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SUMMARY

An analysis of tone noise propagating through a boundary layer and fuse-

lage scattering effects has been derived. This analysis is three-dimensional

and the complete wave field is solved by matching analytical expressions for
the incident and scattered waves in the outer flow to a numerical solution in

the boundary layer flow.

The outer wave field is constructed analytically from an incident wave ap-

propriate to the source and a scattered wave in the standard Hankel function

form. For the incident wave, an existing frequency - domain propeller noise

radiation theory is used. In the boundary layer region, the wave equation is

solved by numerical methods. Over most of the range of axial wavenumber (2_
times reciprocal of wavelength in axial direction) this is done using standard

numerical integration methods. For large positive wavenumbers, the wave equa-

tion acquires a singularity. A Frobenius series expansion is used to repre-

sent the solution in the vicinity of the singular point.

The theoretical analysis is embodied in a computer program which allows

the calculation of correction factors for the fuselage scattering and boundary

layer refraction effects. This analysis allows the use of a boundary layer

which is assumed uniform along the fuselage but otherwise arbitrary. The ef-

fects are dependent on boundary layer profile, flight speed, and frequency.
Corrections can be derived for any point on the fuselage, including those on

the opposite side from the source.

The theory was verified using limiting cases and by comparing calculations
with available measurements from JetStar tests of model Prop-Fans. In the

limiting cases, the large wavelength behavior was verified by calculating the

effects for a very small diameter fuselage having a negligible boundary

layer. The amplification was calculated to be less than 0.05 dB, indicating

that a fuselage this small has negligible effect on the source field. For the

small wavelength behavior, a fuselage diameter of ).05 m (lO ft) was used,

again with a negligible boundary layer. This showed an amplification of 6.0

dB, which is the same as the pressure doubling on an infinite plane.

For the DetStar model scale, the boundary layer refraction effects produce

moderate fuselage pressure reinforcements aft of and near the plane of rota-

tion and significant attenuation forward of the plane of rotation at high

flight speeds. At lower flight speeds, the calculated boundary layer effects

result in moderate amplification over the fuselage area of interest. Apparent

amplification forward of the plane of rotation is a result of effective
changes in the source directivity due to boundary layer refraction effects.

Full scale effects are calculated to be moderate, providing fuselage pres-

sure amplification of about 5dB at the peak noise location.

Evaluation using available noise measurements was made under high-speed,

high-altitude flight conditions. Model Prop-Fan noise was measured using

microphones flush-mounted in the fuselage and a "free-field" microphone boom

installed above the Prop-Fan.



Using the fuselage and boommicrophone data, the source effects were elim-
inated by comparing the measuredand calculated boomversus fuselage effects.
The agreement between measurementsand calculations was good at high flight
speeds, but poorer at iow flight speeds. This was attributed to refraction
effects causing an apparent change in the source directivity. Because the
source is modeied as a singie monopoIe, it exhibits a sharp directivity. It
is conjectured that a better source representation, inciuding chordwise and
spanwise distribution, would "soften" the directivity and improve the agree-
ment with test results.

Comparisons of calculations madeof free-field noise, using a current fre-
quency-domain propeiler noise prediction method, and fuselage effects using
this new procedure show good agreement with fuselage measurementsover a wide
range of fiight speeds and frequencies.

Correction factors for the JetStar measurementsmadeon the fuselage are
provided in an Appendix.
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INTRODUCTION

The advanced turboprop (Prop-Fan) has been in technology development since

1976 as a fuel-efficient propulsor for the 1990's. As part of the development

program, a free-field noise theory _ based on the acoustic analogy was de-

veloped and found to agree well with 1977 test results from an open jet wind

tunnel. 2 In 1981, a Prop-Fan model was installed on a business aircraft as

shown in Figure 1 for flight noise tests. Microphones were mounted flush with

the fuselage surface in axial and circumferential arrays as shown in Figure

2. Because of the small wavelength of the sound and the large fuselage dia-

meter, it was expected that the free space sound levels directly beneath the

propeller would be roughly doubled by reflection. However, it was found in

early tests that free-space theory, with the 6dB correction for pressure doub-

ling, overpredicted measurements by 10013 or more under some conditions.

After investigating several possible explanations for this over-predic-

tion, a simple analysis of the effect of the fuselage boundary layer on incom-

ing acoustic waves 3 was developed that showed a powerful shielding effect at

the high flight Mach number (Mx = 0.8) of the test. The early analysis was

2-dimensional and treated plane waves impinging on a boundary layer over a

rigid plane surface. Results for both step and linear boundary layer profiles

were given. McAninch, whose analysis" included the refinements of a near

field source and a curved boundary layer profile, also concluded that signifi-

cant shielding could occur.

Although these earlier analyses indicated that the fuselage boundary layer

effects could be significant, these analyses are not considered sufficiently

accurate for prediction of the effects and do not allow the existing JetStar

data to be reliably corrected to free-space levels.

In order to allow the existing data to be used and to evaluate the boun-

dary layer propagation effects for other configurations, especially those ap-
proaching full-scale in size, the original theory 3 was extended. The exten-
sions include the effects of 3-dimensionality; a near-field, distributed,

rotating source; and an arbitrary boundary layer profile using the geometry

sketched in Figure 3. The fuselage is modeled as an infinitely long, rigid,

circular cylinder with a boundary layer whose properties are constant along

its length and circumference.

This work culminated in a computer program which can be used to calculate

the boundary layer propagation and fuselage scattering effects on propeller

and Prop-Fan noise amplitude. These are intended to be used in conjunction
with current noise calculation methods, such as the Unified Aero-Acoustics

Program (UAAP), which provide free-field noise estimates. Boundary layer pro-

pagation and fuselage scattering effects need to be added to free-field noise
estimates for comparison with measurements using transducers flush-mounted on

airplane fuselages, as for the NASA SR3/JetStar and SR7/Prop-Fan Test Assess-

ment flight test programs.

The work reported in this document was originally funded by NASA-Ames
under contract NAS2-11385.



THEORETICALMETHODDEVELOPMENT

Approach

The problem described above will be solved by dividing the flow field into
a boundary layer region and an outer region assumedto be free of shear.
Wavesin these two regions will be matched at the boundary layer edge. Fol-
lowing methods given by Morses, the outer wave field is constructed analy-
tically from an incident wave appropriate to the source and a scattered wave
in the standard Hankel function form. For the incident wave, a frequency-do-
main propeller radiation theory already exists I that is ideally suited to
this analysis: its analytical form is in terms of the sameFourier components
that occur naturally in the scattered wave and boundary layer wave descrip-
tions so that matching the fields is easily accomplished.

In the boundary layer region, the wave equation must be solved by numer-
ical methods because of the shear term. Over most of the axial wavenumber
range, this is easily accomplished with standard numerical integration
methods. However, for large positive wavenumbers,the wave equation acquires
a singular point and special methods are required. Treatment of this singular
point for the corresponding incompressible equation has received considerable
attention in the past by Tollmien 6, Lin 7, and Wasow8 in conjunction with
boundary layer instability theory. In more recent times Tamand Morris 9
have addressed the full compressible equation in the analysis of radiation
from shear layer instability waves and pointed out that a Frobenius series can
be used in the vicinity of the singular point. All these investigators con-
cluded that when the problem is imbeddedin the complex plane, the singular
point must be spanned by passing beneath it. Treatment of the singular point
herein is in accord with the above references.

To establish the general form of waves in axisymmetric shear flow, con-
sider the fuselage-centered coordinates in Figure 4, with positive x mea-
sured downstreamfrom the propeller plane of rotation. If the undisturbed
velocity U is parallel to the x axis and is a function of r only, then
the acoustic pressure outside the source region is given by Goldstein's I°

Equation 1.2.2 .

D___(D2p 1 D2 '
Dt 2 Dt p) - 2U ap = 0 (I)ax

C O

where primes denote alar and the convective derivative is:

D a a
Dt - -_ + U--ax (2)
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It is easily demonstrated that EQuation 1 admits elementary solutions in

cylindrical coordinates of the form:

ikxx
P(r) e e1_ e-i_t (])

Since we are considering sound from a propeller with B blades and angular

speed _, the frequency of the mth harmonic is given by w = mB_ and

solutions at this frequency can be constructed from linear combinations of

Equation 3 in the following general form.

= ikxx
P = e-imB_t Z ein@ fL Fn(k x) P(r) e dk (4)

n=-ao X

where the coefficients Fn are to be found.

The equation for the radial part of the solution, P(r),can be found by substi-
tuting Equation 3 into Equation 1 with the Laplacian

V2= Y1 _r@ (r'_r ) + "_i _--_@2+ 22r _ (5)

The result, with M : U/c ° is:

, , , ((Mkx_k) 2" 1 p ) _ 2k M P + (Mkx-k) - (kx 2(Mkx-k) (P + _ x

n2
+_ )I

r

P=O

where k = w/c o. At this point we change notation and consider pressure to

be normalized by poCo 2. Also, wavenumbers k and kx and distances
are referred to the boundary layer thickness 6.

Computation of the Wave Field Outside the Boundary Layer

In the outer region the Mach number M is constant at the flight speed

value Mx so that M' = 0 and Equation 6 reduces to:

(6)

P +T + ( Mx _ - k - ( kx2 + 7 _
P = 0 (7)

This is Bessel's equation with solutions Jn (krr) and Yn (krr) where
the radial wave number is:

kr = _/(Mxk x - k)2 - kx2 (8)
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The combination of Jn and Yn corresponding to outgoing waves is the Hankel
function:

H (I) = j + i Y
n n n

Thus, the scattered wave is given by

(9)

® ik x

p: e-imS_t _ ein_ f_ ElCn(kx) + iOn(kx)i H(1)(krr) e x dk
f_-=oo n x

where the coefficients Cn+iD n will be determined when the wave fields in-
side and outside the boundary layer are matched. The constant E =

BrT3/_ has been extracted for later convenience.

For the incident wave, a solution in the form of Equation 4 is easily

adapted from an earIier paper by Hanson i. In Reference i, formuias were

derived for near-fieId noise of propeIIers in forward flight. The theory
which treats steady monopoIe, dipoie and quadrupoie sources convected aiong

heiicoidal paths via the acoustic anaIogy, has been used routineiy at

Hamiiton Standard since 1977 for propeller and Prop-Fan noise predictions.

For economy of space, only the formula for monopoie (thickness) noise is

given here. However, with the information given, the solution for the other

sources could be written down immediately.

For an observer translating with the propeller at flight Mach number

the pressure in the mTM harmonic of blade passing frequency is givenM X ,

by

im8(_ -_%t)

Pi = -iE e J_bs (Mxkx_k)2 _v(ko)

dkx dzo

(ii)

i_x
JmB(krrTZo)H(1) (k_r.) e

mB r ±

where

(io)

2 BDr T

ko -_ (Mxkx-k)
r

-2

d_s- M_----_T(Mkx-k)
MCA

D

(12)

(13)



and, as in Reference l, B is the number of blades, BD is the chord to dia-

meter ratio, tb is the thickness to chord ratio, and _v is the chordwise

spatial Fourier transform of the airfoil section thickness distribution.

_s is the phase lag due to sweeping a blade section back along the advance
helix by an amount MCA. To establish Equation ll from Reference l, a change
in notation was made: the k of Reference 1 was changed to -(Mxkx-k)/k in

the present notation and kx is now the wavenumber of the sound field in the

flight direction. In Reference l, kx was the chordwise source wave number,

a role presently filled by ko.

In Equation ll, the coordinate system is centered in the propeller axis.

The observer is located at rl, _l, x. But since the matching process is
to be applied at the edge of the fuselage boundary layer, the coordinate sys-

tem for Equation ll must be shifted from the propeller axis to the fuselage

axis as shown in Figure 4. A Bessel function identity suited for this is

given in Reference ll:

im_ (i) = (i)

e H (krrl) X H (krrcL) On(krr) ein@ (14)
mB = n=--= MB+n

When substituted into Equation Ii, this gives

= ikxx

Pi = e-imBat Z ein$ fL Pi,n(r) e dkx (15)
n=-oo

where the radial dependence is given by:

Pi,n(r) = E (Mxkx-k) 2 Jn(krr) [Gmn(k x) + i Qmnkx]
(16)

and

(1)

Gmn(k x) + i Qmn(kx) =-iH
mB+n

i_ S .

e _v (ko) 3mB(krrtZo) dZo (17)

Note in Equation 17, that the integral contains all the source information.

In Equations 15, 16 and 17, the incident pressure field has been decom-

posed into time, angle, and axial distance Fourier components. This has been

done analytically by virtue of working in the frequency domain. In a time do-

main source description, this 3-fold Fourier decomposition would have to be

done numerically.



Computation of the WaveField Inside the Boundary Layer

Pressure waves in the boundary layer are solutions to Equation 6 subject
to the appropriate boundary condition at the fuselage surface. Equation 6 is
somewhatsimplified here by dropping the P'/r term Ieaving

' ' I(Mkx_k)2 ](Mk -k)P" - 2k M P + (Mkx-k) - (kx2 + k 2 ) p = 0 (18)x x y

where for n/r we have written:

ky = n/r (19)

where r is the distance from the fuselage center to the middle of the boundary
layer. This approximation is based on the fact that the fuselage radius is

much larger than the boundary layer thickness. Thus, the boundary layer re-
gion will be solved on a plane in Cartesian coordinates and then "wrapped

around" the fuselage. Periodicity in _ is guaranteed by requiring that

n be an integer. This approximation could easily be eliminated but it
doesn't seem worthwhile at this point considering that the assumptions of a

uniform boundary layer and a circular section fuselage are also approximate in
most cases.

To solve Equation 18, we shift the origin of the radialcoordinate to the
fuselage:

r : rf + z (20)

so that the normal coordinate in the boundary layer is z, which runs from 0 at

the fuselage to 1 at the boundary layer edge. Over most of the range of in-

terest in kx, Equation 18 is integrated by a standard Runge-Kutta method.

However, for kx > k/Mx, the factor Mkx - k goes to zero for some value

of z between 0 and 1. This point, Zs, is a singular point of Equation 18
and requires special treatment. The method used here is to apply the Runge-

Kutta integration from z = 0 to within a few mesh points of zs where it is

matched to a series solution about zs. The series solution spans the sing-

ular point a few mesh points beyond zs where the Runge-Kutta integration is
continued to z = 1.

For the series about Zs, we use the method of Frobenius 12 as suggested

by Tam and Morris 9. This is straightforward to apply and yields an indicial

equation with roots equal to 0 and 3 so the two linearly independent series
solutions are:

PA = (z - Zs )3 1 + al(z - z s) + a2(z - Zs )2 + .... (21)

PB = I + bl(Z - zs) + b2(z - Zs)2 + .... + C PA in(z - zs)
(22)
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With two series, the numerical result can be matched for P and P'. The
coefficients an, bn and C depend on the Machnumberprofile in the boun-
dary layer and can be found by substitution into Equation 18.

Whenthe series in Equations 21 and 22 are matched to the numerical result
on the fuselage side of the singular point (z < Zs), a decision must be made
regarding branches of the log function. This issue has been discussed exten-
sively in the literature in conjunction with studies of boundary layer insta-
bility using the 2D incompressible version of Equation 18. The early work by
Tollmien, Lin 7, Wasowa is summarizedby Schlichting _3
where it is shown that the branch of the logarithm must be taken such that
In (z - zs) = in z - Zs_-iw for z < zs. This was proved by examina-
tion of a more complete fourth order differential equation for the flow that,
because it includes viscosity, is not singular at zs. Tamand Morris 9, in
their work on sound from compressible shear layer instability waves, arrived
at the sameconclusion using different methods. They showedthat the singular
point maybe spanned by embeddingthe problem in the complex plane and passing
beneath Zs.

With respect to the form that waves maytake in the vicinity of the criti-
cal layer (z = Zs) , the Tamand Morris 9 analysis and the present analysis
are dealing with different aspects of the same physical problem. Hence, we

follow their precedent and use ln(z - zs) = in Iz - Zsl -in for z < zs.

For conditions with or without a singular point unit solutions,

Pn (kx,z), to Equation 18 for any kx and n are obtained by integrating

from z = 0 to 1 starting with the boundary conditions:

Pn(kx,O) = 1 ; Pn (kx'O) = 0
(23)

The general solution in the boundary layer region is then:

PBL : e-imB_t _ eir_
n=,,,_

ikxx

f_ [An (kx)+ iBn(kx)]_n(kx,Z) e

where An(k x) and Bn(k x) are to be found by matching to the outer
field.

dk
X

(24)
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Matching of Equations at the Boundary Layer Edge

We now have expressions for the wave field outside the boundary layer,
Pc + Pi from Equations lO and 15, and for the boundary layer wavefield
PBL from Equation 24. These have to be matched at the boundary layer edge
r = rE for all x,¢, and t. Here the matching is achieved equivalently in

the frequency/wavenumber domain for all kx, n, and m. Thus, the matching

equations for pressure and its derivative are:

[(Mxkx - k) 2 Jn(krrE)(Gmn + iQmn) + (Cn + iDn) Hn (1)(krrE) 1E

ERr l(Mxkx -k)2 Jn'(krrE)(Gmn + iQmn)+ (Cn + iDn)Hn'(1)(krrE) 1

The real and imaginary parts of these equations yield four equations that

can be solved for An, Bn, Cn and Dn, giving the entire wave field. In

particular, Equation 24 gives the pressure on the fuselage surface (z = O)

with Pn(kx, O) = I.

= (An + iBn)Pn(kx,l)

= (An + iBn)Pn'(kx,l)

Amplification Plots

The theory derived above provides means of predicting the absolute ampli-

tude and phase of propeller noise on a fuselage surface with a boundary

layer. However, since the purposes of this study are to investigate the ef-

fects of the fuselage and boundary layer and to provide corrections to free-

space levels, most results are presented as amplifications. Thus, 6dB would

represent the usual doubling effect of a hard wall; lower amplifications indi-

cate boundary layer shielding or fuselage shadowing.

Amplification is defined as the ratio in dB between the acoustic pressure

with fuselage and boundary layer, to the acoustic pressure at the same loca-
tion in space but without the fuselage and boundary layer. Thus,

F ]

Amplification = 20 loglo I_I dB (27)

L -d

where both pressures are computed at r = rf and are functions of x and @.
In order to study fuselage effects without confusion due to chordwise and

spanwise interference within the propeller source, the blades were replaced by

point sources at 80% of the blade radius. The chordwise thickness distribu-
tion is compressed to a point by using the chordwise transform for zero chord:

_(ko) = _(0) (2B)

A plot of amplification as a function of x and @ for conditions typical
of the JetStar/Prop Fan model flight tests is shown in Figure 5 .

Behind the plane of rotation, the combination of boundary layer attenuation

and finite fuselage diameter results in an amplification of about 4dB

(slightly less than the 6dB expected for full pressure doubling). At the for-

ward location, significant attenuation appears due to the boundary layer re-

fraction effects. Transverse to the airplane axis it can be seen in Figure 5
that the peak amplification occurs at about -lO degrees. This is a function

of the direction of rotation of the Prop-Fan and is due to the source direct-
ivity. As would be expected, the amplification falls off on either side of

the centerline because of grazing incidence.
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THEORYVERIFICATION

Although the amplification curves presented above exhibit the general be-
havior expected from previous experience with respect to shielding and shadow-
ing effects, the theory was verified further in the numerical experiment des-
cribed below.

First the scattering theory was checked by running somelimiting cases
with an infinitesimally thin boundary layer. The large wavelength behavior of

the theory was verified by running a JetStar case with the fuselage diameter
reduced to 0.03 mm (O.O001 ft). The resulting amplification was less than .05

dB, indicating that a fuselage this small has negligible effect on the source
field. In order to check the small wavelength behavior of the theory, a fuse-

lage diameter of 3.05 m (lO ft) was used. This produced an amplification of
6.0 dB. This is the same as the pressure doubling on an infinite plane, again

verifying correct behavior. To check behavior at intermediate wavelength,

comparisons were made with published curves for plane waves impinging on

cylinders with no flow. _ When plane waves were simulated by moving the
source far from the fuselage, the predicted surface pressures matched those of

Reference 14.

Propagation within the boundary layer was checked by reproducing

McAninch's 2D amplitude results _ for individual frequencies and wavenum-

bers. This was done by integrating Equation 18 with ky = O. The comparison
with McAninch is shown in Figure 6 for a typical case. The curves represent

amplification according to

. FPBL)RMS ]

AdB = 20 ±oglO_PE) RMS] (29)

where PBL is pressure on the surface under the boundary layer and PE is
the pressure in the incident wave measured at the boundary layer edge.

As a final check of the theory, the equivalence of Equation ll and Equa-
tions 15-17 was verified. These are source noise formulas expressed in source

coordinates and in fuselage coordinates respectively. Although the expression

in fuselage coordinates is considerable more complicated, values for the free
space levels calculated using Equations 15-17 typically agree within less than
0.i dB with those calculated using Equation ii.

11



THEORETICALTRENDS

Parameter Dependence

The present theory allows the calculation of fuselage scattering and boun-
dary layer refraction effects. These effects depend on manyparameters such
as: boundary layer profile, boundary layer thickness, flight speed, fre-
quency, fuselage diameter, and incidence angle. Currently, the analysis is
configured to provide amplitude correction factors between free-space sound
pressure levels and those at the fuselage surface. In the implementation of
the calculation procedure, fuselage locations are specified relative to the
Prop-Fan plane-of-rotation. Also, because the present theory includes fuse-
lage scattering effects, it is possible to predict the variation of noise cir-
cumferentially around the fuselage.

Fuselage Scattering Effects

Figure 7 shows the calculated correction factor as a function of angle

around a fuselage. This calculation was done assuming a negligible boundary

layer for a flight Mach number of 0.8. Although the geometry used for this

example is that of a Prop-Fan modei test, it illustrates the scattering ef-
fects. Comparable resuits would be expected in full-scale. As can be seen,

the calculated effects are similar for the three axial positions. Near 0 de-
grees, the fuselage produces fuli pressure doubling. At positions around the

fuselage, the pressure reinforcing effects decrease and beyond about 50 de-

grees a shadow zone begins. On the opposite side of the fuselage, near 180

degrees, a strong shadow zone may be seen. As expected, the shadow zone is

stronger for )XBPF than for BPF, as the wavelength is shorter for the higher

frequency. Also, the 6dB plateau is wider for the higher harmonic. Finally,

it may be noted that the pattern is not centered on 0 degrees, but appears
shifted by about 15 degrees. This is a result of the Prop-Fan direction of

rotation, as was also seen in Figure 5.

In general, the scattering effects show some degree of pressure reinforce-

ment near the point of closest approach of the Prop-Fan and a shadow zone on

the far-side of the fuselage. The amount of pressure reinforcement is depen-

dent on the size of the fuselage relative to the wavelength of the incoming

sound waves, as is the depth of the shadow zone. Figure 7 shows typical re-

suits. It was previously shown that a very small fuselage gave essentially no

scattering effects, while a large fuselage produced full pressure doubling.

Effect of Boundary Layer Profile

The amount of boundary layer refraction effect is dependent on the shape

of the velocity profile within the boundary layer. To evaluate this depen-

dence, calculations were done for representative configurations using several
boundary layer profiles. For this study, four profiles were evaluated. The

profiles are shown in Figure 8 in JetStar scale. The linear profile is the
simplest and has no higher derivatives within the boundary layer. The slope,

M', in Equation 18 is constant. The 1/7 power law curve is representative

of a classic turbulent boundary layer. The 1/3 power law was used to illus-

trate the dependence of the velocity gradient within the boundary layer. The

12



1/3 power law profile also effectively results in a thicker boundary layer.
These three profiles are used with a boundary layer thickness of 0.13 m (0.42
ft), which is approximately what would be expected on a flat plate. Also, the

boundary layer measurements made on the JetStar, shown in Figure 9, show this

to be a reasonable boundary layer thickness. It should be noted, however, in

Figure 9 that the velocity reached at about 0.14 m (0.46 ft) is only 96_ of
the edge velocity. The flow velocity then decreases followed by a second re-

versal in slope. For these measurements, the edge velocity was measured at
the Prop-Fan centerline. Although this would place the boundary layer edge at

the Prop-Fan center, the present boundary layer analysis is based on the

source being totally outside of the boundary layer. Thus, for these evalua-

tions, the boundary layer edge was assumed to be just beyond the Prop-Fan

blade tips, at 0.48 m (1.58 ft) from the fuselage surface. The boundary layer

profile labeled "JetStar" in Figure 8 is thus based on a linear interpolation

of the JetStar measurements to 0.20 m (0.67 ft), then extrapolated to an edge

assumed to be 0.48 m (1.58 ft) from the fuselage. As may be noted in Figure 8

the JetStar profile is very simular to the classic 1/? power law profile to

about 0.08 m (0.25 ft) from the surface. Beyond 0.13 m (0.42 ft) the

"JetStar" profile has only gentle gradients and would not be expected to give

results much different from the 0.13 m (0.42 ft) thick boundary layers.

Figure lO shows the calculated boundary layer effects on model Prop-Fan

noise based on the four profiles described in Figure 8. As may be seen, the

linear boundary layer profile has the greatest effect, showing significant at-

tenuation over the entire range of axial positions. The JetStar and 1/? power

law profiles show generally similar results, with the JetStar having slightly

more effect from 0.46 m (1.S ft) aft to 0.50 m (1 ft) forward of the plane of

rotation. From about 0.15 m (0.5 ft) forward of the plane of rotation aft the

1/? power law boundary layer profile results in a correction of 3 to 4 dB, re-
presenting pressure reinforcement caused by the fuselage. The 1/5 power law

boundary layer profile shows effects between those for the 1/? power law pro-

file and the linear, profile, as would be expected as the effective boundary

layer thickness is between those. All four profiles show significant refrac-

tion effects forward of the plane of rotation.

It is apparent that the boundary layer profile has a significant effect on

the propagation effects. The measured JetStar boundary layer profile is simi-

lar to the classic 1/7 power law profile for turbulent boundary layers. The

propagation effects for the OetStar boundary layer are also similar to those

for the 1/? power law profile. Calculations using the measured JetStar boun-
dary layer will be used in subsequent discussion.

Effect of Flight Speed

The boundary layer refraction and fuselage scattering effects depend on
flight Mach number. The Mach number dependence is illustrated in Figure ll,

which shows the calculated corrections along the_= 0 line on the JetStar

fuselage for the BPF of the SR2 Prop-Fan operating at MT = 0.8. At 0.8 Mach
number, a modest pressure reinforcement appears aft of the plane of rotation.

Forward of the plane of rotation, appreciable attenuation may be seen. The

attenuation is caused by refraction effects in the boundary layer. At 0.? and

0.6 Mach numbers, pressure reinforcement also appears aft of the plane of
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rotation. The effect initially decreases in the forward direction, but then
appears to increase again. The 0.7 Machnumbercurve appears to peak at about
0.46 m (1.5 ft.) forward of the plane of rotation, then shows a decrease. The
0.6 Machnumber curve is still rising beyond the range calculated. At 0.6I m
(2 ft.) forward, the apparent fuselage effect is 9dB. This is greater than
would be expected from a pressure amplification effect. A possibIe expiana-
tion for this is that the propagation through the boundary iayer results in an
apparent change in source directivity, as illustrated in Figure 12. In the
absence of any boundary layer, the acoustic ray wouid travei to the receiver
foIlowing the direct path. For the effective radius source represented, the
directivity angle is indicated as e. With the boundary layer present, the
acoustic ray is refracted and foiIows the path labeled "refracted path". As
shown, the refracted ray is at a directivity angle 8R, which is cioser to
the piane of rotation than the angIe e. The source characteristics are such
that the noise peaks near the visual piane of rotation, so that there is
significantly more noise along eR than along e. The receiver then ob-
serves more noise due to the apparent directivity change caused by the refrac-
tion effects. At higher flight speeds, or at further forward positions, re-
fraction is compiete and the sound is greatiy attenuated before reaching the
receiver. Apparently, for the 0.7 Machnumbercurve in Figure iI, the peak at
0.46 m (i.5 ft.) forward is due to the directivity change caused by the boun-
dary iayer refraction effects. The correction then decreases again, as re-
fraction becomesmore complete.

Figure 13 shows the calculated effects of flight speed on the 3XBPFhar-
monic. Similar effects to those for the BPFharmonic are seen to occur. How-
ever, due to the smaller source wavelength the effects are more pronounced.
At 0.8 Mx there appears a strong attenuation effect. At 0.7 Mx, there appears
a modest reinforcement, again due to refraction effects on the apparent source
directively, then a strong attenuation effect as refraction becomesmore com-
plete. At 0.6 Mx, the directivity effects are even stronger than for the BPF
tone, which is expected since the source directivity becomessharper with in-
creasing frequency.

Frequency Effects

The calcuIated fuselage boundary layer effects are shownin Figure 14 as a
function of frequency. For this iilustration, the effects were caiculated for
a fiight Machnumberof 0.7. The effects of frequency are seen in the three
harmonics of bIade passing frequency caiculated. At low frequency, the be-
havior is as previousiy discussed. At 2XBPF, the peak has movedaft, consis-
tent with a sharper source directivity. It can be seen that beyond 0.46 m
(I.5 ft.), the exponentiai decay effect has occurred, as full refraction
through the boundary iayer is occurring. At 3XBPF,the peak is stiii further
aft, consistent with the stiil-sharper directivity at this higher frequency.

It is thus apparent that the fuselage boundary layer refraction effects are
strongly dependent on frequency. This should not be surprizing, as the source
wavelength to boundary layer thickness ratio decreases with increasing fre-
quency thereby producing more refraction effects within the boundary layer.
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Effect of Scale

The above discussion is in the context of the OetStar model Prop-Fan
scale. For the JetStar cases, a relatively thick boundary layer, based on
measurements, has been used in the calculations. Further, the small size of
the Prop-Fan models resulted in relatively short wavelengths for the source.
It was found that for these small size configurations, the pressure reinforce-
ment near the peak noise dlrectivity at 0.8 flight Mach number is in the order

of 2 to 3 dB. This is less than the usual 6 dB pressure doubling assumed for

typical fuselage effects. However, the effect was found to be frequency de-

pendent, so that these results might not be as strong in full-scale.

The boundary layer/fuselage effects for a full-scale Prop-Fan configura-

tion were calculated for an 8-bladed, 4.57 m (15.0 ft.) diameter Prop-Fan op-

erating at 0.8 Mach number cruise and a tip clearance of 0.8 diameter. The
fuselage was assumed to be 3.66 m (12.0 ft) in diameter with a O.lO m (0.33

ft) thick boundary layer. The boundary layer used is a classical one with a

1/7 power law profile.

Figure 15 shows the calculated effects for the first two harmonics of

blade passing frequency. From aft of the plane of rotation to slightly for-

ward of the plane of rotation the fuselage correction is between 5 and 6 dB.

The BPF tone shows a very slight boundary layer refraction effect forward of

the plane of rotation. The refraction effects are stronger for the 2XBPF tone

and substantial attenuation becomes apparent beyond about 0.5 diameters. How-

ever, the free-field noise of Prop-Fans tends to peak near the visual plane of

rotation. From Figure 15 it can be seen that in the plane of rotation the

correction is 5 dB for both the BPF and 2XBPF tones. Thus, it would appear

that the fuselage/boundary layer effects for a full scale Prop-Fan installa-

tion operating at high Mach number cruise would be only about 1 dB less than

full pressure doubling.
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CORRELATIONWITHMODELPROP-FANDATAIN FLIGHT

Available Data

The available model data includes noise measurements made under actual

high-speed, high altitude flight conditions. Model Prop-Fan noise was mea-

sured using microphones flush-mounted in the fuselage. Also, a limited number

of test flights were made with a "free-field" microphone boom installed above

the Prop-Fan. The microphone installations are shown in Figure 16. Acoustic

results from this series of tests were reported in References 15 and 16.

Correlations Using Boom and Fuselage Data

The boom contained four microphones, installed at axial locations and

radial tip clearances corresponding to four microphone locations on the

OetStar fuselage. Because of its thin boundary layer and small diameter

(0.038 m (0.125 ft)), it was expected that the boom noise levels would be re-

presentative of levels in free space and would therefore be useful for direct

comparison with the fuselage levels. This turned out not to be the case, as

the convection effect reduces the wavelength of noise at blade passing fre-
quency to approximately O.lO m (0.33 ft), and significant scattering occurs at

the boom. However, the present theory can be used to evaluate these effects

by comparing the calculated noise at the boom and at the fuselage and then

comparing that result with the corresponding measurements. This is readily
seen from the relationship:

SPL B - SPLFs = ASPL B (30)

SPL F - SPLFs = ASPLF (31)

where SPL B is the sound pressure level at the boom microhone location,

SPLFs is the free-space sound pressure level and SPLF is the sound pres-

sure level at the fuselage microphone locations. Since the boom was located
at the same distance from the Prop-Fan center as the fuselage,

corresponding microphone locations have the same free-space sound pressure

level. By equating SPLFs in equations 30 and 31, we obtain

SPL B - SPL F = ASPL B - ASPLF. Thus, the measured SPL at the boom

minus the measured SPL at the fuselage is equal to the difference between the

boom effects and the fuselage effects. Since the latter is calculated by the

present theory, a comparison can be made to evaluate the calculations. This

approach has the advantage of not requiring that the Prop-Fan source charac-

teristics be known. Table I shows comparisons for several representative con-
ditions.

The two high flight Mach number conditions, at 0.787, show generally good

agreement. The trend showing that the fuselage boundary layer effects are

stronger for the forward microphone locations is seen in both the measurements

and the calculations. At lower flight speeds, the agreement between the mea-

surements and the calculations deteriorates. In general, the measurements

show consistent fuselage boundary layer effects which provide attenuation.
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The calculations generally show somedegree of amplification. The apparent
amplification effects were previously described and identified as an apparent
source directivity change caused by boundary layer refraction effects (see
Figure 12). This apparent amplification is not supported by the data. How-
ever, it should be recalled that for the present analysis the source represen-
tation is chordwise and spanwise compact. In actuality, the Prop-Fan noise
source is distributed, so that the refraction effects are different for each
source element. Integrating the effect over the blade span thus "softens" the
effect. In addition, a complete source representation, including loading
noise dipoles and quadrupoles, would also reduce the apparent amplification
effects by broadening the source directivity.

It maybe noted that the data show some of these effects, albeit not to

the same degree as presently calculated. For example, the 0.620 Mx case for

the SR3 model shows a peak value of 131.3 dB at the BPF measured on the boom.
At the forward microphone, the level has dropped to 124.6 d8, a change in di-

rectivity of 6.7 dB. The corresponding fuselage microphones show a difference

of 6.6 dB, or almost the same. However, at 3XBPF the difference from peak to

the forward location sound pressure level is ii.7 dB at the boom, but only 7.2

dB at the fuselage. This appears to indicate that the fuselage boundary layer

effects have broadened the directivity pattern on the fuselage.

As a final note, it is assumed in this comparison that the boom is isola-

ted. In actuality, there will be reflections from the fuselage which will af-
fect the boom data. These effects cannot be calculated using the current

method, as it is restricted to having the observer on the fuselage. However

the theory allows the observer to be located at any lpoint in space and the

method can be generalized with some further work.

Correlations Using Free-Field Calculations

Another way to evaluate the fuselage effects theory is to calculate free-

field sound pressure levels, apply the fuselage correction, and then compare

these with the measurements. Figure l? shows comparisons between measured and

calculated JetStar fuselage microphone data for the SR3 Prop-Fan model opera-

ting at a flight speed of 0.?8? Mn. The free-field source levels were calcu-

lated using Hanson's frequency domain method I and the fuselage corrections

were calculated using the present analysis. The boundary layer propagation
effects result in substantial attenuation at the forward microphone loca-

tions. At the rearward microphones, the fuselage pressure amplification ef-

fects are about 1 to 2 dB. The boundary layer attenuation effects increase

with increasing frequency. These predictions are borne out by the measure-
ments.

Figure 18 shows similar comparisons at a flight speed of 0.713 Mn. For
this lower flight speed, the boundary layer effects show an increase over
free-field levels at all measurement locations. At the aft locations, the in-

crease is modest (up to about 4 dB) and is due to pressure amplification

caused by the fuselage. At the forward locations, the effect of the boundary

layer is greater, reaching more than 9 dB at 3XBPF. This appears to be a com-
bination of fuselage reflection and a bending forward of the source directiv-

ity pattern by refraction in the boundary layer. This effect is slightly

17



over-calculated at BPF, but agrees well with measurementsat 2XBPFand 3XBPF.
Certainly the free-fieid predictions are improved by the corrections caicu-
lated using the present theory, especiaIly at the forward locations.

Figure 19 shows a comparison at a still lower flight speed. Again, the
boundary iayer effects for this 0.620 fiight Machnumbercase show amplifica-
tion at the forward microphone iocations. Except for the most forward micro-
phone at BPF, the agreement between the caicuiations and the measurementsin
much improved by the boundary layer propagation effects corrections.

It is apparent from the comparisons presented in Figures 17, 18 and 19
that the boundary layer propagation effects corrections calcuiated using the

present theory significantly improve the p_edictions. Noise predictions made

using the Hanson frequency domain analysis z and fuselage scattering/boundary

layer propagation effects calculated using the current method show good agree-
ment with measurements made on the JetStar fuselage.
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CORRECTIONFACTORSFORTHEJETSTARMEASUREMENTS

Using the present theory, boundary layer propagation/fuselage scattering
effects corrections have been calculated for the JetStar test conditions.
Since the available test data span a wide range of operating conditions, the
calculations were done for a matrix of operating conditions which bracket the
test data. A complete set of correction factors is given in Appendix A.

For these correction factors, calculations were madefor all combinations
of flight speeds of 0.6, 0.7, and 0.8 Mn, and l, 2, and 3 times blade passing

frequency for an 8-bladed Prop-Fan. These allow corrections for the available

data to be derived by interpolation. The corrections are applicable to both
SR2 and SR) in their 8-bladed test configurations. It should be noted that

the corrections given are defined as fuselage levels minus free-field levels.

Thus, subtracting the correction given in Appendix A from the sound pressure

level measured by the fuselage microphones will result in levels corrected to
free-field conditions. Conversely, adding the correction to calculated

free-field levels gives the estimated level on the fuselage.

The corrections given are independent of altitude and Prop-Fan power

loading.
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CONCLUDINGREMARKS

In this report a new theoretical analysis has been presented that solves

the entire acoustic field around a cylindrical fuselage with a boundary layer

in the presence of incident waves from a distributed propeller noise source.

Scattering from the boundary layer, reflection from the fuselage, and refrac-

tion in the boundary layer are all rigorously accounted for. The theory re-

presents the propeller with multiple blades and sources distributed over their

chords and spans. However, to derive general correction curves for this re-

port as functions of gross operating conditions, the source representation was

simplified to a single point thickness source for each blade. This eliminates

any chordwise and spanwise interference that would be peculiar to a particular

blade design. Correction curves have been presented that represent the
difference between noise levels predicted on the fuselage surface and the

levels predicted at the same point in space but without the fuselage and boun-
dary layer.

Based on studies of these correction curves, the following conclusion have
been reached.

i. In general, the theory predicts attenuation forward of the plane of

rotation and modest amplification aft of the plane of rotation for

the SR2 and SR3 model Prop-Fans on the JetStar at high cruise Mach
numbers.

. At low flight speeds, the theory predicts amplification at all loca-
tions for the SR2 and SR3 model Prop-Fans. This appears to be a re-

sult of the apparent change in source directivity caused by boundary

layer refraction.

Q The theory indicates for a full scale Prop-Fan that the fuselage

scattering/boundary layer refraction effects result in a pressure

amplification of approximately 5 dB at the peak noise location. This

amplification reduces to 2.5 dB at the blade passing frequency and to

a reduction of 2.5 dB at 2 times blade passing frequency at 0.8 dia-

meters forward of the plane of rotation.

. The calculated fuselage scattering/boundary layers refraction effects

show a strong dependence on frequency.

1 Comparison between theory and JetStar test data is generally good

when predictions are made by using the existing Hamilton Standard
free-space Prop-Fan noise prediction procedure with corrections from

the new boundary layer propagation analysis.

. Comparisons are not as good when using the boundary layer propogation

theory to predict the differences between 3etStar fuselage surface

levels and 3etStar microphone boom levels. It is not known at this

point whether this is a problem with the theory or with the boom data.
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RECOMMENDATIONS

In this report the new theory has been demonstrated to provide improved
accuracy on the basis of amplitude when used to correct free space predictions
to fuselage levels. Both amplitude and phase information are needed for fuse-
lage treatment design. Therefore its phase accuracy should also be evalu-

ated. Also, the disagreement with the microphone boom results should be in-

vestigated. This disagreement must be understood to establish the value of a

"free-space" boom in future flight tests.
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TABLEI - Comparisonof Measuredand Calculated
for the JetStar Test Airplane

Prop-Fan Flight

Configuration Mn

SR3 O.787

Fuselage Effects

Hat- Mic No. Measured SPL Calculated ASPL

monic Boom/Fuse Boom Fuse Boom Fuse

0.713

i 1/3 133.1 127.0

2/4 - 136.0

3/5 143.0 140.4

4/7 146.1 141.3

2 1/3 129.8 110.4

2/4 - 129.1

3/5 138.4 136.5

4/7 137.9 136.3

3 1/3 126.3 105.8
2/4 - 120.5

3/5 133.8 129.3

4/7 135.8 118.6

O.620

1 1/3 130.0 127.2

2/4 - 132.1

3/5 139.3 136.2

4/7 140.2 134.0

2 1/3 126.7 121.1
2/4 - 129.6

3/5 137.2 133.6
4/7 136.9 130.9

3 1/3 122.7 116.4
2/4 - 126.2

3/5 132.6 128.6
4/7 129.6 120.0

1 1/3 124.6 119.8
2/4 - 123.0

3/5 131.3 126.4

4/7 122.6 125.5

2 i/3 113.8 I12.7

2/4 - i15.2

3/5 120.3 116.9
4/7 122.7 118.0

3 1/3 107.6 106.4
2/4 - 111.5

3/5 113.4 107.9

4/7 119.3 113.6

AdB, Boom-Fuse
Meas. Calc.

2.3 -1.7 6.1 4.0

2.8 0.5 - 2.3

3.2 0.8 2.6 2.4

3.2 1.3 4.8 1.9

2.6 -14.9 19.4 17.5

3.3 -2.4 - 5.7
3.8 0.6 1.9 3.2

4.2 0.5 1.6 3.7

2.i -21.9 20.5 23.0

3.3 -5.2 - 8.5

4.2 1.3 4.5 2.9

4.6 0.3 17.2 4.3

1.6 4.8 2.8 -3.2

2.1 3.2 - -i.i

2.4 1.9 3.1 0.5

2.4 2.0 6.2 0.4
3.8 7.3 5.6 -3.5

3.9 4.6 - -0.7

4.1 2.1 3.6 2.0

4.4 1.O 6.0 3.4

4.0 8.7 6.3 -4.7
4.1 6.0 - -1.9

4.1 2.3 4.0 1.8

4.2 0.3 9.6 3.9

i.i 5.5 4.8 -4.4

1.4 3.8 - -2.4

1.6 2.7 4.9 -i.i

1.5 2.2 -2.9 -0.7

3.8 8.9 i.I -5.1

3.9 5.5 - -1.6
4.0 3.1 3.4 0.9

4.2 1.9 4.7 2.3
4.4 12.1 1.2 -7.7

4.2 6.8 - -2.6

4.2 3.1 5.5 i.i

4.3 1.2 5.7 3.1
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TABLE I - Comparison of Measured and Calculated Fuselage Effects

for the JetStar Test Airplane (Continued)

Prop-Fan Flight Har- Mic No. Measured SPL Calculated ASPL

Configuration Mn monic Boom/Fuse Boom Fuse Boo__m Fuse

Ao_, Boom-Fuse

Meas. Calc.

SR2 0.787 I 1/3 139.6 - 2.0 -1.3

2/4 148.2 146.5 2.6 0.4

3/5 151.0 149.0 3.1 0.6

4/7 151.0 144.0 3.1 1.2

2 1/3 136.2 - 2.8 -9.1

2/4 142.5 140.0 3.4 -0.7

3/5 145.6 137.9 3.9 0.4

4/7 134.0 136.3 4.3 0.2

3 1/3 131.5 - 2.5 -17.9

2/4 139.0 135.2 3.5 -2.0

3/5 142.8 130.6 4.2 1.0

4/7 133.9 i12.6 4.5 -0.5

- 3.3

1.7 2.2

2.0 2.5

7.0 1.9

- 11.9

2.5 4.1

7.7 3.5

-2.3 4.1

3.8 5.5

12.2 3.2

21.3 5.0

0.710 I 1/3 139.0 137.8 1.6 4.6
2/4 145.6 142.0 2.1 3.0

3/5 145.0 142.5 2.3 1.9

4/7 142.0 136.7 2.2 1.7

2 i/3 131.6 128.9 3.8 7.4

2/4 137.6 135.0 4.0 4.3

3/5 138.8 139.6 4.1 1.8

4/7 141.1 125.8 4.5 i.i
3 1/3 128.6 126.3 4.1 9.3

2/4 136.2 133.1 4.1 5.6

3/5 136.1 132.9 4.1 1.9

4/7 130.9 121.4 4.2 0.2

1.2 -3.0

3.6 -0.9

2.5 0.4

5.3 0.5
2.7 -3.6

2.6 -0.3

-0.8 2.3

15.3 3.4
2.3 -5.2

3.1 -1.5
3.2 2.3

9.5 4.0

0.617 i 1/3 124.0 119.7 0.9 5.6

2/4 128.2 123.5 1.2 3.9

3/5 129.3 127.2 1.4 2.8
4/7 125.3 123.0 1.3 3.0

2 1/3 114.8 104.1 3.6 8.5

2/4 121.9 109.4 3.7 5.1

3/5 119.9 112.9 3.8 2.8

4/7 i15.3 i13.4 4.0 2.0

3 1/3 107.1 100.7 4.4 11.3

2/4 112.7 103.9 4.2 6.2

3/5 114.1 105.0 4.2 2.7

4/7 ii0.i 104.8 4.4 1.2

4.3 -4.7

4.7 -2.7

2.1 -1.4

2.3 -1.7
i0.7 -4.9

12.5 -1.4

7.0 1.0

1.9 2.0
6.4 -6.9

8.8 -2.0

9.1 1.5

5.3 3.2
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APPENDIX A - JETSTAR FUSELAGE MICROPHONE CORRECTION FACTORS

This appendix contains the fuselage scattering/boundary layer propagation

effects corrections for the existing SR2/SR3 eight-bladed models tested on the

JetStar airplane. These corrections are based on the present analysis and are
presented as dB increments to be added to free-field levels to correct them to

fuselage surface noise levels. Alternately, the correction factors can be

subtracted from the JetStar fuselage microphone measurements to correct them
to free-field conditions.

The correction factors are presented as an array, with columns correspond-

ing to axial positions on the fuselage (positive forward from the plane of

rotation) and rows corresponding to circumferential angles on the fuselage.

Figure A-1 identifies the microphone positions on the fuselage for which the
correction factors were calculated. Note that there are more correction fac-

tors given than there are actual microphone positions, since the array of cor-

rection factors is complete whereas microphone at corner locations were not
used.

The tables of correction factors are presented in the following sequence:

Table No. Flight Mn. Rotational Mn

1 0.60 0.60
2 0.60 0.70
3 0.60 0.80
4 0.70 0.60
5 0.70 0.70
6 0.70 0.80

7 0.80 0.60
8 0.80 0.70
9 0.80 0.80

Each table provides corrections for the first three harmonics of blade

passing frequency (i.e. 8P, 16P, and 24P harmonics, with P = RPM/60). Al-
though the data may not match the operating conditions of the tables exactly,

correction factors using linear interpolation in Mach number should be ade-
quate.

The correction factors given are applicable to both SR2 and SR3 in their

8-bladed configuration and can also be used for the 20,000 ft altitude and
30,000 ft altitude data.
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APPENDIX B - COMPUTER PROGRAM USER'S GUIDE

Description of User Inputs

The data required to describe the configuration and operating conditions
for each case are read and stored into an array labelled DATA. Prior to

the run this array is initiated to zero. It is not re-zeroed between

cases.

The data required for each case are:

I. A comment line: the case description, for example. This record must

not be blank. It is printed at the top of the first page of output.

2. A set of records containing data which are read and interpreted by

LOAD, an input handling subroutine.

3. A record with 0 in column I and -I. in columns 3 to 5 follows the

last data record for each case.

A blank record (in columns I to 72) follows the last case to signal the

end of the run.

The data records follow the format shown in Figure A-I. Column I should

contain a number in the range I to 5 which indicates the number of data

items on this line. Starting in column 3, the location in array DATA of

the first data item on the line is input. Data items are then input in

floating point format starting in column 13 for the first data item, column
25 for the second, column 37 for the third, column 49 for the fourth, and

column 61 for the fifth item. Each item is limited to 12 characters. The

order of the data record for each case is not restricted. However, if two

or more records contain data for the same location the one that is read

last will be used. The 0 -I. record signals the end of the data for each

case.

For some data items, defaults have been established. That is, if a spe-

cific number in the data array is zero after all the data for the case are

read, the number is replaced by the default value. Examples are the start-

ing harmonic, increment in harmonic, and number of harmonic steps. If not

specifically input by the user these are set to I.

The input list is presented in Figure A-2. As noted, locations 4., 10.,
11., 12. and 61. to 80. are dimensions which can be input in any consis-

tent set of units (i.e. feet, inches, meters, furlongs, etc.) as they are

normalized by the boundary layer thickness. Locations 21. to 60. are in

degrees. All other inputs are dimensionless. Unless the user has reasons

for doing otherwise it is recommended that the default values be used for
locations 81. to 89. Locations 91. to 93. control plotting options. These

plots are printer plots and require an IBM 3800 printer with the POHI char-

acter set.
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Sample Cases

Two sample cases are provided for the following:

Case I:

Flight Mach number
Altitude

Number of blades

Prop-Fan radius

Blade chord/diameter

Thickness/chord

C.G. alignment/diameter
Effective radius

Rotational tip speed

Fuselage radius

0.3

5,000 ft
8

4.5 ft

O. 173

0.023

0.03

0.8

800 ft/sec
3.9167 ft

Turbulent boundary layer - I/7 law
Boundary layer thickness 4 inches
Distance between center-lines 13.958 ft

Case 2:

Flight Mach number
Altitude

Rest same as for Case I.

0.8

35,000 ft

To define the required inputs, it is assumed that for the low altitude

case the density ratio is 0.8617 and the speed of sound is 1097 ft/sec,

while for the high altitude case the density ratio is 0.3106 and the speed
of sound is 972.3 ft/sec.

The general geometry is shown in Figure A-3. This figure shows the

relation between the Prop-Fan and the fuselage as well as the direction of

rotation and the conventions used for the locations on the fuselage.

The input data set for these cases is given in Figure A-I. The descrip-

tion of the geometry, operating condition, and fuselage locations is given
in the first case. Inputs for the harmonics are not given, so the default

values will be used, i.e. only the first harmonic will be calculated. For

the second case, only the flight Mach number, density ratio, and rotational
Mach number are changed from the first case. These new values are thus

input to locations I., 2., and 9., respectively. Finally, location 18. was
input a 3. to indicate that three harmonics are to be calculated.

The output from these cases is given in Figure A-4. As shown, the case

description is first summarized. Following that is the array of angles and

distances for the free-space sound pressure levels. Next, the array for

the sound pressure levels on the fuselage are printed. Finally, the array

of boundary layer and fuselage corrections in dB is printed. This array is

simply the difference between the two previous arrays. Thus, negative val-

ues are levels that are below free-field, due to attenuation by the bound-
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ary layer or shielding from the fuselage, and positive values are pressure
amplification due to the fuselage.

The sequence is repeated for the second case. Here, three sets of

arrays are given, one for each of the three harmonics requested.

It should be noted that the magnitude of the calculated sound pressure

levels is usually much greater than would normally be calculated or meas-

ured. This is a result of using an effective radius monopole source in
these calculations. It is not intended that this method be used for esti-

mating noise levels on a fuselage directly. However, since the same source

representation is used for calculating both the free-space levels and those

on the fuselage, the boundary layer propagation and fuselage scattering

effects are properly calculated. These can be applied to fuselage measure-
ments to correct to free-field or to free-field calculations to estimate

levels on a fuselage.

It may also be observed that under certain conditions fuselage reflec-

tions greater than 6 dB are calculated. As discussed in the main report,

this is a consequence of the source directivity.
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1 3 13 25 37 49 61
n loqation item _ item 2 item 3 item 4 item 5

PTA 5000 FT ALTITUDE 0.3 MACH NUMBER FLIGHT

5 I. .3 .8617 8. 4.5

5 6. .023 .03 .8 .729

5 11. .333333 13.95833 4.1428 15.

5 21. -120. -90. -75. -60.

5 26. -30. -15. O. 15.
5 31. 45. 60. 75. 90.

5 61. 20. 15. 10. 7.
5 66. 2. O. -2. -5.
0 -1.
PTA 35000 FT ALTITUDE 0.8 MACH NUMBER FLIGHT

2 1. .8 .3106

I 9. .822

I 18. 3.

0 -I.

.173

3.9167

10.

-45.

30.

150.

4.

-10.

FIGURE A-I. INPUT DATA FORMAT AND SAMPLE CASES

58



Input list:

Location Name Description

I. mx

2. ppO

Flight Mach number

Ambient pressure/sea-level standard

3. b

4. rt

5. bd

6. tb

7. cga

8. ze

9. mt

Number of blades

Tip radius ***

Blade chord/diameter at effective radius

Max thickness/chord at effective radius

Cg (mid-chord) alignment/diameter along advance
helix at effective radius

Effective radius/tip radius

Rotational tip Mach number

10. rf

11. delta

12. rcl

13. iblt

Fuselage radius ***

Fuselage boundary layer thickness ***
Distance between rotor and fuselage centerlines ***

Boundary layer profile:
1. Linear

2. Pohlhausen

3. JetStar (default)

4.xxxx Power law - power = .xxxx

14. nphi
15. nx

16. ms
17. mi

18. mn

Number of angles, O. to 40. Default = I.
Number of axial locations, O. to 20. Default = I.

Start harmonic of BPF. Default = I.

Increment in harmonic. Default = I.

Number of harmonic steps. Default = I.

19. icalc Calculation types:
O. Both free-field and thru boundary layer

I. Free-field only

2. Under boundary layer only

Angle(s) around fuselage, degrees
Axial distance from plane of rotation, + forward ***

81. nkxl

82. npz

83. nms

No. steps in kx integration over interval -km/(I-mx),

km/(1+mx). Program uses nkx1*mb. Default = 10.

No. steps in integration thru boundary layer.
Default = 50.

No. steps to stop before singularity in integration

thru boundary layer. Default = 2.

*** These inputs can be in any consistent set of units.

FIGURE A-2. DESCRIPTION OF REQUIRED INPUTS

59



Input list (continued):

Location Name Description

84. ipmain

85. ipfres

86. ipblpr

87. ipblin

Printout options from main program
O. Final answers only.

1. Integration limits used.

2. Table of kx and n ranges.

3. Debug.

Printout options for free-space calculations

O. No output.

I. No output.

2. Integration limits.

3. Debug.

Printout options for pressures on fuselage surface.

O. No output.

I. Integration limits and singularities.
2. Same as for I.

3. Debug.

Printout options for boundary layer integration.

O. No output.

I. Id of singularity, mesh size, Frobenius coeff.

2. Table of p, dpdz, m, and dmdz vs. z in b.l.

3. Debug.

88.

89.
nlimit N summation convergence test. Default = I.E-4.

kxlim Kx integration convergence test. Default = I.E-4.

91.

92.

93.

ikxfsp

ikxblp

ipint

Not O. to get plots of free-field wavenumber integr.

Not O. to get plots of press under b.l. waveno, int.

Not O. to get plots of p and dpdz in boundary layer.

FIGURE A-2. (CONCLUDED)
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FIGURE A-3. AIRPLANE GEOMETRY AND SIGN CONVENTION.
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rlA 5000 Fr ALTITUDE 0.3 HACI! NUMBER FLIGIIT

FLIGII; ItACIf NUI1BER : 0.300000 AI161EN[ rRESSURE/PO = 0.861700

BLADE COUPIr -- 8. TIP RADIUS = q.500

1111CKNESS/CIIORD = 0.023000 CG ALIGtIrlENT = 0.030000

ROIAT]UtlAL TIP HACH rio. = 0.729000

FUSFI.AGE RADIUS = 3.917 BOUNDARY LAYER IHICKHES$ s 0.333330

rDWER LAW BOUNDARY LAYER PROFILE HITH POWER = 0.142800

C IRCUtlFEREtltlAL ANGLES, DEGREES

-120.000 -oO.O00 -75.000 -60.000 -q5.000 -30.000 -15. BOO

"1,5. 000 60.000 75.000 90.000 150.000

AXIAL OT$TANCE FROH PLANE OF ROTATION

20.0000 15.0000 10,0000 7.0000 4.0000 2.0000 0.0

BLADE CHORD/DIA : 0.173000

EFFECTIVE RADIUS/TIP RADIUS : 0.800000

CEHTERLINE DISTANCE : 13.9S8

0.0 15.000 30.000

-2.0000 -5.0000 -lO.OOO0

FREE-SPACE SPL FOR HARItONIC t,'O, 1

VISUAL DISTANCE

PHI, DEG 20,000 15.000 10.000 7.000 4.000 2.000 0.0 -2.000 -5.000 -10,000

-120.00 94.3 105.5 116.1 121.4 12S.0 126.1 126.2 125.0 121.2 111.2

-qO.O0 89.7 102.3 114.6 121.0 123.6 127.2 127.3 125.9 121.3 109.3

-75.00 86.6 qq.9 i13.4 120.6 125.9 127.8 128.0 126.5 121.3 108.0

-60.00 83.1 97.2 111.9 119.9 126.2 128.S 128.8 127.1 121.1 106.2

-_S.oo 79.3 _.2 ]10.0 119.1 ]26.3 129.2 129.7 127.7 120.9 106.3

-30.00 73.6 91.3 106.2 118.2 126.4 129.8 130.5 128.5 120.6 ]02.3

-15.00 73.1 89.1 106.8 117.4 126.4 130.2 131.1 128.7 120.2 100.9

0.0 72.2 88.3 106.3 117.1 126.4 130.3 131.3 128.8 ]20.1 100.3

IS.O0 73.1 69.1 106.8 117._ 126.4 130.2 131.1 128.7 120.2 100.9

30.00 75.7 91.3 106.2 118.2 126.4 129.8 130.S 128.3 120.S 102.3

65.00 79.3 96.2 110.1 119.1 126.3 129.2 129.7 127.7 120.9 104.3

6o.00 83.1 07.2 111.8 119.9 126.2 128.5 126.8 127.1 121.1 lO6.2

75.00 86.6 99.9 113.4 120.6 125.9 127.8 128.0 126.5 121.3 108.0

qO.O0 80.7 102.3 114.6 121.0 125.6 127.2 127.3 125.9 121.3 109.3

ISO.O0 e6.8 107.2 116.8 121.4 124.5 125.5 125.5 126.4 121.1 112.1

SPL ON TIlE FUSELAGE FOR HARHONXC NO. 1

VISUAL DISTANCE

PHI_ DEG 20.000 15.000 10.000 7,000 4.000 2.000 O.O -2.000 -5.000 -10.000

-120.00 96.0 106.6 116.7 121.7 125.0 126.0 126.0 125.0 121.5 112.0

-90.00 96.7 106.5 118.4 124.6 129.1 130.7 130.8 129.4 124.9 113.1

-75.00 91.3 104.9 118.3 125.q 130.6 132.4 132.6 131.1 126.0 112.9

-60.00 88.6 103.1 117.3 125.3 131.4 133.7 134.1 132.4 126.q 111.6

-65.00 86.0 100.2 115.9 124.8 132.0 134.8 135.3 133.3 126.5 llO.B

-30.00 63.7 97.2 llq.q 124.1 132.1 135.4 136.2 134.0 126.3 106.4

-15.00 80.8 95.5 112.9 123.3 132.1 135.8 136.7 134.3 126.0 106.8

o.0 75.2 95.2 112.0 122.7 131.8 135.7 136.7 139.3 125.6 105.7

15.00 79.5 93.6 112.0 122.3 131.3 135.1 136.0 135.6 125.1 105.9

30.00 82.1 95.2 111.6 121.9 130.4 133.9 13_.7 132.4 124.6 105.6

65.00 71.8 95.9 111.9 121.2 126.9 132.0 152.6 130.6 123.4 106.1

60.00 84.6 93.9 111.3 120.4 127.2 129.7 130.2 128.6 122.2 106.1

75.00 84.4 98.0 110.8 118.S 124.6 126.8 127.2 125.6 119.9 105.3

qo.o0 78.8 92.3 110.2 117.5 122.S 124.2 124.4 123.1 118.4 105.8

130.00 62.6 101.4 108.9 112.2 119.3 11_.9 114.8 114.0 111.8 105.6

BOLI_OARY LAYER AND FUSELAGE REFLECTION DB CORRECTION FOR HARI_IZC NO. 1

VISUAL DISTANCE

PHI, DEG 20. 000 1S. OOO 10. 000 7. 000 4. OOO 2. 000 0. O

-120.00 1.8 1.1 0.6 0.3 O.O -0.1 -0.1

-qo.o0 5.0 6.2 3.8 5.7 3.6 3.5 3.5

-75.00 4.7 4.9 S.O q_.8 q..7 6.6 q_.6

-o0.00 5,3 6,0 5.S S._ 5.3 5.2 5.2

-,,5.00 6.8 6.1 5.8 5.7 5.6 5.6 5.6

-._0, O0 7.9 5,9 6.1 5.9 5.7 5.7 5.7

-15.00 7.7 6.4 6.1 5.9 5.7 5.6 S.6

010 3 .0 6"9 S'8 S'6 S'S S'4 5"4

]5.00 6.3 4.6 5.1 6.9 4.9 4.9 4,9

SO.O0 6.3 3.9 3.3 3.8 ,_.0 _.1 6.2

,*S.O0 -7.5 1.7 1.9 2.1 2.6 2.8 2.9

uo.oo 1.5 -3.3 -0.6 0.5 1.0 1.2 1.3

75.00 -2.2 -1 .q -2.6 -2.0 -1.3 -1.0 -0.9

90. O0 - 11.0 -10.0 -q .4 -3.5 -3.1 -2,9 -2.9

150.00 -_.1 -5.9 -7.9 -9.2 -10.2 -10.6 -10.7

-2.000 -5,000 -10.000

-0.0 0.3 0.9

3,5 3.6 3.7

6.6 4.7 S.O

S.3 5.3 5.3

6.6 5.7 5.7

5.7 5.8 6.I

5.7 5.6 6.0

5.5 3.S S.4

S.O 4,9 5,0

4.2 6.0 3.2

2.8 2.5 1.8

1.3 1.0 -0.2

-0,9 -1.q -2.7

-2.6 -2.9 -3.5

-10.4 -9.3 -6.6

FIGURE A-4. SAMPLE CASE OUTPUT.
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PTA 35000 FT ALTI|UDE 0.8 HACH NIJHBER FLIGHT

FLIGHT HACII t/UItBER = 0.800000 AIIR[ENT rRESSURE/PO = 0.310600

DLADE COU?/_T : 8. TIP RADIUS -* _.300

TIIICKtlE$3/C|IORD = 0.023000 ¢G ALIGNIIEN| _ 0.930000

ROTATZUflAL 11P MACII HO. = 0.822000

FUSELAGE RADIUS = 3.917 BOUNDARY LAYER THICKNESS = 0.333330

POWER LAW BOUNDARY LAYER PROFILE WITH POWER = 0.142800

CERCU_'ER_NFIAL A_LES, DEGREES

-120.000 -90.000 -75.000 -60.888 -qS.000 -30.000

45.000 60.000 75.000 90.6e8 1S0.000

AXIAL DISrAFtCE FRDfl rLAflE OF ROTATION

20.0000 2S.0000 10.0000 7.0800 q.eoeo 2.0000

FREE-SPACE SPL FOR HARMOHZC NO. 1

VISUAL DISTANCE

PIIX, DEG 20.000 15.000 10.000 7.000 4.000

-120+00 126.1 140.4 lS4.9 162.1 166.3

-90.0n 120.3 135.9 152.4 161.2 166.9

-75.00 116.3 132.8 130.4 160.3 167.2

-60.0o 112.3 129.2 148.1 159.2 167.3

-45.00 107.8 125.4 145.4 157.7 167.3

-30.00 103.9 121.8 142.9 ]56.2 167.2

-25.00 1_0.7 119.2 24d.q lS4.9 16T.#

0.0 99.9 118.2 160.2 154.4 166.9

1S.O0 100.8 119.2 140.9 154.9 167.0

30.00 103.8 121.8 142.9 156.2 167.2

43.@0 1@7.8 123.3 143.4 187o7 167.3

60.00 112.3 129.2 248.1 169.2 167.3

78.00 116.6 132.8 130.4 168.3 167.2

90.00 120.3 135.9 152.4 161.2 166.9

150.00 129.3 142.9 136.2 162.5 165.8

SPL ON THE FUSELAGE FOR HAR//O_IZC NO. 1

VISUAL DISTANCE

PHZ, DEG 2P.000 2_.00D 10.000 7,00D 4.08_

-120.00 104.1 117.6 131.7 139.3 146.0

-90.00 lOS.6 121.S 139.1 149.4 158.S

-75.00 10_.5 121.7 141.0 152.8 163.1

-60.00 202.7 220.6 141.6 154.9 166.6

-43.00 99.7 118.S 141.1 ISS.8 168.8

-30.00 96.2 115.8 139.6 155.6 169.8

-18.00 92.7 112.8 137.6 164.6 169.9

0.o 90.0 110.2 135.5 153.0 169.2

15.00 87.0 108.3 133.5 131.1 167.7

30,00 83.7 106.8 131.8 148.8 163.2

45.00 85.4 105.9 130.0 146.1 161.6

60.00 04.0 104.6 127.9 142.9 157.0

78.00 83.S 103.3 125.3 138.9 1S1.3

90.00 81.7 101.0 121.9 154.1 144.8

150.00 82.3 87.8 98.0 109.1 114.3

BLADE CIIORD/DIA = 0.173000

EFFECTIVE RADIUS/TIP RADIUS = 8.800000

CEHTERLINE DISTANCE • 13.958

-13.000 0.0 15.000 30.000

0.0 -2.0000 -S.O000 -lO.O000

2.000 0.0 -2.000 -S.O00 -10.000

166.6 164.7 161.2 1S2.9 134.1

167.7 165.8 161.7 152.0 130.3

168.4 166.S 162.0 1S1.2 127.7

169.2 167.3 162.3 150.2 124,7

169.9 168.1 162.5 149.0 121.4

170.5 168.8 162.6 147.7 118.3

278,9 169.3 262,T 146.8 116.0

171.1 169.8 162.7 146.4 118.1

170.9 169.3 162.7 146.8 116.0

170.5 168.8 162.6 147.7 118.3

169.9 168.1 162.S 149.0 121.4

169.2 167.3 162.3 130.2 124.7

168.4 166.S 162.0 152.2 127.7

167.7 163.8 161.7 1S2.0 130.3

166.8 164.1 160.8 133.4 136.2

2.e#0 q.q -2.810 -J.q_q -2q._00

150.3 253.1 1S3.1 148.3 132.S

162.S 163.S 161.3 163.2 133.2

167.1 167.3 164.1 154.3 151.8

170.6 170.2 166.0 154.5 229.8

173.0 172.2 167.0 134.0 126.9

174.5 173.4 267.5 133.1 124.3

175.1 174.0 167.7 152.2 121.9

175.0 174.1 167.6 151.7 121.1

173.8 173.4 167.3 151.8 121.3

171.6 171.8 166.4 1S2.0 122.8

168.2 169.1 164.7 151.8 124.3

263.6 16_.3 162.1 181.0 223.2

1§7.9 160.5 138.6 149.4 126.7

131.4 1SS.O 154.3 147.0 126.4

120.6 130.2 1_.6 133.S 112.S

BOUNDARY LAYER AND FUSELAGE REFLECT]ON DB CORRECTION

PHI, DEG 20. 000 15. 000

- 120. O0 -22.0 -22.8

°90.00 -14.7 -14.3

-78.00 -12.0 -11.1

-60.00 -9.6 -8.6

-45.00 -8.2 -6.8

-30.00 -7.6 -6.0

-15.00 -8.0 °6.4

0.0 -9.9 -8.1

15.00 -15.0 -10.9

30.00 -18.2 -14.9

,:*S. 00 -22.4 -19.4

bO.O0 -28.3 -24.6

75. OO -35.0 -29 .S

90, oo -56.6 -56.8

150. O0 -47.O -33.1

FOR HARIIQ_IC NO. 1

VISUAL DISTANCE

10.000 7.000 4.000 2.000

-23.2 -22.8 -20.3 -16.2

-15.3 -11.8 -8.4 -5.2

-9,S -7.S -4.0 -1.3

-6.5 -4.2 -0.8 1.4

-4.4 -1.9 1.4 3.1

-5.5 -0.5 2.7 4,0

-5.3 -0.3 5.0 4.2

-4.7 -1.4 2.4 3.9

-7.4 -5.9 0,7 2.9

-11.1 -7.5 -2.0 1.1

-18.4 -11.S -5.7 -1.7

-20.1 -16.3 -10.3 -S.6

-25.2 -21 .q -15.8 -10.5

-50.S -27.1 -ZZ.1 -16.$

-S7.4 -53.$ -SL.S -43.2

0.8 -2,800 -S.OOO -lO,OOO

-11.6 -8.1 -4.6 -1 . 7

-2.4 -0.4 1.2 2.9

0.8 2.1 3.2 _..1

2.9 5.7 4.4 S.l

4.1 4.6 S.O S.6

4.6 4.9 S.5 6,0

4.7 5.0 S._ 6.0

4.S 4,9 5.4 6.0

,_.0 4.6 8.0 5.5

2.9 3.8 4.2 4.S

1.0 2.2 2.9 2.9

-2.0 -0.1 0.8 O.S

-6.0 -3._ -1.8 -1.0

-10.9 -7.q -4.9 -3.9

-33.8 -26.2 -19.9 -23.7

FIGURE A-4. (CONTINUED).

63
", ......._- PAGE 15
L'_*'Fw,_,,_R_ALITY



FflEE'SPACE SPL FOR IIARttOHXC NO.

Pltl, DEG 20.000 1S.000

-120.00 100.6 127.8

-90.00 90.9 118.4

-78.00 78.8 111.9

-60.00 81.8 105.4

-_5.00 80,0 99.1

-30.00 79.1 94.1

-15.00 78.3 91.0

0.0 82.7 82.8

15.00 63.8 83.9

30.00 79.1 89.2

_5.00 81.8 48.8

uo.o0 76.8 103.7

78.o0 82.6 111.9

90.00 87.7 118.4

150.00 107.1 133.0

2

VXSUAL D[STANCE

10.000 7.000 4.000 2.000 0.0 -2.000 -S.O00 -10.000

1SS.O 168.5 176.4 177.4 175.6 172.0 162.5 138.1

149.3 165.9 176.S 178.5 176.7 172.5 160.9 128.3

145.2 163.7 176.4 179.2 177.4 172,8 159.6 123.6

140.1 160.9 176.1 179.9 178,2 173.0 157.8 118.0

134.6 1S7.6 178.S 180.5 179.0 173.2 155.7 111.8

129.2 184.1 174.6 181.0 179.7 173.3 183.6 106.1

125.0 151.S 173.9 181.3 180.2 173.3 151.8 102.5

123.6 150.4 173.§ 181.4 180.4 173.3 151.2 100.3

12S.2 IS1.5 173.9 181,3 180.2 173.3 151.8 102.1

129.2 156.1 174.6 181.0 179.7 175.3 153.6 10S.4

134.6 1S7.6 178.5 180.S 179.0 173.2 155.7 112.1

140.2 160.9 176.1 179.9 178.2 173.0 157.8 117.9

145.2 163.7 176.4 179.2 177.4 172.8 159.6 125.6

149.3 165.9 176.8 178.S 176.7 172.5 160,9 128.3

157.9 169.7 176.1 176.7 174,9 171.7 163.2 138.7

SPL ON THE FUSELAGE FOR HARNONIC NO.

PHI, DEG 20.000 18.000

"120.00 80.6 93.0

-90.00 79.2 95.6

-75.00 72.8 88.9

-60.00 79.4 88.1

-45.00 80.S 86.8

-30.00 75.8 87.5

-15.00 76.1 83.4

0,0 78.8 81.2

1S.00 75.7 88._

30.00 66.3 78.8

_S.O0 72.7 80.1

60.00 ss.q 84.4

75.00 76.4 71.6

qO.O0 80.5 77.2

150.00 82.2 78.2

2

VZSUAL DZSTANC2

10.000 7.000 _.000 2.000 0.0 -2.000 -S.O00 -10.000

118.7 131.7 140.4 143.3 143.6 1S1.7 162.6 132.0

12S.S 143.3 186.S 161.S ]66.5 168.6 160.9 130.q

126.0 146.3 162.6 169.6 174,4 173.6 162.3 127.7

124.7 147.8 167._ 176.3 179.6 176.S 162.1 123.0

121.4 147.4 170.6 180.8 182.7 177.8 160.6 117.7

117.1 143.6 172.1 183.4 184.2 178.1 138.6 112.0

112.7 142.8 171,8 184.3 184.9 178.2 156.9 107.4

]Oq.S 140.0 170,0 183.6 184.9 178.1 136.2 ]04.8

106.7 137.9 167.0 181.2 183.9 177.9 156,7 107.2

108.1 136.4 168.4 176.7 181.3 176.9 137.7 110.4

107,3 134.9 189.0 169.9 176.3 174.4 158.1 114.6

106.3 132.S 153.5 162.1 168.9 169.9 157.3 117.7

106.7 128.8 146.7 153.7 158.4 163,2 154.8 120.1

103.5 123.7 138.9 144.S 145.8 154.3 150.9 121.6

77.4 91.7 10S.9 108.3 108.2 110.8 12S.5 121.3

BOUNDARY LAYER AND FUSELAGE REFLECTZON DB CORRECTION FOR HARMONIC NO.

VISUAL DISTANCE

PH1, DEG 20.000 15.000 10.000 7.000 4.000 2.000 0.0

-120. O0 -19.9 -54.8 -36.3 -36.8 -35.9 *_;.0 -32.1

-40 . O0 -11 • 7 -24.8 -23.8 -22.6 -20.0 -17.0 -10.2

-75.00 -3.0 -23.1 -19.1 -17.2 -13.8 °9.6 °3.0

-60 . O0 -2.4 -17.3 -13. S -13.1 -8.7 -3.6 1.4

-4S.00 0.5 -12.3 -13.2 -10.1 -4.9 0.3 3.7

-30 . O0 -3.3 -6,6 -12.1 -8.6 -2.6 2.4 4.6

-15.00 -3.2 -7.6 -12.3 -8.7 -2.0 2.9 4.7

0.0 -3.9 -1.5 -14.1 -10.5 -3.5 2.2 4.5

15.00 -8.1 1 .S -18.8 -13,6 -6.8 -0.1 3.7

30.00 -12.8 -10.4 -21.2 -17.8 -11.3 -4.4 1.7

45. O0 -q. 1 -18.7 -27,3 -22,7 -16.5 -10.6 -2,5

60.00 -20.9 -19,3 -33.9 -28.4 -22.6 -17.8 -9,3

78.00 -5.6 -40.3 -38.5 -34.9 -29.7 -25.4 -19.0

qO . O0 - 7 • 2 -41 • 1 -48 . 8 -42 • 1 - 37 • 7 -34 • 0 -30.9

150.00 -24.8 -54.9 -80.5 -78.0 -70.2 -68.4 -66.7

-2.000 -5.000 -10.000

°20.5 -9.9 -3.2

-3.9 0.0 2.6

0.8 2.8 4.0

3.S 4.3 S.O

4.6 4,8 5.9

4.8 S.O 5.9

4.9 5,1 5.0

4.8 5.1 4.5

4.5 cl.8 3.2

3.6 _.1 S.O

1.2 2.4 2.5

-3.1 -0.5 -0.3

-9.6 -_.7 -3.S

-18.2 -10.0 -6.8

-60.8 -37.7 -17.4

FIGURE A-4. (CONTINUED).
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FREE-SPACE SPL FOR HARHOttIC NO. 3

VISUAL DXSTANCE

PHI, DEG 20.000 15.000 10,000 7.000 q.000 2.000 0.0 -2.000 -5.000 "10.000

-120.00 68.6 111.6 151.2 170.9 182.3 183.8 181.8 178.3 168.0 132.2

-90.00 95.2 91.8 142.4 166.6 182.1 184.9 182.9 178.9 165.8 122.7

-75.00 93.1 84.6 135.9 163.2 181.7 185.5 183.6 179.2 164.0 115,9

-60.00 90,9 91.6 128.1 158.8 180.9 186.2 184.3 179.4 161.6 108.0

-45,00 92,7 95.7 119.0 153.6 179.6 186.8 185.1 179.6 158.7 100.9

-30.00 93.6 96.8 111.3 148.5 178.2 187.2 185.8 179.7 155.6 94.3

-15.00 92.0 96.4 106.S 144.2 176.8 187.5 186.3 179.7 1S3.1 89.9

0.0 88.5 94.3 106.1 142.5 176.3 187.& 186.S 179.7 152.2 71.3

15.00 86,3 90.8 107.3 144.1 176.8 187.5 186.3 179.7 153.1 87.9

50.00 87.8 89.2 112.4 148.3 178.2 187.2 185.8 179.7 155.6 95.0

45.00 88.2 90.8 120.2 153.6 179.6 186.8 18S.1 179.6 158.7 98.6

60.00 85.3 92.0 128.3 158.8 180.9 186.2 184.3 179.4 161.6 187.1

75.00 77.6 94.1 135.9 163.2 181.7 185.5 183.6 179.2 164.0 116.1

90.00 77.5 98.4 142.4 166.6 182.1 184.9 182.9 178.9 165.8 122.5

150.00 78.7 119.3 155.8 172.9 162.2 183.1 181.1 178.0 169.4 137.4

SPL ON THE FUSELAGE FOR HARHONZC 140. 3

VZSUAL DZSTANCE

Pill, DEG 20.000 15.000 10.000 7.000 4.000 2.000 0.0 "2.000 -S.O00 "10.000

-120.00 75.9 8S.S 103,6 123.3 155.7 139.1 140.6 1_.2 151.7 127.5

-90.00 86.8 82.6 110.7 135.7 154.1 160.2 162.2 170.0 164.4 124.5

-75.00 87.7 78.3 109.3 138.5 160.8 168.9 174.6 178.4 166.4 120.0

-60.00 85.1 81.0 104.1 158.6 165.8 176.6 183.6 182.6 165.7 113.9

-45.00 75.3 85.2 97.7 136.7 169.0 185.2 188.2 184.2 163.3 107.0

-_0.00 79.4 87.0 96.5 133.1 170.3 187.1 190,3 184.5 160.3 97.3

-15,00 86.5 86.7 83.9 126.6 169.6 188.4 191.1 184.5 157.9 93.3

0.0 88.7 84.9 90.3 125.2 167.1 187.1 191.0 184.4 156.9 94.1

15.00 87.9 82.7 88.3 123.2 163.7 183.0 189.6 184.2 157.7 96.7

30.00 84.1 81.3 70.1 122.3 159.9 176.4 185.6 183.0 159.5 99.1

_S.O0 76.9 80.2 83.3 122.2 155.6 169.1 177.4 179.5 160.5 99.4

60.00 82.2 79.6 88.5 121.3 149.9 160.8 164.6 172.2 159.6 107.3

75.00 85.6 81.4 95.2 117.6 142.6 151.2 154.8 159.7 156.1 111.3

90.00 85.3 65.6 86.6 113.3 153.6 140.4 165.5 134.9 150.1 111.1

150.00 71.7 76.9 93.5 97.6 98.5 109.8 100.3 110.6 115.3 100.5

BOUrlDARY LAYER AND FUSELAGE REFLECTZON DB CORRECTZON FOR HARNONZC NO. 3

VZSUAL DXSTANCE

PIII , DEG 20 . 000 15. 000 10 . 000 7. 000 4 . 000 2. 000 0.0

- ) 20 • 00 -12.7 -26.1 -47.6 -47.6 -46 • 6 -44 • 7 -41 • 2

-90.00 -8.3 -9.2 -31.7 -30.9 -28.0 -24.6 -20.6

- 75.00 -5 • 3 -6 • 3 -26.6 -24.7 -20.9 - 16.7 -8.9

O0 • 00 -5.8 -10 • 7 -24 • 0 -20 • 1 -15.1 -9.6 -0.8

-45.00 -17.3 -10.5 -21.4 -16.9 -10.6 -3.6 5.1

-30.00 -14.2 -9.8 -14.8 -15.2 -7.8 -0.1 4.5

-15.00 -5.3 -9.7 -22.7 -15.6 -7.5 0.9 4.7

0.0 0.2 -9.4 -15.8 -17.4 -9.2 -0.5 4.5

15.00 1.7 -8.1 -19.0 -20.9 -13.2 -4.5 3.3

30.00 -3.8 -8.0 -62.3 -26.0 -18.2 -10.9 -0.2

_5.00 -11.3 -10.6 -36.9 -31.4 -24.1 -17.7 -7.8

bO. O0 -3.1 -12.5 -40.0 -37.5 -31.0 -25.4 -19.7

75.00 7.8 -12.7 -40.8 -45.6 -39.2 -34.5 -28.8

90. O0 7.8 -14.8 -55.8 -53.3 -48.5 -44.5 -39.4

15o. 00 -7.0 -42.4 -62.2 -75.3 -83.7 -73.3 -80.8

-2.000 -5.000 -10.000

-44.1 -16.5 -4.7

-8.9 -1._0 1.8

-0.8 2._t 4.1

5.2 4.1 5.9

4,6 _.6 6,1

4.8 _.7 3,0

4.8 _.7 5.4

4.8 4.7 22.8

4.5 q.6 8.7

3.4 5.9 q.2

-0.1 1.9 0.8

-7,2 -2.0 0.5

-19.4 -7.9 -_.9

-45.9 -15.7 -11.4

-67.6 -53.7 -37.1

FIGURE A-4. (CONCLUDED).
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APPENDIXC - LIST OF SYMBOLS

B _.

BD =

An, Bn :

Cn, Bn =

C =
o

E =

Gmn' _n

number of blades

chord to diameter ratio

unknown coefficients for boundary layer wave

unknown coefficients for scattered wave

ambient speed of sound

BrT3/_

source wave coefficients, see Eq. 17

H (I} : Hankel function
n

3n : Bessel function of first kind

: m/c o
k

kr = radial wavenumber (Eq. 8)

ko : chordwise source wavenumber (Eq. 12)

kx = axial wavenumber (2_ divided by wavelength in axial direction)

m = harmonic of blade passing frequency

M = Mach number of boundary layer flow

Mx = flight Mach number

n = Fourier index for ¢ variation

Mr = blade section relative Mach number

p = acoustic pressure

P = radial variation of pressure

Pn = unit solution of boundary layer equation

r,r I, ro, rT, rf, rE = radii, see Figure 4

t : time

tb = thickness to chord ratio

U = background velocity of boundary layer flow

x = axial coordinate, fixed to aircraft, positive in direction of flow

Yn = Bessel function of second kind
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Z _"

zo =

_)s =

PO

GO

n

_v

(),

()*

radial coordinate in boundary layer, see Equation 20,

radius ratio on propeller

= angles, see Figure 4

phase lag due to blade sweep

= ambient density

= radian frequency

= angular speed of propeller

= Fourier transform of chordwise thickness distribution

= a/ar

= complex conjugate
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