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EFFECT OF FREE-STREAM BOUNDARY-LAYER THICKNESS ON
AEROACOUSTIC CHARACTERISTICS OF OPEN CAVITY FLOW
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ABSTRACT

Pressure fluctuation measurement was performed inside rectangular-box cavities in an experiment conducted
in a 0.6-Meter Transonic and Supersonic Wind-tunnel. The cavity length-to-depth ratio was 8 for the two
experiments. The data presented herein were obtained over a Mach number of 1.5 at a Reynolds number of
2.26x10" per meter with different boundary-layer thicknesses of approximately 24mm and 5.5mm. The
experimental angle of attack, yawing and rolling angles were 0°. The rules were revealed governing the
influence of different free-stream boundary-layer thickness on Sound pressure level (SPL) distributions and
sound pressure frequency spectrum (SPFS) characteristics. The results indicate that decrease in the ratio of
free-stream boundary-layer thickness to cavity depth (6/D) causes flow oscillation amplification, peak frequency
splitting and shifting phenomena of open cavity tones in the low-frequency region.
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INTRODUCTION

High-speed cavity flow is a common occurrence for aerospace and aeronautical vehicles.
Complex unsteady flow characteristics therein are a significant concern in aerospace applications.
Flow-field over cavities features boundary-layer separation, shear-layer instabilities, vortex shedding,
noise radiation, shock wave/boundary-layer interactions and self-sustained flow oscillation. Flow
oscillation frequencies and pressure fluctuation amplitude depend on cavity geometry and external
flow properties. For cavities inside aircrafts utilized to store weapons, the maximum SPL can be
170dB ™M, which damage components of aircrafts and disturb safety separation of storing weapons. The
severe acoustic environment can represent a potential hazard to apparatuses’ sensitivities inside cavity.

Numerous investigations on cavity flow characteristics had been conducted over the past several
decades %1, Pressure fluctuation distributions inside cavity had been researched by M B Tracy and E
B Plentovich at subsonic and transonic speeds ™ ®.. Since the 1980s numerical method has been utilized
[2.6.7.9.10. 221 "\whijch indicated that there were complex cavity flow-field characteristics. The basic
cavity flow field was categorized into three types in terms of static pressure distributions inside cavity
at different cavity length to depth ratio (L/D) by Stallings and M B Tracy et al, namely, open cavity
flow for L/D <10, transitional cavity flow for 10<<L/D<:13 and closed cavity flow for L/D>13,.
Cavity flow oscillation and aeroacoustic characteristics are influenced by cavity geometrical and
free-stream flow parameters.

The purpose of this study is to analyze effect of different free-stream boundary-layer thickness on
aeroacoustic characteristics of open cavity flow.
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EXPERIMENTAL METHODS

FACILITIES AND INSTRUMENTATIONS

The wind tunnel is a half-circumfluence intermittent transonic and supersonic wind-tunnel with in
experimental cross section of 0.6m by 0.6m High-speed aerodynamics institute of China
Aerodynamics Research and Development Center. The pressure fluctuation measurements were
accomplished by dynamic pressure transducers with a full-scale range of +10 Psid and an inherent
frequency of 200 KHz, and the transducers are miniature, high-sensitive and piezoresistive.

MODEL DESCRIPTION

Pressure fluctuation taps were installed along the centerline on the cavity floor. The first model
was of £Z=80mm, Ww=55mm and D=10mm, which was installed on a special window in wind-tunnel
side-wall. The second model was of L=267mm, W=104mm and D=33.375mm, which was within a
rectangle plate installed on the special window in wind-tunnel side-wall. The photographs of the two
models were shown in Fig.1 and Fig.2, respectively.

Fig.1. The first model Fig.2. The second model

EXPERIMENTAL CONDITIONS

The angle of attack, yawing and rolling angles were 0° in the experiment. The length-to-depth
ratio of cavities (L/D) was 8.The experimental Mach number was 1.5. The experimental Reynolds
number was 2.26x10’ per meter.

BOUNDARY-LAYER THICKNESS MEASUREMENT

For the first model, roughness webbing (3mm width) was affixed on wind-tunnel side-wall in
front of the model to obtain turbulent boundary-layer over it. Total pressure distributions were
measured by pressure measurement rake (shown in Fig.3). For the second model, roughness webbing
was affixed on the plate upstream of the model and Peter tube (see Fig.4) was utilized to obtain total

pressure distributions.
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Fig.3. Pressure measurement rake Fig.4. Peter tube



DATA PROCESSING

The highest frequency for analyzing pressures fluctuation data was 10KHz, and the frequency band
distinguished was 4.88Hz. The sample length was 1024. The Hanning window and ensemble average of 64
samples were made to decrease the system difference.

Free-stream boundary-layer thickness 6 was determined when non-dimensional velocity within
boundary-layer was 0.99. The boundary-layer thickness (J) and the ratio of the boundary-layer
thickness to cavity depth (6/D) for the first and the second models are shown in Table 1.

Table 1. Measurement results of the boundary-layer thickness

o(mm) | o/D

The first model 24 2.4

The second model 5.5 0.16
SPL denotes pressure fluctuation magnitude, which was calculated by Eq. (1). SPFS denotes
frequency characteristics of pressure fluctuation, which was calculated by Eq. (2). /' denotes oscillation
frequency. P, is the root-mean-square of the pressure fluctuation, which was obtained by integrating
the power spectral density in the frequency band of 0~ 10kHz and extracting the square root. P, is the
benchmark sound pressure, 20uPa, and SPFS is sound pressure spectral energy on the different
discrete frequencies. P(f) is the sound pressure spectral density function calculated by FFT, which was

defined by Eg. (3).

2

PVWIS
SPL —1OIg?§f 1)
sprs—101g /) @)

prej
P(f)—AI}TOE[;m (¢, /. 0F dt} (3)

DISCUSSION OF RESULTS

The effect of cavity width-to-depth ratio (/D) on aeroacoustic characteristics of open cavity
flow was little according to experimental results (Robert L. Stallings, Jr. Floyd J Wilcox and Dana K
Forrest, 1991). The differences in the two experimental results are attributable to ¢/D at same M and
L/D. The free-stream shear-layer bridges over open cavity and has little influence on flow and acoustic
radiation inside the cavity, so the SPFS characteristics of different measurement positions on the cavity
floor at 0~5000Hz with /D=8 and M=1.5 are similar, as shown in Fig.5. Experimental results at
X/L=0.987 are utilized to analyze SPFS characteristics.
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Fig.5. SPFS characteristics at different positions(L/D=8, M=1.5)



Fig.6. and Fig.7 show SPL distributions and SPFS characteristics of open cavity flow (L/D=8) at
M=1.5, respectively. SPL is low in the front part inside the cavity due to free-stream shear-layer
separation and expansion into the cavity. Shedding vortexes in the shear-layer bridge the middle part
of the cavity and impinge the cavity rear face, which induces SPL increase there and acoustic tones at
discrete frequencies. The acoustic feedback mechanism is understood to be reinforcement between
instabilities in the shear-layer and sound-wave radiation from the back to the front of the cavity, and
self-sustained flow oscillation is generated which results in severer cavity noise. As shown in Figure 6,
for different 6/D, SPL distributions are similar. Decrease in 6/D makes pressure fluctuation severer in
the shear-layer and causes interactional energy to increase between the shear-layer and flow inside the
cavity, which gives rise to SPL. The decrease also shortens the cycle from impingement of the
shear-layer and the rear face, acoustic generation, acoustic radiation to new impingement. The
resonance frequencies shift to the low frequency region. At 0 <f<2000Hz, SPL increase is obvious at
peak frequencies of acoustic tones. In a word, /D decrease causes amplitude magnification of acoustic
tones and generates more peak oscillation frequencies in low frequency region for open cavity flow
(L/D=8).
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Fig.6. SPL distributions of open cavity flow
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Fig.7. SPFS characteristics of open cavity flow at the position (X/L=0.987)



CONCLUSIONS

The intention of this paper is to extend the analysis of effect of free-stream boundary-layer thickness
on cavity aeroacoustic characteristics. It indicates that o/D influences SPL distributions, SPFS
characteristics and flow oscillation peak frequencies inside the open cavity. Decrease in 6/D induces SPL
increase at the same measurement position on the cavity floor. It leads to flow oscillation amplification,
peak frequency splitting and shifting phenomena of acoustic tones mostly in the low-frequency region for
open cavity flow.
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APPENDIX I. NOTATION
The following symbols were used,

D Cavity depth [m]
f Oscillation frequency [Hz]
G() Power spectrum energy



L Cavity length [m]
L/D Ratio of cavity length to depth

M Free-stream Mach number

Py Benchmark sound pressure [Pa]
P Root-mean-square of the pressure fluctuation [Pa]
P..s(f) Power spectrum density function

Re Reynolds number

w Cavity width [m]
X/L Ratio of measurement position to cavity length

0 Boundary-layer thickness [m]
o/D Ratio of boundary-layer thickness to cavity depth

SPL Sound pressure level [dB]
SPFS  Sound pressure frequency spectrum [dB/HZ]



