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SUMMARY 

The research presented in this report has been directed to study the effects of mass 

injection into the flow upstream of a cavity to understand the weapon bay cavity's flow 

field and its aeroacoustics. The objective also was to control the development of upstream 

boundary layer, and therefore, to control the development of the shear layer over the cav- 

ity. Control of the shear layer has enabled us to significantly reduce or to fully eliminate 

the weapons bay's aeroacoustic interactions. This study was performed in a wind tunnel 

at several nominal Mach numbers between 0.5 to 1.8 and at unit Reynolds numbers up 

to 17 millions per foot. Measurements were performed for a number of injection distribu- 

tions. The large amplitude oscillations measured without mass injection was successfully 

and totally eliminated with proper mass injection. Cavity oscillation amplitude has been 

reduced consistently by 27dB, for supersonic flows, from about 174dB (1.5psi) without mass 

injection to 147dB (0.07psi). In most cases the broad band noise level was also reduced 

appreciably. Measurements indicated that the upstream boundary layer and the shear layer 

characteristics over the cavity are significantly affected, altering the stability characteristics 

of the shear layer such that the feedback disturbances through the cavity could not match 

its instability frequency. Once the two frequencies are shifted apart there was no possibil- 

ity for resonance interaction to take place leading to high amplitude peaks. For subsonic 

flows, a separate experimental study of mass injection effects on cavity aeroacoustics has 

been performed for Mach numbers of 0.5, 0.7 and 0.8. Mass injection rates of 0.05, 0.10, 

0.15 and 0.2 lbm/s were used with three different mass injection patterns. Upstream mass 

injection led to the attenuation of cavity pressure oscillations between 12 and 17 dB. For a 

small range of Mach numbers between 0.68 and 0.72, frequency of the peak amplitude was 

observed to switch between modes 3 and 2, respectively.  The measured frequencies were 
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in good agreement with predicted values calculated with the modified Rossiter's equation. 

Preliminary flow visualization studies in a water table show that mass injection may also 

attenuate the aeroacoustics in tandem cavity arrangements. The velocity profiles indicated 

that mass injection has changed the flow velocity profile downstream from the injection 

area. That mass injection produces most of its suppression effectiveness at low mass flow 

rates suggests either that the effect of boundary layer thickness on suppression is non-linear 

and or that other boundary layer parameters are of primary importance. The obvious can- 

didates are the momentum thickness and or the —^ which determine the stability of the 
oy2 

shear layer over the cavity. The upstream mass injection approach to control aeroacoustic 

interactions can be adapted to flow parameters inside and outside of the cavity to adjust 

the mass injection for active control of the cavity aeroacoustic levels with changing free 

stream. Combination of mechanical and upstream injection techniques may also be used 

and are being studied. Future efforts also focus on non-intrusive measurements over the 

injection area and on measuring velocity profiles at the various points. The upstream mass 

injection approach for control of aeroacoustic interactions can be adapted to flow parame- 

ters inside and outside of the cavity to adjust the mass injection for active control of the 

cavity aeroacoustic levels with changing free stream. 

INTRODUCTION AND BACKGROUND 

Cavity aeroacoustic oscillations are rapid, organized fluctuations in the pressure, den- 

sity, and velocity of the fluid inside a cavity which has been exposed to flow over the open 

side of the cavity. Open cavity flow in shallow cavities is typically encountered in weapon 

bay applications. In this flow, the longitudinal pressure and flow oscillations have been 

associated to the shear layer interactions with the cavity. 
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Cavity oscillations have been observed to occur in wheel wells'1'2', ring cavities on 

projectiles'3'4', slotted wind tunnel walls'5'6', aerodynamic windows'7,8', bay vents on the 

Space Shuttle'9', and aircraft bomb bays'10'. The oscillations can cause structural deflection'11', 

structural fatigue'11', strong acoustic radiation'12', increased drag'13', and poor optical char- 

acteristics for aerodynamic windows'14'. The mechanism producing cavity oscillations con- 

sists of the interactions between the shear layer with the cavity. Shear layers are inherently 

unstable specially in the presence of acoustic perturbations which are resident within the 

cavity. Amplification and convection of the perturbations into the downstream results in 

interaction with the trailing edge and the production of upstream travelling influences'15'. 

The perturbation may manifest itself as resonant oscillation of the shear layer, vortex, or 

other vorticity fluctuation'16'17'. The perturbations are convected downstream and ampli- 

fied as they convect. The amplification is selective and non-linear'35'. Upon reaching the 

trailing edge, the amplified perturbation interacts with the trailing edge and produces an 

upstream traveling influence. The upstream traveling influences are generally pressure dis- 

turbances, and may travel through the cavity, the shear layer, and the free stream (when 

subsonic). Remembering the instabib'ty of shear layers, the upstream traveling influence 

may create further shear layer perturbations, usually at or near the separations point'18'. 

When the upstream traveling influence and the downstream convecting perturbations are 

in proper phase, resonance may occur. The resonance may produce very high amplitude 

aeroacoustics inside the cavity. 

Cavity oscillations are only occasionally considered desirable, therefore, researchers 

have usually sought to suppress them. Different approaches have been tried to reduce or 

eliminate the oscillations. Direct and indirect shear layer alteration includes passive venting 

of the cavity floor'19', mass injection through the cavity floor'20', and the presence of solid 
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objects inside the cavity, but touching the shear layer'21'. 

Separation and reattachment alteration includes leading and trailing edge structural 

modifications such as ramps'21'. Upstream boundary layer alteration includes cowls'17', 

vortex generators'22', spoilers'22', pin arrays'23', and upstream mass injection'24'25'. Combi- 

nations of the above approaches are also possible. However, almost all of these are passive 

techniques with relatively limited attenuation. And their effectiveness changes with the free 

stream flow parameters, sometimes resulting in worse than original conditions. The tech- 

nique showing the greatest promise for the attenuation of cavity oscillations over a broad 

range of free stream mach numbers is upstream mass injection. 

Mass may be injected parallel to the flow, transverse to the flow, or at any angle 

in between. The injection may take place through discrete holes, slots, screens, sintered 

surfaces, or other porous surfaces. The injection may be uniform or non-uniform over an 

area. Finally, the injection may be steady or unsteady. Uniform, steady, transverse injection 

is the focus of the present study. 

Low rates of injection produce only modest effects on the boundary layer profile or the 

free stream flow'26'. Large rates of injection produce significant changes in the boundary 

layer velocity profile and the free stream'32!. Very large rates of injection may produce 

separation of the injected mass and the boundary layer'26'. The changes produced by mass 

injection also include the thickening of the boundary layer, increases in the momentum 

thickness and displacement thickness, and the formation of shocks when the free stream is 

supersonic'26,32'. 

In the current study, the primary purpose of boundary layer mass injection upstream 
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from a cavity is to alter the characteristics of the boundary layer. The shear layer over 

a cavity is formed from the separated upstream boundary layer, therefore, changes in the 

boundary layer could be expected to result in changes in the shear layer. When the changes 

in the shear layer interfere with or suppress the mechanism causing cavity oscillations, a 

reduction in the cavity oscillation amplitude is possible. The complexity of cavity flows and 

the lack of any comprehensive analytic model leads to the consideration of experimental or 

computational approaches. 

The focus of this report is to present the results of several studies investigating the 

effectiveness of upstream mass injection in reducing cavity oscillations on the flow over 

shallow open cavities at subsonic to supersonic speeds. 
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REVIEW OF PREVIOUS 

RELATED WORK 

Krishnamurty'12', Roshko'13', Plumblee, Gibson, and Lassiter'31', Rossiter'17', Heller, 

Holmes, and Covert!28!, Bilanin and Covert'29', Heller and Bliss'22', Sarohia'30', and Tam 

and Block'16' are a number of investigators who have attempted to understand cavity flows 

over the past four decades. 

Computational cavity flow simulation has also been performed by many authors. Han- 

key and Shang'33' attempted a two dimensional simulation of the flow over a cavity with a 

L/D ratio of 2.25 and Mach number of 1.5. They solved the two dimensional Navier-Stokes 

equations using a time dependent, alternating direction explicit scheme by MacCormack. 

Turbulent closure was achieved by the Cebecci-Smith eddy viscosity model with relaxation 

modification. Their predictions of mean static pressures are reasonable compared to the 

experimental data of Heller and Bliss'37'. A spectral analysis of the results show reasonable 

agreement for the first and second cavity oscillation modes with respect to frequency and 

amplitude, also compared to data from Heller and Bliss'37', however, higher frequencies 

were not accurate. 

Suhs'34' investigated a three dimensional cavity both with and without a leading edge 

spoiler. The cavity had a L/D ratio and L/W ratio of 4.5, flow Mach number was 1.2. He 

solved the Navier-Stokes equations using a thin layer approximation and an implicit solver 

using the Pulliam-Steger algorithm. Turbulence was modeled using the Baldwin-Lomax 

model. Both pressure distributions and frequency spectrums show good agreement with 

experimental data from Kaufman et al'38'. The spectrums were less accurate at higher 

frequencies and only predicted the first two modes of cavity oscillations.  Both the cavity 
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with the spoiler and the cavity without the spoiler showed similar trends. 

Suppression Studies 

Suppression of cavity flow has also been widely studied. For example: Rossitert17' 

noticed that the frequency spectrums differed significantly for two cavities of the same L/D 

ratio when one cavity was half the size of the other. He concluded that differing boundary 

layer thickness relative to cavity size was responsible. Rossiter then attached three solid 

spoilers to the leading edge of a cavity with a L/D ratio of 1 to see if the alteration of 

the flow over the cavity caused by the spoilers would suppress the pressure fluctuations. 

He was somewhat successful in reducing the oscillation amplitude, with the largest spoiler 

producing the greatest decrease. 

Buellt8', Heller and Blässt22!, Franke and Carr'21! Smith, Gutmark, and Schadowt23! 

have studied various geometrical modifications and promising configurational changes to 

suppress the fluctuations, with limited success. 

Sarno and Franke'31' investigated static and oscillating upstream boundary layer fences 

and steady and pulsating slot mass injection at the leading edge of a cavity with a L/D 

ratio of 2 and at Mach numbers from 0.6 to 1.5. The static fence was found to be most 

effective. However, it was only useful for suppressing the first resonance mode. 

Sarohia and Massier'20' attempted to suppress the cavity oscillations occurring in a 

ring cavity at Mach numbers from 0 to 0.5 by steady injection of mass into the base of the 

cavity. They observed a reduction in pressure and velocity fluctuations as well as radiated 

sound. However, they also observed that the cavity oscillations were sometimes enhanced 

through slight unsteadiness in the mass injection. 
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Vakili and Gauthiert25! studied the suppression of cavity oscillations by upstream mass 

injection through plates with numerous holes at a Mach number of 1.8 and cavity L/D 

ratio of 2.54. They obtained almost complete suppression of the cavity oscillations. Broad 

band fluctuations were also reduced. The peak amplitudes produced by the cavity were 

reduced from 1.5 psi to 0.07 psi. They determined that at the lower mass injection rates, 

low area density injection produced greater suppression. They attribute the reduction in 

cavity oscillations to changes in the shear layer parameters and a resulting alteration in its 

instability characteristics. 



EXPERIMENTAL PROCEDURE 

The experimental effort was performed in the Gas Dynamics Laboratory at the Uni- 

versity of Tennessee Space Institute. An 8 inch square subsonic/supersonic blowdown wind 

tunnel was used to produce a nominal free stream flow with Mach numbers from 0.5 to 1.8, 

and unit Reynolds numbers up to 17 million per foot. Static and dynamic pressures were 

measured and recorded digitally on line while the schlieren videos were taken. 

Two different nozzles were used to establish the flow range noted above. A converging 

only nozzle was used for the subsonic regime, and a converging diverging nozzle block was 

used for the nominal Mach number of 1.8. A set of very interesting results were obtained 

when attempts were made to run the subsonic flow conditions with the supersonic nozzle 

block. These will be discussed later in the results section. 

The tunnel floor is employed to simulate the fuselage of an aircraft onto which the 

weapon bay cavity is installed. This arrangement allows an increase in model size, adds to 

flexibility of the simulation, allows for desirable thickness of the boundary layer (shear layer) 

over the cavity, and accommodates simplicity in measurements. The rectangular cavity had 

internal dimensions of 1.5 inches wide by 1.5 inches deep by 6.5 inches long, representing an 

L/D of 4.33, which is somewhat similar to flight hardware. Other cavities with L/D of 2.0 

and 2.54 has also been studied previously, with similar results observed. The cavity model 

was constructed of aluminum and inset flush into the floor of the tunnel test section about 

4 inches downstream of the nozzle exit. 

The bottom of the cavity contained one static pressure port, two access ports for 

dynamic pressure transducers, and one access port for the traversing probe.    Dynamic 
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pressure transducers were flush mounted for optimum response. The access ports were 

sealed when any of the probes were not in use. Figure 1 illustrates the experimental setup 

with the cavity and the instrumentation used shown on Figure 2. 

Mass was injected through perforated plates, 2.0 inches wide by varying length, number 

of holes, size of holes, and distribution of holes. The injection plates were located imme- 

diately upstream of the cavity and constructed from aluminum. The injection plate was 

supplied with air from a plenum located beneath, and the plenum was supplied by a two 

inch pipe from high pressure air tanks. An orifice plate and two static ports were installed 

in the supply pipe to measure the mass flow rate. Figure 3 shows the overall injection 

distribution for five selected injection plates. Plate 1 is identified as high density injection. 

Plate 2 had 90 holes with diameters of .0625 inches, plate 4 is the same as plate 2 except 

that the holes have a diameter of 0.03125 inches. Plate 9 had 190 holes with diameters of 

.03125 inches, the holes for Plate 9 were distributed in three streamwise rows, and plate 8 

had 350 holes with diameters of .015625 inches. 

Two five hole cone probes, one with a 15° half angle and one with a 30° half angle, 

were used in a traversing mechanism. The probes were used to determine flow angularity as 

well as Mach number. However for the present effort the central port was used to measure 

the total pressure and flow speed was calculated. The probes were 0.070 inches in diameter 

and the five ports were 0.008 inches in diameter. The probes were mounted in holders 

which could be traversed vertically during the tunnel runs. The probes were installed at 

two streamwise positions inside the tunnel. At forward position where the probe tip was 

just at the cavity leading edge and at downstream position where the probe tip was just 

at the cavity trailing edge. One holder had a rotatable crank arm allowing it to reach two 
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stations at both the front and back positions. The holders were moved by a threaded shaft 

connected to a stepper motor. The stepper motor was controlled during tunnel runs by a 

computer. The probes were traversed at six stations near the cavity, shown in Figure 4. 

The test section of the tunnel, where the cavity was installed, was 48 inches long. The 

injection plate and cavity are preceded by one static port on the floor center line. Tunnel 

sides walls and the ceiling of the test section adjacent to the injection plate and cavity are 

transparent and allow Schlieren videotape to be taken. The transparent sections do not 

extend into the cavity. Therefore, no images from within the cavity could be recorded. 

There are also static pressure ports on each side of the cavity. Downstream of the cavity 

is another access port for the traversing probe to allow shear flow measurements at the 

downstream of the cavity. Downstream of the access port, on the tunnel center line, are 

twenty four static ports located on one inch centers. Figure 5 illustrates the various ports 

and their locations. 

The static ports in the downstream were connected to a Scanivalve using a Scanivalve 

PDCR24 transducer. All other static ports were connected to Validyne DP15 transducers. 

The dynamic pressure transducers are Endevco models 8514-10 and 8510-C-15. The Validyne 

transducers were connected to Validyne CD19 amplifiers. The Endevco transducers used 

Validyne SG71 amplifiers. The amplifier outputs were connected to an analog-to-digital 

converter attached to a Northgate 286 IBM compatible personal computer. 

The amplified dynamic pressure transducer signals were also connected to two spectrum 

analyzers. Each signal was routed to an HP3582A Spectrum Analyzer as well as to a 486 

personal computer running Labview software. The spectrum analyzers averaged either 8 

or 16 sets of data, each set containing 1024 data points collected at 10,000 data points per 

second. 
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Tunnel runs, probe movement, and data acquisition were controlled using programs 

run on the Northgate 286 personal computer. Both probe data and spectrum data could 

not be collected during the same tunnel run. 

The procedures used in collecting data were generally similar for both the collection of 

dynamic pressure data and the cone probe traverses. All runs start by zeroing the transducer 

amplifiers and adjusting the schlieren when it was used. The tunnel was started by an 

operator, and the nominal flow Mach number was established. When dynamic pressure 

data was measured, the spectrum analyzers were triggered by one person at a signal from 

the tunnel operator who also triggered the data collection program and controlled the mass 

injection rate. When the cone probe was traversed the tunnel operator triggered a different 

data collection program which also controlled the probe traversing mechanism. A second 

person was generally used to control the mass injection rate during probe traverse runs. 

The probe traverses were slowed by the need to park the probe at each point for over a 

second to allow the pressure inside of the probe system to come to equilibrium. The parking 

time was required due to the very small diameter of the flow passages inside the cone probe 

and the relatively long length of the connecting tubing. 
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RESULTS AND DISCUSSIONS 

The results of the experimental effort may be divided into two areas: subsonic and 

supersonic observations. Each of these areas may be further divided into two sub areas. 

The first sub area involves dynamic pressure spectrum data for several injection plates at 

different mass injection rates. Only the most physically relevant information have been 

discussed here, while the remainder of data collected are presented in the Appendices in 

graphic or tabulated format. The second sub area includes flow field measurements with 

cone probes to determine velocity profiles for selected plates with different mass injection 

rates. 

For the subsonic flow regimes, dynamic frequency spectra was recorded for the cavity 

with and without upstream mass injection at Mach numbers of 0.5, 0.7 and 0.8. Figures 6 a 

and b are the frequency spectra for channel 0 and channel 1 at Mach number 0.5. Channel 0 

depicts the dynamic pressure transducer near the downstream wall of the cavity, channel 1 

is output from the dynamic transducer near the leading edge of the cavity. Figure 6a shows 

the baseline (cavity without mass injection) pressure spectra and shows a peak amplitude 

for both channels occurring at a frequency of 1320 Hz with a magnitude of-14.99 dBv, for 

channel 0. This correspond to 156dB, where: dB = 20 log(P/Pref), Pref= 2 x 10-5 N/m2. 

Figure 6b is a similar frequency spectra taken with 0.10 lbm/sec upstream mass injection 

(blowing parameter B=1.2) for plate 9. Comparing 6a and 6b we see that the result of mass 

injection is the total reduction of the peak amplitudes in both channels. An observation 

which is not readily noticeable is the slight increase in broad band noise energy with mass 

injection for frequencies greater than about 2000 Hz. This suggests that some energy is 

dispersed to the higher frequencies. No explanation of how or why this has occurred has 

been determined; the effect, however, is not a major concern. Results are similar for plates 
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2 and 4 with a reduction of the peak amplitude and an increase in broad band energy above 

the frequency of approximately 2000 Hz. At a low mass injection rate of 0.05 lbm/s the 

large peak was reduced but not as much as at higher rates for plates 2 and 4. Plate 9 had 

the greatest effect of suppressing cavity aeroacoustics at Mach 0.5. Compared to all three 

plates, mass injection through plate 9 was able to reduce completely the peak amplitude at 

all mass injection rates. The reduction was possibly due to a different streamwise vorticity 

pattern generated by the injection through plate 9, which helped to better control the shear 

layer. 

Figures 7 a, b and c are frequency spectra responses for Mach 0.7. An interesting 

phenomena of frequency switching occurred for the baseline measurements for a small Mach 

number range around 0.7. Figure 7a is the baseline representative spectra for the Mach 

number range of 0.68 to 0.7. Here two peaks are distinguishable with the peak at 1660 

Hz being the most prominent. Figure 7b is a baseline frequency spectrum representative 

for the Mach number range of 0.7 to 0.72. The peak frequency is now switched to 1084 

Hz which was previously the weak peak on figure 9a and the peak amplitude at 1660 Hz is 

significantly reduced. It is believed that this switching of mode frequencies are similar to the 

observations of Rossiter[2]. At a Mach number of 0.7 for a cavity L/D ratio of 2, Rossiter 

noticed that there seemed to be no real dominant frequency. Figure 9c is the response with 

0.10 lbm/s mass injection from plate 9, and again the peak amplitudes have been reduced. 

Similar results were obtained for different plates and mass injection amounts. Plate 9 was 

most effective at the low mass injection rates while plate 2 was most effective at the higher 

flow rates. 

Figures 8 a, b, c and d present frequency spectra for Mach 0.80.   Figure 8a is the 
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baseline spectra and shows the peak frequency to be at 1113 Hz, with minor peaks at 

frequencies of about 500 Hz and 1800 Hz. Unlike the responses for plates 2 and 4 at the 

other Mach numbers, the effect of mass injection at Mach 0.80 was different. Figure 8b 

shows that at a low mass injection rate of 0.05 lbm/s through plate 2, the peak amplitude 

actually increases. As the mass injection rate was increased to 0.15 lbm/s and higher the 

peak amplitudes began to be reduced. Figure 8c shows the spectra for Mach 0.80 at a mass 

injection rate of 0.15 lbm/s using plate 2. Higher mass rates were not obtainable. The 

larger plenum pressures needed, for the higher mass flow rates, blew out seals around the 

mass injection apparatus. The result gave false readings about the amount of mass actually 

involved in changing the boundary layer structure in the tunnel. Figure 8d shows the results 

of the frequency spectra for plate 9 at 0.05 lbm/s. Plate 9 was the exception in that at 

the low mass injection rate of 0.05 the peak amplitude was reduced, but at higher injection 

rates the response was again an increase in peak amplitude. 

Figure 9 is a plot showing the baseline peak amplitude frequency for each Mach number 

compared to the empirical values of frequency given by the modified Rossiter's equation, 

U m — n 
St = f- = 

Here St is the Strouhal number, m is the mode (m = 1,2 3, ...), Kv is the ratio of convected 

vortex velocity to free stream velocity and n is the acoustic wave emission delay constant. Kv 

and n are empirically derived and are equal to 0.57 and 0.25, respectively, for an L/D ratio of 

4. The present experimental results are in good agreement with the empirical equation, with 

only a 3 percent difference. However, compared with the experimental data of Rossiter[2] 

at each Mach number the frequency mode numbers corresponding to aeroacoustical peak 

frequencies did not coincide. Dissimilarities in frequency mode numbers were attributed to 
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the difference between Rossiter's cavity (L/D=4) and the cavity in this study (L/D=4.33). 

The mode value is not predictable and depends upon the cavity and flow conditions. 

Figures 10 and 11 are Schlieren photographs taken from a VCR camera and frame 

grabbed using a Data Translations frame grabbing board installed in a 486 PC. Figure 10 

shows the boundary and shear layer over the cavity at a Mach number of 0.7. There is no 

mass injection present upstream. The first vertical line from the right would be the start 

of the mass injection area. The second vertical line is the location of the leading edge of 

the cavity. The third vertical line just visible in the left corner of the photograph is the 

location of the cavity's trailing edge. The four horizontal marking dashes just downstream 

of the second vertical line are approximately 0.25 inches apart with the bottom line the same 

distance from the floor of the tunnel. It is observed that the boundary layer is approximately 

0.2 to 0.3 inches thick. The ratio of the boundary layer thickness to cavity length and depth 

are — = 0.046 and — = 0.2, respectively. Figure 11 is a similar photograph to that of figure 

12 except with mass injection present. It shows the effect of a mass injection rate of 0.10 

lbm/s from plate 4 on a Mach 0.7 free stream flow. The shear layer is thickened over the 

cavity so that it does not interact with the cavity or the trailing edge. The boundary layer 

thickness to Length and Depth ratios are estimated to be about twice as large as with no 

mass injection. 

Figures 12, 13 and 14 are plots of sound pressure level reduction versus mass injection 

rate for the various Mach numbers. The greatest amount of reduction shown in figure 13 is 

for a Mach number of 0.7 with a mass injection of 0.1 lbm/s, using plate 2. The greatest 

reduction for all plates occurs around 0.1 lbm/s of mass injection for Mach numbers of 

0.5 and 0.7.  Figure 14 shows that at Mach 0.8 the greatest reduction of sound pressure 
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level occurs at higher mass injection rates, with an increases in peak amplitude occurred at 

0.05 lbm/s mass injection. Figure 14, plate 9 shows a range of mass injection where there is 

reduction in peak amplitude around the mass injection rate of 0.05 lbm/s. The magnitude of 

reduction decreases and then again increases at 0.2 lbm/s. One of the possible explanations 

for this is transonic effects. These test conditions were repeated several times to assure 

that there was not any problems with the measuring instruments. Each measurement was 

consistent with the previous measurement, which was a measure of repeatability of the data 

gathered. Figure 15 through 17 are similar plots of peak amplitude reduction in acoustic 

sound pressure levels versus the blowing parameter B*(Ainj/Apattern) for plates 2, 4 and 

9. 

Table I is a summary of the maximum reduction of cavity oscillations for each plate, 

Mach number, and mass injection rate tested. Observations of the blowing parameter show 

ranges where injection was most effective. The effective range of the blowing parameter for 

the Mach number of 0.5 was around 0.1 to 0.2 and for the Mach number of 0.7 the range was 

0.06 and 0.07, for all mass injection plates. An effective range of the blowing parameter for 

the Mach number of 0.8 was not as distinct. The level of blowing seemed to be dependent 

upon the distribution of the injection pattern. As previously stated, for a Mach number 

of 0.8 higher mass injection rates worked well with plates 2 and 4, and for plate 9 lower 

injection rates between 0.05 to 0.06 lbm/s were more effective. 

Table II contains typical selected results for a few plates at supersonic flow. The table 

contains the peak amplitude at the downstream dynamic pressure transducer port in pounds 

per square inch (psi), and sound pressure level (dB). The table also contains the blowing 

parameter B =    w   w , and two derived parameters, Bc = —w  w   Inj , which equals B 
P<x>Uoo Poo" <x>Acav 
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multiplied by the ratio of the injection area to the cavity floor area, and Bd = —n- "^ >nJ ' 

which equals B multiplied by the ratio of the injection area to the area contained within 

the perimeter of a rectangle which just circumscribes all the injection holes. The blowing 

parameter is more appropriate to uniform injection over a surface. In the present situation, 

injection is taking place over a small region of the flow. The authors feel more comfortable 

with Bc or Bd as a measure of non-dimensional mass injection in this case. The almost 

complete suppression of the peak pressure oscillations as well as a reduction in the broad 

band fluctuations is apparent from the table and the figures. 

Figure 18 presents the amplitude reduction, for supersonic flow, resulting from mass 

injection versus the mass injection rate for various plates. The no mass injection amplitudes 

are used as the reference. The error bars are ±2 dBV and were observed during 12 consecu- 

tive runs without mass injection. Data on this figure demonstrates the diminishing returns 

for mass injection above 0.05 lbm/s. Plate 8 appears to suppress the cavity oscillations 

best. Figure 19 graphs the amplitude reduction versus the injection area of selected plates 

at three mass injection rates. Lower injection areas provide improvement in amplitude re- 

duction, although when the injection area is zero the reduction must also be zero. Subsonic 

data are also shown for reference on these figures. 

Figures 20 through 25 are velocity profiles derived from pressure data collected by the 

cone probe traverses. The data was collected for supersonic flow at six stations and three 

mass injection rates with injection through plate 8. The profiles from stations D and E 

(as shown in figure 4) had to be truncated and the highest mass injection rate for station 

D is absent. The highest injection rate data for station D could not be reduced. The 

data for stations D and E showed that some lower profile points had probe total pressures 
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lower than the free stream static pressures and these points are not shown. A possible 

explanation for this might be entrainment of the boundary layer by the discrete jets and/or 

off angle flow approaching the probe. The profiles show significant changes as mass injection 

is increased, with the changes largely restricted to the region directly behind the injection 

plate. Inflections points in the profiles appear and move upward as the mass injection rate 

increases. The boundary layer thickness also increases but this is less pronounced than the 

profile changes. 

Considering the linear stability theory, Reshotko'39', the stability of a boundary layer 

(shear flow) decreases as its second derivative near the wall becomes more positive. The 

two dimensional boundary layer equation near the wall may be written as: 

^df ~ \pVw ~ är Jj) d^ + li 

Any of the three terms on the right hand side of the above equation affect the second 

derivative on the left. For the present case, in the absence of heat transfer, the mass 

injection and the resulting pressure gradient clearly change the stability of the boundary 

layer. This in turn changes the stability characteristics of the shear layer over the cavity. 

Measurements indicated that the upstream boundary layer and the shear layer profiles over 

the cavity are significantly affected, altering the stability characteristics of the shear layer. 

The changes are such that the feedback disturbances through the cavity could not match 

its roll up frequency. Once the two frequencies are shifted apart, there can be no possibility 

for resonance interaction to take place leading to high amplitude oscillations. 

The upstream mass injection approach to control aeroacoustic interactions can be 

adapted to flow parameters inside and outside of the cavity to adjust the mass injection for 

active control of the cavity aeroacoustic levels with changing free stream. 
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An interesting observation was made when we tried to operate the tunnel in the subsonic 

mode with the supersonic nozzle installed. With all other arrangements remaining the same, 

the tunnel was operated off design with a normal shock in the nozzle resulting in a Mach 

0.5 free stream flow. This resulted in a quite thick boundary layer (one inch, compared 

to the 0.375 inches) just upstream of the cavity. Pressure measurements inside the cavity 

did not reflect the large amplitude aeroacoustic oscillations expected in the cavity. Detail 

of this study is presented by Lambertl36'. Similar measurements with a converging only 

nozzle, resulting in a thin boundary layer at the cavity, resulted in distinct pressure peaks. 

Depending on the free stream flow conditions the effectiveness of an injection pattern 

for a given mass flow rate was found to be different. This is evidenced from a large number 

of runs made and are outside of the scope of this paper to be discussed in detail. The 

information presented here supports the trend and the above conclusion. 

From the above observations it is clear that the stability characteristic of the shear 

layer over the cavity is critical to the generation of the high amplitude peaks. Depending 

on the free stream flow parameters, shear layer over the cavity changes, resulting in different 

instabilities. This also explains the lack of uniform effectiveness for various passive control 

techniques. The mass injection rate as well as the injection pattern and area may be readily 

adapted to the free stream changes. This enables one to actively control the aeroacoustics 

in a cavity, over a wide range. 

It is also possible to combine mechanical devices with the upstream injection to ac- 

complish the same results. This aspect is the subject of a separate investigation and will 

be reported elsewhere. 
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Cone Probe Measurements in the Wind Tunnel 

Figures 26 through 29 are vector plots of velocity in the shear layer over the cavity. 

As shown in figure 4, only three station over the cavity could be measured each at both 

the leading and trailing edge of the cavity. The cone probe support device did not allow 

any other positions to be measured. To obtain a better understanding of the flow over the 

cavity, the mirror image of the data measured at stations 1, 2, 4 and 5 was incorporated 

into plot. The scale vector is equal to a Mach number of 0.25. Like Wolfe'40! the static 

pressure measurements of the cone probe were influenced by the mass injection process and 

at times were greater than the local total pressure measurement. Some sections of the data 

were not reducible and gaps can be seen on the plot. 

Figures 26 and 27 are surveys of the shear layer at the leading and trailing edge respec- 

tively for a Mach number of 0.7 with no mass injection present. The center line traversing 

survey, in figure 26, shows that a very small amount of cross flow was measured. Theoreti- 

cally this cross flow should not exist because of the assumption that the tunnel flow has a 

mid-plane symmetry. The probe may not have been exactly lined up with the center line 

of the tunnel flow, or the cavity giving measurements off the plane of symmetry. Figure 27 

shows that a small amount of rotation is in the flow near the trailing edge possibly due to 

flow entrainment caused by the unsteady nature of the shear layer. 

Figures 28 and 29 are vector plots at the same Mach number as figures 26 and 27, 

but with a mass injection rate, through plate 4, of 0.1 lbm/s. Figure 28 displays the mea- 

surements at the upstream location, and shows streamwise, rotational structures starting 

to develop above the cavity. These structures occur at approximately 0.5 inches above the 

floor of the tunnel. Although, there are no measurements to indicate such, the height that 
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the vortex structures are observed in figure 28, seem to coincide with the point were the 

probe left the injection wedge as shown in figure 11. Vakili et al[21] had previously suggested 

the existence of the streamwise vortices and their relative positions above the cavity. Their 

suggestion was based upon the results of their study, which evaluated the effectiveness of 

several mass injection distributions to reduce cavity aeroacoustic oscillations . 

Water Table Experiments 

Figure 30 and 31 are video images photographed from the water table and then image 

grabbed using the technique previously described. They show the effects of mass injection 

on both a single and double cavity arrangement. The flow conditions represent a Froude 

number of 2.16. Figure 30 dramatically shows the effects of mass injection on a single cavity. 

In figure 30a, the wave pattern is reflecting downward into the cavity and later bounces off 

the floor and interacts with the shear layer near the trailing edge, something that Tam and 

Block[3] said could be a significant influence. Figure 30b shows how a mass injection rate 

of 4 gallons/min (0.56 lbm/s) affects the cavity flow. The flow is much smoother and much 

less chaotic. For a single cavity, with suction at the trailing edge, the pressure oscillations 

were still prevalent in the cavity. 

Figure 31 shows how mass injection influences a double cavity arrangement. Close 

observations of figure 31a show that the leading cavity is perturbed, while the second 

cavity's pressure oscillations are not as severe. At higher mass injection rates figure 31b 

shows that both cavities seem to be less unsteady . Qualitatively this indicates that mass 

injection may also be sufficient to reduce cavity pressure oscillations in both single and 

double in-line cavity arrangements. 
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Computational Effort 

A systematic effort was undertaken to calculate the flow field of the experimental set-up 

to help guide the direction of the experiments and also to develop a possible amplitude pre- 

diction tool. The effort was not successful and is not reported here. A complete description 

of the computational approach and results are given in the Master Thesis of Wolfe'40]. 
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CONCLUSIONS AND REMARKS 

The effectiveness of upstream mass injection in suppressing cavity oscillations is related 

to the amount of mass injected and the distribution of the injection. The greatest incre- 

mental improvements in suppression effectiveness takes place at a nominally low flow rate. 

For higher mass flow rates suppression effectiveness is actually reduced. Upstream mass 

injection can be used to successfully eliminate large amplitude aeroacoustic peaks observed 

in cavities. This also resulted in a large reduction in the broad band amplitudes. The flow 

field resulting from the upstream mass injection demonstrates a reduction in the energy 

contained in the shear layer fluctuations, not a redistribution of the energy within the pres- 

sure spectrum. Cavity oscillation amplitude has been reduced consistently by up to about 

27dB, for supersonic flow of a nominal Mach number of 1.8, from about 174dB (1.5psi) 

without mass injection to 147dB (0.07psi). Large attenuation in the peak amplitudes were 

obtained for subsonic flows. 

All of the supersonic measurements were performed at a nominal Mach number of 

1.8. For subsonic flows, a separate experimental study of mass injection effects on cavity 

aeroacoustics has been performed of Mach numbers of 0.5, 0.7 and 0.8. Mass injection rates 

of 0.05, 0.10, 0.15 and 0.2 lbm/s were used with three different mass injection patterns. 

The following conclusions have been drawn: 

With a sufficient amount of upstream mass injection the attenuation of cavity pressure 

oscillations were between 12 and 17 dB. 

For a small range of Mach number between 0.68 and 0.72, frequency of the peak 

amplitude was observed to switch between modes 3 and 2, respectively.   The measured 
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frequencies were in good agreement with predicted values calculated with the modified 

Rossiter's equation. 

Cone probe measurements indicate the presence of streamwise vortices, which may play 

a strong role in controlling the unsteadiness of the shear layer and reducing cavity pressure 

oscillations. 

The mass injection pattern of distribution played a critical role at Mach number 0.8 in 

amplitude reduction of pressure oscillations. This may be related to transonic effects and 

to differences in the way the streamwise vortices and transverse vortices interact with each 

other at the higher flow speeds. 

Preliminary flow visualization studies in a water table show that mass injection may 

also attenuate the aeroacoustics in a double in-line cavity arrangement. Also, suction at the 

trailing edge of the cavity was appears to be much less effective in reducing cavity pressure 

oscillations. 

The velocity profiles indicated that mass injection has changed the flow velocity profile 

downstream from the injection area. The profiles seem to indicate that boundary layer 

thickness is most affected at higher mass flow rates. That mass injection produces most of 

its suppression effectiveness at low mass flow rates suggests either that the effect of boundary 

layer thickness on suppression is non-linear and or that other boundary layer parameters 

are of primary importance. The obvious candidates are the momentum thickness and or the 

d2u 
7—- which determine the stability of the shear layer over the cavity, as discussed earlier. 
oy2 

This supports the earlier work of Vakili et alJ25' who had theorized that injection changes 

the stability of the shear layer through changes in the separating boundary layer and its 
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derivative parameters. 

The upstream mass injection approach to control aeroacoustic interactions can be 

adapted to flow parameters inside and outside of the cavity to adjust the mass injection 

for active control of the cavity aeroacoustic levels with changing free stream. Combination 

of mechanical and upstream injection techniques may also be used and are being stud- 

ied. Future efforts also focus on non-intrusive measurements over the injection area and on 

measuring velocity profiles at the various points. 

It is recommended to continue this study to develop a theoretical understanding for 

the mechanisms involved in determination of the oscillation amplitude. 
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Figure 1. Schematic of the experimental setup. 
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Figure 4. Six stations of the cone probe velocity survey. 
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amplitude frequencies predicted by the modified Rossiter's equation. 
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Figure 10.  Schlieren photograph of the boundary and shear layers over the cavity at 
Mach 0.7 and no mass injection. 
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Figure 11. Schlieren photograph of boundary and shear layers over a cavity at Mach 
0.7 and 0.10 lbm/s mass injection using plate 4. 

-48- 



2 
3 
(A 
(A 
£ 

"O c 
3 
o 

CO 

V) 
3 o o   ^ 
re »« 
£ © 

< ° 

II 
c   ° c   re 
< 2 
re   o 
oj *- 
a. 
a c 

(A 
re 
m 
c 
c 
o 
!3 
O 
3 

■o 
0) 

d 

CM 

6 

d    « 
E 

£ a tc 
c 
o 

CO 
o 

u a> 
c 
(A 
V) 

<D      «8 
°.     S 
O 

o 
d 

CM 
o 
d 

V) 
in 
cd 
E 
on 
S 
en 
I* 
0) 
> 

kfl 

o 
u 
a> 

JO 

s 
3 
S 

X 
V 
Cd 

s 
fc. 
O 

«t- 

e 
0 

•♦* # u 
s 05 

"V "Ü 
0) a 
IH a 

^4 •» 
V "* 
> 

JÜ «N 

4) 

9 
in 
03 
4) a 
u u 
a .<"> V« 

"0 0) c *J 

3 (0 
0 hi 
n s 

i*- 0 
0 

■«-> 

+» u 
0 a> 

•-■> 

OH P4 

N 
l-H 

V 
I* 
s 
bO 

rg        o        00        <D 

(SP) uotpnpsg |«qiDoa 

-49- 



(A 
V) 
0> 

c 
3 
o 

CO 

V) 
3 
o 
re h» 
o d 

< ° 
*£ 
= i 
I» E   re 
< S 
re  o o *- 
Q. 
V 
c 
'S 
V) re 
ffi 

c 
o 

'■& 

V 
3 

■o 
« 
a: 

in 
m 
a 
S 
V) 
S 
in 
u 
V 
> 
t- 
O 
u 
0) 

X! 
£ 
s 
c 
X u 
A 

s 
fc- o 

V- 

c 
0 

• PN *> , 
u » 
0 

■a "0 
V c 
1. « 

PN rs 

SJ Tf 
> 

Ji es 

0> 01 

s -t-> 
ffl 

UJ 
03 
0) 

a 
c t. 
a .8 

•o 0) s +* 
s « 
0 td 

09 c «•* 0 
0 • l-N 

-u 
■♦a 
0 

u 
"r? 

OH 
u 

. 
eo 
tH 

0) 
t- 
0 
bo 

(gp) uotpnpag |»qp»a 

-50- 



0) w 
3 
(A 
(A 
£ 

c 
3 
o 

(A 
3 
O 

(0  oo 
£ © 
<   ° 

= i 
E  re 
< S 
re   o 
a *- 
0- 
O 
C 

re 
CD 

C 
o 
o 
3 
•a 
K 

E 
JD 

c 
M 
(A 

s 

to 
w 

CO 
S 
«1 

> 

© 
i. 

s 
s 
e 
X 
u 
CB 

.0 

s 
.2 •*» 
u 06 

-a "o 
V s 
** «0 

P—4 #% 

> „ 
.2 es 
a) in 

t« Q, 

'S « 
3 fJ 
0 fe 

" c 

& .5 

9 
60 

(flP) uoipnpay |*qi9«a 

-51- 



0) 

3 
CO ■A Ul tn 
tt b b b 
8! £ £ x: w 
D. _   ._.   .-    J.    __   —   o a 

o 
CD 

o 
CD 

_:  

■Ö 2 2 2 
C CM" V » 
3 £ £ e o ** 
(0 a a a 

E a 0. o 
(A 
3 I t + 
0 J    __   _      _.   _   _   — - • — — 
ü    ^ 
re *ß 
o 6 
a> *S; <   ° 

■8 I H 
  _j._. _  A   - - 3 i 

1" E   re 
< S 
•*   i re   o 
c *■ 

CL 

O — — — — — — 
c 

"25 
V) 
re 

CD 
c 
c 
0 :>. _.. — — 
o 
s 

■o 
0) 
K 

i ^i 

b 

in 
CM 

N   E 
o     • 

a 
< 

< 

E 
S 
ce a 

^1 
o 

W> 
S 

• PN 

* 
0 

JS 
K 
s 
tn 
u 
0> 
> 

k» 

o 
h 
01 

J3 
e 
9 
S • 

05 
X 
u "0 
cd S 

s (8 

fc. ■* 

.8 
s 
0 

a) 
0> 

■(J ■*J 

u CO 
a 

0) u 
t- a 

P-* 

01 •—-s 

> c 
0> 

01 ä 
u a 
s ^ 
V) "•^«^ 
»1 •*-» 
01 e 
u ^ 

S 
* 

3 i. 
0 0) n ■** 

<<H 0) 
0 S 

■♦* cd 
0 hi 

01 
OH a 

IO 
r-l 

« 
U 
9 
60 

CM O 00 CO 

(SP) uoipnpay |0q!3»a 

CM 

■52- 



M 
S 

• P4 

* 
0 

M 

-D 
K 
s 
in 
U 
01 
> 
*- 
o 
u 
o> 

£> 
a 
3 
C • 

as 
JC u TS 

cd S 
s (8 

u. ■^ 

0 «W 
«N 

s 
0 CO 

0) 
+a ■*■> 

U cS 
s 

"0 a 
0) i. 
U .<"> 

«d 

01 ^~^ 
> c 
0> 

p«4 

0) e (- c 
s ^ 
[fl ^v«. 

tn ■*-» 

0) c 

a ^ 

B C5 
B u 
0 V 
»3 ■*> 

t*. 0) 
0 s 

■*» « 
0 (* 

at 
OH a 

CD 
»-I 

« 
hi 
B 
bO 

CM 
00       <D       *       <N       o       «o       e 

(gp) uo|pnp«a |*q!9«a 

-53- 



E 

I a 

< 
« 
CD 

£ « 
E 
S 
a 
0. 
O) 
c 

o 
S 

bO 
B 

• *H 

* 
0 

f-*X 

.fl 
01 
SI 
in fc- 
0) 
> 

00 
o 
t- 
a> 

,ß 
E 
s 
s • 

a 
X 
V "0 a fi 
s as 
h ■<* n <*• N 
c 
0 

■** +» 
u CO 
3 a 

"O 
0) L. 
t- .0 

«♦* 

4) y-*\ 

> C 
0) 

0) el 
u o. 
3 ^ 
v> **^ 
tn •«-» 
V c 

^ 

s 05 
3 h 
0 0) 
Ifl ■♦* 

«IN 0) 
0 e 

+» « 
0 h 

a 
PN a 

»^ 
rH 

0) 
h 
3 
60 

(BP) uotpnpau |»qi3«a 

-54- 



I. 
3 
tn 
in 
0J 
1* 

pH 
*0 . 
s 00 

3 o 
0 

m T3 
u c 

(8 
+s 
cn 
3 fr- 
0 Ct 
u 
«8 
0 

m 
u o 

< <*- 
0 

v« rr 
Ü l. 
c 
n 

QJ 

*■** S= 
u 3 
3 S 

"O 
0) X. 
Id u 

T3 
3 

■*J +J 
cd 

a OS 

E 
c 

£ C8 

3 
£ 

■* 

f* 

B3 tn 

£ 
<w es 
0 a 
>> 
IN u 

b »MM 

£ > 
3 4) 

cn hJ 

hH 

V 
.fi 
a) 
H 

C c c 
_o o o 
T3 '■c •5 
3 ! 3 3 

"D ■D •a 
kf><CM 

DT CO 
CO IT) 

CO 
CO 0) 

CO r» CD 
CO ■*- ;'- t£ •«■' <■" uS T" d 

3 ;     1 3 3 
1         i 

Q. 
;          1 

D. Q. 

E 
:         ! 

! E E 
< 

,     i 
< < 

^^ 1 ^^ ^ 
>, 1 >. >> 

v-   °> :     i 
1^* 

!K  > 
tu O 

i     i 
® re 
e> U 

E  « I E  re E  re 
re  a> If)   O -r- re   a> CM CO ^ re  a> o> ^ T~ 

i- w n 
O   ©  05 

CM   *■ 
(0 iCO 
O iO 

IT) 
O 2$ CM  CM  ^p 

OiOlO 

i?!" odd 
1 gr d o d ?r o o O 

5  re | '| re * s o  £ 6  g> O   f£ 
CD < OD < CO ^ 

« «^ * 
CD m CO 

a> as i V »* i 
cc re i a 
or a i or 
c c c 
o 

,-',-!*- 
o 
'■c *- T- o 

o 
CM to 

o 
CD d d'd 03 d d d V d d d 

'cF c" "c" 
™" 

If) If) (/) 
1/1 V) (A 
re a a 
5 2 S 

* !      i % % 

re 
E 

CN'1* a> 
^0 

CM *• o> a» 
"5 CM ■«• a> 

I E 0. 

m r- CO 

ö d d 

u * € 
to CD to 

5 s 5 

"55- 



Table II. Typical supersonic data. 

Plate ma s s f1ow Peak Amplitudes B Bc, Bd 
(lbm/s) (Psi) (dB) (X103) (X103) 

2 0.00 1.64 175 0.00 0.00 0.00 
2 0.03 0.80 169 0.18 5.09 16.3 
2 0.05 0.37 162 0.30 8.49 27.2 
2 0.10 0.06 146 0.62 17.5 56.0 

Q 0.00 1.93 176 0.00 0.00 0.00 
9 0.05 0.13 153 0.48 7.18 22 .9 
9 0.10 0.10 151 0.95 14.2 45.4 
9 0.15 0.12 152 1.41 21.1 67.5 

8 0.00 1.46 174 0.00 0.00 0.00 
8 0.03 0.23 158 0.78 5.37 17.2 
8 0.05 0.08 149 1.29 8.87 28.4 
8 0.10 0.07 148 2.69 18.5 59.2 
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Figure 20. Velocity profiles at station A. 
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Figure 21. Velocity profiles at station C. 
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Figure 22. Velocity profiles at station B. 
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Figure 23. Velocity profiles at station D. 
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Figure 24. Velocity profiles at station F. 
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Figure 25. Velocity profiles at station E. 
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Figure 26.  Cone Probe velocity vector plots at the cavity's leading edge for Mach 
number of 0.7 and no mass injection. 
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Figure 27.  Cone Probe velocity vector plots at the cavity's trailing edge for Mach 
number of 0.7 and no mass injection. 
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Figure 28.  Cone Probe velocity vector plots at the cavity's leading edge for Mach 
number of 0.7 and 0.10 lbm/s mass injection using plate 4. 
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Figure 29. Cone Probe velocity vector plots at the cavity's trailing edge for Mach 
number of 0.7 and 0.10 lbm/s mass injection using plate 4. 
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(a) Without Upstream Mass Injection 

(b) With Upstream Mass Injection (4gal/min) 

Figure 30. Photographs of water table single cavity arrangement. 
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(a) Without Upstream Mass Injection 

(b) With Upstream Mass Injection (4 gal/min) 

Figure 31. Photographs of water table with double in-line cavity arrangement. 
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