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RADIATED NOISE FROM AN EXTERNALLY BLOWN FLAP 

N. N. Reddy* 
Langley Research Center 

J. C. Yu 
Joint Institute for Acoustics and Flight Sciences 

George Washington University 

SUMMARY 

The results of an experimental investigation of the noise radiated from a sub- 
From the total sonic air jet impinging on wing-flap with a 45' bend a r e  presented. 

radiated acoustic power, directivity pattern, and power spectra, an attempt was  made 
to separate the various possible noise source mechanisms contributing to the total 
noise of a blown flap. The test parameters a re  jet Mach number and flap length. The 
results indicate that for long flape (for which the flow velocity leaving the trailing edge 
is small), the total radiated acoustic power depends on the jet velocity raised to the 
eighth power, and the acoustic power is increased by about 5 dB by introduction of the 
wing-flap into the jet flow. Therefore, for this configuration, the primary noise- 
generation source mechanisms a r e  attributed to turbulent mixing of the jet flow modified 
by the rigid surface, and to impingement of the turbulent flow on the rigid surface. 
For  short flaps, the acoustic power depends on the jet velocity raised to between the 
fourth and fifth power, depending on the trailing-edge location with respect to the jet 
exhaust. The noise-generation mechanism for short flaps is more complex. Turbulence 
flow interacting with the edge appears to strongly influence the radiated noise. 

INTRODUCTION 

Short take-off and landing (STOL) aircraft should be able to operate in proximity 
to residential and commercial areas. This requirement imposes important opera- 
tional and environmental criteria. The angles of climbout from and approach to the 
airport must be steeper for STOL aircraft than for conventional take-off and landing 
(CTOL) aircraft. Therefore, the integrated lift propulsion system for a STOL vehicle 
should provide more l i f t  and a higher thrust-to-weight ratio to permit a shorter runway. 
The primary environmental cri teria a re  stringent community noise restrictions. The 
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special problem for  STOL aircraft is that the requirements for ground noise exposure 
(noise footprint) are more restrictive than for CTOL aircraft (ref. l) ,  whereas the oper- 
ational requirements are more demanding. 

The blown flap is one of the proposed concepts for integrated power plants of STOL 
aircraft. The lift augmentation from this method is obtained by deflecting the engine 
exhaust downward by means of a wing with auxiliary flaps. Two configurations a r e  under 
consideration for STOL aircraft, the externally blown flap and the upper surface blown 
flap. Previous STOL noise studies by NASA and other organizations have emphasized 
the definition of the radiation field for various STOL configurations. The far-field noise 
studies bear out certain important scaling laws that are needed to extrapolate small- 
scale model data to the radiated noise for full-scale aircraft. These investigations have 
also been helpful in providing preliminary guidelines for aircraft designers to assess 
the trade-off between the noise and performance. These studies establish that the blown 
flap generates considerably more noise than does free  jet mixing (refs. 1 to 4). To 
devise any viable noise reduction technique requires an understanding of the blown-flap 
noise generation and propagation mechanism. 

The physical mechanisms for the additional noise generation in blown flaps a r e  
not yet completely understood. However, the experimental results available in the lit- 
erature suggest three possible mechanisms for the additional noise production: flow 
impingement on the surface, wall turbulent boundary layer (wall jet), and edge noise. 
The edge noise is the noise generated in the vicinity of the trailing edge by the fluctuat- 
ing forces and/or the fluctuating stresses and diffracted by the edge. The physical con- 
figuration of a realistic externally blown flap is very complex. At present, no viable 
theoretical analysis exists to  account for the sound generation from an externally blown 
flap. Some limited theoretical studies relevant to blown-flap noise generation are 
reviewed in the appendix, but these studies were made for highly idealized models. 
Most previous experimental investigations were conducted on externally blown flaps 
which had complicated geometry, and it is difficult to identify the various noise sources 
from the test results. To bridge the gap between the theoretical and experimental inves- 
tigations and to separate possible source mechanisms contributing to the total noise of a 
blown flap, work should begin with a simple but realistic experimental configuration. 

This report presents some experimental results of the acoustic power, directiv- 
ity, and power spectrum of a subsonic air jet impinging on a wing-flap configuration 
with a 45' bend. The slots which normally would exist in the wing-flap were eliminated 
to  simplify the geometry. The test parameters are jet Mach number and flap length. 
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SYMBOLS 

ambient speed of sound 

diameter of nozzle 

frequency 

spectral peak frequency 

intensity of sound generated by dipoles 

intensity of sound generated by quadrupoles 

length of flat part of flap trailing-edge section after 45' bend 

jet Mach number, Vj/co 

distance between nozzle exit and microphone 

typical mean velocity 

jet exit velocity 

axes used to define flap position 

coordinates along X, Y, and Z axes, respectively 

boundary -1aye r thickness 

azimuthal angle 

density of air 

circumferential angle 

Abbreviations: 

PWL 

PWLt 

OASPL 

SPL 

acoustic power level, dB (re 0.1 pW) 

total acoustic power level, dB (re 0.1 pW) 

overall sound pressure level, dB (re 20 pN/m2) 

sound pressure level, dB (re 20 pN/m2) 
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APPARATUS AND INSTRUMENTATION 

Blown-Flap Configuration 

The wing-flap configuration used in this investigation consisted of two flat plates 
joined by a curved plate with a 40.6-cm (16-in.) radius of curvature as shown in figure 1. 
The slots normally present in the wing-flap were eliminated. The spanwise dimension of 
the flap was 61.0 cm (24 in.). 

The flap lengths were varied by changing the flat part of the trailing-edge section 
to the required size. Four flap trailing-edge lengths, 3.8 cm (1.5 in.), 19.1 cm (7.5 in.), 
64.8 cm (25.5 in.), and 121.9 cm (48 in.), were used in these experiments. 

The components of the flap were machined from 2.5-cm-thick (1-in.) aluminum 
plate. Aluminum channel reinforcement was used in the curved part of the flap to ensure 
the rigidity of the entire wing-flap assembly. A contoured converging circular nozzle 
with a 5.1-cm (2-in.) exit diameter and a contraction ratio of 16 w a s  used to generate 
the impinging flow. 

Anechoic Chamber and Flow System 

The anechoic chamber in which free-field acoustic data were taken has a design 
cutoff frequency of 100 Hz. The dimensions of the chamber were 7.6 m (25 ft) by 7.6 m 
(25 ft) by 7.0 m (23 ft), measured from wedge tip to wedge tip. A detailed description 
of the chamber construction and performance is available in reference 5. The chamber 
was calibrated for its free-field characteristics during the present investigation, and 
the anechoic room had satisfactory free-field characteristics down to 100 Hz. 

The air supply system has the capability of producing a continuous jet flow from a 
5.1-cm (2-in.) nozzle at a maximum stagnation pressure of 2.07 MN/m2 (300 psig) and 
at room temperature. The air flow is controlled by a system of pressure controllers 
located in a room adjacent to the anechoic chamber. The stagnation pressure could be 
maintained within 2 percent of the predetermined value. 

Reverberation Room and Blowdown Jet Facility 

The Langley %-foot vacuum cylinder shown schematically in figure 2, was  used as 
a blowdown jet facility and as a reverberation chamber to measure the radiated sound 
power. The volume of the chamber is 2830 m3 ( lo5  ft3), and it is possible to achieve a 
vacuum inside the cylinder down to torr. The pressure inside the chamber is mon- 
itored by a vacuum gage with an accuracy of 133 N/m2 (1 mm Hg). A 1.1-m-long (3.5-ft) 
transition section converging from 30.5 cm (12 in.) to 20.3 cm (8 in.) was  mounted on one 
of the 30.5-cm (12-in.) ports on the chamber wall. The nozzle was mounted on the con- 
verging end of the transition, s o  that the exit of the nozzle was about 1.4 m (4.5 f t )  from 

4 



the chamber wall .  (See fig. 2.) A bellmouth inlet connected to  the port from outside 
the cylinder wall induced the smooth flow from atmosphere (high pressure) to the cham- 
ber (low pressure) through the nozzle. A pneumatically controlled quick-release valve 
installed at the inlet of the port was used to start the jet flow. The rate of pressure 
equalization in the chamber during blowdown was about 11.1 N/m2-sec (5 mm Hg/min) 
at low vacuum. The reverberation chamber was calibrated by taking the average value 
of several measured reverberation times in 1/3-octave bands with center frequencies 
varied from 100 Hz to 10 kHz and extrapolated up to 20 kHz. At normal ambient condi- 
tions, the reverberation time was about 10 sec for the 100-Hz band and was reduced to 
0.6 sec for the 10-kHz band. The reverberation times at selected reduced ambient pres- 
sures  were also obtained; it was found that the reverberation was independent of chamber 
pressure. 

EXPERIMENTAL PROCEDURES 

The primary experimental variable in this study was the length of the flap If 
defined as the extent of the flap section after the 45O bend (fig. 1). In the total acoustic 
power and power spectrum measurements, jet exit Mach number was  varied from 0.3 
to 0.95 and four values of If/d (0.75, 3.75, 12.75, and 24.0) were  used in attempting to 
separate the effects of trailing-edge flow, wal l  jet flow, and impinging flow on noise gen- 
eration. In the directivity and sound pressure spectrum measurements, two jet exit 
Mach numbers, 0.49 and 0.84, were used with the flap length held constant at Zf/d = 3.75. 
The distance between the nozzle exit and the flap surface measured along the axis of the 
jet was chosen at x/d = 5.75 so that the impinging region was just downstream of the 
potential core of the free jet. The nozzle axis was made parallel to the wing-flap surface 
at y/d = 2.0. 

Reverberation Room Measurements 

Acoustic measurements in the reverberation room were made with three spatial 
microphones about 4.6 m (15 ft) away from the wal l  and about 2.4 m (8 f t )  above the 
removable floor grating. The three microphones were calibrated with a sound-level cal- 
ibrator at frequent intervals. After closing the doors and sealing the ports and openings, 
the pressure in the cylinder was reduced to the predetermined value. The quick-release 
valve was then opened to induce flow through the nozzle to form a jet. The sound pres- 
sure  levels from the three microphones were averaged electronically, and 1/3-octave- 
band spectra were obtained on-line with a microphone amplifier, a 1/3-octave filter set, 
and a graphic level recorder. A block diagram of the instrumentation is shown in fig- 
ure  3. The frequency range of the analysis was  from 100 Hz to 20 kHz. The average of 
the data from the three microphones was used to compute the acoustic power. However, 
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it should be noted that the SPL measurements at three spatial locations differed only 
by about 1 dB from one another. The average value of SPL at each 1/3-octave band and 
the experimentally determined reverberation time were  used in Sabine's formula to com- 
pute the spectral distribution of sound power. 

Free-Field Measurements 

The directivity of the radiated noise of the simulated externally blown flap was 
measured in the Langley anechoic noise facility. The geometry of the configuration is 
symmetrical about only the plane which passes through the jet axis and is perpendicular 
to the flap surface. Consequently, the directivity was determined from sound measure- 
ments taken at a large number of locations distributed over a hemisphere enclosing 
the source. A single 1.3-cm (0.5-in.) free-field microphone system was used. The 
microphone was  mounted on a 3.1-m-radius (10-ft) boom which could be rotated in two 
degrees of freedom from the control room. Figure 4 is a photograph showing the exper- 
imental model and the microphone boom installed in the anechoic chamber. The micro- 
phone was calibrated with a sound-level calibrator. For each test, the stagnation pres- 
sure  in the nozzle settling chamber was  stabilized at the predetermined value. Acoustic 
data from the microphone were analyzed on-line with a real-time analyzer to obtain 
1/3-octave sound pressure spectra from 100 Hz to 40 kHz. The data also were recorded 
on magnetic tape for  further analysis and verification. (See fig. 3 for the block diagram 
of data acquisition and reduction.) The position of the microphone w a s  changed by remote 
control on the semispherical surface enclosing the blown-flap configuration with the ten- 

te r  of jet exit as origin. The coordinate system for presenting the data is shown in fig- 
ure 5. This procedure was repeated for several jet velocities and flap lengths. 

RESULTS AND DISCUSSION 

The results are presented in the form of total acoustic power, power spectra, over- 
all sound directivity, and sound pressure level spectra; they are discussed in two cate- 
gories, (1) jet mixing noise and (2) blown-flap noise. In addition to establishing the basic 
noise characteristics of jet mixing, the results for jet mixing noise are helpful in evalu- 
ating the credibility of the acoustic measurements made in the reverberant and free-field 
environments. Results for blown-flap noise indicate the effect of jet Mach number and 
flap length on radiated noise and the relative importance of flow impingement and trailing- 
edge noise. 

Jet Mixing Noise 

The total acoustic power and power spectra of jet mixing noise for a 5.1-cm- 
diameter (2-in.) circular jet were measured in a reverberant chamber over a range of 
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subsonic Mach numbers. A variation of total radiated acoustic power with jet Mach num- 
ber  is presented in figure 6. These results a r e  compared with earlier free-field meas- 
urements made outdoors by the second author using a similar nozzle at the Langley 
Research Center and with the experimental data obtained by Gruschka and Schrecker 
(ref. 6) in a reverberant environment. The total radiated acoustic power depends on the 
eighth power of jet exit velocity and compares well with the data of reference 6. Whereas 
the total acoustic power computed from the outdoor free-field measurements varies as 
the eighth power of jet exit velocity, the absolute values a re  about 5 dB lower than the 
reverberation room measurements. It is suspected that this apparent discrepancy is due 
to the difference in the two measurement environments and in the procedures used to com- 
pute the total power from free-field measurements. Figure 7 shows the variation of 
sound pressure level spectra with angle from the forward axis of the jet, and the varia- 
tion of acoustic power spectra for jet Mach number of 0.85. As expected for jet noise, 
the peak frequency in the sound pressure level spectra increases as this angle decreases. 
The power spectral peak is at about 1 kHz, which corresponds to a Strouhal number of 
about 0.19. These results indicate that the facilities (reverberation chamber and anechoic 
room) are  free from upstream effects and other undesirable noise sources. 

Blown-Flap Noise 

Acoustic power ~- and power spectra.- The radiated acoustic power, measured in the 
reverberant environment, of the jet alone and of the blown-flap configuration for four 
flap lengths is shown in figure 8 over a range of subsonic jet Mach numbers. The geo- 
metrical impingement location (defined as the point of intersection of the jet axis and the 
wing-flap surface) is slightly downstream of the potential core of the free jet (without the 
presence of wing-flap). The "impingement-only noise" for circular jet impingement on 
a large flat board normal to the jet axis (taken from ref. 2) is also included in this figure. 
The impingement-only noise is defined as the difference between the radiated noise of a 
jet impinging on a large flat board and the noise of the free jet (without the rigid surface). 
The nozzle diameter and impingement distance in reference 2 are 5.2 cm (2.05 in.) and 
37 cm (14.45 in.), respectively. 

The radiated acoustic power dependence of the blown-flap configuration on jet Mach 
number varies with different flap lengths; as the flap length decreases, the exponent of 
the velocity decreases (fig. 8). For lf/d = 12.75 and 24, the jet velocity dependence and 
the total acoustic power a re  the same; they vary as Vj8, similar to jet mixing noise. 
However, the total acoustic power is increased by about 5 dB over the free jet mixing 
noise. Strong et al. (ref. 7) and Westley et al. (ref. 8) have shown that jet impingement 
on a rigid surface produces intense surface pressure fluctuations within the stagnation 
region. For a long flap, edge noise does not contribute significantly to the total noise, 
since the flow velocity leaving the trailing edge is small. T h e  observed Vj8 dependence 
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of the total radiated power for the long flap implies that the dipole radiation from surface 
pressure fluctuations is quite ineffective for jet impingement in spite of the induced high 
pressure fluctuations. The experimental observation of the total radiated acoustic 
power variation with jet velocity for long flaps from this study and the impingement-only 
noise reported in reference 2 seem to confirm the theoretical findings on the dominant 
noise source mechanism reported by Curle (ref. 9), Phillips (ref. lo), Powell (refs. 11 
and 12), and Meecham (ref. 13). When the curvature of the surface is small and the 
extent of the flap surface is large in comparison with the dominant wavelength of radi- 
ated sound, the main source mechanism is of quadrupole nature (because of the fluctu- 
ating Reynolds stresses) as evidenced by the observed Vj8 trend. 

In figure 8, the acoustic power increases as the flap length decreases at low jet 
Mach numbers and follows Vj5 and Vj4 for the short flaps. As the jet Mach number 
increases, the difference in the total acoustic power of the different flap lengths decreases, 
and the acoustic power converges to nearly the same level near the sonic velocity of the 
jet. The change in the exponent of the jet exit velocity indicates that the possible noise- 
generation mechanisms have changed in character because of the presence of the trailing 
edge in the flow. Ffowcs Williams and Hall (ref. 14) derived the fifth-power velocity 
dependence of the total radiated acoustic power for an idealized quadrupole source in the 
vicinity of the scattering edge of a semi-infinite rigid surface. Hayden (ref. 15) obtained 
sixth-power velocity dependence for the total radiated sound by assuming a line dipole 
source near the trailing edge. These theoretical predictions appear to be relevant to the 
sound field observed for the flap length 2 d - 3.75. Since the observed total acoustic 
power for Zf/d = 3.75 depends on Vj5, it is believed that the noise mechanism in this 
case is closely related to the interaction between the flow turbulence and the trailing 
edge. It is not possible, however, to determine from the present experimental investi- 
gations whether the observed Vj5 dependence is a local phenomenon, as postulated in 
references 14 and 15, o r  a global phenomenum involving the entire impinging flow field. 

ghat  is more interesting is the observed Vj4 dependence for a very short flap 
(If/d = 0.75) which indicates the existence of a monopole-type source. The possibility of 
sound radiation from flap vibration caused by the impinging flow was ruled out because 
of the massiveness of the flap model. Theoretical developments considering the possible 
existence of a monopole noise source in flow interacting with a rigid surface are not avail- 
able. The physical origin of this type of noise-generation mechanism is not clear at this 
time. However, the Vj4 dependence for the short flap could be a possible guideline for 
future analytical work. The postulation of a source mechanism model should take into 
consideration the transition of the source from quadrupole to monopole as the flap length 
of the externally blown flap is reduced. 

f /  - 
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The power spectra for three flap lengths (Zf/d = 12.75, 3.75, and 0.75) a r e  com- 
pared in figure 9 for jet Mach numbers of 0.42 and 0.83. Since the noise characteristics 
for Zf/d = 24 are the same as those for Zf/d = 12.75, only the results for Zf/d = 12.75 
are considered in the remaining discussions of this report. 

The experimentally obtained 1/3-octave-band power spectra were divided by indi- 
vidual bandwidth to yield the power spectra given in figure 9(a) for Mj  = 0.42. Since 
the total acoustic power for the different flap lengths varied very little at higher jet Mach 
numbers, the power spectral data are normalized, so that the spectral distribution of 
the radiated sound may be delineated for different flap lengths. The normalization is 
carried out by dividing the power spectrum by the total power given in  figure 9(b) for 
Mj = 0.83. In both figures either the power spectrum or the normalized power spectrum 
of the jet mixing noise is given for comparisons. 

At the low jet Mach number of 0.42 (fig. 9(a)), the power spectra obtained at differ- 
ent flap lengths indicate that the noise radiation from the blown flap is mainly broadband. 
The increase in noise radiation, as a result of the introduction of the wing-flap into the 
jet flow, occurs primarily in the low to intermediate frequencies for the short flaps. For 
the long flap, this increase is relatively small. At high frequencies, above 4 kHz, the 
increase in noise radiation is also small and the spectral variation is similar to that 
of jet mixing noise for all test flap lengths. For Zf/d = 0.75 and 3.75, the power spec- 
trum is characterized by a single peak; for  Zf/d = 12.75, however, double peaks are noted 
in the power spectrum. The lower peak occurs at a very low frequency, around 125 Hz, 
whereas the second, higher peak nearly coincides with the peak for jet mixing noise. 
Attempts were made to scale the power spectra by using the flap length and jet exit veloc- 
ity as scaling parameters, but the data failed to collapse into a single curve. The spec- 
tral peak frequency 
The nondimensionalized spectral peak frequencies f&/Vj were 0.64, 0.60, and 0.2 1 
for Zf/d = 0.75, 3.75, and 12.75, respectively. 

fp varied with the flap length, but no consistent trend existed. 

At the high jet Mach number of 0.83 (fig. 9(b)), the shapes of the power spectra 
above 2 kHz for the three flap lengths a r e  grossly similar to each other and are all simi- 
lar to the spectrum for jet mixing noise. Below 2 kHz, variation exists among the power 
spectra for different flap lengths, and this variation becomes more noticeable at lower 
frequencies. 
and occur at fpd/Vj = 0.27. 

Zf/d = 3.75 is illustrated in figure 10. These results reveal that there is a gross simi- 
larity in power spectra. 
slopes of the spectra are 6 dB per octave in the low-frequency range and between -6 and 

The spectral peak frequencies for the three flap lengths are nearly the same 

The dependence of power spectrum on jet Mach number for a fixed flap length 

The spectral peak frequency is given by fpd/Vj = 0.15. The 
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-9 dB per octave in the high-frequency range. A substantial increase in low-frequency 
spectral contents occurs as the jet Mach number is reduced. 

Directivity pattern.- The directivity pattern of sound generated by the blown flap 
was determined for three flap lengths at jet Mach numbers of 0.49 and 0.84. These 
results were similar for a given flap length, except that the levels of OASPL at corre- 
sponding angular positions were higher at higher Mach numbers. Similar observations 
were also made by Dorsch, Krejsa, and Olsen (ref. 16) in their measurements of model 
blown-flap noise. In the discussion that follows, only the results for M = 0.84 are 
examined. 

The sound field for the blown-flap noise is symmetrical only about the plane perpen- 
dicular to the wing-flap surface, which is the X-Y plane in figure 5. 
radiation characteristics of the sound are presented as a function of 0 and @ defined 
in figure 5. Figure 11 illustrates the variation of OASPL with 6 for three flap lengths 
in the planes corresponding to .@ = 0 , 45O, and 90'. The OASPL variation in the plane 
perpendicular to the wing-flap surface and containing the jet axis (@ = 0') is given in 
figure ll(a). Note that for the short flaps, the noise radiation exhibits a lobed pattern 
symmetrical about 8 = 140°, which is approximately the mean direction of the flow 
leaving the trailing edge. The directional peak occurs in a direction nearly 30' to the 
flow direction at the trailing edge (110' and 170' from the inlet) as illustrated in fig- 
ure ll(a). For the long flap (Q/d = 12.75), however, the directivity is unsymmetrical, 
and the OASPL below the wing (flow side, 8 < 140') is higher than that above the wing 
(no-flow side, 8 > 140'). These results a r e  not surprising, because the large surface 
(dimensions larger than the typical wavelength of the radiated sound) reflects the sound 
energy and thus provides shielding effects on the no-flow side of the surface. 

Therefore, the 

0 

The variation of OASPL in the plane corresponding to C#I = 45' is illustrated in 
figure ll(b). For  Zf/d = 3.75, data were available only for 8 = 200° to 290'. The 
directivity pattern in this plane ($I = 45') is not symmetrical with respect to the flap 
surface, because neither the geometry nor the flow is symmetrical in this plane. Note 
that the OASPL for the short flap generally exceeds that for the long flap at corresponding 
8 locations. Moreover, the OASPL for the short flap is higher on the no-flow side 
(6 > 140°) than on the flow side (6 < 140'). 

to the wing surface and containing the jet axis (@ = 90'). The flow, the geometry, and 
thus the sound field a re  symmetrical about the jet axis in this plane; therefore, the radi- 
ated noise is measured only in one quadrant. The OASPL peaks at 6 = 180' (on the 
no-flow side of the flap) for the short flaps; for the long flap, the distribution appears 
to  be nearly uniform. A dip in OASPL is also noted near 0 = 110' for Zf/d = 0.75 
and 3.75. 

Figure l l ( c )  illustrates the directional distribution of OASPL in the plane parallel 
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Figure 12 illustrates the radiation characteristics of OASPL as a function of @ for 
three flap lengths in the planes corresponding to 6 = 90° (nozzle exit plane), 
and 0 = 160'. In the nozzle exit plane, the directional peak occurs at Cp = 0' (fig. 12(a)) 
directly below the wing (flow side). Also, the OASPL is not a minimum directly above 
the wing-flap (@ = 180') except for Zf/d = 12.75. The directivity in the plane correspond- 
ing to 0 = 130° (fig. 12(b)) indicates that the values of OASPL are of the same order of 
magnitude both below and above the wing-flap for the short flaps. For the long flap, the 
OASPL below the wing is higher than above the wing. In the plane corresponding to 
0 = 160° (fig. 12(c)), the variation of OASPL with Cp is nearly uniform for a given flap 
length. The level, however, increases as the flap length is decreased. 

8 = 130°, 

The observed directivity pattern of the blown-flap noise is the result of three phys- 
ical mechanisms: (1) the characteristics and location of the dominant source, (2) the 
acoustic refraction and scattering by the flow, and (3) the acoustic diffraction by the edges 
of the blown flap. The role that each mechanism plays in the observed directivity pattern 
is now examined, For the long flap, total power measurements indicate that the dominant 
source is the turbulent fluctuations due to flow impingement and the turbulent boundary 
layer on the flap surface. The interaction between turbulence and the trailing edge of the 
flap is only a secondary source. The dominant source is thus located on the flow side of 
the flap. The acoustic radiation observed on the no-flow side of the flap is the result of 
acoustic diffraction around the edges of the flap, Therefore, the OASPL should be con- 
siderably lower on the no-flow side than on the flow side. This is indeed the case. (See 
figs. ll(a), ll(b), 12(a), and 12(b).) For the short flaps, the total acoustic power varied 
with the fourth and fifth powers of jet velocity. From this observation, together with the 
existing theoretical analyses (refs. 14 and 15) on the possible mechanisms of blown-flap 
noise, it is reasonable to expect that the major noise source is the interaction between 
flow turbulence and flap trailing edge. If this is the case, the directivity pattern for the 
short flaps should be more or  less symmetrical to the plane containing the trailing edge. 
(See fig. ll(a).) The refraction of sound by the asymmetric shear and shear gradient in 
the trailing-edge flow may play a role in changing the symmetry of the directivity pattern 
somewhat. However, since the extent of the trailing-edge flow in the direction perpen- 
dicular to  the flap surface is small compared with the typical wavelength of radiated 
sound, the acoustic refraction by the flow is likely to be unimportant. Consequently, the 
observed directivity pattern for short flaps is governed mainly by the dominant source 
located around the flap trailing edge and by acoustic scattering of the sound generated by 
the flap surface. 

Sound pressure level spectra.- The dependence of the spectral distribution of radi- 
ated noise on angular position of measurement is studied by examining the sound pressure 
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spectra at selected points in the plane perpendicular to the wing-flap surface and con- 
taining the jet axis. For  the short flaps, the OASPL in this plane is nearly symmet- 
rical about the flap angle (0  = 140'). Thus the sound pressure spectra obtained at 
four locations, two on the flow side (6  = 90' and 120') and two on the no-flow side 
(e  = 170' and 23Q0), are examined in figure 13 as a function of flap length. The sound 
pressure spectra are normalized from l/J-o&ave-band SPL with respect to individual 
bandwidths and OASPL. The peak frequencies below the wing (flow side) are generally 
higher than those above the wing (no-flow side). Compare figure 13(a) with 13(d) and 
compare figure 13(b) with 13(c). The spectrum for the shortest flap (Zf/d = 0.75) in 
figure 13(a) indicates a possible screech at 2.5 kHz. In the high-frequency range, the 
spectra are similar for all flap lengths and fall off at a rate of 5 to 6 dB per octave. 
However, the radiated sound in the low-frequency range increases with flap length. A 
low-frequency hump around 200 Hz may also be noted for certain values of flap length at 
0 = 90°, 120°, and 230'. The spectral distribution of noise on the no-flow side of the 
wing (figs. 13(c) and 13(d)) indicates that for the long flap (Zf/d = 12.75), most acoustic' 
radiation is distributed below 300 Hz. For this flap length, noise is generated primarily 
by the turbulent flow over the wing-flap surface and is diffracted around the edges of the 
wing - f lap. 

CONCLUSIONS 

A simplified experimental model is used to investigate the acoustic characteristics 
and source mechanisms of an externally blown flap for STOL aircraft. The experimental 
results for total radiated acoustic power, directivity, sound power spectra, and sound 
pressure spectra are  presented. The test parameters a re  flap length and jet Mach num- 
ber. The following conclusiohs may be drawn from this investigation. 

The radiated acoustic power of a jet impinging on a long flap, for which the flow 
velocity leaving the flap trailing edge is small, depends on the jet velocity raised to the 
eighth power, similar to free jet mixing. However, the acoustic power is increased 
above the free jet mixing noise by about 5 dB, most of the increase being in the low- 
frequency range. The noise propagates primarily on the flow side of the flap a t  an angle 
nearly 30' to the flow direction at the trailing edge. It may be conjectured that the major 
source mechanism is the Reynolds fluctuating s t resses  si,milar to those in a free jet but 
modified by the presence of the surface. 

The acoustic power generated by the jet impinging on a short flap depends on 
the jet velocity raised to a power between four and five. A substantial part of the addi- 
tional noise is generated in the low to intermediate frequencies, and the peak frequency 
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decreases as the flap length is increased. The directivity pattern of noise for a short 
flap is nearly symmetrical with respect to the flap trailing edge. The dominant source 
mechanism appears to be the interaction between the flow turbulence and the flap trailing 
edge. 

Langley Research Center, 
Nationai Aeronautics and Space Administration, 

Hampton, Va., April 16, 1975. 
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APPENDIX 

THEORETICAL BACKGROUND 

Theoretical developments concerning blown-flap noise are rather limited in extent. 
The available theories relevant to  blown-flap noise are too sketchy to provide a full  under- 
standing of the mechanisms of noise generation and propagation. The theories of aero- 
dynamic noise related to the externally blown flap are reviewed herein. 

Curle (ref. 9) extended Lighthill's theory of aerodynamic noise and formulated a 
solution for the sound field generated by turbulent flow in the presence of solid boundaries. 
He showed that the effect of rigid boundary surfaces in the turbulent medium is equiv- 
alent to a distribution of dipoles, each representing the force with which a unit area of 
solid boundary acts upon the fluid. He derived the intensity of sound generated by quad- 
rupoles $ and dipoles Id to be 

a 2  

f(NRe) 
PoU, 

c 0 5 ~ 2  
h" 

where 

L length scale 

Reynolds number defined by Uo and L NRe 

f(NRe), g(NRe) functions of Reynolds number 

As is evident from these expressions, at low Mach numbers the dipoles are more effi- 
cient radiators of sound than the quadrupoles. However, this formulation is applicable 
only to  noise produced by bodies of small characteristic length compared with the wave- 
length of sound, such as a small airfoil in a turbulent airstream. 

Phillips (ref, 10) considered the radiation of sound generated by the turbulent bound- 
ary layer on infinite and semi-infinite flat plates. For a fully developed boundary layer 
on an infinite surface, where the turbulence is homogeneous in the planes parallel to the 
surface and the flow is incompressible, he showed that the dipole sound energy radiation 
per unit area is zero. Therefore, in these regions, the noise is generated primarily 
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APPENDIX - Continued 

from the volume distribution of the quadrupoles. However, when the turbulence is not 
homogeneous in the planes parallel to  the surface (such as near the leading and trailing 
edges and on curved surfaces), the dipole sound radiation is not zero. 

Powell (ref. 11) considered the noise generated by aerodynamic instabilities in the 
presence of a plane boundary. The image principle is developed to show that the pres- 
sures  exerted on a plane boundary are reflections of the quadrupole generators of the flow 
itself. For sound with large wavelengths, the quadrupole sound intensity is enhanced. 
Therefore, he argued that the surfaces have a purely passive role in noise generation and 
radiation. The plane in the turbulence enhances the sound intensity for the quadrupole 
generators close to the plane by a factor of 4 above the sound that would be radiated into 
the half-space in the hypothetical absence of the plane. Therefore, the dimensional 
dependence of the acoustic power should be similar to that of unbound volume distribution 
of aerodynamic stress sources. 

In reference 13, Meecham included the effect of curvature of a rigid boundary on 
aerodynamic sound generation. Using the image argument, he deduced the following 
expression: 

(Actual flow) - (Image flow) cc - (Image flow) (3 
where 6 is the boundary-layer thickness and rc is the radius of curvature. The ratio 
between the dipole surface sound Id and quadrupole volume sound is given by 

where Kd and % are constants and in general, the ratio of these constants is very 
small (of the order of 2 x Therefore, for an object with large radius of curvature 
compared with the boundary-layer thickness, the dipole sound is greatly reduced at high 
subsonic Mach numbers. Meecham argues that, even though the wavelength has to be 
taken into account, the influence of wavelength on reflection and diffraction does not 
appreciably change the total sound radiated for rigid surfaces. Therefore, he concludes 
that because of the enhancement of the quadrupole sound by the shear flow effects in the 
boundary layer and because of the effect of small curvature which further reduces the 
amount of the dipole sound by a factor of (6/rc)2, volume quadrupole sound is dominant 
over surface dipole sound for slightly curved smooth surfaces. 

Powell (ref. 12) investigated the radiated sound from a finite, rigid, flat plate mov- 
ing at zero incidence. He conjectured that there are three primary sources of sound gen- 
eration: (1) layer noise, (2) edge noise, and (3) wake noise. A layer noise (quadrupole 
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APPENDIX - Concluded 

noise) arises from the volume of turbulence adjacent to  the plate. Using the image argu- 
ment, he concluded that the pressure fluctuations between the fluid and the plate are 
ineffective in generating the acoustic energy to radiate. However, near the edges of the 
finite plate, the pressure dipole radiation may generate from str ips  adjacent to the edges. 
According to a dimensional analysis, this edge noise should depend on the sixth power of 
mean velocity. However, since the effective width of the strips along the edges increases 
with the distance from the leading edge and decreases with the flow velocity, the radiated 
acoustic power depends on the velocity raised to  between the fourth and fifth powers. 

Ffowcs Williams and Hall (ref. 14) studied the effect of fluctuating turbulent stresses 
near the scattering edge of a semi-infinite rigid plane. They considered the basic Lighthill 
equation for aerodynamic noise generation and propagation in the presence of a rigid half- 
plane and formulated an integral solution in terms of an appropriate Green function. For 
eddies near the edge (2kr << l), they obtained the far-field sound intensities in terms of 
(2kr)-3/2, (2kr)-lI2, and positive powers of (2kr), where k is the wave number and 
r is the distance from the center of the turbulence volume. Since 2kr C< 1, the terms 
containing (2kr)- 3/2 are  dominant. Considering only the dominant terms, the far- 
field sound intensity of quadrupole sources near the edge is given by 

k4poUo4 2 
~ , R ~ ( k r ) ~  

V2f ‘s= 

where 

Q ratio of fluctuating velocity to typical velocity 

V volume of eddies 

f dire ct ivit y function 

The frequency of the turbulence source is of the order of U0/26 and k = nuo/ c 6 , where 
26 is the extent of the turbulent region. Therefore, the scattered intensity increases in 
proportion to the fifth power of the typical fluid velocity. 

Hayden (ref. 15) studied the raaiated sound due to flow on a flat plate leaving the 
trailing edge. His  theoretical model consists of dipole sources generated at the trailing 
edge by imparting the fluctuating momentum to the unbounded free field, with preferred 
sources perpendicular to the plate. After modifying the solution to account for the bound- 
ary condition of zero normal velocity on the rigid surface, he derived a sixth-power veloc 
ity dependence for  the radiated sound intensity. The directivity is given as proportional 
to cos2 8, where 0 is defined in figure 5. 
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1 = 17.1 cm (6.75 in.) 
d = 5.1 cm (2 in.) 
r = 40.6 cm (16 in.) 
x = 29.2 cm (11.5 in.) 
y = 10.2 cm (4 in.) 

C 

Figure 1.- Schematic sketch of blown-flap model. 

Carbon steel dome 

T H O i S t  beam 

\ 

T H O i S t  beam 

Removable floor 

Quick-release valve 

Whirl table 

Figure 2.- Blowdown jet and reverberation chamber with experimental setup. Chamber 
volume, 2830 m3 (105 ft3). M1, M2, and M3 are microphones. 
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Figure 3.- Block diagram showing acoustic instrumentation. 
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Figure 4.- Experimental mudel in anechoic chamber. N + 
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Figure 5.- Sketch showing coordinate system used 
in directivity measurements. 
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Figure 6.- Total acoustic power variation with jet Mach number for free jet mixing. 
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Figure 7.- Spectral variation of jet mixing noise with angle from jet intake. 
Jet  alone; Mj = 0.85. 
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26 



a 
4 

U 

U 

cd 
0 

12.75 137.1 

n 3.75 137.8 
Q) 

0 0.75 139.8 

0 Jet alone 130.8 

k -30 
v 

2 
E" 
ZJ 
k 
U 
u -40 

4 
Ll 
W 

a 
2 -50 

E 

N 

cd 

k 

.r( 4 

- 60 
.1 .2 .5 1.0 2.0 5.0 10.0 20.0 

Frequency, kHz 

(b) 9 = 0.83. 

Figure 9.- Concluded. 

27 



h 

k 
a, 

a 5 
3 
4 

U 
0 

a, 
k u 
a 

$ z 
a 

c, 
c) 
a, a cn 
k 
a, 

a 5 
B 

i? 

N 

cd 

k 

.rl 4 

E 

-20 

-30 

-40 

- 50 

-60 

-7c 

r I I I I 1 I i 

'O\ ':\ \. 
1 I I 

.1 .2 .5 1.0 2.0 5.0 10.0 20.0 
I I I I 9 

Frequency, kHz 

Figure 10.- Power spectra variation with jet Mach number. Zf/d = 3.75. 

28 



h cu 
E 
z \ 

1 I I I 

0 .75 0.j7.a. 

A 0 12.75 3.75 n-*~-y.q*p 1 
go -1 - -1 1 1 1 1 I 
70 90 110 130 150 170 190 2f0 230 250 270 290 

0 ,  deg 
(a) r$ = 00. 

loo[ 

1 I I I i 

0 .75 

110 n 3.75 - 

100 

1 1 1 1 9oL ' I I ..- 1 -  _1 I 
70 90 110 130 150 170 190 210 230 250 270 290 

8 ,  deg 

(b) I#J = 45'. 

Figure 11.- Directivity pattern of OASPL for  various flap lengths as a function of 8. 

Mj = 0.84. 

29 



II I1 IIIIIII I l l 1  I I I  I I I 

Axis of symmetry 

120 

0 .75 

\ A 12.75 
110 

/ 
'\ '.-/ ,' 

\ / 
---/ / 

/ ----- 100 ---.e- 

90 
70 90 110 130 150 180 210 230 250 270 290 

I 

6 ,  deg 

(c) @ = goo. 

Figure 11.- Concluded. 

30 



100 l l r  

90 ' 
0 

\ 
\ 
0. 

I I I 1 I I 
20 40 60 80 100 120 140 160 180 

(a) e = goo. 

- 
n 3.75 

90 I -  
0 20 40 60 80 100 120 140 160 180 

$ 9  deg 
(b) 0 = 130'. 

Figure 12.- Directivity pattern of OASPL for various flap lengths as a function of @. 
Mj = 0.84. 

31 



n 3.75 
0 12.75 

120 I 

90 
0 20 40 60 80 100 120 140 160 180 

@> deg 

(c) 8 = 160'. 

Figure 12.- Concluded. 

32 



-30 

-40 

- 50 

- 60 

A 12.75 
-70 I 1 ,  I -I 

.1 .2 .5 1.0 

108.2 

I I I I 
2.0 5.0 10.0 20.0 50.0 

Frequency, kHz 

(a) e = goo. 

Figure 13.- Sound pressure level spectra. M = 0.84; + = 0'. 
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