture for the evolution of the near � eld
of a jet in cross� ow is presented schematically in Fig. 9. Only � ow
structuresassociatedwith the jet shear layer and theCVP are treated.
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a) b)

c) d)

e) f)

Fig. 6 Time-averaged � uctuating component of longitudinalvelocity � eld in unforced � ow normalized by peak inlet jet velocity; cross-stream planes
at x/Dj = a) 0, exit plane for jet in cross� ow, b) 1, c) 2, d) 3, e) 4, and f) 6, downstream of jet exit.

Fig. 7a Velocity spectra from unforced jet in cross� ow measured at
three locations along the jet trajectory, displaying broadband peaks at
progressively lower frequencies as the probe is moved farther from the
jet exit.

The mechanism for the transition of high-frequency oscillations
near the jet exit to lower frequencydynamics farther downstream is
speculatedto be from thegrowthand mergerof the jet vorticeson the
front side and due to the agglomeration of the lower portion of the
jet vortices in the aft side of the jet. Physical mechanisms involving
three-dimensionalvortex dynamics that support such a connection
between the jet shear layer vorticesand theCVP havebeenproposed
before,8¡10 although details of the CVP formation are not yet fully
resolved. The present data and inferences are consistent with these
prior hypotheses.Although no conclusiveevidence is presented for
the CVP formation, a promising avenue for controlling mixing is

Fig. 7b Probe locations corresponding to measurements shown in
Fig. 7a.

revealed. This involves manipulation of the spacing and dynamics
of the jet shear layer structures and is explored further in the next
section.

B. Forced Response Experiments
Frequency-sweep experiments were conducted to examine the

unsteady response of the jet-in-cross�ow to single-frequencyexci-
tation. No cross� ow was applied for these tests, which were per-
formed for � xed control signal input amplitude to the actuator, that
is, the pressureat which the air was supplied to the actuatorwas held
constant. Figure 10a shows the nonuniform frequency response of
the unsteady actuator � ow to forcing (with no cross� ow). The � uc-
tuation amplitude decreased with increasing frequency because the
tubes and passages outside the valve (leading to the jet exit) behave
as capacitors,reducingthe velocityamplitude at higher frequencies.
The nonuniformresponse,for instancearound1000–1600Hz, could
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a)

b)

c)

Fig. 8 Instantaneous scalar images of unforced and forced � ow� elds:
a) unforced � ow, b) forced � ow, showing fewer, larger (evenly spaced)
structures for low-frequency forcing f = 680 Hz (SrD » 0:085), and
c) showing smaller structures closer to the jet injection location for
high forcing frequencies, 1500 Hz (SrD » 0:19).

result from the acoustic characteristics of the passages outside the
valve leading to the jet exit, which would enhance the signal am-
plitude at preferred frequencies. Note that unlike traditional zero-
mass-� ux actuators, for example, acoustic excitation, this actuation
scheme has a nonzero mean � ow; also recall discussion in Sec. II.
Notice the slight variation in the mean � ow exiting the actuator
(about 7%), which caused a concomitant variation in the velocity
ratio established. The nearly monotonic reduction in the mean ve-
locity with increasing frequency appears to have been caused by
lower leakage in the valve at higher rotational speeds. This may
have been due to better control of leakage areas from centrifugal
and thermal expansion at the higher speeds. Such differences were
accountedfor by changing the supply pressure to maintain the same
mean velocity ratio.

Figure 10b shows an example of the (bandpass � ltered) velocity
signal measured 2D j vertically above jet exit for forcing at 680 Hz,

Fig. 9 Schematic of unsteady vortex dynamics underlying the jet in
cross� ow, indicating dynamics of the jet shear layer vortices and that of
the CVP observed after the jet bends into the cross stream.

with a mean velocityof nearly25 m/s and partialmodulation(with a
peak-to-peakamplitudeof nearly 30% of the mean jet exit velocity).
Figure 10c shows a similar example of the (bandpass � ltered) ve-
locity signal for forcing at 1500 Hz, with a mean velocity of nearly
24 m/s and modulation with peak-to-peakamplitude of nearly 25%
of the mean jet exit velocity.For both cases, cross� ow was also em-
ployed (with r D 6) to evaluate the actual forcing signal appearing
inside the jet with cross� ow. Such signals were not expected to be
as periodic as the waveform that exited the actuator in isolation.The
slight modulations were due to low-frequency oscillations present
in the cross� ow within the test section and the jet disturbances.Be-
cause of the nonuniform actuator response, the velocity � uctuation
amplitude measured in the forced � ow� eld was normalized with
the � uctuation amplitude measured near the exit of the spinning
valve actuator. Because of the nearly sinusoidal nature of the forc-
ing signal observed inside the � ow, such normalization appears to
suf� ce. More complex compensationwas found to be necessary by
M’Closkey et al.7 when imposing square wave excitation signals
with precisely controlled duty cycles.

The velocity� uctuationresponseto single-frequencyforcingover
a rangeof frequenciesis shown in Fig. 11.Probe locationswere cho-
sen (Fig. 11b) close to the jet exit, in a regionwhere the jetwas bend-
ing into the cross� ow and in a region where the jet was completely
bent into thecross� ow; the spanwiseprobelocationfor the following
measurements was chosen to be at the center of the channel where
the (x , y) planeintersectsthe jet exit centerline.The preferential� ow
response to higher frequencies, namely, SrD » 0:2, in the vertical
portion of the jet and to low frequencies,namely, SrD · 0:1, farther
downstream is evident; the location in the vertical portion of the jet
is situated (vertically) past the end of the jet potential core. (Also
see mean velocity shown in Fig. 5a and where the jet turbulence
levels reach a peak in Fig. 6a.) Frequency-responsemeasurements
indicated that progressively lower frequency dynamics were pref-
erentially excited farther along the jet trajectory. Such receptivity
to low-frequency excitation in the downstream � ow region (with
the CVP structure) and to high-frequencyexcitation in the initial jet
(with shear layer structures) is consistentwith the description in the
precedingsection and shown in Fig. 9. These measurementsalso re-
vealed the excitabledynamics in the � ow� eld, which are distributed
in space and over a fairly broad range of frequencies. The impact
of forcing these receptive bands of frequencies on the � ow� eld is
discussed in the next section.

Figure 12 shows velocity spectra for � xed-frequency forcing,
recorded along several locations of the forced � ow jet trajectories.
Also shown is the broadband low-frequency oscillations centered
at 600 Hz (Fig. 12c and circled range, Fig. 12d) for high-frequency
forced cases in locations away from the jet exit plane. The probe
coordinates are denoted in the Fig. 12 legend and are different for
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Fig. 10a Spinningvalve actuator response to excitation, showing peak
amplitude of forcing and mean � ow (that is, average jet velocity) as
function of forcing frequency.

Fig. 10b Velocity signal recorded near the jet exit with actuator oper-
ating at 680 Hz.

Fig. 10c Velocity signal recorded near the jet exit with actuator oper-
ating at 1500 Hz.

the four cases because the locations were chosen to best re� ect the
local coherent dynamics with minimal contaminationfrom random
broadband behavior. Spectral peaks at the excitation frequencies
were evident in the velocity spectra closest to the jet exit. Harmon-
ics of the forcing frequency were also evident in all of the spectra
recorded close to the jet exit. This suggests that the forcing sig-
nal was ampli� ed to high levels, triggering nonlinear interactions
between the excitation frequency and its harmonics. It was evident

Fig. 11a Frequency response of forced jet in cross� ow measured at
various locations along jet trajectory (z = 0 for all cases).

Fig. 11b Three probe locations along the jet trajectory where the fre-
quency response is reported in Fig. 11a.

that the effects of the forcing frequency for SrD > 0:15 were most
pronouncedfor velocity spectra near the jet exit, whereas the down-
stream dynamics reverted to a broadband nature. Such broadband
behaviorwas also found in the unforced � ow (such as shown at sta-
tion 1 in Fig. 7). The amplitude at the high forcing frequency also
diminished quickly farther downstream. However, forcing at low
frequencies (SrD < 0:1) resulted in ampli� cation and sustenanceof
the spectral amplitudes farther downstream. This implies organiza-
tion of the � ow structuresin a low-frequencyband.The result is also
consistent with the frequency-response measurements (discussed
earlier) at the downstream locations farther from the jet exit, where
lower frequencies were considered to be preferentiallyexcited.

C. Open-Loop Control Results
Based on the surveys of the unforced and forced � ow responses,

it was concluded that, for improved entrainment, penetration, and
mixing characteristicsof the downstream � ow, it would be bene� -
cial to excite the jet � ow at low frequencies. The unsteady effects
induced would be ampli� ed through instabilities and interactions
in the � ow and dominate the dynamics farther downstream, where
uniform mixing and increased penetrationare desired for industrial
applications of jets in cross� ow.

Figure 8 shows instantaneous snapshots of the unforced and
forced � ow� elds, displaying organization of several smaller � ow
structures for the � ow forced with a high frequency (smaller length
scales denoted in Fig. 8c near the jet exit) and fewer larger struc-
tures for one forced at a lower frequency. (Length scale is deduced
from the � ow structure spacing in the outer edge of the jet and is
denoted in Fig. 8.) Because of the use of relatively low forcing (or
peak-to-peak modulation) levels, the controlled jet � ow structures
were similar to those in the unforced � ow. This contrasts with the
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a)

b)

c)

d)

e)

Fig. 12 Velocity spectra of forced jet in cross� ow measured at various locations following the jet trajectory showing sustained response to lower
forcing frequencies farther from jet exit and damped response to higher forcing frequencies: a) f = 680 Hz (SrD » 0:085) b) f = 1000 Hz (SrD » 0:125),
c) f = 1300 Hz (SrD » 0:163), d) f = 1500 Hz (SrD » 0:19), and e) measurement coordinate system for locating the probe along the jet trajectory where
the power spectra are recorded.

radically changed jet � ow structure, for example, appearance of
distinct vortex rings, observed in prior studies utilizing high forcing
levels and full jet modulation.4¡6. There was a noticeable increasein
the scalarconcentrationsin thewake regionof the forcedjet (Figs. 8b
and 8c) relative to the unforced � ow (Fig. 8a). Because the nondi-
mensional excitation frequency (Sr D f D j =U1) was in the range
Sr D 0:5–1 (well outside the natural wake shedding frequency of
Sr D 0:1–0.2), the mechanism for the enhanced wake unsteadiness
is unclear.

Unsteady forcing produced a marginal increase in jet penetra-
tion in all forced cases possibly due to the increased time-averaged
spread created by � apping of the jet. Figure 13 shows the time-

averagedscalar images for the forcedcase using a forcing frequency
of 680 Hz (SrD » 0:085). Cross-stream mixing enhancement rela-
tive to the unforced case (see Fig. 4) is evident for 4 · x=D j · 6.
Note that the counter-rotatingvortex structure evident in the time-
averaged scalar images for the unforced jet in cross � ow (Figs. 4e–

4g) was absent in the forced case, suggesting the modi� cation of
this structure as a result of forcing. Further insight into the spatial
structure associated with the forced � ow can only be obtained via
phase-averagedmeasurements in the � ow. Increase in the near-� eld
jet spread in the (x, y) plane (Fig. 13a) relative to that in the unforced
jet (Fig. 4a) was also evident, and at least in part may be related to
the wake structures seen earlier (Fig. 8b). Cross-stream mixing was
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a)

b) c) d)

e) f) g)

Fig. 13 Time-averaged scalar intensity images of the forced jet (SrD » 0:085) in cross� ow: a) streamwise plane (through the spanwise jet centerline)
and cross-stream planes at x/Dj = b) 0, c) 1, d) 2, e) 3, f) 4, and g) 6.

evenly achieved for lower frequency forcing (Fig. 13b–13g) reveal-
ing improvedand uniformspreadingin both the transverseand span-
wise directions. The uniform cross-stream mixing (showing lower
peak scalar levels) farther downstream is evident.

Conversely, more compact spanwise mixing and increased trans-
verse/vertical mixing was observed for the high-frequency forced
caseas shown in Fig. 14 (where f D 1500Hz and SrD

»D 0:19). Here,
mixingwas signi� cantlyenhancedclose to the jet exit (Fig. 14a–14d
compared with Fig. 4a–4d) for the unforced � ow), but peak scalar
levels remained higher farther downstream (due to reduced unifor-
mity in mixing). The increased mixing in the vertical direction is
evident, as is the relatively lower spanwise mixing. In particular, it
is evident from Fig. 14e–14g, for 4 · x=D j · 6, that the extent of
scalar spread in the transverse direction was more than that in the

spanwise direction, where the spread was compact in that it was
even smaller than in the unforced � ow. Increase in the near-� eld jet
spread in the (x , y) plane (Fig. 14a) relative to that in the unforced
jet (Fig. 4a) is more dramatic here (comparedto that in Fig. 13a) due
to potentially direct excitation of the jet vortices. Although spread
increase in this plane due to excitationof wake structures discussed
earlier (Fig. 8c) is possible, this coupling of the forcing into the
wake unsteadiness is not expected to be any more effective than for
the low-frequency case considered earlier.

Figures 15 and 16 show the time-averaged velocity in cross-
streamplanesdownstreamof the jet exitplane for the lower (680Hz)
and higher (1500 Hz) forcing frequency cases, respectively.As for
the unforced � ow, the velocity � elds shown must be interpreted
carefully, noting that measurements on the crossplane intersecting
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a)

b) c) d)

e) f) g)

Fig. 14 Time-averaged scalar intensity images of the forced jet (SrD ¼ 0:19) in cross� ow: a) streamwise plane (through the spanwise jet centerline)
and cross-stream planes at x/Dj = b) 0, c) 1, d) 2, e) 3, f) 4, and g) 6, downstream of the jet exit plane.

the incoming jet axis (Figs. 15a and 16a) show the vertical velocity
component inside the jet core and the axial velocity component in
the freestream.For downstreamcrossplanes,the axial velocity com-
ponent was measured uniformly across the entire plane. Note that
the contour plot scales at any location are consistent with that for
the unforced � ows (shown earlier). The improved entrainment for
the low-frequency forcing case can be qualitatively seen in down-
stream crossplanes (compare with contour levels for unforced � ow
in Fig. 5), with lower levels of the axial velocity component spread
out farther in the spanwise and vertical directions.

Forquantitativecomparisons,theentrainmentratiowas computed
from the mean velocity distributions in the unforced and forced
� ows. The entrainment ratio is de� ned as the ratio of the volumetric

� ux across a downstream crossplane (for the out-of-planeaxial ve-
locity component) to that across the horizontal inlet plane of the jet,
namely, for the vertical velocity at the lower horizontal wall. Only
contributionsto the � ow from the jet were included.The volumetric
� ux at x0 is de� ned as

´
Z

A

U .x0; y; z/ dy dz

where U denotes the local axial mean velocity and the integration
was performed over the area A where the jet � uid is distributed.
The jet � uid area A is determined by computing the area inside the
boundariesoverwhich the time-averagedscalarvaluesdrop to 1% of



NARAYANAN, BAROOAH, AND COHEN 2327

a)

c)

e)

b)

d)

f)

Fig. 15 Time-averaged longitudinalvelocity � eld in forced � ow (SrD » 0:085) with velocity normalized by peak inlet jet velocity; cross-stream planes
at x/Dj = a) 0, b) 1, c) 2, d) 3, e) 4, and f) 6.

a)

c)

e)

b)

d)

f)

Fig. 16 Time-averaged longitudinal velocity � eld in forced � ow (SrD » 0:19) with velocity normalized by peak inlet jet velocity; cross-stream planes
at x/Dj = a) 0, b) 1, c) 2, d) 3, e) 4, and f) 6.
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the local peakvalues in the jet (Figs. 4, 13, and 14); note thatbecause
only the jet was seededwith smoke in the scalarmeasurements,such
a threshold set on jet scalar values is justi� ed. This entrainment pa-
rameter de� nition was used by Yuan and Street,18 who studied the
sensitivity of entrainment computations to the scalar threshold and
determined the 1% value to be acceptable in simulations of a round
jet in cross� ow. To ensure that the mean jet trajectory differed only
slightly from the cross� ow direction, crossplanes only downstream
of where the jet bent into the cross stream were examined, namely,
x=D j ¸ 1. Figure 17 shows the entrainment ratio computed at � ve

Fig. 17 Entrainment ratio variation with downstream distance from
(vertical) jet axis in unforced and forced � ows; sustained improvements
for forced cases are evident.

a)

c)

e)

b)

d)

f)

Fig. 18 Time-averaged � uctuating component of longitudinal velocity � eld in forced � ow (SrD ¼ 0:085); cross-stream planes at x/Dj = a) 0, b) 1, c) 2,
d) 3, e) 4, and f) 6.

streamwise locationsdownstreamof the jet exit usingmean velocity
data. The evident entrainment ratio increase with downstream dis-
tance for the unforced � ow is consistentwith prior experimentsand
simulations, with a power-law dependence on the streamwise co-
ordinate. Enhancements of 30–46% in time-averaged entrainment
(relative to that for the unforced jet) at planes from 1 · x=D j · 5
(measured from the incoming jet axis) were seen for the forced
� ows, namely, SrD

»D 0:09 and 0.19. These measurements demon-
strate the bene� t of unsteadyforcing.The enhancementsare similar
for the two forced cases, with slightly improved bene� ts for the
lowest forcing frequency case, namely, SrD

»D 0:09. Nevertheless,
the entrainment ratios for the forced � ows are consistently higher
than that for the unforced � ow.

Figures 18 and 19 show the turbulence intensity � elds in the
forced � ows, where f D 680 Hz and SrD » 0:085 and f D 1500 Hz
and SrD » 0:085, respectively.Here, too, the contour plot scales at
any location are set to be consistentwith that for the unforced� ows
(shown in Fig. 6). In Figs. 18 and 19, � uctuation is normalized by
peak inlet jet velocity. In general Figs. 18 and 19 reveal increased
(temporal) unsteadiness in the jet mixing over a larger crossplane
region (compared to the unforced jet), which accompanies the jet
entrainment increasefor the two forced� ow cases.Such behavior is
desirable for combustion applications, for example, using dilution
jets in a fuel-richcross� ow, where spatiotemporallyuniformmixing
is desired. Differences between the turbulence intensity � elds for
the two forced � ow cases were dif� cult to discern.However, shapes
of the downstream � ow� elds (Figs. 18d–18f and 19d–19f) showed
differences similar to those observed in the mean velocity � elds.
Assessments of the entrainment and mixing enhancements across
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a)

c)

e)

b)

d)

f)

Fig. 19 Time-averaged � uctuating component of longitudinalvelocity � eld in forced � ow (SrD ¼ 0:19); displaying cross-stream planes at x/Dj = a) 0,
b) 1, c) 2, d) 3, e) 4, and f) 6.

a wider range of forcing frequencies are needed to con� rm these
trends.

IV. Conclusions
An experimental study of the dynamics of large-scale,organized

structures in the near � eld of a jet in cross� ow was performed.
The coupling between the dynamics of the jet shear layer and that
associatedwith the formationof the CVP was explored and utilized
for open-loop control. It was demonstrated that the structure and
mixing of the � ow are substantially altered by unsteady forcing.

Experiments were performed in a moderate Reynolds number,
isolated circular jet issuing into a uniform cross � ow in a square
channel, with a velocity or blowing ratio of 6. Receptivity of the
� ow to high frequenciesnear the jet exit (commensurate with exci-
tation of jet instabilities) and to low frequenciesfarther downstream
(where the CVP was evident) was established. This was done us-
ing forced response experiments in which velocity cross spectra
(relative to the forcing signal) were measured in different � ow re-
gions to reveal preferential � ow response within certain frequency
bands.Low-frequencyforcingwas observedto be the most effective
means to organizingunsteadinessin the � ow� eld downstreamof the
jet exit plane, where enhanced entrainment and mixing are desired.
The scales of the jet vortices increased as the jet emanated and bent
into the cross� ow, organizing the dynamics into lower frequency
bands along the jet trajectory.Furthermore, these low-frequencyos-
cillationswere coherentand were sustainedat downstreamlocations
where the CVP motion was prevalent.

Measurements of the time-averaged velocity as well as scalar
� elds revealed increased mass entrainment and coherent unsteadi-
ness as a result of unsteady forcing. The jet spread and mixing

bene� ts were demonstrated for a pair of forcing frequencieschosen
at the lower and higher end of the actuator frequency response. Jet
spread was enhanced near the jet exit for the high forcing frequency
case, consistent with the � ndings from the forced response tests.
At locations downstream of the jet exit, where lower frequencies
are preferentially ampli� ed, the spatial uniformity of mixing when
forced at a lower frequency was found to be better than that for the
� ow forced with a higher frequency.

More detailedexplorationof the controlparameterspace is neces-
sary, includingstudiesof theeffectsof forcingamplitude,waveform,
and a larger range of forcing frequencies; the latter was limited in
this study due to the actuator bandwidth. Further studies of the ef-
fects of forcing on a variety of mixing metrics, in addition to mass
entrainment and jet spread, such as for the (spatial) uniformity of
mixing are also needed. Some explorations along these lines were
reported by Blossey et al.2 using direct numerical simulations.
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