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BLOWN FLAP NOISE PREDICTION

N. N. Reddy
Lockheed-Georgia Company

SUMMARY

Theoretical and experimental research on flow-surface interaction noise

with a particular emphasis on bl'own-flap noise prediction was reviewed. The

present NASA and other blown-flap noise prediction methods were evaluated by

comparing the predicted OASPL, directivity, and spectra with recently ob-

tained test data. Test data obtained by NASA-Lewis Research Center and the

Lockheed-Georgia Company were used to evaluate these prediction methods. After

evaluating the various available methods for their accuracy and adaptability

as a module in the NASA Aircraft Noise Prediction Program, a prediction method

was selected and a detailed step-by-step description of this method is

provided. From this description one-third octave band spectra at any given

location in the far field for under-the-wing and upper surface blown configu-

rations may be calculated. Additional research required to advance the state

of the art of blown flap noise and to improve the noise prediction method is

identified and discussed. A complete bibliography covering the theoretical

and experimental investigations is also presented.

INTRODUCTION

In the past few years a considerable amount of research and development

work has been conducted in the pursuit of a feasible integrated powered-lift

system for short-haul or short-takeoff and landing (STOL) aircraft. It is

anticipated that new near-city-center STOL ports would be in operation in the

near future; therefore, the environmental requirements are more stringent for

STOL operations than for conventional jet aircraft (CTOL). One of the

important environmental problems is the noise requirement. For example, two

goals were proposed for STOL aircraft noise criteria: (1) not exceeding 95



,EPNdB on a 152.^4 m (50 ft.) side line and (2) 90 EPNdB footprint area on the

ground is not to exceed one square mile. Whatever the final noise require-

ments, they w i l l be considerably less than the existing CTOL aircraft noise

'requirements. In order to evaluate the noise criteria and to provide

iguidelines for aircraft designers to assess the tradeoff between the noise

.'and performance of STOL aircraft, it is necessary to accurately predict the.

jnoi se levels.

During early developments of jet-powered STOL aircraft, several concepts

of integrated powered-lift systems were evaluated to achieve the required

aerodynamic and propulsive performance and to meet the established noise goal.

The following concepts of integrated powered-lift systems were considered:

(1) augmentor wing, (2) internally blown flap, (3) externally blown flap

(upper surface and lower surface blown flaps), and (k) a hybrid system which

is a combination of any two concepts. Some of these concepts are shown

schematically in figure 1. In order to evaluate the noise impact of these

integrated propulsion systems, several preliminary tests were conducted at

various NASA research centers and aircraft industries using simulated small-

scale static models (refs. 1 and 2). After several exploratory studies of

various concepts of powered-lift systems, the externally blown flap (EBF)

emerged as one of the leading candidates. In this concept, the jet exhaust

is directed towards the wing so that the flow w i l l be attached and turned

along the deflected flaps to increase the lift during takeoff and landing

operations. This flow deflection may be achieved by having the jet exhaust

either under the wing (UTW) or over the wing (OTW). The OTW is also known as

upper surface blowing (USB). Figures la and 1b illustrate these two configu-

rations. In the case of the UTW configuration (fig. 1a), the jet exhaust

is directed against deflected flaps making the flow deflect downward during

takeoff and landing operations. The additional lift is obtained through the

deflected jet and an increase in the circulation of the flap airfoil. The

noise sources associated with this configuration are the interaction of the

jet flow with the wing and flap surfaces (flap noise), the modified jet

mixing, and the aft radiated engine internal noise. The preliminary test

results (ref. 1) indicated that with an advanced quiet engine, the flap

noise is the predominant source contributing to the community noise.



The USB configuration (fig. 1b) consists of a jet exhaust located on the

upper surface of the wing. The jet flow follows the surface of the wing and

large-chord flap by means of the Coanda effect. This generates additional

lift due to the deflection of the jet flow and increase in wing/flap circula-

tion. It is known that the thin exhaust jet from high aspect ratio slot

nozzles can remain attached to surfaces having large turning angles. Small

aspect ratio nozzle jets usually require either large nozzle pitch angles

(canted towards the wing) or some mechanical devices to deflect the jet

towards the wing surface and form a thin jet sheet on the surface. Examples

of mechanical devices to aid the jet flow attachment are retractable

deflectors mounted on top of the engine nacelle and side plates on the wing

to provide a channel over the wing surface. The primary advantage of the USB

configuration over the UTW configuration is the effective shielding from the

community of the aft radiated engine internal noise and some of the jet mixing

and jet-surface interaction noise that is generated upstream of the trailing

edge by the wing and flap surfaces. Therefore, the flow-surface interaction

noise generated in the vicinity of the trailing edge (flap noise) is a

dominant source for the USB configuration.

Noise Sources

Based on the experimental and analytical studies, it may be hypothesized

that the blown-flap related noise can be attributed to five source mechanisms

which differ in their geometric location, fundamental aerodynamic noise

source mechanism (monopole, dipole, or quadrupole) and/or in their propaga-

tion characteristics.

(l) Flow Mixing Noise. When the jet flow mixes with the ambient air,

the unsteady phenomena that causes the radiated noise is the turbulence

generated by the mixing process. The noise intensity, spectra, and direc-

tivity depend on the turbulence strength, the space-time scales of the local

fluctuations, and the degree of inhomogeneity of the medium in the vicinity

of local flow. The flow mixing noise is generated by jet mixing just down-

stream of the nozzle exit, wall-jet mixing, and trailing edge wake.



(2) Impingement Noise. Jet exhaust impingement on the wing flap/surfaces

generates fluctuating pressures on the surface. The instabilities in the flow

due to the flow impingement generates a quadrupole type of noise as discussed

in reference 3- This noise source is very important in the case of the UTW

configurat ion.

(3) Flow/Edge Interaction Noise. Experimental and analytical studies

indicate that the turbulent flow encountering the wing/flap leading edges and

trailing edges either generates additional noise or enhances the noise gener-

ated by the turbulent flow. The basic generating mechanism is not clear at

the.present time. For example, Hayden (ref. 4) postulates that the turbulence

encountering the edge either accelerates or decelerates (depending on the

situation) thus generating a dipole type of noise. Ffowcs Williams and Hall

(ref. 5) analyzed the effect of the edge near the quadrupole source and

concluded that the efficiency of quadrupole noise near the edge is much

higher than without the edge.

(k) Wall Jet Boundary Layer. As the jet flow is deflected by the wing

and flap surfaces, a wall jet w i l l be formed. The inner layer w i l l have a

high mean shear and can produce a high turbulence level. The noise generated

here, associated with the induced fluctuating pressures on the surface, is

dipole noise.

(5) Aeroacoustic Resonances. If a periodic turbulence is produced in

the jet, a feedback loop between the nozzle exit and the impingement point

or the flap trailing edge could be established. This would result in an

aeroacoustic resonance that can produce discrete frequency tones.



SYMBOLS

Aj nozzle exit area

AI, A2 constants

a ambient speed of sound

c total chord length of wing and flaps

cw, cj chord lengths of wing and it^1 flaps, respectively

CM chord length of last (ntn) flap

D hydraulic diameter of the nozzle

fj fluctuating force on the surface

f« one-third octave band center frequency corresponding to the
Kth band

G Green's function

hw, hf distance of the vortex trajectory from the wing surface
and ith flap surface, respectively

ht distance between the vortex trajectory and the wing trailing edge

ht. distance between the vortex trajectory and the trailing edge
1 of the ith flap

h^. distance between the vortex trajectory and the leading edge of
' the ith flap

h£ distance between the vortex trajectory and the wing leading edge

1^, Kj amplitude function for fluctuating lift noise of wing and itn

flap, respectively

L| longitudinal distance of impingement point

LTE distance between the trailing edge and nozzle exit

M jet Mach number relative to the ambient speed of sound

Mc convection Mach number

M| impingement Mach number

MM jet Mach number relative to the speed of sound in the jet



Mj Mach number at the trailing edge

N number of flaps for UtW slotted flaps

2
PL one-third octave band acoustic mean-square pressure at

fluctuati ng 1 ift

2
PQAL overall acoustic mean-square pressure of fluctuating lift
2

POAQ overall acoustic mean-square of quadrupole noise

2
PQAT overall acoustic mean-square pressure of trailing edge noise
2
PQ one-third octave band acoustic mean-square pressure of

quadrupole noise source
r\

pref mean-square acoustic reference pressure

2
Pj . one-third octave band acoustic mean square pressure of

tra i1i ng edge

R fai—field radius distance between the source and observer

SK Strouhal number corresponding to the one-third octave band
center frequency, f«

TJJ stress tensor in the turbulence fluid

Va velocity of the aircraft

V| impingement velocity

Vj jet exhaust velocity

Vn' fluctuating displacement of volume

VR| ratio of impingement velocity to jet velocity

VRj ratio of trailing edge velocity to jet velocity

VjE flow velocity at the trailing edge

Xj, yj coordinates of the itn flap leading edge

XN> yjg coordinates of the last (N^h) flap leading edge

xt, yt coordinates of the flap trailing edge

xw> vw coordinates of the wing leading edge

w wall jet width at the trailing edge



aw, aj polar angles relative to the upstream direction along the
wing chord and i th flap chord, respectively

6 wall jet thickness at the trailing edge

6f flap angle (<$W + <$N)

6j itn flap deflection relative to the wing

<5j jet flow angle with respect to jet axis

$N flap angle of the last flap with respect to the wing

Sr nozzle roof angle (deflector angle or cant angle) with respect
to the nozzle axis

6W wing deflection relative to the jet axis

9 polar angle relative to the upstream direction of jet axis

p ambient density of air

p1 fluctuating air density in the far-field

<j> azimuthal angle

THEORETICAL BACKGROUND

Ligh t h i l l (ref. 6) in his pioneering work in 1952, presented the acoustic

analogy of jet noise. In 1955, Curie (ref. 7) extended Lighthill's aerodynamic

noise theory to include solid boundaries. In reference 7, it was shown that

the effect of rigid surfaces in the turbulent medium is equivalent to a dis-

tribution of dipoles representing the force with which a unit area of solid

boundary acts upon the fluid. For a stationary solid surface the fluctuating

density in the far field is given by:

T1 <v. t~) dy -~~ — (y. t-) ds(y). 0)R a

The reflection and diffraction effects of solid boundaries are incorporated

in the forcing function f;. It was pointed out in this analysis that for

solid boundaries with a linear dimension smaller than the sound wave length,



the second term, representing the dipole source, w i l l dominate. Thus, in

many blown flap investigations following this analysis, the dipole source

was assumed to be the dominant source.

Phi l l i p s (ref. 8) in 1956 extended this concept of dipole source to

calculate the noise from Aeolean tones. Sharland (ref. 9) in 196*» analyzed

the broadband noise from a small plate in a turbulent flow and extended the

theory to predict the noise from the axial flow fans. Doak (ref. 10) in

1960 formulated the solution for the noise from a turbulent flow in the

presence of a rigid surface. In this formulation, Green's function was

selected to satisfy the boundary condition so that the normal derivative

vanishes on the surface. Considering the complimentary part of the solution

to the wave equation as zero, Doak has shown that the expression for fluc-

tuating density in the far field is essentially the same as derived by Curie

(eq. 1).

Powell (ref. 11) in 1960 considered the noise generated by aerodynamic

instabilities of the boundary layer on an infinite plane surface. Using the

image principle, he showed that the pressures exerted on a plane boundary are

reflections of the quadrupole generators of the flow. Thus, it was argued

that the surfaces have a purely passive role in noise generation and radia-

tion. In reference 12, Powell investigated the radiated sound from a finite

flat plate moving at zero incidence and conjectured that in addition to the

reflected quadrupole noise from the turbulent volume of the boundary layer,

the dipole noise, generated from the strips adjacent to the edges of the plate

also radiate. According to the dimensional analysis, this edge noise should

depend on the sixth power of mean velocity. Since the effective width of the

strips along the edges increases with the increase in distance from the lead-

ing edge and decreases with the increase in flow velocity, it was argued that

the radiated acoustic power depends on the velocity raised to a power between

four and five.

Meecham (ref. 13) in 1965, extended Powell's analysis to include the

effect of curvature of the rigid surfaces on noise generation. It was shown

that the importance of the dipole source relative to the quadrupole depends



on the ratio of boundary layer thickness to the radius of curvature of the

surface. In particular, if the radius of curvature is small compared to the

boundary layer thickness, the dipole sound source could be important.

Hayden (ref. 14) in 19&9 measured the velocity dependence, the

directivity, the spectral distribution of the radiated sound of a wall jet

on a finite plate. These results indicated that the dominant noise source is

the dipole distribution along the trailing edge of the plate. Therefore,

Hayden extended Powell's theory of edge noise (ref. 12) to calculate the wall-

jet noise.

Ffowcs Williams and Hall (;«f. 5) in 1970 developed a theory for the

radiated sound field of a quadrupole source located near the trailing edge.

From the basic Lighthill equation, an integral solution was formulated in

terms of an appropriate Green's function. It was shown that for eddies near

the edge, the far-field sound intensities of a quadrupole source can increase

considerably as compared to the free quadrupole sources. The velocity expo-

nent of the radiated sound intensity also changes from a typical value of 8

for a free quadrupole to a value of 5 for the quadrupole near the edge.

Chandiramani (ref. 15) in 197̂  considered evanescent waves convecting

past the trailing edge and their effect on radiated noise. Chase (ref. 16)

in 1972, considered Ribner's fluid dilatation theory of aerodynamic sound

and used the readily measurable pressure fluctuations as input in Lighthill's

acoustic analogy. These two theories essentially consider that the distur-

bances generated in the flow convecting past the trailing edge must adjust

themselves to the sudden change in environment. During the process of

adjustment, pressure waves are released giving rise to acoustic radiation.

Goldstein (ref. 17) derived a generalized equation for sound generated

by turbulent flow in the presence of solid boundaries. He considered the

general integral solution of Lighthill's equation with solid boundaries and

derived the fundamental equation governing the generation of sound in the

presence of solid boundaries as,
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i r r a2r 1I o G _ j- . . 1
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where TJJ is the stress tensor

f; is the applied force

G is the Green's function satisfying the boundary conditions.

The first term represents the generation of sound by volume quadrupole

sources, the second term represents the sound generated due to the force

exerted on the surface by the fluid, and the last term represents the sound

generated due to the volume displacement effects of the surface.

Tarn and Reddy (ref. 18) recently argued that for the case of flow on

one side of the rigid surface (similar to the blown flap), the velocity

gradient just downstream of the trailing edge is very large. This velocity

gradient of the sheared flow is associated with an intensified turbulence

generation. Since it is known that noise is a result of turbulence genera-

tion, a theory is developed for the radiated sound from a two-dimensional

shear layer of subsonic velocities typical of a blown flap configuration.

It is hypothesized that the sound intensity in any direction and frequency

is a function of typical velocity, V; the shear layer thickness, 5; flow

Mach number, M; eddy convection velocity Vc; transverse velocity gradient;

and the turbulence properties such as scale of anisotropy, longitudinal decay

rate of spatial correlation function, and the lateral spatial correlation.

These theoretical developments have been helpful in understanding the

various noise source mechanisms of blown flaps. However, the theories are

not advanced enough to apply directly in flap noise prediction. Therefore,

it is necessary to depend on experimental results in order to develop a

reasonably accurate prediction method. In the following section the experi-

mental investigations that are available in the open literature are discussed.

10



EXPERIMENTAL INVESTIGATIONS

Most of the jet-powered STOL aircraft noise tests conducted prior to

1970 were related to the near-field noise pertinent to the acoustic loading

on the wing and flap surfaces. However, some basic flow/surface interaction

noise studies applicable to compressor rotors, fans, and helicopter blades

were reported in the literature. These results were helpful in providing

guidance for the early blown-flap noise studies.

One early experimental study pertinent to blown-flap noise was conducted

by Maglieri and Hubbard (ref. 19) in 1958'. The primary purpose of these

tests was to study the effect on noise characteristics of deflecting the jet

flow by wing and flap surfaces. It was found that the directivity and

spectra of the radiated sound of the jet were influenced by the presence of

the wing and flap. This is illustrated in figure 2, where the spectra are

compared for different flap lengths. The following observations were made:

(1) The radiated sound of the jet flow was increased for moderate flap

lengths. (2) For very long flaps (&/h >20), the high frequency jet noise

was reduced in the direction opposite to the flow side of the flap due to an

effective wing/flap shielding. (3) The frequency of the peak sound pressure

levels was decreased as the flap length is increased. Thus, it may be con-

cluded that substantial noise was generated by the interaction of jet flow

with the wing and flap surfaces. The directivity and spectral characteristics

of the jet with the rigid surface is different from that of the jet alone.

In 1970, Hayden (ref. 4) investigated experimentally the noise charac-

teristics of a wall jet flow on a finite length rigid surface. The

experimental configuration consisted of a jet from a rectangular nozzle

discharging tangentially on a flat plate forming a wall-jet on a finite length

plate. The wall jet was divided into three different flow regions depending

on the flow properties: (1) the potential core region, (2) the characteristic

decay region, and (3) the radial decay region. It was found from these

experiments that the characteristics of the radiated sound field depend on

the location of the tr a i l i n g edge with respect to the jet flow regions. The

nondimensional spectra of the radiated sound of a wall-jet are compared in

11



figure 3 for the trailing edge in the radial decay region. The spectrum shape

jis broader for the trailing edge in the radial decay region than those of the

trailing edge in the potential core and in the characteristic region. An

empirical method was also developed in this reference to calculate the radiated

noise of a jet flow over a flat plate for all three locations of the trailing

edge. In a practical case of blown flaps where the jet is inclined to the wing

surface and the flap is curved to deflect the flow, the trailing edge may be

assumed to be in the radial decay region of the wall-jet. Therefore, the

noise levels are calculated for the trailing edge in the radial decay region

and compared with USB noise data in the next section.

Grosche (ref. 20) conducted extensive experimental investigations of the

jet flow from slot nozzles over flat plates. The plate length, plate position

with respect to the jet centerline, and jet exit velocity were varied. The

primary observations of these experimental results were: (1) Additional noise

was generated by the jet flow interacting with the surface as indicated in

figure k, (2) the noise generated by the flow surface interaction was increased

as the plate length and the distance between the plate and jet reduced, (3) the

noise intensity was increased approximately as the jet exit velocity raised to

the power 6. Using the acoustic mirror technique, the noise source strength

distribution along the longitudinal axis was also determined. The distribution

of noise source strength is illustrated in figure 5 by showing the variation

with longitudinal distance of the OASPL and the SPL at three octave bands with

center frequencies of 4, 8, and 16 KHz. From these experimental observations,

it was conjectured that the dominant noise source of the jet flap configura-

tion was the acoustic dipole produced by the turbulent fluctuating pressures

distributed along the trailing edge.

The other experimental investigations that are related to basic under-

standing of the noise generating mechanisms included the mean and turbulent

flow measurements, near- and far-field noise measurements, and the

correlations between the turbulence structure and the radiated sound field.

For example, Reddy and Yu (ref. 21) have measured the spectral and spatial

distribution of the radiated sound of a simplified external blown flap

configuration with different flap lengths. Foss and Kleis (ref. 22) have

12



measured the vorticity and the radiated sound field of a jet impinging on a

ridig surface and have developed an expression relating the sound to the

vorticity. Olsen, Miles, and Dorsch (ref. 3) have measured the correlations

of the near-field pressures, fluctuating velocities in the flow, and surface

fluctuating pressures with the radiated acoustic pressures to delineate and

rank the various noise mechanisms.

In addition to the fundamental studies discussed above, various aircraft

companies and NASA research centers have conducted extensive blown-flap noise

tests during the last few years. These tests were in response to the

established need for a jet-powered short-haul aircraft and were therefore

primarily configuration oriented. Simulated models of various sizes were

tested in outdoor test facilities, anechoic irooms, wind tunnels, and open-jet

facilities. The reports and technical papers containing the results of these

studies are summarized in table 1. These data were utilized in the develop-

ment of quiet integrated propulsion system and powered-lift noise prediction

schemes. The following paragraphs contain the discussion of these tests.

UTW Configuration

Tests were conducted to study the effect of various geometric and

operational variables on the noise characteristics (e.g. refs. 1, 28, and 29).

The spatial and spectral distributions of the noise were measured to establish

the general trends and effects of the variables. In most of the tests,

unheated compressed air was used for the jet flow. The nozzle shapes tested

were simple conical with simulated mixed flow, velocity decayer type which

include the multi-tube and multi-lobe and the ejector type. Generally, it

was found that the velocity decayer nozzles are the quietest, due to reduced

impingement velocity.

The wing and flap systems studied consisted of slotless flaps, two-flap

(two slots) configurations and three-flap (three slots) configurations. Slot-

less flaps were tested primarily to study the effect of slots on noise. The

two-flap and three-flap configurations were designed to provide good low-speed

13
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~vt î . " -*f
l- — -V O

— 3 . vo

u

S 5
4) U

E4-1 a
01 -a

c c
O —

3 4)

— -0 -

J w 4>

«"«

U

l_ 4) 4J

|? =
3 t_ ra
O lJ- U-

c

I

in
r-^-^.

o

S^P-J î
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performance. The flap angles were varied in all these tests to cover the

range of cruise, takeoff, and landing conditions.

Vertical and longitudinal positions of the nozzle exit, with respect to

the wing and flap system, were varied. The nozzle pressure ratios were varied

to cover the operating range. Since takeoff and landing modes are critical

from the noise point of view, low jet velocities are more important and there-

fore most of the tests were conducted at low nozzle pressure ratios. In many

of these tests the velocity profiles, the flow turning efficiency, and the

lift and drag measurements were also made.

Flight effects were investigated by conducting tests in wind tunnels

and free-jet facilities. Large-scale models were tested in the NASA-Ames

40' x80' wind tunnel and in the Lockheed-Georgia low-speed tunnel (refs. 29

and 30). Small-scale models were tested in the NASA-Lewis outdoor free-jet

facility (ref. 31) and United Technologies Research Center (UTRC) anechoic

free-jet facility (ref. 32). In addition to the acoustic measurements, the

aerodynamic characteristics were also measured in these tests. These results

were utilized in developing the noise prediction method for the UTW

configuration.

Noise reduction techniques for blown-flaps were evaluated by testing the

static small scale models with modified flaps (porous flaps, sawtooth trailing

edge, etc.) and secondary blowing at the trailing edge. In order to optimize

the noise reduction with performance, systematic tests were conducted at

Lockheed-Georgia (ref. 30) using a nominal 1/5-scale model with two- and

three-flap configurations in the outdoor static test facility. A nominal

1/10-scale model with one- and three-flap Configurations was tested in the

wind tunnel. These results were used in estimating the flap noise of a full-

scale aircraft in flight assuming the models are geometrically similar to the

full-scale aircraft.

In addition to these simulated blown-flap model tests, the acoustic data

were also obtained with full-scale model static tests (ref. 33). The exhaust

jet supply for these tests was from a noise suppressed TF-3^ engine with 6:1
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bypass ratio. Configurations tested with this engine were a three-flap con-

figuration with a variety of coannular, decayer, and mixer-decayer nozzles and

two different flap lengths. These data include all full-scale effects that

might be associated with viscous mixing phenomena of the exhaust jet. They

also contain the compress!bi1ity, turbulence, and refraction effects that

might be caused by a hot-core jet containing engine combustion products.

USB Configuration

In 1972, preliminary tests were conducted at NASA-Lewis Research Center

to explore the possible use of the USB configuration for STOL operations (ref.

3*0- These in i t i a l exploratory tests were conducted using small-scale models

with slotted flaps. It was found that the unslotted flap configuration would

have better low-speed performance (takeoff and landing) and low-noise charac-

teristics. Therefore, all subsequent tests were conducted using unslotted

flaps.

An extensive test program was conducted to evaluate the effect of various

geometric and operational parameters on noise characteristics (see ref. 1).

Figure 6 illustrates the community noise levels for USB and UTW configurations.

From this figure it is obvious that the USB configuration is quieter than the

UTW configuration for a typical STOL aircraft. Since the preliminary tests

indicated that the nozzle shape was important, the following nozzle shapes

were tested: Rectangular with different aspect ratios, D-shaped, elliptical,

circular, and variable geometry for which the side walls can be opened. In

some cases the jet flow was deflected towards the wing surface by either using

an external deflector vane or canting the nozzle towards the wing. The effect

of external deflector on noise characteristics has been extensively investi-

gated at NASA-Lewis Research Center (e.g. see ref. 28). The effect of the

flow deflector on one-third octave band spectra is shown in figure 7- It may

be seen that the deflector generates substantial noise, but because of the

shielding effect, this noise was reduced in the direction below the wing when

the wing and flap are introduced. The flap angles were varied to cover the

range of cruise, takeoff and landing operations. Larger flap angles (larger
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flow turning angles) require thinner jets in order to have an attached flow.

Therefore, the flap angle and the nozzle shape are interrelated to some extent.

Vertical and longitudinal positions of the nozzle exit with respect to the wing

were also varied. The nozzle pressure ratio was varied to cover the range of

operations. It was found that the flap radius of curvature, nozzle shape, flap

length, and flap angle should be together optimized to provide the maximum

low-speed performance and the low noise configuration.

Lockheed conducted an extensive test program on USB configurations during

the development of quiet short-haul aircraft (ref. 35). A hybrid system con-

sisting of a jet flap (blowing at the trailing edge) and a jet exhaust on the

upper surface of the wing as shown in figure 1c was also tested. The data

were analyzed to estimate the full-scale aircraft noise levels. Recently

(during 197^-76), Lockheed conducted a systematic test program to study the

noise characteristics of USB configurations (ref. 36). The effects of various

geometric and operational parameters on the flap noise were investigated using

small-scale models under static conditions in the anechoic room. Conical

nozzle, rectangular nozzle with different aspect ratios, D-shaped nozzle,

elliptical nozzle, and variable geometry nozzles were used in these tests.

Flap length, flap angle, and nozzle pressure ratio were also varied. All

these parameters were varied systematically to study the individual parametric

effects separately. The velocity profiles, flow spreading characteristics,

flow turning capabilities, the low-speed performance characteristics, and the

radiated sound field were measured in these tests. In addition to these

small-scale model tests, some tests were conducted using large-scale

geometrically similar models in the outdoor test facility to establish scaling

laws.

Bolt Beranek and Newman, Inc. (BBN) has conducted tests to further the

understanding of noise source mechanisms and to develop noise reduction

techniques (ref. 37). Nozzle and flap modifications were investigated as a

way to reduce the noise with minimum performance penalty. It was found from

these tests that the use of a porous flap can reduce the noise by about 10 dB

with a performance loss of about 2%.
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The effects of aircraft forward speed (flight) were investigated at

NASA-Lewis (ref. 38) NASA-Ames (ref. 39), BBN (ref. 40), UTRC (ref. 23), and

Lockheed-Georgia (ref. 30) by testing scaled models in the free-jet facility

and the large low-speed wind tunnel. These experimental data were used in

establishing the trends of various parameters on the noise characteristics.

Recently, full-scale model tests were conducted at NASA-Lewis similar to

that of the UTW configuration tests using the noise-suppressed TF-3^ engine

with a circular nozzle, a rectangular nozzle of aspect ratio of k, and a

special mixer nozzle (ref. ^1). The circular nozzle was used with an external

deflector, and the rectangular nozzle was canted at 20° towards the wing. The

mixer nozzle consisted of twelve lobes through which the engine core exhaust

was passed to provide a nominally uniform engine exhaust. Each model was

tested with two flap lengths. The short flap configuration was tested with

an unswept wing for three flap angles (8°, 40°, or 75°). The long flap was

tested with a swept wing and a flap angle of 25°.

NASA-Langley has conducted wind tunnel and static tests of a large-scale

USB model of an aircraft configuration with turbofan engines in the full-scale

wind tunnel. The directivity, the spectral distribution, and the effect of

freestream velocity were investigated.

FLAP NOISE PREDICTION METHODS

In recent years several blown-flap noise prediction schemes have been

developed by different investigators. In all these methods theoretical con-

siderations of flow-surface interaction noise, experimental observations, and

heuristic arguments were utilized in developing either empirical or semi-

empirical formulas to predict noise. The different noise prediction schemes

use test data from different configurations and facilities to establish

empirical constants. Since the blown-flap system is a complex configuration,

it is not possible to use theoretical or analytical arguments exclusively to

justify any of the available prediction schemes. The best way of evaluating

the various blown-flap noise prediction methods is by comparing the predicted

20



noise (magnitude, directivity, and spectra) with flight test data.

Unfortunately flight test data of an aircraft with a blown-flap integrated

propulsive system are not available at the present time. However, as soon as

:the data from the flight tests of the NASA Q.SRA and the Air Force AMST are

available, these predicted results may be compared. An alternative method of

.evaluating these prediction schemes is to compare with model test data not

used in the data base for the development of the prediction method. In this

section, various flap noise prediction schemes are discussed and evaluated by

comparing with the test data.

ANOP Method

One of the early flap noise prediction programs was developed by Dorsch,

Clark, and Reshotko (ref. 42) of NASA-Lewis Research Center. This method was

adapted by ANOP as a computer program module to be used in the total aircraft

noise prediction. This prediction scheme was primarily based on the analysis

of limited test data for static models with simulated cold air flow jets. It

was observed from these tests that the radiated noise was varied as velocity

raised the power 6 in the forward quadrant (below the wing) and velocity

raised to the power 8 in the direction close to the flap angle (deflected flow

direction). The peak flyover noise was generally dominated in the first quad-

rant by the dipole sources. The theoretical considerations based on Curie's

analysis of a turbulent flow in the presence of rigid boundaries (ref. 7) 3nd

the above-mentioned observation of the directivity and velocity dependence

have led to the hypothesis that flap noise is a combination of two basic

generating mechanisms, viz. quadrupole and dipole noise sources. The

quadrupole noise is generated from the deflected and distorted jet exhaust

adjacent to the flaps and downstream of the trailing edge with a directivity

peaking at an angle of about 25° with respect to the deflected flap chord

line. The dipole noise is generated by the fluctuating forces from the

turbulent flow adjacent to the rigid surfaces with a directivity peaking at

about 90° with respect to the deflected flap chord line. It was also recog-

nized that other dipole sources w i l l contribute to the radiated sound field.

These are a result of (l) the leading edge, (2) the trailing edge, (2)

scrubbing, and (4) flow separation. The frequency and directivity
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characteristics of each source depends on the geometry and flow condition.

However, since the theoretical and experimental studies were not advanced

enough to separate the noise contribution from each of the sources, the con-

tributions from all the sources were combined together as a single dipole

source with a significant contribution in the directions below the wing. Even

though it was recognized that jet mixing (quadrupole) noise is an important

source in the direction close to the flap angle, this was not considered as a

separate source in the prediction method; instead, the dipole noise was

extrapolated to these directions and the magnitude and spectra were adjusted

to match with the measured data.

The effect of various geometrical and operational variables of the

configuration, and the aircraft forward speed are incorporated as corrections

for the reference configuration. The directivity is computed as an incremental

value to be added to the value at the reference direction. Since the jet

exhaust parameters of the blown flap configuration were readily available

during the preliminary design stage, these parameters were used in the noise

correlation. The OASPL is computed for the reference configuration in the

reference direction as a function of effective jet exhaust velocity and total

nozzle exit area. The directivity functions were determined empirically using

the measured data. Since this prediction procedure is basically derived as a

dipole noise, it is expected that the prediction is less accurate for the

cases wherein the quadrupole noise could contribute to the total noise. For

example, for the configuration of small flap angles and in the direction close

to the flap angle, this method 'is not very accurate. One-third octave band

spectra were determined by using an empirically derived spectral shape based

on Strouhal number. The Strouhal number is based on the effective exhaust

velocity, V|r, and the equivalent diameter, D£ = AAJ/TT and defined as fD£/V£.

The aircraft motion effects were determined using limited test data from

free-jet facilities and wind tunnels. The dynamic amplification and Doppl-er

frequency shifts due to the motion of the source relative to the observer are

determined based on Lighthill's theoretical analysis. The effect of the

relative airspeed on source strength variation is determined empirically from

the test data.
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From the noise standpoint, several important differences between UTW and

USB installations were recognized. Figure 8 illustrates the major differences

in noise source mechanisms due to the installation of an engine with respect

to the wing and flap system. It may be recognized from these figures that the

jet mixing noise, aft-radiated engine internal noise, and the impingement

noise are reflected by the wing and flap surfaces towards the community (below

the wing) in the case of the UTW configuration; but for the USB configuration,

noise from these sources is reflected away from the community. Generally,

multi-slotted flaps are used in the case of the UTW and therefore noise is

generated by the interaction of the flow with several leading edges, trailing

edges, flap segments and flow through the slots. Since a slotless wing/flap

system is used for the USB configuration, these sources are not present.

However, wherever the external deflectors are used for USB, additional deflec-

tor noise is generated. But, this deflector noise source is generated above

the wing and upstream of the trailing edge and therefore is shielded from the

community.

Because of these differences between the UTW and USB configurations, the

magnitude, directivity, and spectral distribution are different for the two

configurations. However, the principle on which the empirical relations are

derived is the same. The spectral shapes were given in the graphical form

for both configurations. For the UTW configuration, the spectral shape in the

flyover plane and wing-tip sideline planes are given. For the planes between

the flyover and sideline, interpolation was recommended. In the case of the

USB configuration, the polar.directivity is the same in any plane between

flyover and sideline. It was also suggested that the USB flap noise spectra

in the direction below the wing are not very sensitive to the nozzle configu-

ration and the flow attachment devices as a result of the wing-shielding

effects. At the wing-tip sidelines, however, the shielding effect is

negligible and therefore the flow attachment devices and nozzle shape could

have a significant effect on the spectral shape.

This prediction method has been evaluated by Fink in reference ^3 by

comparing with static test data. Typical comparisons of the spectra and

directivity of OASPL are shown in figure 9- From these results, it is clear
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that for the UTW configuration this method underpredicts the noise levels in

the flyover plane by about 3 to 5 dB, depending on the flap angle. Directivity

shape compares well with the measured data. The spectrum appeared to have

shifted to higher frequencies by two one-third octave bands (see fig. 9b). In

the sideline plane, however, the prediction is in poor agreement for small flap

angles (not shown). For the USB configuration, the predicted directivity shape

at low velocities in the flyover plane compared well with the test data. But

the test data shows that the directivity is a function of jet exhaust velocity

unlike the assumption of velocity dependence used in the prediction method.

These qualitative observations were found to be true for several configurations

(QCSEE nozzle, vane deflected circular nozzle and canted rectangular nozzle

with AR = 4). The difference between the prediction and the te^t data of the

USB configuration is probably due to the assumption of the dominant quadrupole

noise contribution.

iLockheed-Georgia/FAA Method

Lockheed-Georgia Company has developed a noise prediction method for jet-

powered V/STOL aircraft under contract to the FAA in reference kk and 45.

These aircraft utilize an integrated propulsive-lift system. UTW and USB

blown flaps are two of the six different jet-propulsive concepts for which

noise prediction schemes were developed. The early version of the prediction

procedure was published in 1973 (ref. 44). In this version, very limited

acoustic data were used in deriving the empirical formulae. The effects of

geometric variables such as nozzle vertical and axial positions with respect

to wing and flap systems, nozzle pitch angle and number of slots were included.

This method was refined and modified in reference 45 to include the latest

data base and analytical developments. Since there was a considerable

interest in the USB concept of powered-lift system at that time, the data base

for this configuration was broadened after publication of the first version of

the prediction scheme. Thus, this broad data base and the advancements in the

flow/surface interacton noise prediction were included in the second version

of the prediction method which was published in 1975- Therefore, by necessity

this recent method was strongly directed towards USB configurations.



Since this method is oriented towards predicting the noise of an aircraft

with a propulsive-lift system, the various aircraft noise sources contributing

to the community noise are included. For example, (1) internally generated

engine noise, (2) jet mixing noise, and (3) nonpropulsive noise were included

in addition to the lift-augmentation noise. Atmospheric attenuation, effect

of aircraft motion, aircraft flight profile, ground reflections, extra ground

attenuation, shielding of sound by aircraft components, and noise reduction

techniques were also incorporated. Since the scope of the present report is

to review blown flap noise prediction methods, the following mechanisms of

blown-flap noise are discussed: (1) impingement noise defined as the noise

generated by the jet flow impingement on the wing and flap surfaces, (2) wall-

jet mixing noise defined as the noise generated by the wall-jet turbulent flow

on the wing and flap surfaces (not to be confused with the wall-jet boundary

layer noise), (3) trailing edge noise, defined as the noise generated by the

turbulent flow leaving the edge, and (4) trailing edge wake noise defined as

the noise generated by the jet flow in the trailing edge wake. The impinge-

ment noise, wall-jet mixing noise, and trai1 ing-edge wake noise were assumed

to vary as velocity raised to the power 8. The trailing edge noise was assumed

to be proportional to velocity raised to the power 5. The magnitude, direc-

tivity and spectral distribution are derived using the test data.

Jet mixing noise was not considered as a part of blown-flap or lift-

augmentation noise. Instead, this noise source was treated separately. The

prediction of jet noise is based on the method developed by Stone for ANOP in

reference 46. The magnitude of this noise was arbitrarily reduced by 7 dB so

that the jet noise component of the aircraft noise w i l l be smaller than the

blown-flap noise component as observed in the experiments. This was accom-

plished by reducing the numerical value of the constant, K, used in reference

46 from 141 to 134. This reduction of jet noise was justified since the un-

deflected jet mixing volume is smaller than the free isolated jet. mixing volume.

This prediction method was evaluated by Fink in reference 32 and 43, by

comparing the predicted noise for several models with test data. Typical

comparisons are shown in figure 10. For additional comparisons, see reference

32. For large flap angles (approach flaps), this method generally overpredicts
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the OASPL in the flyover plane. The spectrum shape is in good agreement with

the measured data. For takeoff flaps (small flap angles), this method under-

predicts by about 8 dB.

BBN Method

Hayden (ref. A7) developed an empirical relation for the radiated noise

of wall jets from a rectangular nozzle over a finite flat plate as a function

of wall jet width, thickness, and mean velocity at the trailing edge of the

plate. The overall SPL is given by

OASPL = 10 log (6wVt
6) - 20 log R + 10 log [sin26 • cos2(()/2] + K (3)

where 6 is the wall jet thickness at the trailing edge,

w is the wall jet width at the trailing edge,

Vt is the velocity at the trailing edge,

R is the distance between the measuring point and the trailing edge

0, <f> are the angles in two planes,

K is a constant depending on whether the trailing edge is in the

core region, characteristic decay region, or radial decay region

of the jet. «

The spectral distribution is given by three graphs derived empirically from

the data. The spectral distribution is also assumed to depend on the location

of the trailing edge with respect to the jet exhaust. This equation was

derived based on the hypothesis that the noise is generated as a dipole by

the turbulence convected past the trailing edge. The noise generated in the

wall jet upstream of the trailing edge was neglected.

In order to evaluate the applicability of this formula for the flap

noise, recently obtained USB experimental results from reference 36, were

compared with the prediction. This comparison is shown in figure 11. It is

obvious from this figure that this empirical relation overpredicts the noise

levels. The noise sources and their generating mechanisms for USB are
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probably different from that of a simple wall jet for which the noise predic-

tion method was developed. Therefore, it is apparent that this formula is not

adequate for flap noise prediction.

j Boeing Method

Boeing Commercial Aircraft Company developed an aircraft noise prediction

method in 1973 under contract to NASA-Ames Research Center (ref. *t8). Flight

profile calculations w'ere included in this prediction procedure so that the

ground noise levels may be calculated for an aircraft in flight. This is an

empirical procedure developed for turbo-jet, turbo-prop, V/STOL, and

helicopter-type aircraft. The UTW blown flap is one of the powered-lift con-

figurations of V/STOL aircraft for which the noise prediction program was

presented in this reference. The data base used in the development of this

procedure is the preliminary test results of NASA-Lewis Research Center (refs.

1 and 2). The following blown-flap noise mechanisms were assumed: (1)

impingement noise, (2) modified jet mixing noise, and (3) shear layer noise at

the trailing edge. It was conjectured that when the flaps were deployed

(takeoff and landing operations), the impingement noise was more dominant than

any other source and when the flaps were retracted (cruise condition) the jet

noise dominates. Therefore, during takeoff and landing operations, the

impingement noise alone is considered, and during cruise jet mixing noise

alone was considered. The jet noise was predicted in a similar way as that

for a free jet without any influence of wing and flap surfaces. The OASPL of

the impingement noise was assumed to vary as impingement velocity raised to a

power between 5 and 6 depending on the direction of propagation. The impinge-

ment velocity was calculated as a function of both jet velocity and aircraft

velocity for an aircraft in flight. Doppler corrections were also applied to

the noise sources as applicable for the dipoles (impingement noise) and quad-

rupoles (jet mixing noise).

In order to improve the prediction scheme, Filler of Boeing (ref. ^9) in

1976 developed a semi-empirical equation to calculate blown flap trailing edge

noise based on Chase's theoretical analysis (ref. 16). A generalized model
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for surface fluctuating pressures was assumed and subsequently far-field noise

data were used to fit the surface pressure spectra. This method was evaluated

by calculating the noise spectra for a USB static model tested recently at

Lockheed-Georgia Company (ref. 36) and comparing with the Lockheed test data.

A typical comparison is shown in figure 12. It is evident from these results

that the prediction compares favorably in the low frequency range only. At

mid frequency, it overpredicts by about 10 dB. Therefore, it is concluded

that this prediction method (ref. A9) must be further improved.

Lockheed-Georgia/Langley Method

Recently (1977) Lockheed-Georgia Company has developed an acoustic data

base for USB configurations (ref. 36). In this program, various small-scale

and large-scale models were tested in the anechoic room and outdoor test

facility to measure the far-field sound. Aircraft forward speed effects were

investigated by conducting tests in the free-jet facility. In addition to the

acoustic data, flow characteristics were also measured. The spatial and

spectral distribution of radiated sound, and the flow characteristics were

analyzed to aid in determination of the noise generating mechanisms. It was

concluded from these results that the dominant noise is generated in the

region just downstream of the trailing edge where the transverse velocity

gradients are large. Therefore, a theory was developed in reference 18 for

the radiated noise from a two-dimensional shear layer and applied to the USB

configuration. The theoretical results were compared with the measured data

and the agreement was favorable for a particular configuration. However, at

the present time, the theory is not advanced enough to predict the noise for

a general configuration and to evaluate the effect of different geometric

and operational variables. Therefore, an empirical prediction method was

developed in reference 50 based on the recent data base (ref. 36) and

analytical developments.

This empirical prediction procedure does not consider different noise

source mechanisms of a USB blown flap; instead the flap noise is treated as a

single source of an aircraft with a powered-lift system. The test data
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indicated that the primary variables controlling the far-field noise were the

nozzle exit area, jet exit velocity, and the flow path length. The spectral

distribution is a function of flow length (length along the wing/flap surface

between the nozzle exit and the trailing edge), jet exit velocity, and flap

angle. The magnitude of acoustic pressure is a function of jet exit velocity,

nozzle area, nozzle aspect ratio, flow length, and hydraulic diameter. The

velocity exponent and the spectral distribution of the radiated noise were

found to vary with the direction of propagation. Flight effects are included

in the prediction as a correction factor.

The predicted noise was compared with the data of several models that

were not a pnrt of a data base considered in the development of the prediction

program. Typical comparisons are shown in figures 13 and 14. Predicted values

for small-scale model tests are slightly less than the test results as shown in

figure 13- However, considering the difference in test setups and configura-

tions, including the nozzle geometry upstream of the exit, the comparison is

favorable. Another comparison with the full-scale model static test data of

reference 33 is shown in figure ^k. The model utilized a highly suppressed

TF3^ engine with mixed flow and an aspect ratio A nozzle exhaust. The predic-

tion method underpredicts the noise levels for this particular configuration.

This disagreement between the prediction and the large-scale model data is

probably due to the difference in the turbulence structure between the real

engine exit and the air jet exit.

Since this prediction program was derived from the data of small-scale

static model tests, the following range of parameters were recommended for

1 i m i tat ions:

Nozzle shape - Rectangular with aspect ratio between 2 and 8,

circular, elliptical, and D-shaped.

Flap deflection - 0 to 60°.

Nozzle exit chordwise location - 20% to 35% chord.



Nozzle vertical position - nozzle exit on the surface.

Jet exit temperature - ambient to 200°F for a mixed flow

(typical of high bypass engines with mixed flow).

Jet exhaust velocity - 180 to 285 m/s.

Flow length to hydraulic diameter ratio - 3.2 to 9-3.

Nozzle impingement angle of up to 35° or deflector vanes on the nozzle

may be used. However, the nozzle impingement angle is not critical provided

the jet flow is attached over a significant spanwise region at the trailing

edge. The noise levels for nozzle contours which do not provide a smooth flow

distribution at the exit and actual engines where the turbulence charac-

teristics are different from the air jets are not expected to agree well with

the prediction.

UTRC Method

Recently fink of United Technologies Research Center (UTRC) has developed

a noise prediction method for blown flaps (ref. 32). The test data obtained

at NASA-Lewis Research Center for various configurations were used as a primary

data base. The basic philosophy of this method is to compute the contribution

to the far-field from various conjectured noise source mechanisms associated

with blown flaps. The following acoustically independent (not necessarily

aerodynamically independent) noise components are conjectured: (1) compact

lift noise (also known as fluctuating lift noise or scrubbing noise) defined

as an acoustically compact lift dipole. with axis perpendicular to each chord

segment of the wing and flaps, (2) trailing edge noise generated by the turbu-

lent flow convecting past the trailing edge, defined as a baffled dipole

source with axis perpendicular to the edge, (3) undeflected jet noise

generated by the turbulent flow of the jet exhaust in the region where the

influence of the wing surface is not felt (in the vicinity of the jet exit),

(*») distorted and deflected jet noise generated by the jet flow, with a

strong influence of the flap surface ;(wall jet), and (5) trai1 ing-edge wake

30



noise generated by flow mixing in the turbulent wake of the flap. These

sources and their locations are illustrated in figure 8 for UTW and USB

configurat ions.

In order to understand these sources, some simplified experiments were

conducted at UTRC (ref. *»3) • The flow properties, radiated source charac-

teristics, and various near-field to far-field pressure correlations were

measured. These results in conjunction with the data base were used to

develop the functional relations between the noise and flow parameters of

several acoustically noninteracting noise components. One of the fundamental

findings of these cross-correlation experiments was that the region of the

flap surface which experiences a large fluctuation of static pressures need

not be a location of strong noise generation. Therefore, variation of

maximum normalized cross-correlation coefficient with chordwise position of

the wing and the concept of large-scale vortex structure convected past the

wing and flap surfaces were used to develop a description of the fluctuating

lift noise mechanism. It was also found that the relative strength and

importance of each source to the far-field w i l l vary from configuration to

configuration depending on the type of flow and directivity angle. For each

source, even though the functional relation of the noise with the flow and

geometric parameters is the same, the constants determining the absolute

magnitude were derived from the test data. The flight effects on the flap

noise were derived by using the small-scale model test data obtained in the

free jet faci1i ty.

Using the pertinent noise sources for different configurations, the

noise prediction scheme was developed for the following configurations of

blown flaps:

(1) UTW slotted flaps with conventional and mixer nozzles.

(2) UTW slotless flaps.

(3) USB slotless flaps.

(A) Engine in front of the wing.
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It has been recognized from recent investigations that the configurations

which can provide a good low-speed performance acceptable for STOL operations

are UTW slotted flaps and USB slotless flaps. Therefore, the comments in

this report are limited to these two configurations shown in figure 15-

The noise levels from the compact lift dipole source were predicted by

modeling the exhaust jet as a line of discrete vortices at the edge of the

jet flow over the surface. The far-field sound was assumed to vary as jet

exit velocity raised to the power 6, and the one-third octave band spectra

have characteristic slopes of 9 dB per octave and -A dBjper octave at the-

Jow- and high-frequency ranges, respectively.

In addition to these physically justified and experimentally verified

assumptions, the following major assumption was made: "Fluctuating lift noise

would radiate on both sides of the deflected flaps even though the hypothetical

coherent vortices in the exhaust jet are only one side, of the flap surfaces. "

For the flow on one side of the surface, as in the case of blown flaps, the

fluctuating pressures were produced only on the flow side of the surface.

Therefore, the noise sources should be located on the flow side of the surface

and radiate in the direction perpendicular to the surface and in the hemisphere

containing the flow side. It is possible, however, for part of the sound

generated by this type of fluctuating pressure to radiate in the "no-flow"

direction of the surface by diffracting around the edges of the finite length

flaps. However, the assumption of equal radiation in both directions with a

directivity of a free dipole with an axis perpendicular to the surface is not

fully justified. The experimental agreement shown in reference k3 is probably

because of neglecting the shear layer noise from the wake just downstream of

the trailing edge which can radiate equally in both directions as shown in

reference 18.

In the case of the UTW configuration, the compact lift dipole noise

associated with the last flap segment was assumed to be relatively strong.

But for the USB configuration, the strongest dipole was from the undeflected

part of the wing. Even though the trailing edge noise was associated with all

the flaps, it was assumed that only the last flap trailing edge contributed
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to the fai—field sound. Therefore, the trailing edge noise was independent of

number of flaps. The directivity of trailing edge noise was derived arbi-

trarily to f i l l the lobes of the predicted fluctuating lift noise.

The undeflected jet, and the deflected and distorted jet were combined

together and computed as one source. It was assumed that the noise contribu-

tion from this quadrupole source was the same as that of a free jet without

the influence of the wing and flap surface. Since it is known that the

turbulence characteristics of blown flaps such as intensity, length scale and

frequency scale are substantially different from that of a free jet, this

assumption is somewhat arbitrary. The directivity of this quadrupole noise

component was modified by the reflection and shielding of the wing and flap

surfaces.

The noise generated by external flow deflection devices on the USB

configuration were calculated in the same way as that for a jet impingement on

a wing surface of UTW configuration. But the directivity was modified by the

reflection, shielding and edge diffraction of the wing and flap surfaces.

This prediction method was developed basically by matching the test data

of noise intensity, spectra, and directivity. In spite of the assumptions

discussed above which were not fully justified, the predicted results agreed

with the test data. This prediction scheme was evaluated by comparing with

various test data not used in the development of the prediction program. In

reference 3^, the predicted results were compared with recent NASA-Lewis

large-scale model data and QCSEE USB and UTW model data. Typical comparisons

are shown in figures 16-19- It may be seen from these figures that this

procedure overpredicts the OASPL for UTW takeoff flap configuration. For UTW

approach flap angles and USB configurations, the agreement between the predic-

tion and measured data is good. Figures 20-23 shows the comparisons between

the prediction and the recently obtained Lockheed USB data (ref. 36). The UTW

prediction is compared with the test data of reference 30 in figures 2*1-28.

These comparisons indicate that the magnitude, directivity and spectra of

flap noise for a simulated test model can be predicted within ±3 dB. As the

understanding of flap noise generation and propagation becomes clearer, the
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noise characteristics of various source mechanisms may be modified without

much difficulty. Therefore, this prediction scheme may be adapted to use as

a blown flap noise module in the aircraft noise prediction program.

RECOMMENDED PREDICTION METHOD

The blown flap noise prediction methods available in the literature have

been evaluated by comparing the predicted noise levels, directivity, and

spectra with existing NASA and Lockheed data bases, as discussed in the

previous section. Based on this evaluation, a semi-empirical prediction

method developed by Fink, known ?s the UTRC method (ref. 32) has evolved as

the most suitable method for blown flap noise prediction as applied to the UTW

and USB configuration. The general description and the detailed calculation

procedure are described in this section.

The following source components of flap noise were considered in the

development of the prediction scheme. (l) fluctuating lift noise, defined as

an acoustically compact lift dipole with an axis oriented perpendicular to the

wing and flap chordwise segment, (2) trailing edge noise, defined as the noise

generated by the turbulent flow leaving the trailing edge, and (3) quadrupole

noise, defined as the noise generated from the mixing process of the jet

exhaust with the ambient air. The quadrupole noise source consists of three

components, viz, (a) undistorted and undeflected jet exhaust, (b) jet impact

on the wing and flap surfaces, and (c) the trailing edge wake shear layer.

The undistorted and undeflected jet exhaust noise is treated as noise

generated by an isolated jet and is increased by 2 dB in the direction of the

flow side of the wing to account for wing/flap reflection. Jet impact noise

is generated from the region where the jet is deflected by the flap and is

assumed to be stronger than the undeflected jet. Trai1 ing-edge wake shear-

layer noise is generated by the mixing process of the wake flow. Since the

undistorted and undeflected jet noise is treated as a part of the flap noise,

jet mixing noise should not be considered as a separate source in the total

aircraft noise prediction.
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Coordinate System and Input Variables

The blown flap coordinate system used in the prediction scheme is

illustrated in figure 15- For the UTW configuration, the origin is the center

of the nozzle exit, positive x is downstream (jet exhaust centerline) and

positve y is towards the wing (fig. 15a). For the USB configuration, the

origin is the lower tip of the nozzle, positive x is downstream, and positive

y is up in the direction away from the wing surface (fig. 15b).

The geometric input parameters that are required in this prediction

scheme are: (l) wing leading edge coordinates, (2) wing deflection relative

to the nozzle centerline, (3) deflection of flap(s), (k) nozzle exit hydraulic

diameter, and (5) far-field radius. In addition to the above parameters,

flap leading edge coordinates, number of flap segments (number of slots), and

chord length of the last flap segment for the UTW configuration, and in the

case of the USB, flap trailing edge coordinates and nozzle roof angle (cant

angle or kickdown angle) relative to the nozzle are also essential for com-

puting noise levels. The effects of wing sweep angle and other geometric

variables on the radiated sound field are neglected. The general group of

geometric and operational variables required in calculation of OASPL and one-

third octave band spectra are given in Table 2. This input data may be used

in any consistent system of units, such as English (foot, slug, sec. °R) or

MKS (meter, kilogram, sec. °K). The units of the input variables are shown

in the last two columns of the table.

Noise Calculation Formulas

The prediction formulas use dimensionless variables derived from the

basic input parameters to calculate the OASPL and one-third octave band sound

pressure levels from various flap-noise components. Using these dimensionless

variables, normalized mean-square acoustic pressures are determined in a

given direction (polar and azimuthal angle) and radius R for UTW slotted, UTW

slotless, and USB configurations. The mean square acoustic pressures is then

converted to overall Sound pressure and one-third octave band sound pressure.
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TABLE 2

INPUT VARIABLES

VARIABLE

Jet Exhaust Velocity

Number of Flaps

F1 ight Speed

Nozzle Hydraulic Diameter

Far-Field Radius

1/3 Octave Center Frequency

Ambient Speed of Sound

Ambient Air Density

Reference Acoustic Pressure

Nozzle Cant Angle or Roof Angle

Wing Deflection Relative to Jet Axis

itn Flap Deflection Relative to Wing

Last Flap Deflection Relative to Wing

Coordinate of Wing Leading Edge

Coordinates of itn Flap Leading Edge

Coordinate of the Flap Trailing Edge

Chord Length of the Last Flap

Polar Angle

Azimuthal Angle
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First, the general formulas are provided and then the detailed calculation

procedure is given.

UTW With Slotted Flap Configuration. Fluctuating lift noise is assumed

to be generated by hypothetical coherent vortices in the exhaust jet that

radiate sound to both sides of the wing and deflected flaps. The vortex

trajectory is taken as a straight line parallel to the nozzle center! ine

extending downstream from the nozzle lower lip until it gets within half a

diameter of the flap surface. For a case where the wing or flap extends

below the nozzle centerline, the vortex trajectory becomes parallel to the

flap chord and is displaced one-half diameter away from it as shown in figure

29. From this assumption, the overall mean square acoustic pressure in any

given direction, a, and distance, R, due to the lift source is calculated

using the following expression:

POAL = 10~7 r> (77) [Kwsl"2°w + K,sin*a,] - (1 -i_ -i r\ j =

where V| = impingement velocity and is given by

L| = longitudinal distance of impingement point

MN = jet Mach number relative to the speed of sound in the jet

(assumed as Mj)

kw and k; = amplitude functions for fluctuating lift noise of wing and

Jth flap, respectively, and are given by

f h "" *-
W / W\

W c c

— I ~ <£

aw and «j = polar angles relative to the upstream direction along the

wing chord and itn flap chord.
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The mean-square acoustic spectral pressure for a Strouhal number, S^, is given

by

PL <sk) = POAL [°-°37 s^ (sk
8/3 + o.oo8)'2j (5)

fk VJwhere SL, = —-—K D

Trailing edge noise is calculated based on the velocity at the trailing

edge. The equation for the overall trailing edge mean-square pressure is

given by

o R P 2 V i 5 V T 3 2

POAT - 10 (-F-) •

where

-̂ {1 + [0.14 (-̂) (1 +

= longitudinal distance of trailing edge.

The trailing edge mean-square acoustic spectral pressure for Strouhal number,

S^, is given by

[0-029 skf (Sk + o .s ) " * ] . (7)

Quadrupole noise consists of undeflected jet noise, the increase due to the

deflection by the flap segment, and the trailing edge wake noise. Overall

mean-square pressure for the undeflected jet is calculated, assuming the jet

is isolated, using the following formulas:

For 0 < MN • 150°,

2
 1 OQQ ,n-5.9 2 u M

M?'5 0 +0.01 M̂ '5)'1]
Pnan = 1 • 9oo • 1 0 • p^aH — ;
°A(i 2R2[1 +MC(1 +MC

5)'1/5 cosel3 .(8a)

:(1 +6 sin26f) (1 +cos2cf))
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For (MN • 150°) <e

5 9 A , [ M 7 - 5 (1 +0.01
J

2R2 [1 +MC(1 +Mc
5)~1/5 cose]3

[ ( l + 6 s i n 2 6 f ) (8b)

In addition to this quadrupole noise, the trailing edge wake noise is calcu-

lated by assuming the wake flow as an isolated jet having a diameter equal to
!the nozzle diameter and exhaust velocity equal to the trailing edge velocity.

The quadrupole mean-square acoustic pressure spectrum for Strouhal

number, S^, is calculated by using the formula,

POAQ (s 1?/12 (9)

UTW Slotless Flap Conf-Cgu rat-ions. In addition to the input data provided

for the UTW slotted flap configuration, the coordinates of the flap trailing

edge should also be specified. Wing-flap geometry is idealized as two

straight lines, one for the wing and one for the last flap. For undeflected

flap (6f =0), the flap leading edge coordinates (fictitious) are same as the

flap trailing edge coordinates; but for undeflected flap (6^ j4 0) the flap

leading edge coordinates are calculated using the wing leading edge coordi-

nates, flap trailing edge coordinates, and the flap angle as follows:

For deflected flaps

XT =
[Yw-Yt (Xt-Xw)

tan - tan6w

Yl = Yw - l - xw) tan6w. (10)
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Using these coordinates for the flap leading edge, the fluctuating l i f t noise,

trailing edge noise, and quadrupole noise are calculated in the same way as

for the UTW slotted wing configuration using Equations (4) through (9).

USB Configuration. As in the case of the UTW slot less configuration

described above, the fictitious coordinates of the flap leading edge are

calculated by assuming the wing-flap geometry as two straight lines and

using the wing leading edge coordinates, flap trailing edge coordinates, and

flap angle. If the aerodynamic turning angle is known, then this angle should

be used in place of the flap angle.

Fluctuating lift, trailing edge, and quadrupole noise components are

calculated in the same way as for UTW slotted wings. However, the fluctuating

lift noise from the flap is taken as 1.5 times that from a hypothetical vortex

trajectory. The trailing edge noise magnitude is increased by twice that of

UTW. The increase in quadrupole noise due to the nozzle roof angle (cant

angle or external vane angle) is calculated in a manner similar to that for

an exhaust jet impinging on the flap surface of the UTW configuration.

However, this increase is assumed to be shielded from the community by the

wing and flap surfaces. The quadrupole noise from the trailing edge wake is

calculated in the same way as for the UTW configuration.

Flight Effects. Flight effects are included in the noise calculation

procedure by assuming the magnitudes of fluctuating lift noise, trailing edge

noise, impingement noise, and trailing edge wake noise vary as [1 - (Va/Vj)]
2

and the undeflected jet noise varies as [1 - (Va/Vj)]
6. One-third octave band

spectra are not affected by forward speed for the UTW slotted configuration.

For the USB configuration, however, the Strouhal number is modified by

d i v i d i n g by the factor [1 - (Va/Vj)]. These flight effects include the

source strength alteration due to relative motion of the jet flow. These

effects are derived with respect to coordinates fixed to the airplane. The

effect of aircraft motion (source motion) relative to the ground-fixed

observer is not included.



Details of Calculation Procedure

The required geometric and operational variables are calculated from the

input data. Using these variables the overall and one-third octave band

frequency mean-square acoustic pressure in a given direction and at a given

distance are calculated. The detailed calculation procedure is given in this

section. The symbols used in this section to describe the geometric,,

operational and the acoustic parameters are defined in the previous section

and in the list of symbols.

Wing and Flap Geometry Calculations. The wing chord length, Cw, is

computed as follows:

- xw)
2 ! - vw) (11)

For the UTW slotted wing, Xi and YI are given as input data. For the UTW

slotless wing and USB configurations, Xj and Yj are calculated as follows:

Xi = X,- -
Yw - - Xw) tan6w

1 ~ At tan (6W + ~ tan6

= X,

= Yw - (Xx -Xw) tan6w.

w
for 6N ± 0,

for S = 0> (12)

The it*1 flap chord length, Cj, is given by

.' - /f\T. - Y.12l - 'VA + A; (13)



The total chord length of the wing and flap, C, is calculated as follows:

N
c = cw + I ci (f°r UTW slotted wing/flap),

(for UTW slotless wing/flap),
*C = 3 Cw (for Y2 <0)

*C = Cw (for Y2>0)

**C = Cx + Cw (for USB configuration). (14)

Vortex Trajectory Calculations. The distance between the vortex and

leading and trailing edges of wing and flap are calculated 'as:

h£w
 = 2" + Yw>

ntw
 = fn£w ~

 c
w
 s'n<sw^ or y (whichever is greater),

h&•=•=•+ Yj or -r- (whichever is greater),

ht. = h£,j - Cj sin (6w.+ 6j) or — (whichever is greater). (15)

Amplitude Function Calculations. The noise amplitude function of wing

and flaps are given by:

^Applies for UTW slotless wing configuration.
'"̂ Applies for USB configuration.



For WZW,

= C C ht.'
2]

**k = 2w

**kj = 1 .5

For USB. (16)

Impingement and Tyailing Edge Location Calculations. Distance of

impingement ipoint and trailing edge from the nozzle, L|, LJE are given by

= XN YN or CN cos6f (whichever is smaller)
(for UTW slotted flap),

*L| (for Y2 > 0 and YT > 0)

(f°r

Y2<0 and

(for UTW slotless flap),

-*L| = Xi + C

LIE = XN +

(for USB),

(17)

where 6f = 6W + (18)

^Applies for UTW slotless wing configuration.
**Applies for USB configuration.



Jet Velocity and Mach number Calculations. Jet Mach number, M^, and

impingement Mach numbers are given by:

(19)

Ml = -f
VL
a

Impingement velocity, Vj, and trailing edge velocity, VTE, are calculated

using the following formulae for the corresponding velocity ratios, VR| and

VRT.

VR, -
Vi

VTE

L|_
D

+ M

0.1*

0.25

(20)

LTE-,

'\ + M

O0.25

Jet Angle Calculation. The jet angle with reference to the wing chord

and observer is given by:

= tan •1 / 2 L -1 sin0 sincf) 1 f \
<cos*- tan o tan6f>-
*• L A -sin2<l'sin2e J J

(21)

Mean-Squdve Acoustic Pressure Calculations. For each noise source

mechanism, the overall mean-square acoustic pressure is calculated. The

mean-square one-third octave band acoustic pressure is given as a function
0

of overall pressure and Strouhal number. The Strouhal number, S^, at the

third-octave band center frequency, f^, is defined as,

**



(for UTW slotted flap configuration)3

and (22)

fkD

Vj- (1 r^)
J

\(for UTW slotless and
I USB flap configuration).

Fluctuating Lift Noise. The overall mean-square acoustic pressure is

calculated using the following formulae:

POAL 10
-7

V CD
-v7 } ' *T

{Ky [cos6w sine cos<j> + sinSw cose]2

Kj [cos (6w + 6j) sine coscj> + sin (6W + 6|)cos6]

For UTW
slotted

(23a)

fk- 10-7(1 - ^ . l i . V R 2
 M , 6 . |

V| R 2
, .,

= 1.998 • 10-20

for (6 +8f ) <180° '

for (0 +9f) > 180° t

For UTW
slotless

(23b)

^- - VR, 2 . M ^ t l ^ + K! For USB (23c)

*Applies for UTW slotless wing configuration.
**Applies for USB configuration.



The mean-square acoustic pressure spectra is given by

fp2 (SK) i 0.037

L

rp- (SK) I 0.037 (Skr , , .
—2—— = forUTW (2Aa)

. P2 (SK) -1 0.029 (Si,)1* , , v
**: K = JSi_ fOT USB (2kb)

POAL J
L
 (0'05 + SK1 '5)^ ,

Trailing Edge Noise. The overall mean-square acoustic pressure is
g i ven by :

i -.
1 10-5 n Va2 D2 iVRT

3 Mf
= 10 (1 - \/7} ^ VR, • M

(25)
. cos tan-l sine sin, - 1 .cos

L /I -s in29 sin2, J

The acoustic pressurejspectra is given by:

7̂— (26)

Quadmpole Noise. The overall quadrupole noise is calculated using the
following formulae.

For (6+6f) • MN '<2.613, and for UTW configuration:

'"̂ Applies for USB configuration.



OAQ
(1 -y2-) -(1.998) • 10"6 - D 2 ( 1 +cos2<(,)

R2

3x4 x . 9
-y-) + 6 sm26 f

A X ( 1 + 0.01 M| 5)

MT7.5 [(1 - ^.f + 6 V R (
8 sin26f|

L '\j J

A (1 + 0.01 My4 '5)
1 +

Mccos(6
-3

I +
sin26

(27a)

where A 1 = A 2 = 2 for UTW slotted flaps;

A! =8, A 2 = 2 0 for UTW slotless f laps.

For (e+6 f ) Mf j<2 .6 l8 , and for USB configuration:

OAQ
(1 -TT-) -(1.998) - 10'6 D2 MT

7-5 (1 +6 s'in26r)
VJ

R2(1 -f 0.01

i t M ccos(6+6j) in26j-|

in26 f j

sin26

s (27b)

For (9 +6 f) - MN >2.618; (8 + 6f ) < 3.

and for UTW configuration:

; (6. 2832 - 9 - <5f ) • MN > 2.618 ;

p2at|
= [Equation (27 a) ] 1 '8[ 1 ' I 6 ' (9 "91 (27 c)

^"Applies for USB configuration.



For (6+6j) MN>2.618; (6+Sj) <3.1A16; and USB configuration:

** ; !k - [Equation (27b) ] [lÔ
1'8 M-|6-<9+«j) .1.91 Mj | ]} J (2?d)

For (9+6j) MN>2.6l8and (6 + 6j) > 3-1^16, and (6.2832 - 9 - 6f) • MN > 2.618

POAQ . 0 - - S r > 2 ' (U998) 10"6 D 2 < 1 + 6 s in2(Sr)
R2

r M7.s Mj'5 I r M cos (e +
L1+0.01 My'5 1+0.01 MT '5J L (1+MC

5 ) '

M cos (6 + 6j)

2

sin26f
}1

J
(27e)

The quadrupole source mean-square pressure corresponding to the Strouhal

number of one-third octave band frequency is given by:

101.11+
(28)

The overall and one-third octave band mean-square pressures of three

components (fluctuating lift, trailing edge and quadrupole noise) are added

to obtain the total overall or one-third octave band mean-square acoustic

pressures. From these values the sound pressure levels are calculated.

"''Applies for USB configuration.



6. RECOMMENDED RESEARCH

Understanding of the noise generation and propagation mechanisms of

blown-flap noise is critical to the improvement of the accuracy of noise pre-

diction. The following experimental and theoretical research is recommended

in order to advance the state of the art. As the technology develops the

noise prediction from each of the source mechanisms may be either modified

or improved.

(1) The turbulence characteristics of the jet flow around the wing and

flap surfaces should be evaluated. The turbulence properties such as the

integral length scales, the convection velocity, and the velocity gradients

should be utilized to evaluate the relative strength of the various noise

sources.

(2) Effects of various inhomogeneities in the vicinity of the flow

(e.g. the presence of solid surfaces, velocity gradients, etc.) on noise

generation and propagation should be investigated. Fundamental investigations

of reflection and shielding effects of the wing/flap surfaces with and without

jet flow should be investigated. These results must be applied to the flap

noise prediction.

(3) Numerical or empirical methods based on test results should be

developed to predict the fluid dynamic properties (velocity profiles in the

trailing edge wake and flow spreading characteristics). The flap-noise

calculations from different noise source mechanisms can be improved with the

use of these calculated results.

(4) The f1uctuating-1ift noise mechanism for one-sided flow similar to

the blown flap configuration should be investigated in order to evaluate the

source strength and directivity.

(5) Flight effects should be studied experimentally in either a free-

jet facility or in a wind tunnel. The data must be analyzed taking account



of the effects of shear layer in the free-jet facility and wall shear

interference of ;the wind tunnel.

(6) When the flyover noise data from USAF Advanced Medium Short Takeoff

and Landing Transport (AMST) configurations and NASA Quiet Short-Haul Research

Aircraft (QSRA) are available, these data should be compared with the predic-

tion. Additional flyover noise data should be'obtained using a powered sail

plane with highly suppressed engines.
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Figure 15 Coordinate System and Geometry Description
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