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Introduction

ODIFICATION of the evolution and characteristics of turbu-

lent jets is of great practical importance. Such modification
can lead to noise attenuation, mixing and spreading enhancement or
reduction, and thrust vectoring. The relevance of coherent structures
to the evolution and control of turbulent jets is widely accepted,’ as
is the relationship to stability theory,>* even though the background
flow is turbulent and the amplitudes are finite. It was envisioned” and
later demonstrated*> that nonlinear interaction between different
unsteady modes could lead to a mean flow distortion in the form of
enhanced mixing or vectoring. However, the expected modification
is dependent on the magnitude of the coupling between the linear
modes that tend to saturate. It was demonstrated experimentally®’
and numerically® that the presence of a confinement at the jet exit
promotes the generation of coherent structures. These in turn inter-
act with the jet flow and with the wall to locally reduce the static
pressure and pull the jet flow toward the wall. High-amplitude pe-
riodic excitation can also push the jet away from the excited shear
layer.%7 When introduced into opposite shear layers, each mode
could deflect the jet flow in the same direction. The next logical step
would be to combine the two modes to increase the overall effect. In
doing so, additional parameters come into play such as the relative
frequency and amplitude as well as the phase lag between the two
actuators.

The effects of combining the two modes while operating at the
same frequency and varying the relative phase are under current in-
vestigation. In most cases, the amplitudes were tuned such that each
actuator generated a similar jet modification when operated alone.

Experiment Setup

Figures 1a and 1b show schematics of the jet front and top views,
respectively. The jet exit diameter D was 39 mm. A 1-mm-wide slot,
divided into four equal segments, surrounded the jet exit as shown in
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Fig. 1a. Each segment of the slot was connected to a cavity, allowing
independent excitation of every 90 deg of the jet circumference.
Streamwise excitation (X -excitation) was introduced through the
90-deg segment of the slot surrounding the right-hand side of the
jet (positive z, see Fig. 1a). Cross-stream excitation (R-excitation)
was introduced through the 90-deg segment of the slot surrounding
the left-hand side of the jet (negative z, Fig. 1a). Trip grit (#36) was
placed upstream of the jet exit to ensure that the flow at the jet exit
was turbulent. All of the data presented in this paper are for a jet
exit velocity of U, = 12 m/s, resulting in Rep = 31,000.

A short, wide-angle diffuser was attached at the jet exit. The
diffuser half-angle ¢ was 30 deg and its length L was 1.85 D. The
diffuser could have been significantly shorter and yet still effective.’
The inlet geometry of the diffuser was different on each side of the jet
exit to allow periodic excitation to be introduced in the streamwise
(X) direction on one side of the jet and in the cross-stream (R)
direction on the other side (Fig. 1b).

Two zero-mass-flux piezoelectric actuators, each with a resonant
frequency of approximately f =~ 700 Hz, were used to generate the
periodic excitation. The actuators were calibrated as described in
Ref. 9. The maximum rms of the velocity fluctuations, u/,, , when
operated at 700 Hz using X -excitation, was about 18 m/s. The value
of u, . was about 10% lower for the R-excitation.

The hot-wire data were acquired using a 16-bit analog-to-digital
converter. The sampling rate was 12.8 kHz, and the input was low-
pass filtered at 5 kHz. The actuators were driven sinusoidally using

dynamic pressure transducer
for monitoring excitation level

R-excitation X-excitation

jet exit

1.0 mm wide segmented slot ~ D=39 mm

a) Front view

= X-excitation

, R-excitation

b) Enlarged view of jet diffuser details (top view)

Fig. 1 Schematic of the jet facility: a) front view and b) enlarged view
of the jet diffuser and actuators details (top view).
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a two-channel variable-phase function generator combined with a
multichannel power amplifier. The phase resolution of the function
generator was 1 deg.

The velocities measured with the hot-wire are accurate to within
+2%. The hot-wire position (x, y, or z) is accurate to within
£0.04 mm, Re) is accurate to within £3%, and (c,,) (defined as
(A;u?)/(A;U?), where A, and A; are the cross-sectional areas of
the active slot and of the jet exit respectively, and u is the rms of the
slot excitation velocity) is accurate to within £15%. The jet deflec-
tion estimates (§) are not different by more than 1.5 deg, regardless
of the determination method (profile (8;,) vs plane (6])1)).9 However,
when calculated from a single hot-wire profile measured at the jet
centerplane and considering the excitation effect on the central part
of the jet, 8, is +0.25 deg accurate, as inferred from the agreement
between the hot wire and the five-hole-probe data.’

Discussion of Results

Overview of Jet Excitation Modes

Hot-wire surveys of the jet were acquired at a cross-stream plane
of x/D =2.5 and Rep =3.1 x 10*. Streamwise and cross-stream
excitation levels were chosen to produce a jet deflection between
2.5 and 3.0 deg using either excitation. Figure 2 shows the con-
tours of the mean velocities for the various excitation types used.
The baseline ({c,)x = (c,)zr =0,) flowfield velocity contours su-
perimposed on Figs. 2a—2d are circular as expected. Slight devia-
tions from a circular pattern are believed to be due to the presence
of different slot configurations affecting the jet boundary condi-
tions. Cross-stream excitation with F+=4.2 (where F™=fL/U,,
L is the length of the diffuser, and F} =fD/U, = F*/1.85) and
(cu)r =1.5%, which was applied on the left-hand side of the jet,
deflected the jet by 8, A~ 3.0 deg toward the right-hand side, as shown
in Fig. 2a, causing the jet also to contract in the z direction and ex-
pand in the y direction with respect to the baseline. Streamwise
excitation with F*=4.2 and (c,)x =0.58% deflected the jet by
851 72 2.6 deg toward the excited shear layer (right-hand side) and
increased the jet spreading on the excited shear-layer side (Fig. 2b).

In this Note, the effect of combining the cross-stream and stream-
wise excitations that were applied on opposing sides of the jet is ex-
amined. The streamwise and cross-stream excitations are combined
in-phase (¢ = 0 deg) in Fig. 2c. The velocity contours in Fig. 2c in-
dicate that the overall effect is similar to that seen when exciting the
flow using the R-excitation alone (Fig. 2a). However, the stream-
wise velocity (U) contours for the ¢ =0 deg excitation are slightly
more spread in the z direction and less spread in the y direction than
the R-excitation U contours (Fig. 2a). The jet deflection resulting
from the in-phase combination of the two excitations is 8, = 6 deg,
about the same as the sum of the individual effects. This type of
excitation allows the jet to be deflected efficiently with only mod-
erate spreading. The out-of-phase (¢ = 180 deg) combination of R-
and X-excitations results in a jet deflection of 8, ~ 7 deg, approxi-
mately the sum of the deflections obtained when exciting the jet with
each excitation separately. The velocity contours of Fig. 2d indicate
that the effect of the ¢ = 180 deg excitation is similar to that of the
¢ =0 deg excitation on the left-hand side of the jet. The effect of
streamwise excitation is more evident in the ¢ = 180 deg contours
on the right-hand side, similar to the effect of the X -excitation alone
(Fig. 2b). The observed effect of the relative phase between the two
actuators, even at high Strouhal numbers that far exceed the range of
unstable frequencies of the jet column, indicates that further study
is required to optimize jet flow control using multiple actuators.

Optimal Deflection Angle

The maximum deflection angles in the current setup using either
R or X-excitation with (¢, ) ~ 5%, are 8.5 and 9 deg, respectively, as
shown in Fig. 3. To generate larger deflection angles, the two modes
of excitation were combined. The deflection angles produced by the
optimal combination of the two excitations are also presented in
Fig. 3. The (c,)(x + &) values are a sum of the (c,,) values generated
by each actuator. Much higher deflection angles can be obtained
when the two modes of excitation are operated simultaneously with
the appropriate phase shift. For instance, using (c,)x +r) ~ 5%, a
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Fig. 2 Baseline (lines) and controlled (grayscale) streamwise velocity
contours measured at x = 2.5 D: a) R-excited jet, F* = 4.2 and (c,)p =
1.5%, b) X-excited jet, F* =4.2 and {c, )y = 0.58%,c) X +R, ¢ = 0 deg
excited jet, d) X + R, ¢ = 180 deg excited jet; in ¢ and d, F* = 4.2 and
{cu)x+g =2.08%.

deflection angle of 13 deg is obtained, based on the curve fit in Fig. 3.
This is an increase of about 50% with respect to the effect of any
single actuator at the same (c,). A maximum deflection of about
15 deg is obtained for {(c,)x + r) ~ 8%. The details of the optimal
phase will be discussed later. Jet deflection angles that were gener-
ated by optimally phased (X + R) excitation were compared with
jet deflection angles computed by adding the deflection angles from
the individual X and R-excitations. It was found® that optimally
phased excitation produces jet deflection angles that are similar to
and slightly higher than the sum of the individual jet deflection an-
gles produced by the X and R-excitations over the entire {(c, ) range.
This result should not be considered trivial because, with a nonop-
timal phase shift between the two actuators, the resulting deflection
could be significantly smaller than the sum of the deflections due to
any single actuator, as will be shown in what follows.
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Fig. 3 Jetdeflection angles calculated from data measured at x/D = 2.5,
ReD = 3.1 x 10*. Excitation mode and frequency indicated in legend.
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Fig. 4 Hot-wire mean velocity profiles measured at x/D = 2.5, ReD =
3.1 x 10%; F* = 4.2; excitation mode, momentum coefficient, and phase
indicated in legend.

Baseline and controlled-jet U velocity profiles using F™=4.2,
(cu)x =0.06%, and (c,)r =0.84% are presented in Fig. 4. X-
Excitation primarily affects the right-hand side (positive z) of the jet
producing a jet deflection of 1.5 deg. R-Excitation mainly affects
the left-hand side (negative z) of the jet, producing a jet deflection
of 2.0 deg. In-phase, ¢ = 0 deg, dual-mode excitation appears to di-
minish the effect of the X-excitation, producing a jet deflection of
only 2.4 deg. The ¢ = 180 deg dual-mode excitation produces a jet
deflection of 4.3 deg. This deflection is larger than the sum of the
deflection angles &, x ~ 1.5 and &) g ~ 2.0 deg, produced by the X
and R-excitations alone.

The sensitivity of the jet deflection angle to the relative phase
between the X and R-excitations is presented in Fig. 5 for relatively
low values of (c,,). The jet deflection angles have all been referenced
to the sum of the individual deflection angles, 6x 4 . It is clearly
demonstrated that ¢ =0 deg is not the optimal combination. The
in-phase (¢ =0 deg) combination of the two excitations leads to a
reduction in the effectiveness of the combined excitation compared
to a linear superposition of the individual effects. The jet deflection
angles obtained for the (c,) levels presented in Fig. 5 indicate that
the optimum phase angle is ¢ =7 & /6. A comparison of the (c,,)
levels presented for the F+ = 4.2 cases indicates that the @ sensitivity
decreases with increasing (c,,). A comparison of the two frequencies
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Fig. 5 Dependence of jet deflection angles on phase angle between

X- and R-excitation modes; 6, presented. Note that 6 uncertainty is
40.25° for the entire data set.
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Fig. 6 Streamwise variation of jet center of linear streamwise momen-
tum: F* =4.2, (c,)y = 0.14%, and (c,. ), = 1.76%.

presented in Fig. 5 indicates that the ¢ sensitivity at F*=2.1 is
greater than that at F+ =4.2 for the (c,) range examined.

Velocity profiles measured at x /D =2.5 and y/D = 0.0 for vary-
ing phase using (X + R) excitation with F* =42, {cu)x =0.6%,
and (c,)gr =1.6% (not shown, Ref. 9) indicate that the effect of
increasing phase is mainly to enhance the jet spreading on the X-
excited side of the jet. Profiles of u’ (not shown) indicate that the
velocity fluctuations increase on the R-excitation side with increas-
ing phase, whereas they decrease on the X -excitation side, as aresult
of the enhanced spreading and reduced shear. From this point we
shall concentrate on ¢ =0 and ¢ =180 deg, while noting that an
optimal performance at low (c,) could be found at ¢ =7 £ 7 /6.

The results presented thus far have focused on the effect of the
R and X -excitations at a single streamwise location, x/D =2.5. In
this section, data closer to the excitation source and the jet exit were
examined to determine if the global effects measured at x/D = 2.5
represent flow behavior near the source and to learn more about the
physical mechanism causing the observed results. The change in the
center of momentum, z., with axial location is shown in Fig. 6 for
the in-phase and 180-deg out-of-phase combination of the X and
R-excitations using F* =4.2, (c,)x =0.14%, and (c, )z = 1.76%.
The jet deflection angles produced by the R and X -excitations in-
dependently are 8,z =4.4 and 8,y = 3.2 deg. The ¢ =0 deg com-
bination of the X and R-excitations results in a deflection angle of
5.1 deg, and the ¢ =180 deg combination of the two excitations
results in a deflection angle of 7.7 deg. These deflection angles
were computed based on data measured at x/D =2.5. Deflection
angles computed from data taken closer to the source are smaller
due to the fact that the virtual origin of the deflected jet is close to
x/D = —0.25 (Fig. 6). The jet deflection angle can also be computed
from the inverse tangent of the slopes of the curves in Fig. 6. This
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approach yields jet deflection angles of 4.9 and 7.2 deg for =0
and ¢ = 180 deg, respectively. These results are in good agreement
with the jet deflection angles based on the shift in linear momentum
measured at x/D =2.5 (5.1 and 7.7 deg, respectively).

Summary

Two actuators placed on opposite sides of a circular jet with a
short, wide-angle diffuser attached at the jet exit were activated
simultaneously to control the jet vectoring and spreading. One ac-
tuator slot covered a 77 /2 segment at the right-hand side shear layer
and was pointed in the streamwise direction. A second actuator slot,
which also covered a /2 segment, was placed in the opposite shear
layer and generated cross-stream excitation. When operated alone,
each actuator was capable of vectoring the jet to the right-hand side.
The effectiveness of the streamwise excitation was greater than that
of the cross-stream excitation. However, the two actuators were op-
erated together at the same frequency in an attempt to increase the
obtainable deflection angles. It was demonstrated that with proper
phase tuning of the two zero-mass-flux actuators, it is possible to ob-
tain deflection angles equal to or greater than the sum of the effects
of each actuator when operating individually, whereas a nonoptimal
phase lag caused a significant reduction in the resulting vectoring
angle compared to the sum of the two effects. At low to medium pe-
riodic momentum input levels, a phase shift of = =7 /6 was found
to provide an optimum response. The practical aspect of these find-
ings is that it would be possible to combine several actuators of
modest control authority and generate a strong global effect that
could be at least equal to the linear combination of the individual
effects.
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