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Introduction

ONTROLLED jet rotation is desirable for many engineer-

ing applications such as steering, mixing enhancement, in-
creased vehicle maneuverability, safety, and agility. To date, two
known methods are used for jet rotation. The first involves using
a secondary stream comprising properly placed and directed noz-
zles. The second method uses turning vanes to interact directly
with the jet and force it to rotate. The former method is suitable
for fundamental studies but not practical, and the latter method
causes thrust loss, requires a heavy mechanism, and is slow to re-
spond, due to large inertial loads. An active method for jet rotation
that does not require any moving parts or high-pressure source,
because it utilizes zero-mass-flux fluidic actuators, is proposed and
demonstrated.

It was shown! that periodicexcitationcan be used to either deflect
or enhance the mixing of a circular jet when a short, wide angle
diffuser was attached at the jet exit and excitation was introduced at
the junction between the jet exit and the diffuser inlet. The reason
for the effectiveness of the technique is the enhanced mixing across
the separated jet shear layer and the interaction of the latter with
the diffuser wall that is promoted by large vortical structures. The
presence of the diffuser wall, confining the entrainment of ambient
fluid, significantly enhances the jet deflection angle produced by
the periodic excitation.! The jet deflection angle was shown to be
sensitive to the relative direction between the excitation and the jet
stream. Excitation with {(c, ) smaller than 0.5% that was introduced
in the streamwise direction deflected the jet towards the excited
shear layer side, whereas excitation with (c,) greater than 0.5%
that was introduced in the radial, cross-stream, direction pushed
the jet away from the actuator. Recent results’ demonstrate that the
two modes of excitation can be combined to produce jet deflection
angles higher than those measured when using a single actuator.
When both actuators were operated at identical frequency, the jet
deflection angles were sensitive to the relative phase between the
actuators, and with proper phase tuning it was always possible to
obtain at least the sum of the individual effects.

Method

Rotationof a3:1 aspectratiorectangularjet by periodicexcitation
was demonstratedexperimentally. Four piezoelectricactuators were
placed around the exitofa 152.4by 50.8 mm jet. As shownin Fig. 1,
a short, wide-angle diffuser was attached at the jet exit, immediately
downstream of the excitation slots. The two sidewalls were planar
and transparent. Two actuators, covering half of the jet exit width,
had their exit slots directed in the streamwise direction, and two
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actuator exit slots, also covering half of the jet exit width, pointed in
the cross-streamdirection (Figs. 1a and 1b). Periodic excitation that
emanated from the streamwise actuators (X excitation), combined
with the diffuser walls, tends to reattach the separated jet shear
layers to the diffuser walls (as in flap separation controP+* and jet
applications'). The result of placing two X actuators covering the
upper right and lower left halves (76.2-mm) of the long axis shear
layers was deflection of the jet flow toward the excitation slot, the
left side up and the right side down (looking into the jet, Fig. 1a).
Additional jet modification was achieved by the activation of high-
amplitude cross-stream excitation (R actuator, Fig. 1) that pushes
the jet away from the excitation slot'>> positioned at the upper left
and lower right shear layers. The combination of the four actuators
in the current configuration should cause the jet to rotate.

Experimental Setup

The jet facility used for this experiment was a modular assembly
of sections designed to allow maximum flexibility in this and future
active flow controlexperiments. The flow was drivenby a centrifugal
blower feeding arectangularsettlingchamber with an entrance cross
section 235 mm wide by 286 mm high and exit 336 mm wide by
286 mm high. A honeycomb and screens were installed in the set-
tling chamber, followed by a contraction from circular (entrance
diameter Dy, =303 mm) to rectangular cross section exit, 50.8 mm
high (H) by 152.4 mm wide, resulting in a hydraulic diameter of
76.2 mm. The distancebetween the duct entranceand the jetexit was
66.7 mm, and a boundary-layer tripping device was not used. The
sidewalls of the exit duct are made of acrylic plastic. Short, diver-
gent walls (30-deg inclination) were attached to the long axis of the
duct exit, immediately downstream of the excitationslots (Fig. 1b).
The length of the diffuser walls, measured from the slot exit to the
diffuser exit along the diffuser wall, was 19.05 or 15.45 mm, the
longer diffuser downstream of the R-actuator slots (Fig. 1b). Two
actuator chambers were situated along each long sidewall of the jet
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Fig. 1a Front view of the jet exit and actuators; see text for dimensions.
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Fig. 1b Side view of the jet exit, diffuser, and actuator slots.
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exit duct. The resonance frequency of the R actuators was 700 Hz,
and for the X actuators, it was 800 Hz. Each actuator was capable
of independent operation, and all actuators were operated at their
resonance frequencies, to obtain maximum output. Slot widths were
0.45 mm =£ 10%. The slot exit velocities were measured for a range
of frequencies and amplitudes, with a hot-wire placed at the slot
exit and the jet flow turned off (data acquisition and processing
as in Ref. 1). The hot-wire was mounted on a three-dimensional
traversing mechanism. The velocity uncertainty was less than 2%.

Figures 2a and 2b present typical results measured at three loca-
tions along each of the actuator slots. The variation of the excitation
magnitude along each slot was within £10%. Part of the scatter
was due to difficulties in locating the hot wire at the center of the
narrow slots where the gradients in the excitation magnitude were
very large. The magnitude of the fluctuating slot velocity rms (u))
for the entire test was 15 m/s £ 6%.

The definition of the fluctuating momentum injected by the peri-
odic excitationis based on the ratio of the total periodic momentum
input and the jet total linear momentum,

(en) = @h/H)(uy/U;)

where £ is the slot width, H the jet height, and U; is the mean jet
exit velocity. The momentum coefficient used throughout this in-
vestigation was 0.04 with an uncertainty of £15%. The preceding
definition of the oscillatory momentum coefficient is calculated us-
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Fig. 2a Calibration of R actuators at 700 Hz; velocity rms in meters
per second.
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Fig. 2b Calibration of X actuators at 800 Hz; velocity rms in meters
per second.
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ing a uniform excitation magnitude across the slot width and along
its entire length and is, therefore, an upper limit for {c,, ). The mean
jet exit velocity was U; =104 0.5 m/s, resulting in a Reynolds
number (based on hydraulic diameter) of 4.9 x 10*.

Flowfield data were acquired using a miniature total pressure
probe mounted on the traversing system. Total pressure was mea-
sured using a 10-torr pressure transducer (referenced to the ambient
pressure, uncertainty of £0.02% full scale), and the analog output
from the transducer was read using a computer interfaced digital
multimeter with a resolutionof 5.5 digits. A commercial “fog” gen-
erator, typically used for theatrical productions,was used to produce
a dense white vapor (smoke) for visualizing the jet flowfield. A 6-W
argon ion laser powered at 0.5 W was used to generate the light
sheet. Still images were acquired at each flow condition and were
later digitized, enhanced, and analyzed.

Results

The flow at the jet exit was characterized by a “top hat” veloc-
ity profile as measured by the pitot tube (Figs. 3 and 4a) and also
seen from the smoke flow visualization picture taken at a distance
of 25.4 mm from the jet exit (x/d, =0.33, not shown). Velocity
profiles acquired at several locations along the long axis of the jet
at x =25.4 mm indicate very good cross-sectional uniformity. See
the baseline profiles in Fig. 3 (filled symbols).

When periodic excitation with a total (c,) ~4.0% was applied
from the four actuator slots, the velocity profiles (open symbols
in Fig. 3) differed significantly from their baseline shape (filled
symbols in Fig. 3). At z=0, the jet cross section shrinks in Y;
at z=38 mm, the velocity profiles were displaced up; and at
z=—38 mm, the profiles were displaceddown. Because of limits on
the travel of the total pressure probe, the z =38 mm data terminate
at y ~ 40 mm, whereas the z=—38 mm data were mirror imaged
for illustration. The vertical location of the center of the jet linear
streamwise momentum indicates that the profiles were shifted up
and down by 10 £ 1 mm from their original y (*0) location, whereas
the shrinking at the center plane indicates spanwise stretching. The
combined effect is indicative of jet rotation.

The data in Fig. 4 present baseline and modified velocity con-
tours. These data were acquired at a plane parallel to the jet exit
and perpendicular to the main flow direction 25.4 mm from the jet
exit. The baseline flow is very close to being a perfect rectangle, in
good agreement with the top hat velocity distributions of the base-
line data in Fig. 3, whereas the controlled data indicate rotation in
the clockwise direction. The small deviations of the baseline veloc-
ities from uniformity at the long axis shear layers are attributed to
differentboundary conditions at the excitationslots. The jet rotation
angle was estimated using two independent methods. One method
is based on the vertical shift of the center of streamwise linear mo-
mentum of each half of the jet (cut at z=0) from the line y =0,
based on the data in Fig. 4. The second method is based on the
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Fig. 3 Mean velocity profiles of baseline and controlled flow at x =
25.4-mm, U =10 m/s, X and R actuator excitation, and total {(cu) =4%.
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Fig. 4 Mean velocity contours of flow atx =25.4mm, X and R actuator
excitation, (cpt) = 4%: a) baseline flow and b) controlled flow.

identification of the angle generated between the jet principle axis
and the Z axis, using the flow visualization pictures (not shown)
and taking into account the smoke density, using the 8-bit grayscale
resolution. These calculations indicate that the jet was rotated by
13 £ 4 deg at x /d;, =0.33, with respect to the baseline condition.

To verify that the measured data are indicative of jet rotation, and
notonly modification of the jet velocity distributionat the exitplane,
additional flow visualization pictures were acquired at distances of
76.2and 127.0mm from thejetexit plane (notshown). The rotational
momentum of the free jet should be conserved, so that the observed
rotation angle is expected to increase as the observation plane is
moved in the streamwise direction. Indeed, the flow visualization
images that were acquired farther downstream validate this trend
(not shown). The controlled jet data exhibits the same features as
the measurements made at x =25.4 mm, but the rotation angle,
evaluated using identification of the major axis, is 30 £4 deg at
x =127.0 mm (x/d, = 1.67), a significant increase with respect to
the rotation angle measured at x =25.4 mm. The use of two different
excitation frequencies, disregarding the relative phase between the
two pairs of actuators is not optimal.

Conclusions

The results clearly demonstrate that a rectangular jet can be ro-
tated using properly placed and directed actuators. The method
demonstratedin this Note should allow jet rotation without moving
parts, with short-durationtransients and in a controlled and gradual
manner.
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Nomenclature
A = axial distance from model nose tip
b = grid bar diameter
c, = pressure coefficient, (p — poo)/(O.SpUgo)
C, = side force coefficient, F,/(0.50 ULS)
C,(A) = localside force coefficient, local side
force/(0.50U2 D sin” )
|C,] = absolute value of the side force coefficient
|C_V| = mean of the absolute value of all of the side force
i coefficients in the 0 < ¢ < 360 deg range
D = cylinder diameter
dpaice = average diameter of aluminum oxide particles
F, = side force
1 = turbulence intensity
I, = longitudinal turbulence intensity in freestream

direction, 0, /Uy
= turbulence length scale
¥ = longitudinal turbulence length scale
in the freestream direction
M = mesh opening length
P = pressure on model surface
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