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Periodic Excitation for Jet Vectoring and Enhanced Spreading

LaTunia G. Pack* and Avi Seifert’
NASA Langley Research Center; Hampton, Virginia 23681

The effects of periodic excitation on the evolution of a turbulent jet were studied experimentally. A short, wide-
angle diffuser was attached to the jet exit, and excitation was introduced at the junction between the jet exit and
the diffuser inlet. The introduction of high-amplitude periodic excitation at the jet exit enhances the mixing and
promotes attachment of the jet shear layer to the diffuser wall. Vectoring is achieved by applying the excitation over
a fraction of the circumference of the circular jet, enhancing its spreading rate on the excited side and its tendency
to reattach to that side. Static-deflection studies demonstrate that the presence of the wide-angle diffuser increases
the effectiveness of the added periodic momentum caused by a favorable interaction between the excitation, the
jet shear layer, and the diffuser wall. This point was further demonstrated by the evolution of a wave packet that
was excited in the jet shear layer. Strong amplification of the wave packet was measured with a diffuser attached
to the jet exit. The turbulent jet responds quickly (10-20 ms) to step changes in the level of the excitation input.
The response scales with the jet-exit velocity and is independent of the Reynolds number. Jet deflection angles
were found to be highly sensitive to the relative direction between the excitation and the jet flow and less sensitive
to the excitation frequency. Significant jet deflection angles were obtained for a diffuser length of one-half to two

diameters and for diffusers with half-angles greater than 15 deg.

Nomenclature

Ajey = jetcross-sectionarea, 7 r2

Aot = activeslotarea, th(2r +h)/4

(c,) = periodic momentum coefficient, J'/(pAj U2)

D = jet diameter, 39 mm

F+ = reduced frequency, fL/U,

f = excitation frequency, Hz

h = slot width or height, 1 mm

J’ = periodic momentum at slot exit, pAslmuﬁm

K = 1000

L = distance from jet exit to diffuser exit, measured along
diffuser wall

p = pressure

Rep = Reynolds number based on diameter, U, D /v

r = jetradius, 19.5 mm

Sip = Strouhal number based on jet diameter, fD /U,

Sio = Strouhal number based on momentum thickness,
£6/U.

t = time

U = jetmean velocity

U, = wave packet convection velocity

u’ = rms of the velocity fluctuations

Vv = y velocity component

v = kinematic viscosity

X = axial direction, x =0 at jet exit and diffuser inlet

y = vertical direction, y =0 at jet centerline

Ve = jet center of momentum

z = horizontaldirection, z =0 at jet centerline

8 = jet deflection angle, deg

0 = jet two-dimensional shear-layer momentum thickness

0 = density

¢ = diffuser half-angle, deg
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Subscripts

d = derectified

e = conditionsat jet exit

i = index denoting z location

plane = profiles of an entire jet cross section
profile = jet-profile atz/D =0.0

slot = condition at slot exit

tog = actuator toggle time

I. Introduction

URBULENT jets are of significant engineering relevance for

aerospace and mechanical applications (jet engines, combus-
tion chambers, etc.) and to the environment (chimney stacks). As
such, they have been extensively investigated over the last few
decades. Controlled excitation was initially used in order to clarify
the importanceof coherentstructureson the evolutionof transitional
and turbulent jets.!?> Research efforts were devoted to understand-
ing the importance of coherent structures in noise generation and
jet spreading. Controlled, far-field, acoustic excitation was used in
most of these studies to generate the jet coherent structures, owing
to the strong receptivity of the jetlip. The limitations of acoustic ex-
citation (power requirements, weight, applicability, and efficiency)
led researchersto examine other methods for jet flow control. These
methods include cross-streamblowing,® counterflow,*~® “flip-flop”
jets,” and high-amplitude periodic excitation® Davis® introduced
cross-stream steady blowing through two circular tubes positioned
on each side of the jet exit. It was shown that the radial introduction
of steady momentum enhancedmixing for secondaryjet momentum
coefficients lower than 0.56%. For higher momentum coefficients a
mean flow distortionwas generated. Vectoring was not seen because
both control jets operated simultaneously.

Strykowski and Wilcoxin* attached a diffuser, 1.0-2.25 jet diam-
eters long, to alow-speed, circularjet and applied suctionaround the
jet circumference. The application of suction modifies the jet-exit
velocity profile and turns it absolutely unstable for suction velocities
greater than 31.5% of the jet centerline velocity’ Enhanced mixing
or vectoring could be achieved depending on the fraction of the jet
circumference to which suction was applied. Thrust vectoring was
demonstratedat a Mach number of 2.0, using the jet-suctiondiffuser
arrangementwhen suction was appliedover a fraction of the circum-
ference of a circularjet’ or along one wall of a rectangularjet.® Jet
deflection angles were determined by flow visualization. Because
the diffuser angles were relatively small, a bistable situation was
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encountered because the jet had a tendency to naturally reattach to
the diffuser walls.

Raman and Cornelius’ placed two flip-flop jets!® on opposite
sides of a low-speed rectangularjet to generate alternating directed
forcing with a 180-deg phase shift between the control jets. This
generated a flapping mode that enhanced the mixing of the primary
jet flow. Smith and Glezer® used a narrow excitation slot positioned
close to the exit of a high-aspect-ratio low-speed rectangular pri-
mary jet. The interaction between the jet and the high-frequency
and high-amplitude excitation vectored the primary jet. It is not
known if the primary jet was laminar, transitional, or turbulent. The
magnitude of the fluctuating excitation momentum at the slot exit
was not specified. It was concluded® that the mechanism respon-
sible for the jet deflection was a low-pressure region generated by
the excitation between the primary jet and the excitation slot. More
recently, Davis and Glezer'! forced a low-speed circularjetusing up
to nine actuators situated around the jet circumference. When six
of the actuators operated, generating (c,) =25% an approximate
deflection angle of 6 deg was achieved. This (c,) estimation was
performed by the present authors using the data providedin Ref. 11
and in Figs. 5 and 14 in Ref. 12. A recent numerical simulation'?
showed that the presence of a confinement on one side of a jet, when
suction is applied at the confined side, causes enhanced production
of coherent structures and jet deflection toward the confined side.

The aim of the present investigation is vectoring and enhanced
spreading of a circular, turbulent jet. The mechanism used for
vectoring the jet is zero-mass-flux periodic excitation. Periodic
excitation is used because of its demonstrated ability to effec-
tively control separation on airfoils. Experiments performed on
a variety of airfoils, over a large range of Reynolds and Mach
numbers,'*~¢ indicate that periodic excitation can be used to ef-
fectively delay turbulent boundary-layer separation and reattach
separated flows. The introduction of periodic excitation slightly up-
stream of the boundary-layer separation location enhances mixing
between the high-momentum fluid away from the surface and the
low-momentum fluid near the surface. Periodic excitation is more
efficient than steady suction and two orders of magnitude more ef-
ficient than steady blowing at controlling separation 4~16

The three main advantages of using periodic excitation for jet
flow control are 1) the potential weight reduction of a mechanical
thrust vectoring system, 2) the ability to change the aerodynamic
forces and moments quickly without generating prohibitive inertial
loads on the structure, and 3) the demonstrated superior efficiency
of the method compared to steady suction or blowing.

The present paper demonstrates the enhanced controllability of a
turbulent jet when a short, wide-angle diffuser is attached at the jet
exit and periodicexcitationis introducedat the juncture between the
jetexitand the diffuserinlet. A preliminary parametric study shows
how jet deflection angles were affected by the diffuser geometry
(i.e., diffuserlength and diffuserhalf-angle) and by variationsin the
control inputs (such as excitation frequency, its periodic momen-
tum, and the relative orientation of the excitation). The response of
the jet to generic control inputs was also investigated. The relation-
ship between the present control strategy and the flow stability was
examined in order to understand how the excitation interacts with
the jet flow and the diffuser walls.

II. Experiment Setup

A. Jet

The jet facility consists of a dc fan connected to a 76.2-mm-diam
settling chamber, leading to a 3.15 : 1 contraction that is followed
by a straight aluminum pipe with an inside diameter of 38 mm and
an outside diameter of 40 mm. The thickness of the pipe wall, at
the jet exit, was machined to bring it gradually to 0.5 mm in order
to reduce the gap between the jet flow and the excitation slot. The
jet-exit diameter is therefore 39 mm (Figs. 1a and 1b). The jet was
surrounded by a segmented slot, 1 mm wide. Each segment of the
slot was connected to a cavity allowing independent excitation of
every 45 deg of the jetcircumference. The excitation was introduced
through the slot surrounding the upper 90 deg of the jet circumfer-
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Fig. 1 Schematic description of the jet.

ence (Figs. 1a and 1b). Trip grit (#36) was placed inside the alu-
minum pipe, 200 mm from the jet exit, to ensure that the flow at the
jetexit was turbulent over the velocity range of interest (8- 18 m/s).

B. Diffusers

A short, wide-angle diffuser could be attached to the exit of the
jet. The effect of diffuser length on jet deflection angle was studied
by testing diffusers with a half-angle of ¢ =30 deg and lengths of
L =0.58D, 1.0D, and 1.85D. The effect of diffuser half-angles of
¢ =15,22.5,and 30 deg (with a fixed L =0.58D) on jet deflection
angle was also examined. The ¢ = 30 deg, L = 1.85D diffuser was
designed such that periodic excitation could be introduced in the
streamwise and cross-stream direction.

C. Actuator

A zero-mass-flux piezoelectric actuator, which resonated near
700 Hz, was used to generate the periodic excitation. The velocity
fluctuationsu’ exiting the slot were measured using a hot wire posi-
tioned at the slot exit. Because hot wires cannot sense flow direction,
the velocities obtained at the slot exit, in the absence of jet flow, had
to be derectified using a tested procedure.'® The maximum u’ of the
actuatoru; . , whenoperated at 700 Hz using streamwise excitation,
is about 18 m/s. The u, is about 10% lower when cross-stream
excitation is used. When the actuator operated at 350 Hz, using
streamwise excitation u,, was about 9 m/s. The effect of the jet-
exit velocity or the presence of a diffuser changes the slot u’ by
less than 5%. The hot-wire measurements were used to determine
the (linear) relationship between the actuator input voltage and the
slot velocity fluctuations. This calibration was used to determine u’
when the hot wire was removed. In addition, a dynamic pressure
transducer was installed in the actuator cavity to monitor its output
and provide a phase reference (Fig. 1b).

D. Instrumentation and Data Acquisition

Most of the jet flowfield measurements were acquired using a
single hot wire. Hot-wire calibrations were performed at the core
of the jet exit, and data repeatability was checked often. The data-
acquisitionsequenceincluded measuring the jet baseline flow before
and after acquiring controlled jet data. A check of the two baseline
data sets also served as a check of the hot-wire calibration. In addi-
tion, data were acquired using a five-hole probe.”

Hot-wire, static, and dynamic pressure data were acquired using
a 16-bit A/D converter. The sampling rate of the dynamic data was
either 6 or 12 kHz, and the data were low-pass filtered at the sam-
pling rate divided by 2.56. The frequency response of the hot-wire
and dynamic pressure transducer was better than 20 kHz. The hot-
wire and the five-hole probe were mounted on a three-axis traverse
system. All of the experimental instruments were interfaced with a
desktop computer.
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E. Experimental Uncertainty

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, the Re) is accurate to within 3%, the {(c,) is accu-
rate to within 15%, and the jet deflection estimates are accurate to
within £0.5. deg.

III. Discussion of Results
A. Baseline Jet

1. Reynolds-Number Effect

The flow-field of the baseline jet was documented over the widest
possible range of Reynolds numbers to verify that the flow was tur-
bulent and to assess the effect of Reynolds number, especially in
the near-exitregion. Turbulent, Reynolds-numberindependentflow
was desired for this flow control experiment to eliminate transition
effects, reducing the number of variables and ensuring that the re-
sults would be applicable to higher Reynolds numbers. By tripping
the flow five diameters upstream of the jet exit, it was ensured that
the effects produced by using periodic excitation were not transition
related. The mean and fluctuating velocity profiles close to the jet
exit,atx/D =0.1,are presentedin Figs. 2a and 2b. The shapesof the
mean velocity profiles are identicalover the Reynolds-numberrange
tested. The peak turbulencelevelin the shearlayerincreasesslightly
as the Reynolds number decreases (Fig. 2b). The differences in the
turbulence levels for the three Reynolds numbers could be caused
by a partially developed flow at the lowest Reynolds number. The
spectraof the velocity fluctuations measured at y /r = 0.97 (Fig. 2¢)
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indicateslightdifferencesin the spectraof the lowest Reynolds num-
ber. A line with a slope of —5/3 is also shown on Fig. 2c. It helps
demonstrate that for the three Reynolds there is a range of frequen-
cies that agree with the Kolmogorov law for the inertial subrange.
However the flow at Re, = 2.1 x 10* cannotbe considered fully de-
veloped turbulentbecause some differences caused by the Reynolds
number can be identified. The two-dimensional momentum thick-
ness of the jet shear layer 6 at x/D = 0.1 doubles between U, =6
and 8 m/s, indicating that transition from laminar to turbulent flow
occurs. Between 8 and 18 m/s (Rep, =2.1 x 10*-4.7 x 10*), the 0
has a mean value of 1.68 mm £3.0%.

2. Effects of the Attached Diffuser

The flowfield near the exit of the baseline jet, with and with-
out diffusers attached, was carefully examined. It is shown that the
presence of the diffuser has very little effect on the shape of the
mean velocity profiles (Fig. 3). The initial thickness of the two-
dimensional jet shear layer 6 is about D /25 (Fig. 4). This value
is significantly higher than the published values for laminar jet-exit
boundarylayers* (D /200) as well as for turbulentboundarylayers'8
(D/160). However, the elimination of Rej, effects seems more im-
portantfor the presentinvestigationthan allowing a closer similarity
toatwo-dimensionalmixing layer. A significantincreasein 6 occurs
between the jet exit and x /D = 0.2, with a diffuser present (Fig. 4).
Further downstream, the jet spreads linearly. The spreading rate
of the jet shear-layer momentum thickness d6 /dx increases from
0.03 to 0.031 when a diffuser is placed at the jet exit (Fig. 4). The
values of the present d6/dx are about 10% lower than those found
by others'® for a jet with turbulent boundary layers at the nozzle.
The effect of the increased initial thickness of the jet shear layer
is to increase the required input momentum for a required modifi-
cation (in this case jet deflection angle) based on airfoil separation
control experiments. The high initial momentum thickness is also
expected to reduce the most amplified frequency, based on linear
two-dimensional mixing-layer theory. The velocity profiles in the
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Fig. 3 Diffuser effect on baseline velocity profiles, x/D = 1.6,z/D = 0.0,
Rep =3.1 x 10%, ¢ = 30 deg, and L = 1.85D.

0.1
0.09 . %
%
7
0.08 2
7
0.07 5 2
6/D /
0.06 w4
o-
s o ]
0.05 1.7 —>%— no diffuser 1
7.4( — & - X-excitation, diffuser
~-8-- R-excitation, diffuser
0.04 L w !
0 0.5 1 1.5 2
x/D

Fig. 4 Diffuser effect on the shear-layer momentum thickness close to
the jet exit. Rep = 3.1 X 10%, ¢ = 30 deg, and L = 1.85D.



PACK AND SEIFERT 489

near-exit region of the jet are not self-similar, nor is the flow par-
allel. This indicates that linear, parallel stability approaches are not
applicableto this type of flow. Furthermore, the challengehere is to
generate a mean flow modification that is inherently nonlinear and
nonaxisymmetric.

B. General Aspects of Periodic Excitation
1. Baseline and Controlled Cross-Section Planes

Hot-wire surveys of the jet flowfield were made at a cross-stream
planeat x/D =2.5 and Rep, = 3.1 x 10*. The baseline mean veloc-
ity contours are shown in Fig. 5a. The circular shape of the baseline
contoursindicates that the flow is axisymmetric. The maximum tur-
bulencelevel of the baselinejet is about 15%, and the u’ contoursare
also axisymmetric (not shown). Controlled mean velocity contours,
using streamwise excitation with a diffuser attached, are shown in
Fig. 5b. The excitationis introduced through the upper 90 deg of the
slotaroundthe jet circumference. The enhanced mixing between the
excited jet and the surrounding ambient flow leads to higher flow
rates on the upper side of the jet. The increased mixing causes the
mean velocity contoursto be elongatedin the vertical y directionand
contracted in the horizontal x direction compared to the baseline.
The spanwise contraction indicates that the jet is also vectored as a
result of forces exerted by the upper 90 deg of the diffuser wall and
not only as a result of enhanced mixing. The center of the jet linear
momentum shifts upward, indicating that the jet flow is vectored up
by about 6 deg (analysis to follow). The maximum fluctuating ve-
locity of the controlledjet using streamwise excitationand a diffuser
(not shown, Ref. 19) is about0.18-0.21U, and has a horseshoe-like
shape. The data of Fig. 5b were repeated without a diffuser attached
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Fig. 5 Mean velocity contours measured at x/D = 2.5 and Rep
3.1 X 10* for a) baseline, streamwise excitation, b) {(c,) = 3.3%, F*
2.3, L = 1.0D diffuser, c) cross-stream excitation {c,) = 3.3%, F* =
4.2, L = 1.85D diffuser, and d) streamwise excitation, {c,,) = 3.3%, no
diffuser.

at the jet exit (Fig. 5d). A significantly smaller modification of the
jet cross section was obtained. A small increase in the jet spreading
rate (compared to the baseline) could be observed in the excited
shear layer. The jet is deflected only by 2.2 deg. The presence of a
diffuserwall at the jet exit significantly enhances the effectivenessof
the streamwise excitation.Controlled excitation was also introduced
in the cross-streamdirection (Fig. 5¢). This mode of high-amplitude
excitation results in a deflection of the jet away from the excitation
slot. The jet cross section is now elongated in the spanwise direc-
tion. This type of excitation does not increase the spreading rate
nor the turbulencelevel as much as the streamwise excitation does.
Similar excitation modes were identified by Smith and Glezer} as
the push and pull modes. As will further be shown, the presenceof a
diffuser at the jet exit significantly enhances the effectivenessof the
streamwise excitation. The evolution of the cross-streamexcited jet
without a diffuser attached has not been studied yet.

2. Determination of Jet Deflection Angle

Jet deflection angles could be estimated from the ratio of the y to
x total linear momentum at the exit plane of a control volume in-
cluding the jet, diffuser, and excitation slots. This requires the mea-
surement of at least two velocity components at the control volume
exit plane. Although data of complete cross-section planes provide
a more comprehensive description of the jet flow, the time required
to acquire the data is excessive, and the amount of data is enormous.
A parametric study at this pace would have been prohibitive. An
examination of the shape of the cross-section planes presented in
Figs. 5 indicates that z =0 is a symmetry line. The question we at-
tempt to answer is could data acquired along this line, using a single
hot-wire, provide data that are representative of the entire jet cross
section. To address this issue, we first acquired several profiles us-
ing a five-hole probe."” This probe enables the acquisition of three
velocity components and provides an independent measure of jet
deflection angles. The jet deflection angles from the five-hole probe
data were computed using the local flow angle

8s; = tan"'(V;/U;) (1a)

inserted into the y component of the linear momentum equation
applied to a control volume in the form

U%3s
55,pmﬁle = % (1b)
J o
where j is an index in the vertical direction y. Data where the local
velocity U were greater than 0.125U, were included in the average
(filled triangles in Fig. 6).
Deflection angles based on hot-wire data were calculated in the
following manner. The total streamwise linear momentum at a given
spanwise location z/D was computed using

M, = / U?dy (2a)
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Fig. 6 Effect of the excitation frequency on jet deflection angles.
Rep = 3.1 x 104, x/D = 2.5,2/D = 0.0, ¢ = 30 deg, L = 1.85D diffuser.
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where U is the jet mean velocity at a given vertical y positionin the
profile and i is an index denoting the incrementin the horizontal z
direction. The data were integrated in y over the valid range of the
hot-wire calibration velocities. The center of linear momentum of
the jet at a given spanwise location z/D was determined by

_ [Uydy

= f Ty (2b)

Ye,i

The deflection angle based on one profile measured at z/D =0 is
defined as

5proﬁle = tanil(yr,proﬁle/-x) (3)

where x is the distance from the jet exit to the measuring station.
Equation (3) could be considered an approximation of Eq. (1b),
where the local deflection angle is equal to the geometric angle.
Complete cross-section planes of hot-wire data were also used, in
the following manner, to evaluate the jet deflection angle. The center
of linear momentum of the jet at a given cross-streamlocationx /D
was determined using

Z,- M;y.,

Ye,plane = W (4)

The deflection angle based on a whole cross-section plane was de-
termined by assuming that the jet began deflecting at x /D = 0.0 and
computing jet deflection angle &4 using

aplane = tanil(yr,plane/x) (5)

where x is the distance from the jet exit to the measuring station. A
comparisonbetween the deflectionangle computed using single hot-
wire profiles measured on the jet plane of symmetry 8051 and the
deflection angles computed using entire cross-section planes &pjane
were made. The deflection angles computed using Egs. (3) and (5)
agree to within +0.5 deg (Fig. 7, Ref. 19). The deflection angles
obtained with the five-hole probe are lower by 0.5 to 1.25 deg than
the deflection angles based on single hot-wire profiles (Fig. 6). An
observationthat the jet deflection angle decreases with x /D (Fig. 7,
Ref. 19) implies that the jet actually started to deflect about one-
diameter upstream of the jet exit. This explains the higherdeflection
anglesobtainedusing the hot-wiredata (Fig. 6). The close agreement
between the three methods in determining the jet deflection angle
allows us to use the most efficient method, i.e., single hot-wire
profilesmeasuredat z/D = 0.0 and x /D = 2.5. This location always
correspondsto a plane of symmetry of the excited flow. Furthermore,
the jet deflection angles to be presented should be used as trends of
the effectsof the various parameters, whereas absoluteangles should
preferably be measured with a force balance.
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Fig. 7 Effect of Rep on jet deflection angles measured at x/D = 2.5 and
z/D =0.0. ¢ =30 deg, L = 1.0D diffuser.

C. Parametric Study
1. Effect of Reynolds Number

To study the effect of Reynolds number on the evolution of the
controlled jet, data were acquired at three jet speeds corresponding
to Rep =2.1 x 10*, 3.1 x 10*, and 4.2 x 10*. Streamwise excita-
tion with a frequency of 700 Hz was used for this study. As will
be shown later, the effect of the corresponding change in F* with
Rep, is small. Figure 7 shows jet deflection angles vs periodic mo-
mentum coefficient (c,) for the three Reynolds numbers tested.
The jet deflection angles for the two higher Reynolds numbers are
in excellent agreement, indicating weak Reynolds-number depen-
dence. At Rep, =2.1 x 10* the jet has lower deflection angles for
lower {(c,) and higher deflection angles for {c,) above 2%. This
could be a result of the developing nature of the turbulent bound-
ary layer upstream of the jet exit as shown for this Rej, in Figs. 2b
and 2c.

2. Effect of the Excitation Frequency

To study the effects of F* without varying Rep, the actuator
was operated at two frequencies, 700 Hz (actuator resonance) and
350 Hz, generating F* =4.2 and F* = 2.1, respectively, and (c,)
was graduallyincreased.The jetdeflectionangles presentedin Fig. 6
indicate a very low sensitivity to the forcing frequency in the range
of frequencies tested. In the (c,) range where the two F* overlap,
the difference in the deflection angles is very small. Figure 6 also
includes results obtained using the five-hole probe. These measure-
ments agree very well with the shape of the hot-wire U velocity
profiles (not shown) and provide deflection angles that are smaller
by0.5to 1.25deg[using Eq. (1b) ratherthanEq. (3)]. This agreement
is reasonable because Eq. (3) assumes that the jet started deflecting
at x =0 while Eq. (1b) does not require any assumption. The shape
of the baseline and controlled velocity profiles are also insensitive
to F*. Examination of the velocity spectra where U/ U, =0.5 (not
shown) does not reveal any distinct frequencies with or without
control. The power levels are almost identical below the excitation
F7, and the levels increase slightly above the excitation F*. The
lack of distinct peaks, even at the forcing frequencies, indicates that
the excitation momentum was transferred to the mean flow and to
smaller scales upstream of x /D =2.5. The overall behavior of the
jet response at different Rep, and excitation frequencies indicates
low sensitivity to both Rej, and F for this range of parameters.

3. Effect of the Diffuser Length

There is no consensus among researchers, regarding the relevant
length scale that determines the effective forcing frequency, along
with the velocity scale that is easily selected. One possibility is
a local parameter based on the thickness of the shear layer, per-
haps 6, its momentum thickness. Another optionis the jet diameter.
These two parameters dominate the near and far-field evolution of
a transitional free jet, as identified by Drubka et al.?’ Presently, we
introduce an additional length scale, the length of the diffuser. As
demonstratedin Fig. 5 and will be further shown later, the presence
of the diffusersignificantly enhancesthe effectivenessof the stream-
wise excitation. The effect of the diffuser length was investigated
using streamwiseexcitationand diffuserswith L /D = 0.58,1.0,and
1.85 correspondingto F™ =1.3,2.3,and 4.2, respectively. F™ was
shown in the preceding section to have little effect on jet deflec-
tion angles over this range. Figure 8 shows the deflection angles vs
{c,,) for the three diffuser lengths tested. The deflections measured
using the L =0.58D diffuser were slightly lower than the deflec-
tions measured using the L =1.0D diffuser. The L =1.85D, dif-
fuser produced smaller deflections than the shorter diffusers at low
{c,). However, for {c,) above 2% the longer diffuser (L =1.85D)
generated higher deflection angles. It is assumed that the diffuser
length plays an importantrole in the nonlinear process leading to jet
deflection through a feedback loop between the structures interact-
ing with the diffuser exit and the excitation at the slot.

The mean velocity profiles for the three diffuser lengths (not
shown, Ref. 19) indicate that the jet with the L = 1.85D diffuser
is more deflected on the side opposite the excitation slot and that
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Fig. 9 Effect of varying the diffuser half-angle ¢ on jet deflection an-
gles. L = 0.58D diffuser. Rep = 3.1 X 10*, x/D = 2.5, and z/D = 0.0.

less mixing takes place in the excited shear layer. This could be
attributed to larger pressure forces and lower entrainment with the
longer diffuser. The turbulence profiles (not shown) indicate that the
jet velocity fluctuation level for the L =1.85D diffuser are higher
in both shear layers and lower in the core of the jet.

4. Effect of the Diffuser Half-Angle

The effect of the diffuser half-angle ¢ was studied using stream-
wise excitation and diffusers with half-angles, ¢ =15, 22.5, and
30 deg, while fixing L at 0.58D. Figure 9 shows jet deflection an-
gles vs (c,) for the three diffusers. Clearly, the ¢ =15 deg dif-
fuser is the least effective of the three. The differencesbetween the
¢ =22.5 deg diffuserand the ¢ =30 deg diffuserare small. The ve-
locity profiles (not shown, Ref. 19) for {(c,) = 3% indicate that the
¢ =15 deg diffuseris less effective at entraining flow on its excited
side. The turbulence levels of the ¢ =15 deg diffuser are higher
than the other two diffusers (not shown) on both shear layers. The
differences between the U and u’ profiles for the ¢ =22.5 deg and
30 deg diffusers are small, but still higher deflection angles as well
as larger turbulence levels at the jet core were obtained using the
diffuser with ¢ = 30 deg.

5. Effect of the Excitation Direction

It is well known that where linear stability is valid and low-
amplitude excitation is used the method of excitation is not im-
portant. At a certain distance from the source, typically a few wave-
lengthsdownstream, the excitation will be independentof the source
details. On the other hand, when high-amplitude excitation is con-
sidered and nonlinearity plays an essential role, the source char-
acteristics could dominate. This is especially important where the
interactionbetween the controlledjet and the diffuseris a few wave-
lengthslong. Two extreme options for the relative directionbetween
the excitation and the jet flow were considered, the streamwise and
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deflection angles. L = 1.85D and ¢ = 30 deg (when diffuser present).
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Fig. 11 U profiles showing effect of excitation direction and presence
of diffuser on jet. L = 1.85D and ¢ = 30 deg (where diffuser present).
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the cross-stream direction. As already shown, high-amplitude ex-
citation deflects the jet toward (X -excitation, Fig. 5b) or away (R-
excitation, Fig. 5¢) from the excitation slot.

Jet deflection angles vs (c,) for streamwise (X-excitation dif-
fuser and no diffuser) and cross-stream (R-excitation) excitations
are shown in Fig. 10. For small (c,,) the jetis deflected in the same
direction (upward) for both types of excitation with a diffuser at-
tached. The introductionof low {(c,) excitationinto the upper shear
layer causes enhanced spreading and interaction of that shear layer
with the diffuser wall. As the level of {c,) increases, the stream-
wise excitationcontinues to gradually deflect the jet upward toward
the excited shear layer, while the jet is deflected away from the ex-
citation slot when using cross-stream excitation with {(c,) greater
than 0.5%. Note that both the X -excitation and the R-excitationare
introduced through the slot surrounding the upper quarter of the jet
circumference. Figure 11 shows a comparison of the mean velocity
profiles for the baseline and controlledjet. The effect of introducing
the excitation in the streamwise direction without a diffuser is only
to increase the spreading rate of the excited shear layer. This was
accompanied by significantly smaller jet deflection angles, com-
pared to the deflection angles found for the X-excitation (Fig. 10).
The streamwise excitation also causes enhanced spreading of the
excited shear layer that interacts with the diffuser wall to deflect
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the entire jet to that side (Fig. 11). High-level (c, ), introduced in
the cross-streamdirection, deflects the jet effectively away from the
excitationslot, withoutenhancingits spreadingrate in a comparable
manner (see also Fig. 5¢).

D. Response of the Jet to Pulsed Excitation

1. General

A wave packet is generated when a strong and concentrated dis-
turbance,in both space and time, is introducedinto an unstable shear
layer. The concentratedexcitation produces a complete spectrum of
disturbancemodes. The unstableshearlayer will selectivelyamplify
the most unstable modes and dampen the rest. This approach was
first introduced by Gaster?! to study linear instability of the Blasius
boundary layer. Very good agreement between linear stability the-
ory and experiments was found in the initial stages of transition.
Gaster et al.”?> demonstrated that linear stability theory could also
be applied to predict the evolution of two-dimensional harmonic
wave trains introduced into a turbulent shear layer. Localized high-
amplitude pulsed excitation generates turbulent spots in transitional
boundary layers. Zilberman et al.?* used an electric spark excita-
tion to generate a turbulent spot and study its evolution in a fully
turbulent boundary layer. A similar approach is presently used to
study the frequency content, the effect of the excitation direction,
the disturbance convection speed, and the relationship between the
excitation and the nonlinear instability mechanism of the jet.

2. Experimental Details

A wave packet was generated by introducinga single cycle of the
700-Hz excitation through the slot surrounding the upper 90 deg
of the jet circumference. The actuator and the data-acquisition
sequence were triggered simultaneously. The data were sampled at
6kHz,and2500records containing 512 points were acquiredat each
measurement station. The large number of data records was needed
because of the low ratio between the wave-packet signal and the
background turbulence. Data were acquired for two different exci-
tation inputlevels that differed by abouta factor of two in the ampli-
tude of the pressure fluctuations, as measured in the actuator cavity.
Data were acquired in the jet upper shear layer, where U/ U, =0.75
at six axial locations x/D =0.1, 0.2, 0.4, 0.8, 1.2, 1.6, inside the
diffuser (when present). This was repeated three times: twice using
a diffuser and excitation in the streamwise and cross-stream direc-
tions, and once more using streamwise excitation without a dif-
fuser. Even though 2500 realizations were ensemble averaged, the
low-amplitude wave-packetsignal is hardly detectable (not shown).
However, with the higher-amplitude excitation the wave packet is
amplified and detectable.

3. Wave-Packet Results

The jet response to the high-amplitude pulsed excitation are
shown in Figs. 12a-12c. Note that the perturbationsignals are sep-
arated by u'/U, = 0.05 for clarity. The resulting wave packets are
clearly seen for all three jet exit configurations. For x /D = 0.1 and
0.2 and t < 6 msc, the signals are identical, showing the response
to the one-cycle 700-Hz pulse. Further downstream, the excitation
pulse decays and a low-frequency, high-amplitude disturbance de-
velops. The amplitude of the wave packet generated by streamwise
excitation (X -excitation, Fig. 12b) is the highest. The wave packet,
generated in the absence of a diffuser (Fig. 12a), appears sooner at
the measuring station and has only weak negative velocity perturba-
tions in front of it. The cross-stream excited wave packet (Fig. 12¢)
is the least amplified of the three cases. The amplitude of the wave
packetas a function of x was computed by integrating the time his-
tories shown in Fig. 12. This amplitude Amp is expressed in terms
of total fluctuating momentum in the form

t=50ms u,z
AMP = / dr (6a)
t
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Fig. 12 High-amplitude wave packets measured at variousx/D, U/U, =
0.75, and Rep = 3.1 X 10°.

where the velocity perturbationu’(¢) is given by

80ms
w'()y=U() — %/ U(t)dr (6b)

=50ms

and the integration period T is 30 ms, after the response to the
wave packet has passed. Integrating the perturbation momentum
for t > 50 ms would only add noise. The peak amplitude of the
wave packet can also be viewed as an indication of the mean flow
distortion. Figure 13 shows how the total fluctuating momentum of
the wave packetvaries with x for the three jet-exitconfigurationsex-
amined. The initial fluctuating momentum is identical for the three
configurations, indicating that the input is not sensitive to the pres-
ence of the diffuser or to the excitation direction. Figure 13 clearly
shows that the disturbance resulting from the pulsed excitation in
the streamwise direction (X-excitation) is the most amplified. The
integrated fluctuating momentum for X-excited jet without a dif-
fuser is less than a half its value with the diffuser present. This ratio
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Fig. 13 Wave-packet amplitudes according to Eqs. (6). Conditions
specified in Fig. 12.

decreases to almost a third at x /D = 1.6. The disturbance resulting
from the cross-streamexcitationis the least amplified. Further anal-
ysis, experimentation, and theoretical considerations are needed to
clarify the physical mechanism leading to these differences. Wave-
packet measurements were also made at x/D = 1.6, the diffuser
exit, using streamwise and cross-streamexcitation, across the entire
y range of the jet at its plane of symmetry z/D = 0.0 (not shown,
Ref. 19). The wave packet Amp integrated across the entire y range
at x/D =1.6 (filled symbols) are also shown in Fig. 13. The ra-
tio of about three between the R and X modes indicates that the
results presented in Fig. 13 for U/U, =0.75 are of a global na-
ture. Furthermore, the data indicate that the wave packet generated
by streamwise excitationis of significantly higher amplitude in the
excited shear layer than in the nonexcitedlayer (3 and 0.5% respec-
tively), whereas cross-stream excitation affects the entire jet cross
section, generating comparable amplitudesin both shear layers. The
maximum amplitude of the X -excitationwave packetis much higher
than the maximum amplitude of the R-excitation wave packet. This
demonstrateshow much more receptive the excited shear layer is to
streamwise excitation. It also shows that the cross-streamexcitation
generates a more global responserather than the response generated
by the streamwise excitation that mainly affects the excited shear
layer. This patternclarifies why the jet is effectively vectored toward
the excited shear-layerside when using the X-excitation(Fig. 10). It
alsoindicates that the excitationusing the R-excitationis notrelated
to an instability mechanism, when high amplitude is applied. The
mechanism responsible for the jet deflection away from the excita-
tion slot, using cross-streamexcitation, is presumably similar to the
mechanism responsible for the modification in the jet cross section
measured by Davis® using two steady control jets.

The convection speeds of the wave packet (Fig. 14) were com-
puted by determining the wave-packet appearance time at each x
location for the three types of high-amplitude excitation. The wave
packet was thought to be in the initial stages of development at
x/D =0.1 and 0.2; therefore, these two points were omitted from
the convectionspeed computations. All convectionspeeds were cal-
culated by applying a linear fit to the data shown in Fig. 14. The
convectionspeedsare 0.59 £ 0.01 of the jet-exit velocity. This value
corresponds favorably with convectionspeeds of coherent structure
in turbulent shear-layers’> and with linear stability theory predic-
tions (Ref. 20 and references therein). The convection speed of the
wave packet generated by streamwise excitation is slightly higher,
even though the mean flow speed is lower when the jet is spread
more toward the excitation slot. It indicates that streamwise excita-
tion should result in a faster response to changes in the excitation
(c,.). The reason for the earlier appearance of the wave packet when
there is no diffuser at the jet exit is not clear. It might be connected
to slight differencesin the nature of the interaction between the ex-
citation and the shear layer very close to the excitation slot in the
absence of the diffuser (i.e., more efficient entrainment).
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Fig. 14 Detection times of high-amplitude wave packet. Conditions
specified in caption of Fig. 12.

Analyzing the frequency content of the wave packet reveals
that the most amplified frequency for the free jet (no diffuser
attached) is around 100 Hz. This frequency corresponds favor-
ably with both shear-layer modes® S,y =0.02 and with the col-
umn mode S;p ~ 0.2-0.6. However, the limited frequency scans per-
formed (Fig. 6) indicate that the 350-Hz excitation did not generate
higher deflection angles than the 700-Hz excitation in the range
of parameters studied. The most amplified frequency is reduced to
50-70 Hz when a diffuseris attached. These frequencies combined
with a phase velocity of 0.6U, (evaluated from the convectionspeed
that was calculated in Sec. III D, 3) result in a disturbance wave-
length of about 3 jet diameters. It seems that this wavelength is too
long to interact with a diffuser that is about half this length. Limited
data gathered with a longer, ¢ =22.5 deg diffuser with streamwise
excitation did not generate greater deflection angles, and practical
considerations show preference to shorter diffusers.

E. Jet Response to Step Changesin {c,)

The response of the jet to step changes in the magnitude of the
excitation (c,) was also investigated. Studying the response of
a system is a fundamental step in identifying the dynamics of
the control process. For this investigation data were acquired with
the actuator toggled between off, on, and off again. Detailed results
are presented in Ref. 19. All measurements were made at an axial
location correspondingto the diffuserexit x /D = 1.6 and the plane
of symmetry of the excitation z/D =0.0. In the cases where a dif-
fuser was attached to the jet exit, the length of the diffuser L was
1.85D, and the half-angle ¢ was 30 deg.

The Reynolds-number dependence of the response was studied
by altering the jet-exit velocity and using streamwise excitation.
The results for Reynolds numbers correspondingto U, =8, 12, and
18 m/s are presented in Figs. 15a and 15b for actuator on and off
responses, respectively. The same (c,,) was maintained at all Rep.
Time is multiplied by U, to provide a common convectionlength for
the response. This normalization collapses the data very well, indi-
cating Rej, insensitivity and a typical response time of 0.4/ U, sec-
onds for the present geometry (U, is given in m/s). Assuming that
the convection speed is independent of Rep, it is highly feasible
that the jet will respond within a convection distance of about 3-4
diameters regardless of Rep, jet diameter, and jet-exit velocity.

The fastresponseand its independenceof Rep are very encourag-
ing for control purposes. However, the strong transientsidentified in
the jet response, mainly of the streamwise excitation, are a concern
from an applicationpoint of view and could be addressed by closed-
loop control. This is especially important because the streamwise
excitation is the most effective, as it requires the minimum (c,) to
generate effective spreading and vectoring at {c,) levels of about
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1%. This is probably the upper limit of what can be achievedin high
subsonic speed applications.

IV. Summary and Conclusions

Periodic excitation was introduced through a slot surrounding
the upper quarter of the circumference of a turbulent circular jet to
vector it and enhance its spreading rate. A diffuser, attached to the
jet exit, promoted attachment of the jet shear layer to the diffuser
wall in a similar manner to that found in airfoil experiments using
periodic excitation.

The boundarylayer upstream of the jet exit was tripped to achieve
turbulent flow at the jet exit. Data were acquired for Rej between
1.6 x 10* and 4.7 x 10*. The tripped boundary layers of the jet gen-
erated a Reynolds-numberindependentflow, the desired effect. The
turbulence level in the jet core was 3% whereas in the shear layers
itreached a maximum of 13%.

The use of periodic excitation and a diffuser at the jet exit in a
flow control experiment introduced additional parameters such as
frequency, excitation momentum and its direction, diffuser length,
and diffuser half-angle. The jet deflection angles were insensitive
to the excitation frequency, in the range of parameters studied.
The jet deflection angles were independent of the Reynolds num-
ber, although some differences were noticed in the jet behavior at
Rep =2.1 x 10%, close to the transition Rep. Diffusers of length-
to-diameter ratio between 0.58 and 1.85 were tested. The longest
diffuser L /D = 1.85 generated somewhat higher deflection angles
for (c,) above 2%. Jet deflection angles were lower for a diffuser
half-angleof 15 deg than for diffuserhalf-anglesof 22.5 and 30 deg.
Jet deflection was highly sensitive to the directionin which the exci-
tation was introduced. Periodic excitation, introducedin the stream-
wise direction, vectored the jet toward the diffuser wall where the
excitation was introduced. Low-amplitude excitation introduced in
the cross-stream direction vectored the jet in the same direction,
but high-amplitude excitation introduced in the cross-stream direc-
tion vectored the jet away from the wall where the excitation was
introduced.

Pulsed excitation was used to generate wave packets in the jet
shear layer in order to study the frequency content, the effect of the
excitation direction, the disturbance convection speed, and the rela-
tionshipbetween the excitationand an instability mechanism. These
studies revealed that the presence of a diffuser at the jet exit signifi-
cantly amplified the pulsed excitationintroduced in the streamwise

direction. The favorable interaction between the excitation, the jet
flow, and the diffuser wall explains the higher jet deflection an-
gles obtained with the diffuser when exciting the shear layer in the
streamwise direction. The wave packet excited by introducing a
pulsed excitation in the cross-stream direction evolved differently
even though a diffuser was present. This wave packet is the least
amplified among the cases studied. It is also of similar amplitude
in both the excited and opposite shear layers, indicating a more
global effect of the excitation when introduced in the cross-stream
direction.

The jet responded quickly, on the order of 10-20 ms, to step
changesin the level of the excitation. The response was independent
of the Reynolds number when the jet-exit velocity was increased.
The practical implication of this finding is that a proportional in-
crease in dimensions and speed will maintain a similar response
time.

From this jet control study a number of areas for future research
were identified. One areais the use of simultaneous streamwise and
cross-streamexcitationon opposite sides of the jet. It is assumed that
significantly higher jet deflection angles could be obtained this way.
The effectof the diffuser on the cross-streamexcitationhas not been
studied yet. More wave-packet studies, where diffusers of different
lengths would be used, are required to better understand how the
amplification and convection speed of the wave packet (and the
associated mean flow distortion) are effected by the diffuser length.
Finally, it is planned to use periodic excitation for the control of a
rectangular jet with an exit diffuser. A rectangular jet is of interest
because of the longer shear layers per unit area and the additional
possible modes. One such mode is jet rotation.

A fastresponding method of altering the directionof the flow em-
anating from a low-speed, turbulent circular jet was demonstrated.
Moderate {(c,) were required to produce this effect. The technique
could be applied to a number of applications including jet-engine
exhaust, gust alleviation, and control surface augmentation or re-
placement without moving parts.
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