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Effects of Fuselage Boundary Layer on Noise Propagation from
Advanced Propellers

Peter L. Spence*
Lockheed Engineering and Sciences Company, Hampton, Virginia 23666

A computer program has been developed that models refractive and scattering effects on acoustic pressure
waves propagating through a boundary layer, encompassing an aircraft’s fuselage. The periodic noise source
is generated by a propeller and is assumed to be known. The fuselage is represented by an infinitely long cylinder
embedded in a longitudinal flow. For a specified boundary-layer velocity profile and thickness, the program
calculates the acoustic pressure at the surface of the cylinder, given the incident field at the top of the boundary
layer. Numerical experiments illustrate the importance of describing the boundary-layer velocity profile shape
and thickness as accurately as possible. Computational results are compared with flight test data measured
during the Propfan test assessment (PTA) experiment. Comparisons of theoretical results with the measured

data show good agreement.

Nomenclature
cylinder radius, m
speed of sound, re ¢,
speed of sound at cylinder’s surface, re c,
freestream speed of sound, m/s
freestream speed of sound, re ¢,(c., = 1)
Hankel function of the first kind of order v
Bessel function of the first kind of order »
radial wave number
axial wave number
freestream Mach number
harmonic index in circumferential direction
number of propeller blades
number of axial grid points
number of circumferential grid points
harmonic blade-passing frequency
acoustic pressure, re p,c?
cylinder radius, re a,(R, = 1)
distance from propeller axis to point of closest
blade approach at the top of the boundary layer
around cylinder, re a,
distance from center of cylinder to top of
boundary layer, re a,
distance between propeller and cylinder center,
(RS + Rs)
radial coordinate, re a,
propeller-centered radial coordinate, re a,
blade-passing period
time, re a,/c,
axial velocity, re ¢,
freestream axial velocity, re ¢,
axial coordinate, re a,
boundary-layer thickness, re a,
boundary-layer coordinate, re &
angular coordinate, on cylinder
acoustic pressure in Fourier transformed space
freestream density, kg/m?
angular coordinate on propeller
rotational velocity of propeller
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radian frequency
radial derivative

Introduction

N many problems of helicopter rotor and propeller acous-

tics, the noise is measured under a boundary layer. It has
been shown that the propagation effects through the boundary
layer are significant and should be included in noise predic-
tions. McAninch and Rawls® presented results for a flat-plate
model that showed a significant reduction of the “free-field-
plus-6 dB” noise prediction forward of the plane of the pro-
peller. In the realistic case of a curved fuselage, the study of
wave propagation in the boundary layer becomes complex,
particularly when numerical calculations are involved. Han-
son and Magliozzi> modeled an infinitely long cylinder with
an isothermal thin boundary layer and found the same shield-
ing effects forward of the propeller. Further analysis by Lu?
dropped the restrictions requiring the boundary layer to be
isothermal and thin with respect to the fuselage diameter. In
this work, however, a laminar boundary-layer velocity profile
was used.!~3 This article describes the results of a computer
program based on the analytic results of McAninch! for an
infinitely long cylinder that includes a turbulent boundary-
layer velocity profile option.

In order to compute the propagation effects on the noise
due to the velocity gradient in the boundary layer, the shear-
flow-wave equation must be solved. This is a linear homo-
geneous ordinary differential equation with variable coeffi-
cients. Singularities can occur in the computational domain.
Near the region of the singular points, the computational
domain is analytically continued into the complex plane.! The
shear-flow-wave equation is solved by integrating from the
fuselage surface (assuming unit pressure and zero admittance
initially) to the top of the boundary layer using standard fourth-
order Runge-Kutta integration techniques. The resulting
acoustic pressure and velocity are then used along with the
free-field incident pressure to compute the actual surface
acoustic pressure. This is accomplished by using a transfer
function derived from Bessel’s equation that governs the
acoustic propagaton outside the boundary layer.

Computational results are compared with data measured
on the Propfan test assessment (PTA) aircraft.*> PTA acous-
tic data were measured by microphones placed flush along
the side of the fuselage and along an acoustic boom cantile-
vered on the port wing. Although the data measured on the
acoustic boom are assumed to be free of boundary-layer ef-
fects, the computer program is applied to predict the effect
of scattering of the incident waves. Data measured on the
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fuselage are influenced by the presence of a boundary-layer,

and calculations made there include both refraction and scat- -

tering.

Theoretical Formulation

The problem to be solved is illustrated in Fig. 1. An aircraft
fuselage is modeled by an infinitely long cylinder of radius a,
immersed in an axially directed uniform flow, U. A propeller
whose axis of rotation is parallel to the centerline of the cyl-
inder acts as the exterior noise source and is axisymmetric
and periodic. The coordinate system has its origin at the center
of the cylinder in the plane containing the propeller. Around
the cylinder is a boundary layer of thickness & whose velocity
gradient refracts the incident acoustic waves from the noise
source. Due to the presence of this velocity gradient, from U
= 0 at the cylinder’s surface to the uniform freestream ve-
locity (U..) at the boundary-layer edge, some waves are re-
fracted out of the boundary layer before reaching the surface
of the cylinder. Acoustic waves striking the surface of the
cylinder are scattered according to an admittance criteria which
can be specified as a function of the propagating frequency
of the incident noise source. Also, it is assumed that the sound
speed and axial velocity profile are only dependent upon the
radial coordinate r, thus, U = U(r) and ¢ = ¢(r). The goal
is to calculate the surface acoustic pressure on the cylinder
given the incident acoustic pressure at the edge of the cyl-
inder’s boundary layer. In order to do so, the equations gov-
erning the conservation of mass, energy, and momentum within
the boundary layer must be solved.

In the shear layer surrounding the cylinder, the governing
equation in cylindrical coordinates derived in Goldstein® is

2
b [VZP + &P
drox

c or c? D¢?

2¢’ OP 1 D2p
° ]— 0

where

18 &#  1& &

VZ=-—+ —-— +
ror o rrof*  ox?
and the convective derivative is
D_3a 3
Dt ot ox

Substituting solutions of the form
P(r, X, 0’ l) — H(r)eikxx + im# — iwt

yields the form of the shear-flow-wave equation to be solved
numerically

(0 — Uk) I + [(w ~ k) (% + %—) + 2U’kx] e

+ (0 - Uk)[(w_TL]k") - k- (?)]H

=0 )

The velocity gradient within the shear layer U(r) defines the
boundary-layer velocity profile. In this study, a laminar and
a turbulent velocity profile were used. Pohlhausen’s’ profile
is used for the laminar case

U=Ulg" =20 + 2] 3)
and the one-seventh power law is used for the turbulent case

U= Ug" ()

Fig. 1 Circular cylinder model and coordinate system.

Here, the boundary-layer coordinate { is used to specify U
and ¢

{=[(r = RS ©®)
Outside of the boundary layer around the cylinder, where

the axial flow speed and the speed of sound become constant,
Eq. (2) reduces to

2 2
i+ [(3—1‘4&1@) T <T-> ]n=0 ©)
14 Coo r

The solutions to Eq. (6) for the propeller-centered coordinate
system, are Hankel functions of the first kind, that satisfies
the boundary condition that all waves are propagating out-
ward from the source. The incident acoustic pressure on the
cylinder generated by the propeller, is computed from the
time domain formulation of the Ffowcs Williams-Hawkings
equation, Farassat.® The computer program ASSPIN® (ad-
vanced subsonic and supersonic propeller induced noise, for-
merly DFP-ATP) was used to numerically compute the acous-
tic pressure signature P for each observer location at the top
of the boundary layer of the cylinder. The sound harmonic
of this pressure P, was obtained by Fourier transforming P
over the blade-passing period T

1 (T
Pn:ZTfO Peiet 4t (7)

The radian frequency w is given by nN,Q. For convenience,
the amplitude of the outward propagating wave can be de-
termined from II;, where II, is Il defined at the top of the
cylinder’s boundary layer—along the axial line-—parallel to
the propeller’s axis of rotation, and at the point of closest
blade approach to the cylinder

LR = 5= | Pu(R)e s ds ®

To specify the incident wave at the top of the boundary layer
everywhere around the cylinder, as well as to convert from
the propeller-centered coordinate system to the cylinder-cen-
tered coordinate system, the Hankel identity (Graf’s Theo-
rem,'® Fig. 2) is implemented

HRy(kr,)emo = 3 HRy o mlk,Ra) (kR (9)

2
k, = \/(3 - kax> - K
Co

Here
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BOUNDARY LAYER
THICKNESS (3)

Rgs = Rz + Ry

INVERSE FOURIER

Fig. 2 Relationship between lengths used in Graf’s theorem.
TRANSFORM
SURFACE PRESSURE

IN AXIAL AND
CIRCUMFERENTIAL
READ INPUT PARAMETERS & DIRECTION FOR EACH
COMPLEX PRESSURE FROM HARMONIC USING FFT

DFP-ATP
OUTPUT MAG., PHAGE, &
SPL OF ACOUSTIC PRESSURE
AT FUSELAGE SURFACE

FOURIER TRANSFORM
INPUT PRESSURE IN
AXIAL DIRECTION
USING FFT

C stor )

SPECIFY INCIDENT
PRESSURE ON TOP OF BL USE TRANSFER FUNCTION
AROUND CYLINDER USING TO COMPUTE PRESSURE
GRAF'S THEOREM AND AT FUSELAGE SURFACE
INTEGRATE THROUGH
BOUNDARY LAYER

Fig. 3 Flow chart of solution procedure.

Following the procedure outlined in the first three refer-
ences, the incident and scattered acoustic waves at the top of
the boundary layer are matched with the waves computed by
numerically integrating Eq. (2) using a fourth-order Runge-
Kutta integration scheme. Singular points are encountered
during the integration when the coefficient of the highest
order derivative of Eq. (2) goes to zero. In this event the
computational domain is analytically continued into the com-
plex plane.! The initial conditions for the integration at the
cylinder’s surface are unit pressure and zero admittance. Al-
though the admittance can be specified at input as a function
of w, all results reported here use zero admittance for all
values of w. This represents the case of a hard, perfectly
reflecting surface.

Solution Procedure

A general flow chart of the solution procedure is shown in
Fig. 3. All Fourier transforms and inverse transforms are done
making use of fast Fourier transform (FFT) techniques. AS-
SPIN is used to compute the incident pressure on the cylinder.
This incident pressure is specified along a line of equally spaced
grid points, parallel to the propelier hub axis at the point of
closest blade approach, along the cylinder on top of the
boundary layer. Due to the use of the FFT, the number of
grid points must be the result of 2/, where j is a positive integer.
Further, once discretization occurs for programming on a
computer, the number and range of the grid points must ad-
equately resolve the phase variation along this axial grid.

Theory Validation

PTA Experiment

As a means of validating the results of the computer pro-
gram, measured results from the PTA experiment are used

to compare with predictions. The PTA experiment was con-
ducted by Lockheed Aeronautical Systems Company and
NASA Lewis Research Center between 1984~1988.4° The
objective of the experiment was to determine the aerodynamic
response and the acoustic impact of an advanced propfan on
an aircraft. The aircraft was a modified Gulfstream GII il-
lustrated schematically in Fig. 4. Mounted on the port wing
was an eight-bladed, 2.74-m- (9-ft) diam SR7-L propfan that
rotated up inboard with respect to the fuselage. Outboard of
the propfan was an acoustic boom cantilevered near the tip
of the wing.

The PTA aircraft was fitted with over 100 transducers, but
what is of interest to this study is the acoustic data measured
by microphones mounted flush on the fuselage surface. Spe-
cifically for this report, noise predictions will be compared
with the nine fuselage microphones located along a line par-
allel to the propeller’s rotational axis at the point of closest
blade approach. This line of microphones will be referred to
as the fuselage side array. Also, noise predictions will be
compared with the 11 microphones around the fuselage in the
rotational plane of the propeller. These microphones will be
referred to as the circumferential belt array. The propfan lies
an equal distance between the point of closest blade approach
along the fuselage and the corresponding point on the acoustic
boom. The distance from these surfaces to the tip of the
propeller is 1.70 m (5.38 ft). Further, the locations of the five
boom microphones mirror the locations of five of the micro-
phones on the fuselage side array.

References 4 and 5 contain more detail about the test flights
and the aircraft’s configuration. Some analysis of the mea-
sured data trends can be found in Ref. 11, and Dunn and
Farassat!? provide a description of how the loading on the
propeller was calculated for ASSPIN.

The operating conditions corresponding to the PTA design
conditions are used to demonstrate the use of the developed
program. These conditions are listed in Table 1. With a fun-
damental blade passing frequency (BPF) of 226 Hz and a
freestream speed of sound of 299 m/s (982 ft/s), the corre-
sponding fundamental wave length of the propagating wave
is 1.3 m (4.3 ft). Because the boom is conical shaped, its
diameter ranges from 18.80 cm (7.40 in.) at its base under

Fuselage surface
microphones

Prop plane of rotation

Acoustic boom
microphones

Fig. 4 PTA aircraft.

Table 1 PTA flight conditions used in the study

Lower forward
flight speed

Design condition condition

Flight Mach number,

M, 0.813 0.605
Rotation tip Mach

number 0.814 0.763
Helical tip Mach

number 1.150 0.974
BPF, Hz 226.13 213.87

Altitude, km (ft)

Speed of sound, c,,

m/s (ft/s)
Density, p,, kg/m®
(slug/ft®)

10.7 (35,000)
299.3 (982.0)
0.372 (7.22E-4)

10.7 (35,000)
301.9 (990.5)
0.369 (7.15E-4)
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the port wing to 2.90 cm (1.14 in.) at its tip forward of the
wing. The diameter of the fuselage is 2.39 m (7.83 ft). Since
the fundamental wavelength is so much larger than the me-
dium diameter of the boom, it is assumed that any boundary
layer enveloping the boom would have essentially no refrac-
tive effect on the incident acoustic pressure wave field. How-
ever, scattering must still be considered. Although the bound-
ary layer on the fuselage was not measured for thickness or
profile, the relative wavelengths and diameter of the fuselage
indicate that a boundary layer on the fuselage would have an
effect on the incident acoustic wave field. From Schlichting’s'
flat-plate approximation, an estimate to the turbulent bound-
ary-layer thickness was found to be on the order of 10 cm (4
in.).

Computational Results

Incident Acoustic Pressure

Before calculating the acoustic pressure at the fuselage sur-
face, the incident pressure at the top of the boundary layer
was verified as being properly specified around the cylinder.
In Fig. 5 are plotted comparisons between the free-field noise
predicted by ASSPIN at § = 0 deg (the point of closest ap-
proach), and 8 = 180 deg (the opposite or far-side of the
fuselage) with that reconstructed from the prediction at 6 =
0 deg using Graf’s theorem. The magnitude of the acoustic
pressure is given in sound pressure level (SPL) where

SPL = 20 log,o(P- p,c2/20 uPa)

These results for the first harmonic of the BPF show excellent
agreement. The oscillations at the ends farther than one pro-
peller diameter away from the propeller plane, are due to

ASSPIN Prediction
Graf's Theorem

#=180°

SPL, dB 00
20 wP

re uPa o -

80

70
60

Forward ~—{

50 Een b b L Lo L el
-2.0 -1.5 -1.0 -5 [} 5 10 15 20
Axial Dist./d (d=2.74m, 8ft)

Fig. 5 Reconstruction of the incident acoustic pressure using Graf’s
theorem.
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Fig. 6 Scattering and refraction effects vs boundary-layer velocity
profile.

performing the FFT with a discontinuity at the end points
(Gibbs phenomenon) of the predication at 6 = 0 deg. The
grid used for the results shown in Fig. 5 was 128 axial (N,)
by 32 circumferential (N,) points. Numerical experiments were
conducted to determine the proper grid resolution required
to resolve the incident pressure at the top of the boundary
layer for higher harmonics. It was found that although N, =
128 by N, = 32 was adequate for the first harmonic, both the
second and third required a grid of N, = 256 by N, = 64
grid points.

Fuselage Surface Noise vs Boundary-Layer Profile

To compute the acoustic pressure at the surface of the
fuselage, a boundary-layer velocity profile must be specified.
Two velocity profiles are shown in the insert of Fig. 6. No
velocity gradient is specified when a scattering-only calcula-
tion is made. Shown in the insert are the laminar (Eq. (3))
and the turbulent (Eq. (4)) velocity profiles. For the design
operating conditions given in Table 1, surface acoustic pres-
sure results for these velocity profiles are shown in Fig. 6
along with the incident pressure at § = 0 deg. A 10-cm (4-
in.) boundary-layer thickness, 8, was used. Although the sound .
speed profile within the boundary layer also can be specified,
all results presented here assume no gradient in the sound
speed. Further, to smooth the high-frequency oscillations at
the ends of the axial computational domain, a running average
filter was applied to the computed surface acoustic pressure.

As can be seen in Fig. 6, the scattering-only case resulted
in the nearly constant 6 dB above the incident pressure. This
indicates pressure-doubling at the fuselage surface that would
be expected since there is no axial velocity gradient to refract
the incident waves. The other three profiles also show the
nearly constant 6 dB increase over the incident pressure in
the aft region only. Forward of the plane of the propeller,
the laminar profile shows a great deal of shielding or decrease
in noise levels due to incoming pressure waves being refracted
in the boundary-layer before reaching the fuselage surface.
Even though the turbulent boundary-layer velocity gradient
is quite large near the cylinder (fuselage) surface, its velocity
gradient is much smaller than the laminar velocity gradient
throughout most of the width of the boundary layer. Because
of this, less refraction occurs within the boundary layer using
the turbulent boundary-layer velocity profile and the shielding
of the incident noise is not as prevalent. This relates to bound-
ary-layer theory where a shape factor is defined by a ratio of
the boundary-layer displacement thickness to its momentum
thickness.!® The laminar profile has a larger shape factor than
the turbulent profile. From these calculations the acoustic
shielding of the surface is directly proportional to the bound-
ary-layer shape factor. Aerodynamically it is logical to assume
that the turbulent velocity profile is the proper profile to use

150
140
130
120
110
SPL, dB g9
re 20 uPa
" 90
80 - — Incident Pressure
--=-5cm
nE T 10 cm | BL Thickness
""" 15 ¢cm
60
Forward-—|
[T ) TR T FUTES FURTY FUTEY FETT PR ST

-20 -t5 -10 -05 00 05 1.0 15 2.0

Axial Dist./d (d=2.74m, 9ft)
Fig. 7 Scattering and refraction effects vs boundary-layer thickness.
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for the high-forward flight Mach numbers (0.813 for this case)
used in most of the PTA flight tests.

Fuselage Surface Noise vs Boundary-Layer Thickness

To show the effect of varying boundary-layer thickness, &,
results are plotted in Fig. 7 in the same format as Fig. 6 using
the laminar profile for three values of 8. The values taken
were 5, 10, and 15 cm (~2, 4, and 6 in.). Figure 7 shows that
the thicker the boundary layer, the greater the shielding for-
ward of the propeller plane. Although the boundary-layer
thickness has been changed only a few centimeters, the rel-
ative change in §is as great as 200% (5-15 cm). This illustrates
the importance of specifying the boundary-layer thickness as
accurately as possible since altering the thickness by only a

Forward

6.0
50 |
40
20 [ —6—1 X BPF
adB - ST —~&—2 X BPF
re 20 pPazoi —&—3 X BPF

IS N SN N NS WS N

=3

-0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Axial Dist./d (d=2.74m, 9ft)

Fig. 8 Acoustic boom scattering vs frequency (BPF = 226 Hz).

150 (=
&
140 | o O 8
130 ® u
120 FH o
110
SPL, dB .
100
re 20 pPa
90
80 O Measured
O Scattering-Only Predicted
70 @ Scattering & Refraction
60 Forward—|
[T S AT ETRETIS ETEPION N EPETETN GFA AR i
1.0 -0.5 0.0 0.5 1.0
Axial Dist./d (d=2.74m, 9ft)
a) 1 x BPF
150
a
140 g en
o @ O
130
120 Q 8
110
SPL, dB
100
re 20 pPa ™
90
80 O Measured
O Scattering-Only Predicted
70 B Scattering & Refraction
g0 Forward—|
P o3 TR PR RPEPRTETE SPRPRR
-1.0 -0.5 0.0 0.5 1.0

Axial Dist./d (d=2.74m, 9ft)

b) 2 x BPF (BPF = 226 Hz)
Fig. 9 Surface acoustic pressure along fuselage side array.

few centimeters has a dramatic effect on the noise forward of
the propeller plane.

Acoustic Boom Scattering

An application of a scattering-only calculation was made
for the boom microphones for the first three harmonics of
the BPF. The higher resolution grid of N, = 256 and N, =
64 was used since three harmonics were calculated. To account
for the varying diameter of the boom, the scattering was cal-
culated at each microphone installation using the local di-
ameter on the boom. Referring to Fig. 8, the overall results
show the effect of scattering is greater for the shorter wave
lengths found in the higher harmonics of the propagating wave
field. For all three harmonics, the forward microphone shows
little or no noise increase over the free-field prediction due
to the small boom diameter, 2.90 cm (1.14 in.) at this micro-
phone location. Even for the third harmonic, where the prop-
agating acoustic wave length is approximately 0.44 m, the
diameter of the boom at the forward microphone location is
too small to scatter the incident wave field. However, the in-
plane microphone and the three aft microphones do show an
increase in noise at the boom surface due to surface scattering.
At these locations, approximately a 1 dB increase over the
free-field prediction is found for the first harmonic, whereas
the second harmonic shows an increase of between 3-5 dB
and the third is approximately a 5-6 dB increase. These scat-
tering calculations are included in the PTA acoustic-boom-
noise predictions found in Ref. 12.

Computational Time

All the computer runs were executed on the CRAY com-
puters at NASA Langley Research Center. It was determined
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Fig. 10 Surface acoustic pressure along circumferential belt array.
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that using either a laminar or turbulent boundary-layer ve-
locity profile required approximately 0.016 s/grid point/har-
monic to execute the code on the CRAY Y-MP and approx-
imately 0.023 s/grid point/harmonic on the CRAY-2S. When
turning off the velocity gradient within the boundary layer
and doing a scattering-only calculation, the time required was
approximately 0.0058 s/grid point/harmonic on the CRAY Y-
MP and 0.0086 s/grid point/harmonic on the CRAY-2S.

Comparison with Measured Results

As stated earlier, noise predictions were compared with
measured noise taken from the PTA flight experiment. Com-
parisons were made for two operating conditions 1) the design
condition, 2} and a lower forward flight speed condition (for-
ward Mach number = 0.605). These flight conditions are
listed in Table 1. First, measured and predicted values along
the fuselage side array are compared. This array of micro-
phones is located along the line parallel to the propeller axis
at the point of closest blade approach to the fuselage. The
second comparison is between the measured and predicted
results along the circumferential belt array lying in the plane
of the propeller and encompassing the fuselage. The turbulent
boundary-layer profile was used for the predictions with a
boundary-layer thickness of 10 cm (4 in.).

Figure 9 shows the first two sound harmonics of the acoustic
pressure for the design condition case along the fuselage side
array. Two predictions are displayed at each microphone lo-
cation, both predictions include cylindrical scattering. One of
the predicted values also includes refraction due to the pres-
ence of a boundary layer whereas the other does not. For
both harmonics of the BPF, the inclusion of boundary-layer
refraction improves the prediction, especially in the second
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b) 2 x BPF (BPF = 214 Hz).
Fig. 11 . Surface acoustic pressure along fuselage side array.

harmonic. The large measured value of SPL (one propeller
diameter forward of the plane of rotation) may be due to
nonuniform inflow into the propeller. A steady uniform inflow
was assumed for these predictions.

The measured values comparlson with predlctlon for the
circumferential belt array is given in Fig. 10. The results of
the first harmonic, shown in Fig. 10a, dramatically illustrate
the importance of including boundary-layer refraction. There
is excellent agreement between the measured and predicted
noise levels for both harmonics. It is important to emphasize
that both the measured and predicted noise levels are higher
below the axial-line-of-closest-approach toward the bottom
of the fuselage than those levels found above the axial line
toward the top of the fuselage. This asymmetry exits because
the propeller rotates up inboard toward the fuselage.

Analogous comparisons were made for the lower forward
flight speed listed in Table 1. The measured and predicted
comparison along the fuselage side array is shown in Fig. 11.
Less refraction occurs forward of the plane of the propeller
for this lower forward flight velocity case. This is consistent
with McAninch’s** conclusion for the plane wave case that
the acoustic shielding (incident waves refracted out of the
boundary-layer before reaching the surface) decreases with
frequency and freestream Mach number. The fundamental
propagating frequency is fairly constant since it only dropped
5% (226.13-213.87 Hz). However, the freestream Mach number
is reduced 25% (0.813-0.605). Again, as with the design con-
dition case, the high measured values found one propeller
diameter forward of the plane of the propeller, are believed
due to nonuniform inflow into the propeller caused by in-
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stallation effects that were not modeled in predicting the in-
cident pressure.

Measured data taken on the circumferential belt array for
the lower forward flight speed case is compared with predic-
tion in Fig. 12. As with the higher speed case, the agreement
is excellent for the two harmonics. Also, almost no refraction
is evidenced in the first sound harmonic except at the far
(shadow) side of the fuselage. More refraction occurs in the
second harmonic.

Concluding Remarks

A computer program has been written, validated, and its
theory documented which can compute the effect on noise
propagating through a boundary layer. Scattering of the in-
cident acoustic pressure waves off cylindrical bodies is in-
cluded in the computer program. The inclusion of boundary-
layer refraction and scattering from a cylindrical surface has
been shown to have a dramatic effect on the noise levels
predicted under a boundary layer. The results presented here
demonstrate that it is not sufficient to simply add 6 dB to
free-field predictions to represent a prediction on a hard sur-
face, when the surface is embedded in as flow, or when that
surface is highly curved.

The resulting boundary-layer refraction is dependent on
both the shape and thickness of the specified boundary-layer
velocity profile. The thicker the boundary layer, the greater
the amount of shielding of the incident waves. Based on the
calculations contained within the paper, the acoustic shielding
of the surface varies directly with the boundary-layer velocity
profile shape factor.

There is good agreement between the predicted noise levels
and the PTA measured noise levels, especially in the circum-
ferential directivity. Results show that adding refraction ef-
fects to a scattering-only prediction improves the comparison
between the measured and predicted noise levels.
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