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SUMMARY

Techniques have iong been sought
lent shear layers, such as in Jets,
flows. Relatively recently published

established that coherent structures exist within turbulent flows.

wakes, boundary layers,

: Py E e s e
for the controlled modification ofrturpr_jﬁéuéup

and separated: ;i -t
results of laboratory experiments_have .- : "
These re-

sults indicate that even apparently chaotic flow fields can contain determi-

nistic, nonrandom elements.

gven more recently
deliberate acoustic excitation of these coharent structures
effect on the mixing characteristics of shear layers.

published results show that
nas a significant
Therefore, we have ini-

tiated a research effort to develop both an understanding of the interaction

mechanisms and the ability to use it
Acoustic excitation
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technology to favorably modify various shear layers without resorting to "brute
force" methods such as suction and blowing. Acoustic excitation circumvents
the need for pumping significant flow rates, as required by suction or blowing.
Since there are many gaps in our fundamental understanding of the unsteady
aerodynamic processes involved, broad fundamental experimental, theoretical,
and numerical studies are needed and some have been initiated. We have also
bequn preliminary studies to identify those applications exhibiting the great-
est potential payoff, as will be described in this paper.

1t has been recognized for some time that the structure of shear Tayers 1s
sensitive to excitation by acoustic waves (e.g., refs. 9 to 24). The mechanism
of this excitation was concidered by Ahuja, et al. (ref. 25) to be approximated
by a three-step process, as {1lustrated in figure 1. In the first step, insta-
bility waves, inherent in even an unexcited shear layer can be modified by
disturbances, such as acoustic tones, leading to an amplification of the insta-
bility wave (e.g., refs. 26 and 27). The magnitude of this modification 1s
dependent on the detailed characteristics of the flow fieid and the excitation
signal. The second step of the process involves the coupling between the co-
herent structure and the random, or fine-scale, turbulence. These changes then
combine to affect other processes such as the gross mixing rate and noise gen-
eration. In reality the ex-itation process may be even more complicated, and
nonlinear effects may be important (e.g., refs. 28 and 29).

striking evidence of Jet mixing enhancement by this process has been
shown by Ahuja, et al. (ref. 25) for a circular jet exhausting into a quiescent
atmosphere. Schlieren photographs obtained with laser 1ighting are shown in
figures 2 and 3. The unexcited jet is shown in figure 2(a). In figure 2(b)
the jet is excited by an upstream acoustic signal at excitation Strouhal
number, Se = feDé/Va - 0.5, where fo 1s the excitation frequency, Dy 1s the
jet diameter, an is the jet velocity. (Al symbols are defined in the
appendix.) Further Qns1ght into the excitation process is shown in figure 3.
In these cases, the laser 1ight source is strobed at the excitation frequency;
this accentuates those phenomena occurring at the excitation frequency (or its
higher harmonics) and washes out those phenomena occurring at any other fre-
gquencies. In figure 3(a) the excitation frequency corresponds to a Strouhal
number, Se = 0.5. Due to this photographic enhancement process, the large-
scale coherent structure can clearly be seen. When the excitation frequency is
doubled, Se = 1.0 (fig. 3(b)), the cize of the coherent structure is reduced
and the spacing between successive structures is halved. These results indi-
cate the sensitivity of the excitation process to the frequency of the imposed

disturbance.

More recently it has been shown by Ahuja, et al. (ref. 30) that acoustic
excitation can also influence the flow over an airfoil. These results are
shown photographically with smoke flow visualization in figure 4. The airflow
1s from right to left over an airfoil at a 26° angle of attack. The boundary
Jayer is tripped near the leading edge to produce a turbulent boundary layer.
At this high angle of attack the flow is separated in the unexcited case
(fig. 4(a)). The effect of excitation is i1llustrated in figure 4(b) for a
Strouhal number, Sg = foC/Vy = 4, where C 1is the wing chord and V, 1s the
frue-stream velocity. With excitation the flow remains nearly attached over
much more of the airfoil, and the 1ift coefficient is significantly increased.
It was also shown in reference 30 that drag reduction can be obtained with
higher frequency excitation, Se = 20.
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POTENTIAL APPLICATIONS

considering the phenomena described in the INTRODUCTION a wide range of
specific applications can be envisioned. It is useful to identify four general

types of applications:
(1) low-freguency excitation of free shear layers,
(2) high-frequency excitation of free shear layers,
(3) low-frequency excitation of boundary layers, and
(4) high-frequency excitation of boundary layers.

The low-frequency applications involve augmented mixing achieved by exciting
the naturally dominant structures. The high frequency apnlications involve
suppressed mixing achieved by exciting structures of a smaller scale than that
of the naturally dominant structures, thereby preventing +hese larger struc-
tyres from dominating (and enhancing) the mixing process. A review of the
1iterature pertinent to these applications 1s presented by Lepicovsky, et al.
(ref. 31).

In figure 5, specific areas of applications are 1isted for each of the
four general types of application. The following subsections briefly describe
these specific areas of potential application. Preliminary assessments of
several of the more promising possibiiities are presented later in the paper.

Externally 8lown flap

under-the-wing (UTHW) and over-the-wing (OTHW) externally blown flap systems
are used to provide high 11ft for short takeoff and landing (STOL) ajrcraft.
The rapid axial velocity decay and Jet spreading produced by enhanced mixing
(e.qg., refs. 25 and 31 to 40}, as {1lustrated in figure 6, can be extremely
uyseful in reducing jet/flap interaction noise and the aerodynamic and thermal
joads on the flaps. (Although t1lustrated here for the UTW case, excitation
would also be applicable to OTW systems). The noise of such aircraft not only
has an environmental impact, but also contributes to structural fatigue because
of its strong, very low frequency content. The control of flow separation at
high flap angles hy excitation, as described in a later section may aiso be
useful.

The externally blown flap (EBF) concept 45 one of the simpler approaches
to achieving powered 11ft for turbofan-powered short-takeoff—and-1and1ng (STOL)
ajrcraft (e.q., ref. 41). Unfortunately, a considerable amount of noise and
acoustically-related flap Joading is produced by the interaction of the engine
exhaust with the surfaces of the flap system (e.g., ref. 42). In fact, with
under-the-wing (UTW) EBF systems the flap interaction noise 1is the dominant
ajrcraft noise source when h\gh]y-no\se—suppressed turbofan engines are em-
ployed (ref. 42). Therefore, NASA conducted an extensive res2arch program to
determine the flap noise for a variety of EBF configurations to provide insight
into flap noise source mechanisms (refs. 42 to 50). These efforts were accom-
2an1ed by special tests and programs aimed at suppressing flap noise (refs. 51

o 56).
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Initially most of the research and development effort was directed towards
the UTW system because such an aircraft could more readily be evolved from cur-
rent conventional commercial (CTOL) aircraft. However as the magnitude of the
flap noise problem became more clearly understood, there was increased emphasis
on determining the acoustic characteristics of OTW EBF systems (refs. 44, 49,
and 50). The OTW system takes advantage of the high frequency acoustic shield-
ing provided by the wing and flap system and therafore offers the promise of
reducing the flap noise perceived below an aircraft.

Among the many flap noise source mechanisms thought to contribute tc the
UTW noise field are: (1) flap leading edge noise caused by incident turbulence
in the exhaust jet; (2) scrubbing noise generated by turbulence produced in the
jet-mixing region and convected along the surfaces of the wing and flaps; (3)
noise from separated flow on the flaps; (4) trailing-edge noise caused by tur-
bulent eddies and/or shed vortices as they pass the trailing edge of the flap;
and (5) jet mixing noise originating in the distorted and defiected exhaust

jet.

With the OTW configuration the noise sources (ref. 44) appear to be simi-
lar to the UTW sources with several important differences. First, there is no
flap leading edge noise source, as the flap slots are normally covered. In
some cases, exhaust flow deflectors may be used to facilitate flow attachment
to the wing-flap system (e.g., ref. 49). The presence of a flow deflector
introduces an additional broadband source of noise (similar to UTH flap noise)
above the wing.

Generally the impingement noise is dominant in the forward quadrant below
the wing of a blown flap system, and because of i1ts high intensity, usually
dominates the peak flyover noise. In this region 1t will_De assumed (see
refs. 46 and 57) that the mean-square acoustic pressure, ;?, for the low
frequency portion of the flap noise spectrum can be represented (ref. 41) by

2
2 _(Pa_ 2,6 .
D 22 f 15V) dA (1)
a A

where the integral is based on the radial profile of the jet impingement veloc-
ity, V3, and the inflow turbulence intensity, Iy, at the flap axial station.
(A11 symbols are defined in the appendix.) The integral form of equation )
results from taking into account the strong velocity and turbulence gradients
present in the Jet exhaust plume (in contrast to an airfoil immersed in a uni-
form flow field). Inasmuch as flap noise spectra peak at low frequency, the
overall sound pressure level (OASPL) can be represented by equation (1) with
good accuracy. It was assumed in deriving equation (1) that the flap noise 1is
independent of the exhaust plume temperature. The effect of temperature has
not been established at this time but is thought to be small in the velocity
range of interest. This assumption allows the density term to be taken out-
side the integral in equation (1).

for EBF systems having similar radial turbulence intensity profiles and
similar impingement velocity profiles at the flap impingement station, the
integral of equation (1) can be approximated for scaling purposes by the tech-
nique used in references 45 and 46 to give the simplified relation (ref. 41),
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where Ay = («/4)0? and V4 p s the peak impingement velocity (ref. 53)
obtained from the nozzle velocity profile at the flap station. The character-
1stic impingement ¢lameter, Dy, Is arbitrarily taken, for scaling purposes, as
the width of the profile at the flap station where the velocity is 80 percent
of the peak impingement velocity. Both Vi p and Dy are obtained from
nozzle exhaust velocity radial profiles measured without the presence of the
wing and flap system. Examining this relationship (eq. (2)) indicates the
means by which excitation can reduce flap noise and the related loads.

As shown by Ahuja, et al. (ref. 25) the jet centerline vaelocity, which
would correspond to the peak impingement velocity, V4 p. can be substantially
reduced by excitation (as shown in fig. 7). A]though'%he rate of jet spreading
s increased, the effect on impingement area based on the Vy/Vy p = 0.8 con-
tour would be minimal (as shown in fig. 8). At a typical nozzle-to-flap spac-
ing, X/0+ = 17, the data of figure 12 indicate that for the highest excitation
level, VX would be reduced to 0.88 of i1ts unexcited value; the resulting
1mp1ngemeﬁg noise would be reduced about 3.5 dB. This reduction would have to
be qualified by the increase in mixing noise which accompanies the enhanced
mixing, but this mixing noise 1s typically 10 to 5 dB below the impingement
noise (e.g., ref. 43).

Correlations developed by von Glahn from model scale data u» the effect of
excitation on unheated jet mixing (refs. 32 and 33) could be usec *.o0ng with
equation (2) to predict noise reduction benefits over a wide range of @ ndi-
tions. The effect of acoustic excitation on centerline velocity decay nus
been found by Ahuja, et al. (ref. 25) to be essentially the same under simula-
ted flight conditions, as shown by the experimental data in figure 9. These
flight effects are fncluded in von Glahn's correlation (ref. 32) as 1is also
shown in figure 9. However, scaling to larger sizes has not yet been demon-
strated, and 1ittle information exists on temperature effects. These tech-
nology needs will subsequently be discussed further.

Perhaps the greatest benefits of excitation would be minimizing the
installation penalties associated with suppressing noise to a given level.
Because of the importance of reducing jet/flap interaction ncise and flap
loads, external-mixer decayer nozzles have been used, for exsmple on the YC-15
STOL airplane as shown in figure 10 (ref. s8). Such nozzles wire also evalua-
ted in the NASA Quiet, Clean, Short-Haul Experimental Engine (QCSEE) Program to
determine their economical attractiveness for the UTW configuration. Although
the decayer nozzles were effective in reducing the impingement velocity and
thus jet/flap interaction noise, they were found to be quite heavy and to in-
troduce internal pressure losses. These disadvantages combined to produce a
significant operating cost penalty, with the net effect that the decayer nozzle
was not considered attractive for the QCSEE UTW application (ref. 59). Excita-
tion has the potential of providing the same noise reduction in a simpler, less
costly manner.

TR R < G g Lo R S e R

Pt e

T
SR

'M

N
PRI

Another example can be drawn from the QCSEE Program, where the OTW nczzle
design (fig. 11) required so much compromise and complexity to promote mixing
and jet attachment for takeoff and landing with high flap angles that the
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cruise performance was degraded (ref. 60). The potential of excitation to
promote mixing and to control separation might be quite useful 4n such
applications.

v/STOL and STOVL Ground Effects

Increased mixing and spreading rates may also be useful in reducing ground
effects for vertical and short takeoff and landing (V/STOL) and short takeoff,
vertical landing (STOVL) aircraft, as 11lustrated in figure 12. Since the
exhaust is directed toward the ground, enhanced mixing might reduce ground
heating and erosion. Such applications are of crucial importance for tactical
aircraft that may be required to land on ships and/or on soft grounds such as
desert areas.

Ejectors

Ejector performance may also be improved by enhanced mixing, as 11us-
trated in figure 13. One of the prime causes of poor ejector performance is
incomplete mixing. The benefits of enhanced mixing can be achieved in at least
two ways:

(1) An ejector with good performance could achieve the same performance
in a shorter length, leading to size and weight savings.

(2) An ejector with poor performance could be improved by the increased
mixing.

The potential to enhance mixing acoustically is certainly consistent with
Quinn's observation of enhanced mixing in the presence of screech tones
(refs. 61 and 62).

Internal Hixers

Internal mixer nozzles, such as that sketched in figure 14, are used to
increase thrust, improve fuel economy, and reduce noise for turbofan engines.
Current mixers achieve good performance with complex geometries, but they incur
a weight penalty due to the mixer hardware and the increased outer cowl length.
Enhanced mixing due to excitation has the potential to achieve equal or better
mixing with simpler (lower cost, easier maintenance) mixer designs or to reduce
mixing length to allow a shorter cowl, resulting in weight savings.

Combustors

There are at least two ways enhanced mixing may be applied to combustors,
as shown in figure 15: improved fuel/air mixing, leading to shorter combustors
(or increased efficiency) along with the possibility of improved poliution con-
trol; and improved mixing of the combustion products with the dilution/cooling
air leading to a reduction in the pattern factor (or peak-to-average tempera-
ture ratio). Preliminary successful experiments on the latter application have
been reported by Vermeulen, et al. (ref. 63).
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Supersonic Jet Noise Reduction

In supersonic jets the large ccale coherent structure plays a strong role
in the noise generation processes. Interaction of the large scale structure
with shocks is the source of shock noise (e.g., see ref. 64). Large scale
structures convecting at supersonic speeds also radiate noise directly (e.qg.,
cee ref. 65). digh frequency (Se > 1.5) excitation could be ysed to promote
coherent structure formation preferentially at smaller scale, thereby reducing
the mixing rate as i11lustrated in figure 16 and reducing the intensity of the
radiated noise.

Separation Control

Separated surface vlows degrade the performance of many devices. Attached
flows require that the necessary energy be supplied to the boundary layer to
overcome adverse pressure gradients, viscous dissipation along the flow path,
and energy loss due to momentum exchange. The critical region is near the sur-
face, where the momentum and energy of the local flow is much less than in the
outer regions. When the losses are sufficiently high, the flow separates from
the surface. To avoid these problems, ccmponent shapes are designed to main-
tain a high energy level near the surface. In some cases the energy Tevel near
the surface is augmented by means of vortex generators, blowing or suction, and
mechanical vibration. Aeroacoustic excitation may provide an attractive alter-
native rmeans of controlling separation to improve the performance of wings,
flaps, turbomachinery blades, diffusers, transition ducts, inlets and other
components and devices. Considering diffusers as an example, high losses and
poor flow quality due to incipient and unsteady separation are widely recog-
nized as major problems for wind tunnels. Acoustic excitation may provide an
attractive alternative, since it has been shown to greatly improve flow over a
wing at high angle of attack (ref. 30). Goldstein (ref. 66) has shown that
this is due to enhanced mixing between the high-velocity flow and the separated
region, which energizes the boundary layer in somewhat the same manner as the
conventional approaches.

Stall Prevention/Recovery

Stall, or loss of 1ift due to flow separation, is a concern for flow over
atrfoils and rotating machinery blades because it can lead to catastrophic
failures. Several tragic accidents have occurred in recent years when commer-

L cial airliners have encountered severe wind shear near the ground. In such

4 cases wing stall often occurs; in fact, one method of surviving a wind shear

; encounter is to increase the angle of attack toward stall to avoid crashing.

‘ Since excitation has been shown to promote attachment (Ahuja, et al., ref. 30),
it may very well be applicable to this very important performance and safety
problem.
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Enhanced Maneuverability

Aeroacoustic excitation could provide enhanced maneuverability for fighter
ajrcraft in several ways. Attachment could be effectively maintained over a
widened range of angle of attack, and reasonable 11ft could be maintained even
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with some regions separated. Wing rock, due to asymmetric vortices, might be
controlled by exciting preferred, and symmetric, vortex structures. Inlet flow
attachment could be maintained over a wider angie of attack range.

Skin Friction Reduction

Reduction of skin friction by high-frequency excitation (e.g., as shown
by Ahuja, et al., ref. 30) may prove applicabie to many internal and external
flows, incliuding many potential nonaerospace applications.

Impingement Control

Retarded mixing through high-frequency excitation may prove useful 4in
preventing exhaust impingement on the fuselage and control surfaces.

TECHNOLOGY NEEDS

In order to realize the potential benefits resulting from the engineering
applications of acoustic excitation, it will be necessary to carry out a sig-
nificant applied research effort and to augment the basic research effort.
Most of the experimental research has been conducted with small models at near
ambient temperature, low Reynolds number, and low Mach number.

High Reynolds Number and High Mach Number f

A number of potential applications deal with the control of jet mixing :
processes in both free and confined geometries. The range of experimental :
results available for conical nozzle jet mixing control 4s shown in figure 17,
where jet Mach number is plotted against jet Reynolds number for various values
of excitation Strouhal number. A map of conditions for which mixing enhance-
ment was observed, as indicated by potential core length reduction, s shown
in figure 17(a), and a similar map for jet noise amplification is shown in
figure 17(b); these two cases are both examples of augmented mixing. Hixing
suppression conditions are mapped in figure 17(c) for Jet potential core
lengthening and in figure 17(d) for jet noise suppression. The area in the
upper right-hand corner is the range of interest for full-scale jet engine
applications; very little data has been obtained in this range. This void
will have to be filled with experimental data and/or with well validated theo-
retical or numerical models to allow the development of practical applications.

X -t

Threshold Level

Figure 17 addresses only the excitation frequency, through the Strouhal
number, and not the level of excitation required to produce the desired effect.
The peak turbulent kinetic energy normalized by the ideally expanded jet kinet-
jc energy is plotted against excitation Jevel in figure 18 for three different
nonzzle pressure ratios at an excitation Strouhal number of 0.5, where enhanced
mixing is expected. The theory of Morris and Tam (ref. 25), shown by the
solid 1ines, indicates that as excitation level 1s increased beyond a certain
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value the peak turbulent kinetic energy beings to increase, indicating a sig-
nificant coupling of the excitation signal with the flow field. This minimum,
or "threshold," excitation level is seen to increase with increasing nozzle
pressure ratio (and therefore with increasing Mach number). The experimental
results of Moore (ref. 69) for the threshold level required for jet noise
amplification are shown to agree well with theory.

High Temperature

The results shown in figure 18 are for an unheated jet, leaving the issue
of temperature effects to be resolved. As temperature is increased at a fixed
Mach number, the jet dynamic pressure remains constant but the kinetic energy
is increased, while the jet Reynolds number and jet-to-ambient density ratio
.-e decreased; boundary layer conditions are also changed. It is not clear
from the literature how the threshold Jevel should be affected by increased
temperature. The Morris-Tam theory (ref. 25) indicates that the effects should
be minor but the 1imited experimental results are somewhat conflicting. Some
recent results from reference 31 are shown in figure 19. The ratio of the jet
centerline Mach number with excitation to its value without excitation at
X/Ds = 9 1s shown as a function of excitation level L for four different
temperatures at a jet Mach number of My = 0.8 and at the most sensitive
Strouhal number. The excitation level at which the Mach number ratio beings
to decrease should roughly correspond to the threshold level. As can be seen,
this threshold level increases significantly with increasing temperature.

If we assume that the threshold level is reached when the ratio of the
imposed disturbance to the natural disturbance reaches some critical value,
then

Ve(Tj,z) _ Ve(Tj,1) )
Vun(Tj.Z) Vun(TJ.1)
considering the relation between this imposed velocity disturbance and the
imposed pressure disturbance,
Ve = pe/pC (4)
We obtain then
pe(Tjiz) P(Ti.]) C(Tj']) Vun(lez) (5)

Pe(Tj']) N P(Tj.z) C(Tj'z) vun(Tj,1)

considering the definition of turbulence intensity I = v/V and the variation
of properties with temperature at constant Mach number we obtain

PelTy o) Ty 1Ty 0)
PelTy 1)~ Ty,p 1Ty 0)

(6)

Or in terms of excitation level,
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(7, )
— 3,2
Le(Tj,z) - Le(Tj,l) = 20 log (TJ,Z/TJ,1) + 20 log I(TJ ]) (7)

Neglecting the effect of temperature on turbulence intensity, the threshold
level should increase as 20 log (TJ,Z/TJ'1). The results of figure 19 are
replotted in figure 20 in terms of a corrected excitation level Lo - 20 log
(T4/Ta). This seems to correlate the data reasonably well except at the high-
es% temperature. Some of the remaining differences could be due to changes in
turbulence intensity.

Turbulence Intensity

Figure 21 shows the turbulence intensity as a function of nondimensional
axial distance for two temperatures at Ms; = 0.78. Although there 1s only a
small difference in the peak turbulence intensities, the turbulence intensity
near the nozzle 1ip is considerably higher for the higher temperature case.
Since the strongest interactions occur near the nozzle exit, the effect of tur-
bulence intensity should be evaluated there. It dppears that the turbulence
intensity near the nozzle is at least doubled for the higher temperature case,
which would correspond roughly to I « T¢/3. Carrying this on to the
effect of excitation Jevel would then yield the relation,

Le (Tj,2) - Le (Tj,1) = 35 Jog (TJ,2/TJ,1) (8)

To test this interpretation, the data of figure 19 is again replotted, this
time against Le - 35 log (T%/Ta) in figure 22. The data appear to collapse
reasonably well, especially in terms of the threshold level, the level at which
the Mach number ratio deviates from unity, which appears to be within about

+2 dB. This should not be considered as a general correlation because the data
are 1imited to only one jet Mach number and one size, but it does indicate that
a systematic relationship can be developed. Not only should threshold data be
obtained over a more extensive range, but turbulence intensity information is
also needed.

T

Experimental Capability Enhancement

In order to perform the needed high-temperature, high-velocity experi-
ments, the hot coaxial jet facility at NASA Lewis (fig. 23) 1s currently being
modified for excitation research by installing an eight-driver spool piece
upstream of the nozzle. (This facility has been used extensively for jet noise :
research and is described in ref. 71.) The facility provides jet temperatures . \

up to 1100
to 20 cm.

tial modes
studies on
files will
diagnostic
excitation

K and can accommodate nozzles having total equivalent diameters up
The eight drivers can be driven to produce higher order circumferen-
as well as plane waves which have been used in most of published
acoustic excitation. Jet plume mean velocity and temperature pro-
be obtained in the near term, and we hope to install turbulence and
instrumentation in the future. We are also installing a four-driver
system in the jet rig used for the turbulence studies of Laurence

(ref. 72), to enable us to obtain more detalled data on smaller (B8.8-cm diam)
unheated jets.
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Another area which needs investigation is the method of introducing the
excitation signal. We have devoted most of our attention to upstream excita-
tion (fig. 24(a)) where the acoustic <ignal is introduced into the flow
upstream of the nozzle. This approacii is 14mited by the transmission charac-
teristics of the geometry. In order to produce the desired effect in high
velocity, high temperature jets 1t may be more efficient to introduce the exci-
tation externally, perhaps near the nozzle 1ip as shown in figure 23(b). This
method has been successfully employed, for example by Kibens (refs. 73 and 74).

CONCLUDING REMARKS !

from the results presented and reviewed in this paper it is clear that
acoustic excitation shows great promise as a means of controlling shear flows.
However, there are many gaps in our fundamental understanding of the unsteady
aerodynamic process involved and in applications know-huw. To address these
problems we have initiated fundamental experimental, theoretical and numerical
studies. We are also conducting preliminary studies to identify those applica-
tions exhibiting the greatest potential.
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APPENDIX - SYMBOLS

A area
c wing chord
< sonic velocity
D diameter
f frequency
) I turbulence 1ntensﬂty.1/;5;;
L sound pressure level, dB re 20 uN/m2
2 characteristic length
M Mach number, V/c
P pressure (mean component, total)
p fluctuating pressure
' R source-to-observer distance
@ Re Reynolds number, LVpe/n
E T temperature (total)
% v velocity (mean component)
3 v fluctuating velocity
- " viscosity
é P density
? Subscripts:
F a ambient
e excitation
ex excited
i impingement
jet (ideally expanded)
p peak value
un unexcited
0 freestream
1,2 arbitrary conditions
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Figure 1. = Aeroacoustic shear layer mod-
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(b) Excited.

Figure 2. - Upstream acoustic excitation of
a jet Schlierin photographs.

(b) Excitation frequency, f = Vi/Di'

Figure 3. - Photographically averaged large-
scale jet structure.
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Figure 4. - ffect of acoustic excitation on turbulent
boundary layer separation; angle of attack, 26
deg.; free stream velocity, V= 13 misec; excita-
tion frequency, f, = 640 Hz.
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Figure 11, - QCSEE OTW nozzle design objectives (ref, 60).
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Figure 18. - Effect of excitation level on peak turbulent kinetic
energy. Excitation Strouhal number, S = 0.5; Jet-to-
ambient temperature ratio, TjiTa = 1.0; plane wave mode.
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Figure 19, - Effect of excitation level on local relative
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jet exit Mach number, M; = 0.8, and most-sensitive
Strouhal number, Data 5f Lepicovsky, etal. (ref, 31),
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Figure 20, - Effect of excitation level corrected
for temperature on local relative centerline
Mach number, M: = 0.8. Data of Lepicovsky,

etal, (ref. 31), x’/Dj - 9,0, \
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Figure z1. - Temperature effects on centerline distribution of
turbulence intensity MJ- - 0,78, static, unexcited (ref. 25).
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Figure 22. - Effect of excitation level corrected for tem-
perature and turbulence intensity on local relative
centerline Mach number, M; = 0.8, Data of
Lepicovsky, etal. (ref. 31), X/D;= 9.0
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Figure 23. - Coaxial hot jet aeroacoustic excitation facility.
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(@) Upstream (internal). (b) External (nozzle lip).

Figure 24. - Method of introducing excitation signal.
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