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Acoustic Radiation from a Thin Airfoil
in Nonuniform Subsonic Flows

H. M. Atassi,* M. Dusey,t and C. M. Davist
University of Notre Dame, Notre Dame, Indiana 46556

Noise resulting from the interaction of impinging unsteady vortical disturbances on a thin airfoil in subsonic
flow is directly calculated using unsteady aerodynamic theory. Exact expressions for the far-field acoustic
pressure, intensity, and total acoustic energy radiated are derived in terms of the Fourier transform of the
unsteady pressure along the airfoil surface and account for both dipole and quadrupole effects. This paper
provides benchmark results for the case of a thin airfoil for comparison with future calculations for a loaded
airfoil. It is shown that the acoustic pressure pattern strongly depends on the value of the reduced frequency and
the mean flow Mach number. The effects of an oblique gust are also examined and shown to significantly reduce
the radiated acoustic power, which exhibits a maximum as the reduced frequency is increased. High frequency
and noncompact source effects are also investigated and show multilobe directivity patterns that seem to recur

at certain multiples of the reduced frequency.

Nomenclature
a = gust components, {a;, @, a3}
¢y = speed of sound
D; = acoustic directivity, Eq. (40)

A~

= pressure directivity, Eq. (39)

= acoustic intensity

= defined by Eq. (20)

= reduced-frequency, Eq. (18)

= gust wave numbers, {k;, k>, k3}

= Mach number

= acoustic power

= pressure

= distance from airfoil center

= time

= unsteady velocity

= physical coordinates, {x;, x3, X3}

= Prandtl-Glauert coordinates, {X,, X5, X3}
= Fourier transform wave number, Eq. (31)
= gust angle = tan~(ks/k))

= polar angle

= gust frequency
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Subscripts

a = acoustic part of velocity

c = compact source approximation
0 = steady-state quantities

o = upstream conditions

Superscript
! = time-dependent quantities

Introduction

HEN a body moves in a nonuniform flow, sound is
generated as a result of flow unsteadiness in the body
frame of reference. This noise generation mechanism is com-
mon to aircraft and propulsive system structural components
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such as wings and propeller and turbomachine blades. These
structures usually operate in nonuniform flows resulting from
a variety of sources, such as atmospheric turbulence, inlet
distortion, installation effects, blade tip vortices, and rotor-
stator interaction. Thus, noise generated by this mechanism is
often dubbed ‘‘interaction noise.”” Moreover, such noise tends
to be loud and dominate other sources of noise.

Because of the motion of the body, flow nonuniformities
are seen in the frame of reference of the body as convected
vortical disturbances known as gusts.!»> The study of noise
resulting from this mechanism is therefore closely related to
the unsteady aerodynamics of vortical disturbances. The radi-
ated sound is, in fact, the far field of such unsteady flows.

Unfortunately, it is difficult to find analytical solutions to
unsteady compressible flows around bodies even for simple
geometries. Thus, assuming an inviscid and non-heat-conduct-
ing fluid, the flow, for example, around a flat plate in a gust
is obtained either by solving Possio’s integral equation®* or by
a finite difference scheme.® Because of the widespread applica-
tions to unsteady airfoil theory, numerous asymptotic solu-
tions were derived for the low frequency®’ and the high fre-
quency?219 cases. With the exception of Ref. 10, these solutions
focus on predicting the unsteady pressure distribution along
the plate.

Amiet!! gave an expression for the far-field acoustic power
produced by an airfoil in subsonic turbulent flow. However,
he assumes early on that the acoustic radiation of the airfoil
can be determined by distributing dipoles over the airfoil
surface equal in strength to the unsteady pressure jump along
the surface. Thus, he accounts for only the dipole contribution
to the far-field noise. The quadrupole effects of refraction due
to the fluid motion as well as those of difraction by the leading
and trailing edges of the airfoil are totally neglected. One of
the objectives of the present paper is to examine these effects
and to show that they can be significant at higher subsonic
Mach number and higher frequencies.

For lifting airfoils in unsteady vortical flows, Goldstein and
Atassi'? and Atassi!? developed a second-order theory for the
limiting case of a vanishing Mach number and derived analyt-
ical formulas for the lift for two-dimensional gusts. Their
results indicate significant effects of the mean flow on the gust
response function. Myers and Kerschen!* developed a high
frequency subsonic model and calculated the far-field acoustic
pressure in this limit. Scott and Atassi'® and Scott!¢ obtained
numerical solutions for subsonic flows; these solutions give
the airfoil surface unsteady pressure with high accuracy for
three-dimensional gusts and for a broad range of reduced
frequencies extending from 0 to 10.
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In this paper and in Ref. 17, the characteristics of the sound
radiated from airfoils in subsonic flows and subject to three-
dimensional gusts are investigated directly using a Possio’s
solver and the numerical solutions of Scott and Atassi.’!516
The investigation will determine the effects of the mean flow
Mach numbet, the airfoil geometry and mean flow incidence,
and the upstream gust parameters on the far-field acoustic
pressure, intensity, and total acoustic power radiated. It is
important to note that the numerical solutions provide the
flowfield in a finite domain surrounding the body. As a result,
there are two methods for calculating the acoustic far field.
First, we can still use Lighthill’s!® acoustic analogy to calculate
the radiated sound from the dipole distribution along the body
surface and the quadrupole distribution in the computation
domain. Calculating the quadrupole contribution, however,
necessitates the evaluation of volume integral. This leads to
tedious calculations with dubious accuracy, particularly for
lifting bodies at high speed where the mean flow around the
body is quite complex. Note that the quadrupole contribution
represents the effects of refraction and diffraction of the
sound field as it propagates through the mean flow. At low
subsonic speeds, these effects are often neglected. For un-
loaded blades, Hanson and Fink!® have shown that for moder-
ately subsonic speeds, the quadrupole contribution is negligi-
ble and that it is only significant at transonic speeds. However,
for loaded blades, Goldstein et al.?® have shown that the
quadrupole contribution to the sound field is proportional to
the mean flow circulation and will tend to become significant

and comparable in magnitude to that of the dipole sound at

higher Mach number and higher blade loading.

The second method for calculating the radiated sound is to
directly use the flow quantities in the outer boundary of the
computation domain to calculate the sound pressure and in-
tensity. Unfortunately, computational solutions of unsteady
flows, although yielding the surface pressure with high accu-
racy, do not have the far-field resolution to accurately de-
scribe the sound field. For example, the lift coefficient calcu-
lated by Scott and Atassi!® is in excellent agreement with
Atassi’s!® analytical solution for incompressible flow. How-
ever, Fig. 1 shows that the code gives inaccurate results for the
computed far field pressure for a 3% thick airfoil in a trans-
verse gust at a Mach number M = 0.1 and a reduced frequency
ki = 1.0. This suggests that we use the computational results
only in the near and middle fields where high accuracy is
achieved. Kirchhoff’s method is then used to calculate the
acoustic far field from the midfield results. A similar ap-
proach was used by Farassat and Myers?! and by George and
Lyrintzis.?

The objective of this paper is to directly calculate the acous-
tic radiation of a thin airfoil in a nonuniform subsonic flow.
For this case, semianalytical solutions can be obtained and will
provide benchmark results for comparison with the more com-
plex case of a highly loaded airfoil that will be investigated in
the second paper.!”

Aerodynamic Problem
Consider an unsteady three-dimensional weakly rotational
flow V(x, t) around a thin, flat-plate airfoil with chord length
¢, as shown in Fig. 2. The fluid is considered inviscid and
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Fig. 1 Acoustic directivity for a 3% thick airfoil in a transverse gust
at My = 0.1, k1 =1.0: — - —, direct calculation from Scott-Atassi’s
code; ——, Kirchhoff’s method; ——-, flat-plate semianalytical results.
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Fig. 2 Thin airfoil in a three-dimensional gust at subsonic speed.

non-heat conducting. We assume that the upstream flow mean
velocity U, is constant and that the airfoil is at zero angle of
attack to U.,. We further assume that the upstream rotational
part of the flow is small and that the flow velocity, pressure,
and density can be linearized about their mean values:

Vix, t)=Ux+ulx, t) 1)
pP=po+p’(x 1) @)
p=po+p'x ¥ 3

If there are no upstream incident acoustic waves, the upstream
flow can then be expressed as

Volx, 1) = Unhy + te(x — {Us2) “

where u,, represents the upstream rotational disturbance of
the flow, and we have taken the x; axis in the direction of U,
with unit vector i; and U, = |U,!. In this case it is shown in
Refs. 2 and 23 that the total disturbance velocity can be split
into a solenoidal but rotational part #,, convected by the mean
flow and an acoustic potential part u,:

u(x, t) =u.lx — i Uxt) +u,(x, 1) (®)]

where p’ and p’ are associated only with #, and p’ = c¢Zp’.

Since the problem is linear, we break down u, into its
Fourier components and consider, without loss of generality,
a single Fourier component. Thus, the upstream flow can be
expressed as the real part of

Vo(x, t) = Ui, + ae’wi—k% ©)
with the continuity equation
a k=0 ™

wherea = {a,, a5, a3} and k = {ky, k,, k3}. If we normalize all
lengths with respect to ¢/2 and all velocities with respect to
Uy, then k| =w-c/2U, is referred to as the reduced fre-
quency. The total velocity field can then be written as

V(x, t) = Uniy + ae™@ %9 4+ y,(x, t) ®)

The velocity u,(x, t) = {Uan, Uz, U} is now the flow distur-
bance that results from the interaction of ae’“~#*-® with the
airfoil. Note that the far field of u,(x, ¢) represents the sound
radiated from the airfoil. ,
The velocity u,(x, ) must satisfy the linearized Euler equa-
tions
Do’

2V u =0 9
D1 u &)
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DOua _ vp’ "
o TP 10)
where
D, o )
—_2 y.Z
Dr ot ax;
and the boundary conditions
Up(xr, 0, x3) = —@efr-k9  for

~1<x<l A1)

and p’ and u,, are continuous in the wake, x;>1 and x, = 0.
Taking the material derivative of Eq. (9) and subtracting from
the divergence of Eq. (10) and using p’ = ¢Zp’, we get

Dj

V===
c2 Dr2

p’'=0 (12)

It is convenient to normalize p’ and to factor out the
dependence on ¢ and x; by introducing

’

P
P02 Uoc

p"' - e—i(wt—k3x3) (13)

Equation (12) can now be simplified by introducing the
Prandtl-Glauert coordinates X = {%), %,, X3}, where

X=X 14)
Xy = BoXz (15)
.fa = X3 (16)

where B, =+ 1 — M2, Finally, following Reissner** and Gra-
ham,?* we introduce the following transformation:

§ = PeiMaKin a7
where
kM,
K = 162 (18)

Substituting Eqgs. (13-17) into Eq. (12), we arrive at

(V2+K)P =0 19

kML Kk}
K= /?—— - 6_23 (20)

and V is the del operator in the Prandtl-Glauert coordinates.
Because the boundary condition (11) is not explicitly given
in terms of P, the boundary-value problem is transformed
into a singular integral equation known as Possio’s equation.’
This equation is usually solved by direct collocation and the
numerical results provide the unsteady pressure along the plate
surface.

- Alternatively, we note that, if we introduce the velocity
potential ¢ [i.e., u, = V¢], it is easy to show that ¢ also
satisfies the linear convective wave equation (12). Therefore,
following steps (13-17), we introduce

where

® =(¢p/a,) exp — i(wt + IM K % — k3%3)] Q1
and we arrive at

(32 +KH®=0 2

with the boundary conditions

s _ 1 e l/B9%  for

—-1<x <1 (23
YA i )

A® = (AD) e ~/O%  for £ >1 (24)

where A® represents the jump of ® across the wakeline and the
subscript fe denotes conditions at the trailing edge. The latter
equation results from the continuity of the pressure in the
wake. The boundary-value problem defined by Egs. (21-24)
was solved numerically by Scott and Atassi.’

Acoustic Field

The far fields of u, and p’ represent the acoustic sound
radiated from the plate. A Possio solver will provide only the
pressure distribution along the plate, whereas the numerical
solution of Scott and Atassi’ will yield the velocity and pres-
sure fields inside the computational domain that may extend
several chord lengths from the plate. However, despite the
high accuracy of Scott and Atassi’s numerical solution in the
near field and the robustness of their code, their numerical
solution in the far field is not as accurate. This is mainly
because the velocity and pressure vanish in the far field except
in the wake area; thus, the acoustic quantities become small at
large distances from the plate. In addition, these effects are
compounded by the fact that, in order to calculate, for exam-
ple, the acoustic pressure, it is necessary to derive the potential
function ¢. This results in significant inaccuracy, as shown in
Fig. 1, particularly near the wake region where a strong veloc-
ity gradient exists.

These findings suggest that we use the highly accurate nu-
merical solutions to obtain the pressure distribution along the
plate and to develop a mathematical procedure to calculate the
far-field acoustic quantities. Similar methods were used by
Farassat and Myers®! and George and Lyrintzis.?? Thus, in the
following we assume that the pressure distribution along the
plate is known. Using Green’s theorem, we can express P in
terms of its value along the airfoil:

1 (! 3G AP
Px)=— AP — — G — | dy 25
) 27 j-—l ( - 0P, 3)72> 1 23)

where X is the observation point and ¥ is the source point. The
free space Green’s function for Eq. (19) is

G(lf—f|)= —i(x/QHPEKIZ - F1) (26)

For a flat-plate airfoil, Eq. (10) shows that 3P/d5, = 0. Sub-
stituting Eq. (26) into Eq. (25), we get )

! _ HOKIZ -7
AP(yo—l%—:l—)dyl @7
1 -yl

P(x) =— K% j

4 _
In the far field, |£1] < |y |, the expression in Eq. (27) can then
be expanded in inverse power of | |. Carrying out this expan-
sion and reverting to the physical variables x and y, we obtain
the following expression for the acoustic pressure:

BKY: eitx/4 sin 6
P 0 = e T (- Mesintt)”

x exp{ — ir[K(1 — M%in?)"* — MKcos 81} F(a) + O(1/r¥?)
28

where

1
Flo) = S Ap’(y1)e™1 dy, (29)
-1
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is the Fourier transform of the pressure jump along the x; axis:

Ap'(y)=p' (1,0 +)—p'(3,0-) (30)
and
K —Sosf MK 31)
a=K ——— —
V1 — MZsin28 !

The rms pressure is then

BK” 1 sin @

e Vr (1~ dsimgys T ) ¢

(p)" =

where we have neglected terms of O(1/r%/?) and higher. The

expressions for the far-field expansion of the velocity compo-

nents can then be readily obtained by substituting Eq. (28) into

Eq. (10) and integrating:

K cos § — MK N1 — M?sin?9

KV1 — M?in%*) — MK cos 8 P

B*MK sin 0

Uy = n D

K~N1 — M?%in%0 — MK cos 8
_ MkyN1 — M?sin?6
@ K1 = M — MK cos 6

Ug =M ’ (33

’ (34

u ’ (35)

Since only the potential part #, of the unsteady velocity con-
tributes to the acoustic far field, the leading term of the
acoustic intensity is identical with that of on isentropic irrota-
tional flow. For such flows, a conserved expression for the
acoustic intensity can be derived (Goldstein,”® p. 41, and
Myers?6) as

’

7 p . 3 .
I =(p" + poUstia)(ttgr + p_ Ui + gy + Unis) (36)
0

Note that, although I is second order, it depends only on first
order quantities. Substituting Eqs. (28) and (33-35) into Eq.
(36) and averaging over a period, we obtain the following
expression for the time average intensity:

1 g'MK sin%f
167 Kir [N1— M?3in% — (K/K)M cos 6]*
. B*Ku, ki <1>
X | F(a) 12 + +0l = 37
() [ 1 - M?3%in% /1 — MZ%in?0 r? én
where u, is the unit position vector. The expression for the

acoustic power per unit span through a cylindrical surface
surrounding the airfoil can then be derived immediately:

I=

o o BMK? S " sin%0
T 81K, Jo (V1 — M3sin?0 — (K/K )M cos 6]

| F(a) 12

* (1 = M2sin?6) 38)

Results and Discussion

We now examine the effects of the mean flow Mach number
and the gust wave numbers on the acoustic pressure, intensity,
and power. For the intensity we consider only the radial com-
ponent 7,. The magnitude and directivity of the average acous-
tic quantities are better estimated if we eliminate the depen-
dence on the distance and consider the directivity of the
pressure and the intensity defined by

D,(6, M, K, K;) =Vrip’l 39

D9, M, K, K =r1, 40

Mach Number and Frequency Effects

Examination of Eqgs. (28-38) shows that the parameter K,
plays an important role in determining the directivity of p’
and 7,. For small values of K;, F(x) tends toward the negative
of the unsteady lift L’ (M, k;). This is the so-called compact
source approximation, where the airfoil acts as if it were
reduced to a single force. The only change from the acoustic
field of a simple dipole is the dependence on the quantity
(1 — M?sin%).

For a two-dimensional gust, using Amiet’s’ low frequency
approximation for the lift for K; < 1, simple expressions can
be derived for the directivity of the pressure and the intensity,
and the total acoustic power

12 2 H
Ip’lzﬁKl |S(k1/8)| sin 6 LOK) ()

vr (1 — M?sin?9)*

~ 7 sin%6
T =— B*K,M |82k, /)| ——————
4 FRMISHh/B) r(1 — Msin26)

1
X
(V1 — M?Zin? — M cos )

where S(k{) = L’ (0, K,)/2~ is the Sears?’ function. Note that
IS(k)| = 1/+/1 + 27nk,. This shows that at low frequency the
effect of the mean flow Mach number is to deform the pattern
of the acoustic pressure from a circle into a pearlike shape.
For a small Mach number, we can further neglect terms of
O(M?), and integrate Eq. (42) to obtain the following simple
expression for the total acoustic power radiated from the
airfoil:

+ 0K 42)

2
® = % KiM18%(k)| + 0K}, M?) 43)

At a low Mach number and a relatively high reduced fre-
quency k; but K; < 1, a case pertaining to marine propellers,2
Eqs. (41-43) give good approximations for | p’l, T,, and ®.
Thus, the magnitude of the acoustic pressure first increases
with the reduced frequency %, and then it tends toward a limit
as k; becomes large. '

For moderate values of K, Fig. 3 shows that, at K; =1, D,
is significantly increased at higher M, thus indicating strong
Mach number effects. It is also interesting to note that the
directivity is no longer symmetric but appears to have a slight
tilt in the downstream direction. For K, larger than about #/2
(e.g., for K| = 3.0), Fig. 4 shows the appearance of lobes in
the pressure directivity. These effects are the so-called non-
compact sources effects. Figure 5 shows plots of D, at
M = 0.8 and various frequencies. As K, increases the magni-
tude of the acoustic pressure decreases while the number of

Fig. 3 Pressure directivity D, for a flat plate in a transverse gust at
Ky=1.0: ——, k1 =0.25, M = 0.883; — - —, k1 =0.50, M = 0.781;
-, k1 =1.00, M = 0.618; ——, k1 = 2.00, M = 0.414.
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Fig. 4 Pressure directivity Dy, for a flat plate in a transverse gust at
Ky =3.0: —, k1 =0.75, M = 0.883; — - —, k1 =1.50, M = 0.781;
-+~ k1 =3.00, M = 0.618; -—, k1 = 6.00, M = 0.414.
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Fig. 5 Pressure directivity D, for a flat plate in a transverse gust at
M=08 — k=05 K=111; —  —, k1 = 1.0, K1 = 2.22; --- -,
k1=1.5, K1 =3.34; ——, k1 = 2.0, K1 = 4.46.
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Fig. 6 Acoustic directivity Dy for a flat plate in a transverse gust at

Ky =1.0: —, k1 =0.25, M = 0.883; — - —, k1 = 0.50, M = 0.781;

= k1 =1.00, M = 0.618; ——, k1 = 2.00, M = 0.414.

lobes increases. For large values of K;, the maximum of D,
would occur at

Opax = Sin ! <—%ﬁ> 44)

Hence, as we approach sonic velocity, 6,,,—45 deg.

Figures 6, 7, and 8 show polar plots of the directivity D; for
the same conditions as Figs. 3, 4, and 5, respectively. Compar-
ing Dy with D,,, we note the increased tilt of the intensity plots
in the downstream direction, indicating that most of the
acoustic energy is radiated downstream. Thus, the lobes which
appear in the pressure directivity plots are almost hidden by
the fact that they occur mainly at 18] >x/2, where D; is
significantly reduced.

ACOUSTIC RADIATION FROM THIN AIRFOIL

Obligue Gust Effects

We now comnsider the effects of a three-dimensional gust at
an angle A = tan~'(ks/k)). Figures 9-11 are plots of the pres-
sure directivity and Figs. 12, 13, and 14 are plots of the
acoustic intensity for the same condition as that in Figs. 3, 4,
and 5, respectively, except that A = 30 deg. Note that when
K =< 0 there is no acoustic radiation. This cutoff condition is
illustrated by comparing Figs. 3 and 9. There is no acoustic
radiation for the case corresponding to k; =2.0 and M =0.414,
because these conditions correspond to K = —0.269. It is also
seen that the effect of k53 is to reduce the magnitude of the
pressure, but this effect strongly depends on how much k;
reduces the value of K in comparison to K;. When K = K;,
these effects become insignificant. However, the effects of the

20 -
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-.04 0 .04 .08 12 16
Fig. 7 Acoustic directivity Dy for a flat plate in a transverse gust at
K1=3.0: —, k1 =0.75, M = 0.883; — - —, k1 = 1.50, M = 0.781;
-+~ k1=3.00, M =0.618; ———, k1 = 6.00, M = 0.414.
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Fig. 8 Acoustic directivity Dy for a flat plate in a transverse gust at
M=08—Kkn=05K=111;— — k1 =10,K1=2.22;----,
k1=1.5, K1 =3.34; —-, k1 = 2.0, K1 = 4.46.
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Fig. 9 Pressure directivity D, for a flat plate in an oblique gust at
A =30 deg, K1=1.0: ——, k1 =0.25, M = 0.883; — - —, k1 = 0.50,
M =0.781; ---—, k1 = 1.00, M = 0.618.
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-6 -4 -2 8 8
Fig. 10  Pressure directivity Dy for a flat plate in an oblique gust at
A =30 deg, Ky = 3.0: —, k; =0.75, M = 0.883; — - —, k1 = 1.50,
M =0.781; ----, k1 =3.00, M = 0.618; -—-, k1 = 6.00, M = 0.414.
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Fig. 11 Pressure directivity D, for a flat plate in an oblique gust at
A=30 deg, M=0.8: —, k1 =0.5, K1=1.11; —.—, k; =1.0,
K1=222; -+, k1 = 1.5, K1 = 3.34; ——, k1 = 2.0, K1 = 4.46.
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Fig. 12 Acoustic directivity Dy for a flat plate in an oblique gust at
A =30 deg, K1 =1.0: —, k1 = 0.25, M = 0.883; — - —, k3 = 0.50,
M =0.781; - ---, k1 = 1.00, M = 0.618.

gust obliqueness are much more significant on the acoustic
intensity. They are, of course, particularly strong for K <K,
as shown in Figs. 12-14.

Acoustic Power

In Fig. 15 we have plotted the total acoustic power resulting
from a transverse gust vs the reduced frequency k; for differ-
ent values of the Mach number. At low M, ® tends to a limit
as long as K is of order unity. At larger M, ® first increases
as k; increases, reaches a maximum at k,,, and then de-
creases. Note that k,, also decreases with increasing M. These
results indicate that it is possible to significantly reduce the
acoustic power by avoiding disturbances of frequencies in
certain range. Figure 16 is a plot of ® vs k, for an oblique gust
at A =30 deg at two values of M, 0.6 and 0.8. Note the

.20 r
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-.04 0 .04 .08 12 16

Fig. 13 Acoustic directivity Dy for 4 flat plate in an oblique gust at
A =30 deg, K1 =3.0: ——, k1 =0.75, M = 0.883; — - —, k1 =1.50,
M =0.781; —--~, k1 = 3.00, M = 0.618; ——, k1 = 6.00, M = 0.414.
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-04
Fig. 14 Acoustic directivity Dy fqi a flat plate in an oblique gust at
A=30 deg, M =0.8: —, k1 =05, K1=1.11; —-—, k1 =1.0,
K1=222; -, k1 =15, K1 =3.34; ——, k1 = 2.0, K1 = 4.46.
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Reduced frequency (k 4}

Fig. 15 Acoustic power radiated from a flat plate in a transverse gust
vs the reduced frequency at various Mach numbers.

0.10
0.08
& 0.086
2
(=]
o
0.04
-0.02
000 Le v o v vy 0 g0y e
o 1 2 3 4 5 6 7 8 9
Reduced frequency (k 1)

Fig. 16 Acoustic power radiated from a flat plate in an olilique gust
vs the reduced frequency at various Mach numbers (A = 30 deg).
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0 2 4 6 8 10
Reduced frequency k 4

Fig. 17 Ratio of acoustic power to compact source calculated power
for a flat plate in a transverse gust vs & at varions Mach numbers.
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Fig. 18 Ratio of acoustic power to compact source calculated power
for a flat plate in a transverse gust vs Ky at various Mach numbers.
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Fig. 19 Ratio of acoustic pressure to compact source pressure vs 6:
— k1=05; — - —, k1 =1.0; ~--—, k1 =1.5; ——, k1 = 2.00.

significant reduction of the acoustic power particularly at low
and moderate frequencies.

High Frequency and Noncompact Source Effects

Finally, we examine high frequency effects on the acoustic
power by comparison with the commonly used compact
source approximation. We have plotted in Fig. 17 the ratio
®/®., where @, is the acoustic power calculated using the
compact source approximation (i.e., ap = 0) in Eq. (31), vs &,
for various M. The results exhibit large variations as k; and M
increase. However, when ®/®, is plotted vs K; in Fig. 18, the
results are reduced to a single curve for K; < «/2. On the other
hand, for larger values of K| the results are scattered indicat-
ing a strong dependence on M. The compact source approxi-
mation is definitely not valid at large K,. However, it is
significant to note that the ratio can vary from 0.5 to 2.5; thus,
for certain values of k; and M, ®/®, can be larger than unity.
To explain how this ratio can become larger than unity, we
have plotted in Figs, 19 and 20 the ratio F(a)/F(0) vs the
direction angle # at M = 0.8 and various values of k;, This
ratio is equal to the ratio-of the far-field acoustic pressures
p’/p( . These figures clearly show that at moderate and high
frequencies the sound radiated in the downstream direction is

35
A\
3 \
©
o
0 1 1L 1 1 1 L 1 1 i
0 20 40 60 80 100 120 140 160 180
6
Fig. 20 Ratio of acoustic pressure to compact source pressure vs §:
— k1=2.0; — - —, k1 =5.0; -+ -, k1 =7.0; ———, k1 =10.0.

enhanced (ratio above unity) by the distribution of the dipoles
along the airfoil surface, which affects their phase, whereas
the sound radiated upstream is significantly reduced. More-
over, this effect is stronger at high frequencies and help explain
the strong downstream directionality of the radiated sound.

Conclusions

The sound resulting from the interaction of a three-dimen-
sional gust with an airfoil is calculated directly using the mid-
field results of unsteady aerodynamic codes on a Kirchhoff
surface. This approach avoids the difficulties associated with
the loss of accuracy in the outer computational domain. The
current paper provides benchmark results for the case of a flat
plate airfoil for comparison with the more complex case of a
loaded airfoil, which is given in another paper.!'” The results of
the current study can be summarized as follows.

The acoustic pressure and directivity strongly depend on the
frequency K, which is approximately equal to 7 times the ratio
of the airfoil chord to an average upstream-downstream wave-
length X7. When ¢ <\/2, the pressure directivity is smooth.

- However, when ¢ > \/2, lobes appear, indicating strong direc-

tional patterns.

For a gust propagating at an angle A to the airfoil chord, the
acoustic pressure is generally less than that for a purely trans-
verse gust. The reduction in the acoustic pressure is very
significant when K < K, but it is insignificant when K = K.
Of course, when K =< 0, there is no sound radiated. The effects
of an oblique gust are more significant on the acoustic inten-
sity than on the acoustic pressure.

The acoustic power for moderate and high values of the
mean flow Mach number M exhibits a maximum as the re-
duced frequency k; increases. This behavior can be used for
noise reduction by avoiding frequencies where @ is large. The
obliqueness of the gust produces a significant reduction in the
acoustic power, particularly at low and moderate frequencies.

Finally, an examination of the popular compact source
approximation shows that it is adequate for K;<#/2. As K,
becomes larger, this approximation could give much larger or
much smaller values for the acoustic power, depending on the
value of the mean flow Mach number.
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