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1. INTRODUCTION

The Porous Microphone in an Aeroi'oll is a directional sensor
which rejects flow noise. The aerofoil allows the sensor to.be
rotated in the airflow over a wide range of yaw angles, 0° to 90°,
avolding flow separation over the surface of the sensor and its
associated additlonal flow noilse.

The directivity and the rejection of flow noise are inherént
to the basic design of porous surface sensors’. The design consists
of a thin porous surface which couples the external pressure fi:1d
to a long, thin cavity “nside the sensor. Fér a porous strip
sensor, the cavity has a constant width, and its depth decreases
linearly towards the tip of the sensor, when the specific acoustic
impedance z of the porous surfacr is constant, real and equal to

o = L
Z=r=pcC 3 (1)

where L is the length of the cavity and d is its maximum depth:
then the cavity becomes anechoic in the direction towards the tip
of the sensor. Under tais condition, the response R of the sen-
sor can be taken as the product

R = =(w) H(Ei (2)

where s(w) is the frequency response which would be constant
under the condition in Eq. (1), and H(k) is the directivity
function:

Noiseux, D.U. and Horwath, T., "Design of a Porous Surface Micro-
phone for the rejection of flow Noise," submitted to the Journal
of Acoustical Society of America.
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sin[(kl—ki)LXQJ
H(k) = (3a)
- (kl—ki)L/z

where, ki is the wavenumber of the gas inside the cavity, k: is
the wavenumber component of the external pressure field along

the axis of the porous strips.

For sonic signals (propagating with the speed of sound) we
have

. k = k, cosB (3b)

where ko is the wavenumber of the gas outside the sensor, and
8 is the direction of propagation with respect to the axis of
the sensor. The maximum of the directivity function occurs at
8 = 0 when

k, =k =k, (4)

For subsonic signals (propagating’at a veloecity smaller
than the speed of sound), like the pressure fluctuations asroclated
with a turbulent subsonic flow, the range of values of k, at one
frequency w is predominantly larger thaﬁ.ki and, hence, the value
of the directivity function is small, thus, providing the attenua-
tion of these signals: the flow noise is rejected.

The Porous Microphone in an Aerofolil uses the porous stirip
design. Under the ideal condition, Eq. (1), this sensor very
nearly maintains the properties given by Egs. (2) through (4).
An earlier design? has shown that an airfoil is desirable and

2Noiseux, D.U., "Study of Porous Surface Microphones for Acoustic
Measurements in Wind Tunnels," NASA CR-114593, BBN Report No.
2539, April 1973.
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effective “n reducing flow noise when the sensor is rotated over
a large range of yaw angles. However, this early design also
showed two important limitations. First, the frequency response
was not constant but dropped very fast with increasing frequency.
Second, the airfoil introduces an additional flow noise, which
could be further reduced by a redesign of the airfoil.

The Porous Microphone in an Aerofoll has been redesigned,
resulting in considerable improvements of its frequency response,
and of its flow noise rejection over a wide range of yaw angles.

The . frequency response s{w) is affected directly by the
specifiec acoustic impedance of the porous surfare. A systematic
analysis and measurement of the properties of the porous strips
has been undertaken and the resu.ts reported?®. It turns out
that the frequency response, ncormalized to unity at low freguencies,
is )

‘Vlzcw)

s(w) = —2— (5)
Yy, (w)

.where ylz(m) is the specific transfer admittance of the thin
porous strip and Y., is its driving poipﬁ admittance; in terms
of the thickness h ¢f the porous strips and of its internal
complex wavenumber y, we get

s(w) = [cosh vh]l™* (6)

*NoiseLx, D.U., "Development, Fabrication and Calibration of a
Porous Surface Microphone in an Aerofoil," NASA CR-132636,
BBN Report No. 3014, March 1975.
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From Eq. (6) the frequency response can be controlled Ly
the selection 6f the porous material and its thickness. This
important recult has been experimentally supported. The new
Porous Surface Microphone has a high.r frequency response thén
the earlier design. The acoustic properties of this new design
are shown in Appendix I, where wé can see the Iimproved frequency
response., .The directivity function is also shown to follow
closely the directivity of an ideal porous strip sensor given
by Eg. (3). The mechanical stiffness of the porous strips and
the acoustic modes inside the cavity of the sensor, are now
the limitations of the high frequency end of the present design,
in the frequency range of 15 kHz to 20 kHEz. These limitations
can be pushed to higher frequencies by using narrower strips
and narrower acoustic cavities.

The new airfoil chosen is NACA-6L4-012, which has a smaller
thickness-tc-chord ratio than the airfoil used earlier?. The
flow noise due to flow separation at large yaw angles has been
reduced.

The present report is concerned not only with the flow noise
of the Porous Surface Microphone in an Aerofoil, but also with
its vibration sensitivity and with the effect of the Mach aumber
of the flow on the directivity function.. The results of these
investigations are presented in the following section. The details
of the analysis and experimental results are given in a set of
appendices.
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2. RESUL™S

The resulés are divided into four toples which are discussed
in the following subsectiomns.

2.1 Acoustic Properties

The acoustic properties of the Porous Microphone in an
Aerofoil are its frequency respcnse and its directivity pattern.

They are shown in Appendix I.

The frequency response s{w) follows very closely the response
predicted by the acoustic properties of the porous strips,
Eq. (6). At high frequencies, between 15 %Hz and 20 kHz, th=2
frequency response shows resonances which are attributed to the
first bevnding mode of the porous strips and to the first mode of
the acoustic cavity. These two resonances could be shifted to
higher frequencies by using narrower strips and acoustic cavity.

The measured directivit; patterns {ollow the patterns given
by Eq. (3). The symmetrical design, using two porous strips on
opposite faces of the aerofoil, has cancelled to a large extent
~the diffra:tion of the body of the aerofoil. The enveloﬁe of
the minor lobes of the directivity pattern does not decrease as
fast as Eq. (3) would predict. This limitation of the minor
lobes is attributed to the non-uniformity of the specific im-
pedance of the porous surface. This effect has been analyzed
previously® and the results are consistent with the patterns
shown in Appendix I.

The acoustic properties of the sensor are discussed in more
detail in Ref. (3).

“See Ref. 2, Appendix I.
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2.2 Vibration Sensitivity

The thin aerof&il of' the sensor will be excited by the time
varying component of 1ift in a turbulent flow. At the flexural
modes of the aerofoil, the vibration response of the gferofoil
could be relatively large and create an extra component of noise.
Fortunately, the symmetrical design of the porous surfaces will,
to a first order, cancel out the roise due to the flexural re-
sponse of the sensor. The resultant vibration sensitivity of
.the Airfoil Sensor is therefore very low.

The -vibration sensitivity of the Airfoil Sensor is examined
in Appendix II. An est®‘mate of the vibration sensitivity is
first derived and shown to be less than 75 dB SPL per G (SPL being
referrea to 0.0002 microbar). This is a very low value, which is
almost egual to the vibration sensitivity of a B&K half-inch
condenser microphone.

The vibration levels of the aerofoll are measured in the
wind tunnel over a wide range of flow velocities. Using the
estimate of viﬁration sensitivity and the measured vibration
levels, we show in Appendix IT, that the contribution of the
vibration sensitivity of the Airfoil Sensor to its flow noise
is completely negligible. R

This result is obtained when the base, on which the senzor

ls mounted, is tied to a floor having itself a low vibration
level,

2.3 'Effect of Mach Number on the Directivity Function

The response of the Airfoil Sensor has been expressed as
the product of a frequency response s(w) and a directivity
function H(k), see Eqs. (2) and (3).
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The firequency response s(w) should not be affected by air
flow except i1f the acoustic resistance of the porous surface is
modified by the presence of tangentizl flow. However, the porous
material was selected To have essentially all its acoustic re—
sistance caused by viscous loss inside the material and only a
negligible part caused by the transition of the inside gas velocity
to the surface gas velocity’. '

The directivity function H(E) is sensitive to airflow; the
effect of Mach number can be introduced explicitly in Eq. (3).
By measuring the actual directivity function of the sensor in
air flow and comparing these experimental results with the cal-
culated directivity function including air flow, we can show
whether the computed directivity function with Mach number 1is
valid or not. This is the purpose of a series of tests made in
the wind tunnel. ‘

The directivity function, including flach number, is derived
in Appendix III for a stationary acoustic sensor and a stationary
receiver in a moving gas. The directivity function has the form
given by Eq. (3) with k, replaced by

ks cosa,
K, = S—— (7)
14+M cosB
where
ms
k = — _ (8)
5 C,

5See Ref. 3, Appendix VI.
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1s the ratio of the excitation frequency W of the source and c

is the sound velocity of air, ¢ 1s the angle between the direction
of propagatiosn o' the sound in the flow and the axis of the Porous
Sensér, and 6 is the angle between the direction of flow and.the
direction of propagation of the sound in the flow.

The acoustic tests in the wind tunnel are planned as follows:
an Acoustic source is located in the throat of the nozzle of the
wind tunnel. A B&K half-inch condenser microphone with nose cone
measures the acoustic output of the Source at different flow
velocities and over a wide range of frequencies; let e, be the
electrical output of the B&K sensor at frequency w and Mach
number M:

e, = 5,(0) H (k) P(w) (9)

1

The same acoustic pressures are measured at the same flows with

the Airfoll Sensor, giving an electrical output e,

e, = sa(m) Hz(g) P(w) (10)

The ratio of the directivity functions 1is

ezsl(m) _ Hz(lf) . (11)
elsz(w) Hl(g)

If we assume that the B&K sensor is omnidirectional, at least

over the frequency range of interest, then

Hl(l_g) =1 ) (12)
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and Eq. (1.) gives the directivity function of the Airfoil Sensor
including the effect of Mach number. With this plan, the effect
of Mach number on the radiation impeciance of the Source cancels
out. )

The acoustic characteristics of the Source are shown in
Appendix IV, with and without flow. The test results of the
response of the Airfoil Sensor and the B&K Sensdr to the Acoustic
Source are presented in Appendix V for the case o = 6 = 0. The
ratio in Eq. (11) is calculated under the assumption in Eq. (12),
as a function of frequency, for different Mach numbers, M = 0.075
to 0.2. The directivity function, including Marh number, is also
calculated from Eqs. (3) and (7) for ¢ = & = 0 and compared with
the experimental results.

The calculations and the experimental results of directivity
Tunction of an Aerofoil Sensor, including Mach number, agree up
to approximately 10 kHz, in the range of the tests: M = 0.075 to
0.2. Above 10 kHz, the calculations and the experimental results
start to diverge. It is difficuit to attribute this divergence
to the Airfoil Sensor. Its sensitive surface has a high impedance
‘which is not modified by air flow, as already discussed. In
contrast, the sensitive surface of the B&K Sensor, i.e., the fine
mesh screen on the side of the nose cone; has a much lower acoustic

impedance which could be more easily affected by flow.

It would appear from the experimental results that the re-
sponse sl(m) Hl(g) of the B&K sensor is not independent of Mach
number, contrary to the assumption taken in the calculations using
Eq. (11). The results suggest that either H (k) decreases with
airflow or that sl(w) increases with airflow or even that both
effects occur simultaneously, in the frequency range above 10 kHz.
Since the B&K condenser microphones with nose cones are used ex-
tensively in wind tunnels, the effect of Mach number of their
response should be investigated further.
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The effect of Mach number on tue directivity funection of the
Aerofoil Sensor could be eliminated if the wavenumber of the
acoustic signals applied to the Sensor were matched to the wa:e-
number ki of the gas inside the acoustic cavity of the Sensor;
if this match is achieved,

ks cosd
k. o= R
1+ M coséb

then the directivit- H(g) becomes unity. Tﬁis match of wave-—
numbers could be reallzed by using a mixture of gas inside the
Sensor so tnat its sound velocity matches the trace veloeity
of the acoustic signals to be measured.

2.4 Fliow Noise

The flow noise of Airfoil Sensor in the BBN quiet wind
tunnel is compared with the flow noise of the B&K halr-inch
condenser microphone with nose cone in the same wind tunnel,
over a range of flow velocities from 26 to 70 m/sec. The B&K
sensor is always pointing directly into the flow; the airfoil
sensor is oriented over the full range of yaw angles, 0° to 90°,
in 15° innrements. The flow noise reduction of the Airfoll
Sensor, is defined as the ratio of the flow noise of the B&K
sensor pointing directly into the flow, to the flow rioise of
the Airfoil Sensor at given yaw angles.

The test conditions and the test results are presented
in Appendix VI®.

®This appendix is identical to Appendix X of Ref. 3: the experi-
ment has been supported jointly by NASA Ames and NASA Langley.

10
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The low noise rejection of the Airfoil Sensor will depend
on the intensity and the scale of turbulence of the air flow.
When the intensity of turbulence of the wind tunﬁel is very low,
as found in the results of Appendix VI, the flow noise rejecfion
of the Airfolil Sensor is not considerable; this is shown in
Fig. 1 for different yaw angles at a fiow velocity of 62 m/sec.
When the intensity of turbulence is larger, as found in the
acoustic tests of Appendix V, the flow noise rejection can be

" quite large; this is shown in Fig. 2.

The flow noise of the Alrfoil Sensor for a given flow
velocity is minimum at a yvaw angle of approximately 30°:; this
minimum is not yet fully understood.

The results of flow noise huve not been analyzed in detail.
It woula be useful to identify the different causes of flow
noise and thereby assess the performance of the Airfoil Sensor
in a more independent way than to rely on the B&K sensor for
comparison. | '

11
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3. CONCLUSTIONS

The new Porous Surface Microphone in an Airfoil, Model 342,
has achieved substantial improvements over the earlier design.
The frequency response has been extended; the flow noise,
especially the component due to flow separation on the airfoll,
has been reduced for the full range of yaw angles.

The flow noise rejection of the Airfoil Sensor, referred to
the B&K Sénsor with nose cone, 1s significant even at very low
intensity of turbulence; it zould be very large when the intensity
of turbulence is large.

The acceleration sensltivity of the Lirfoil Sensor is very
low and can be neglected for most of the practical situations.,.

The effect of Mach number on the directivity function of the
Lirfoil Sensor 1s predictable in the subsonic range, at least up
to 10 kHz. This effect consists of a seqguence of large dins in
the sensor résponse, even when the sensor 1s pointed directly
towards the sound source. The location in frequency of these
dips depends on the Mach number and the orientation of the
" sensor witn respect to the sound socurce. These dips 1limit the
usefullness of the current design; however, they could be eliminat-
ed by using, instead of air, a proper gaé mixture inside the
sensor. This modification merits further consideration.

14
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APPENDIX I

ACOUSTIC CALIBRATION OF THE NEW POROUS SURFACE
MICROPHONE IN AN AIRFOIL, MODEL 342, S/Né

-



A new design of a Porous Surface Microphone in an Airfoil
has been developed recently®; Model 342. This new design has
an improved frequency response and should have a lower flow _
noise than the earlier design?.

A second unit of this new design has been fabricated for
NASA Ames. This memo presents the acoustic calibratlon of this
second unit.

The photograph of Pig. 1 shows the Porous Surface Microphone
on the left, the microphone base and the tail end of the base
on the right. All three sections are rigidly belted together
and preserve the shape 2f the airfoil: this shape 1s a NACA
64-0012 section. A pipe is cemented to the base and carries the
electrical leads of the preamplifier.

The microphone cartridge and preamplifier, without grid
cap,'screws inte the microphone hole at the end of the Porous
Surface Microphone. The cartridge must be a B&K-type %134 which
has a flat pressure response up to approximately 20 kHz, and
which equalizes its internal pressure %o the front of the
cartridge.

The porous strips are each 14 incheg long. The specific
acoustic resistance of the two porous stfips is shown in
Fig. 2. The mean value is close to 50 ouc0 where oocD is the
characteristic impedance of alr; the variations from the mean

are approximately *1 dB.

"The frequency response of the Porous Surface Microphone
has been measured in the plane wave tube and in the anechoic
room. The results, shown in Fig. 3, give also the sensitivitv

'With Langley Research Center see: D.U. Noiseux

2D.U. Noiseux, "Study of Porous Surface Microphones for Acoustic
Measurements in Wind Tunnels," NASA CR-114593, April 1973.



with respect to the pressure sensitivity of the microphone
cartridge. The frequency response of Units 1 and 2 are very
nearly identical.

The directivity patterns measured for Unit No, 1 -rill also
apply to Unit No. 2 because their geometries are identical.
Only the details of the high order minor lobes will be different;
these details depend on the local variations of the acoustic
resistance of the porous strips.

The directivity patterns of Unit No. 1 are reproduced? as
the original Figs., 6 and 7. The directivitv has been measured
about two axes of rotat.on which are indicated in the figures.
At 10 kHz, the envelope of the directivity of an ideal line
sensor of the same length as the porous strips of the Airfoill

Sensor, has been calculated and is shown in Fig. be and Te.

2See Ref. 1, Appendix IX.
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APPENDIX II

VIBRATION SENSITIVITY OF THE POROUS SURFACE
MICROPHONE IN AN AIRFOIL



1. INTRODUCTION

When the Airfoil Porous Surface Jensor is subjected to air
flow, the dominant type of vibration of the airfoil will be
flexural waves. These vibration waves will create surface pres—
sures on the porous strips of the Alrfoil Sensor. However, the
symmetrical design of the Airfoil Sensor makes it rather insensi-
tive to flexural vibrations: pressures generated at one face
of the sensor are equal to and of opposite polarity from the
pressures generated at corresponding points on the opposite
face; when these local pressures enter the acoustic cavities of
the sensor and reach the common surface of the microphone
cartridge, they cancel out. The degree of cancellation depends
on the variations of the specific acoustic resistance of the
porous strips; with variations maintained to less than 107,
we anticipate a ecancellation of more than 20 dB.

An evraluation of the contribution of the vibration of the
Airfoil Porous Surface Sensor to the flow was planned; the original
plan will be modified because of the difficulty of measuring
directly the anceleration sensitivity of the sensor.

The original plan consisted of the following steps:

(1) The flow noise spectrum of the Airfoil Sensor is
measured at different flow velocities for one yaw angle o = 90°.

(2) The acceleration spectrum of the Airfoil Sensor due to
air flow is measured at one point of the surface of the sensor
for the same flo' velocities and the yaw angle o = 90°.

(3) The acceleration sensitivity of the Airfoil Sensor
exclted by a shaker and monitored by an accelerometer is
measured: the ratio of the output of the Sensor in equivalent
pressure, to the acceleration level is the acceleration
sensitivity.



(4) The acceleration sensitivity obtained in (3) multiplied
by the acceleration 'spectrum measured in (2) yields approximately
the contribivtion of vibration to flow noise. This contribution
is then compared with the net flow noise measured in (1).

Measurements (1) and (2) in air flow are readily done.
Measurement (3) is much more difficult to realize because of
the low vibration sensitivity of the Airfoil Sensor: the pres-—
sures sensed by the Sensor during the shaker test are deminated
at low frequencies by the amblent noise of the test chamber.
(The acceleration levels produced by the small shaker used were
very low.) In view of this experimental difficulty, the direct
measurement (3) of the acceleration sensiti-rity was replaced
by an ertimate of the vibration sensitivity which is developed
in Section 2. This estimate may be more useful than the Jdirect
measurement because the estimate shows why the acceleratiocon
sensitivity of the Airfoil Sensor is so low.

An estimate of the acceleration sensitivity of the Alrfoil
Sensor is developed in Section 2. The-flow noise and accelera-—
tion spectra are shown in Section 3. The contribution of
acceleration of the Airfoill to the net flow noise is calculated
in Section 4. )



2. ESTIMATE OF THE ACCELERATION SENSITIVITY OF THE AIRFOIL
SENSOR

The estimation proceeds as follows:

(1) An estimate of the point pressure on one surface of the
airfoil per unit acceleration is calculated as a function of
freguency.

(2) To this pressure field is associated a bending wave-
number kb. The pressure field is filtered.by the directivity
function of the Airfoil Sensor using ikb ins?ead of the acoustic
wavenumber component, ku cosa, along the axls of the porous strips.

(3) Th= pressure fields from the surfaces of the two porous
strips combine at the surface of the microphone element resulting
in a net cancellation which is ectimated to be at least one
order of magnitude (20 dB).

The sequence of these three calculations yields an estimate
of the acceleration sensitivity of the Airfoil Sensor.

In view of the many approximations which will be used to
estimate the point pressures on one surface, done in (1), the
further calculation of the filtering done in (2) becomes almost
irrelevant and will not be carried forth. The net effect of
caleculating (1) and (3) but not (2) is an overestimation of
the acceleration sensitivity.

The point pressure p{w) are one surface of the Airfoil,
per unit acceleration is estimated in three frequency ranges.

‘At low freqguencies, below the first bending mode frequency
of the airfoil, the specific impedance z(w) of the fluid loading
is similar to the fluld loading of a flat disc of radius r:



U(w) z(w)

p(w)

where a{w) is the acceleration and w 1s the angular frequency,
and, for a flat disc¥

z(w) & 0.067 iwpu(Qnr) 3 low fregyuencies

If thé périmeter 2(24+w) of the airfoil is introduced instead
of the circumference 2wr of the flat disc, we get a slight
overestimate of the low frequency acceleration sensitivity of
one face of.the Airfoil Sensor:

Sr®

p(w) _ g 135 p, (8tw)

where p  is the density of air.

+

At high frequencies, but below the frequency at which the

_ flexural wave velocity equals the sound wvelocity in air, (the

so~called coincildence frequency), the Alrfoil will behave as a
plate of the same thickness, and its fluid loading becomes

iwp
z{w) = 0
Ky,
‘kb = 1,86 0

cgh,

*L.L._Bgranek,-Acaustias, MeGraw Hill Book Co., Article 504,
pp. 1l26. '



where kg 1s the bending wavenumber, Co is the longitudinal wave
velocity of the material of the airfoil (epoxy) and h is the
thickness. Hence, the acceleration sensitivity of one face

of the airfoil becomes

(w) . P

ajw

i
=

=

b
Py

1755 'cgh ; medium Trequencies.

12

W

Above coincidence Iwequency, the fluid loading impedance
"is the characteristic impedance PyCy of the fluid. Hence,

0 D . . -
= : above coincidence frequency.

0

(w

alw)

O

The cstimates for the three frequency regions are sketched
in Pig. 1 using the parameters of the Airfoil Sensor: &, w, h
and Cy- It is interesting to note that the acceleration sensitivity
of one face of the Airfoil Sensor is everywhere lower than the
acceleration sensitiﬁity of a one-inch condenser microphone in
free air: 93 dB SPL/G. )

T'or two faces of the Airfoil Sensor, a cancellation of 20 d¥
is introduced in Fig. 1 to yield to net acceleration sensitivity.
Again, the asymptotic values shown in Fig. 1 are overestimates
of the true accelerabtion sensitivity. The overestimation is of
the order of 6 dB.



sy e BT W PN R LEE

BOLT BERANEK & NEWMAN INC

)

!
-
1
|

aid
~
J

| il | :1 7 i
G _ ! h 1“ i
FH A m_ m : 1 1qy M Mm_.. ﬂ; 4 ol Bl K B \\ Wil i A &)
ﬁ i ﬁm *.mﬂf_—.- H4 \\\
A I L S50 R R G NBEARE: : P i B
R S LA Q\\l .
.... | \ .
TUEEEEE S ame %%, 2 1 EEEE 1!\.. 1 m _
- L - *. o fid 4 \\v - = 4-+4— -4 B . ﬁx “
i HEAEE Ba TELEL R \M ISEESNR f\ c i q
| | ‘ Bl
I 4 Bl | H_ * _ & o B T ‘.-_,.,T. m_

g

]

NS B, =

o~
el i

{ oy
! I
i
| i
i
e
HE ™ IKFAl

i
) S5 B

VAUAR:

ME Tr oA

R
pd
1
i
1
re
+
i

—
=)
i
4
v
s

-
-

[
7 Y
L1 |

1

|

1

X UILRT V) El’izTFx
1
51450 S 0 B 0B

S~

i

1

=3
SR,
(el o R

!

[

OF

=

AT
15

-

-

RIS SRS A

AT C CL

1
i)
i
1
1
1
e e Y

A = 30

QIR _;_JJ_’T”f-E'

i
ESTTY VY
\__-_\
B
AT
ECT A TE __OF THE

- Y 2| | E u |
. ST T BAL RS Sl
e l“| : ! .uu/,i \ lele ] ﬁ, _ i
3 umw._: _ .__.:-iw 11?‘1,1*4 s . - b w |
, ,.m L] | ﬁw.% SR AW L]
Ilv; i b F[. .‘-| : z Aw..ln*ll.u"_}. z \ ) 250 B 1 b B I | o3l ]
m.m : W s i M .Mm ol i ﬁ\ B LB
e S LEE 0 RN STENANN B LEs

00

!
go_“&'/:

W <
o~
~
(4eqr2000°0 @4 1dS) 9

I
OF POOR oS.Ee%

o S
o~ o

dad 7dS :4A21AL31SUdS UOLIRUD|[BDIY

6

o0
= O
(&)
2
Q
©
m O
Q
y
oW
D
O
o
o
:lu
MO
(@)
Ta]
O™
o
(@]
N O
O
w
o -
8]
od
e
O
(o)
£y
(B
ar
Q
[aal
w
[
(9]
g
o
C
s
(18}
=
[
Te}
cd
5]
o
nJ
(@]
L
('}
od
o
Q
()
51
")
o
Q
i)
o
<
u)
"
(T8}
"
&
o
=

'C‘?

ONE-THIRD 7CTAVE B4

i«0 CENT

D
=1



3. - FLOW IOISE AND ACCELERATION LEVELS OF THE AIRFOIL SENSOR

A small accelerometer is cemented on the Airfoil Sensor, at
approximately 2/3 of the distance from the tip of the sensor.and
the acceleration levels recorded for different flow velocities
when the yaw angle a is 90°. The results are shown in third
octave bands in Fig. 2.

The flow noise measured by the Airfoil Sensor, without the
accelerometer, for the same range of flow velocities and for
yaw angle o = 90° is shown in Fig. 3.

The resonances shown in Fig. 2 correspond to the simple
bending modes of a cantilever beam of the same thickness and
material as the airfoil; the length of the cantilever beam is
the length from the tip of the airfoil sensor to the center pipe
of the preamplifier base. The resonance frequencies of these
modeé are calculated (from Tables of resonance frequencies of
cantilever beams) to be:

1st mode: 16 Hz

2nd mode: 102 Hz
3rd mode: 290 Hz
4th mode: 565 Hz
5th mode: 940 Hz

They correspond very well with the measured resonances.
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4, CONTRIBUTION OF ACCELERATION TO FLOW NOISE

The acceleration levels of Fig. 2, multiplied by the estimate
of the net acceleration sensitivity of the Airfoil Sensor given-
in the lower curve of Fig. 1, yield the contribution of the
acceleration to the flow noise: this contribution is. shown in.

Comparing Fig. U4 and Fig. .3, we find that the contribubtion
of the acceleration of the Airfoil Sensor is at least 30 4B
belcw the net flow noise of the Sensor; the contribution is
effectively negligible. ' This conclusion is also. apparent from’
the flow noise spectrum of Fig. 3 which does not exhibit any
resonances a55001ated w1th the resonances seen in the accelera—
tion spc,trum of Fig. 2. -

"When the Airf01l Porous Surface Sensor is used in normal
wind tunnel conditions where the vibration of the Sensor i
caused by the turbulence of the airflow, the contribution of the
-acceleration 01 the sensor. to the flow n01se .can be neglected
The normal wind tunnel condltions imply that the stand on which

+~ the Airfoil Sensor is mounted is rigid llke the stand we have

used in the present tests.

10
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APPENDIX ITI

 SOURCE AND RECEIVER IN A MOVING GAS



1. INTRODUCTION

When air is flowing between a staﬁionary acoﬁstic source and
- a stationary receiver, the acoustic radiation from the source and
the dirvectivity function of the receiver are modified from.théir
original values when the air is stationary. In this appendix, we
- formulate the modification of the directivity function of the
receiver, leaving out the much more difficult problem of the
modification of the radiation of the source: we assume that

“the sourcé is radiating a plane acoustic wave in the region of
the receiver, .

The modification of the directivity function of. the receiver
is formulated by two methods. The first method, presented in
Section 2, is an ad hoe formulation specifically for a'plane
‘harmonic wave. A more general method, leading to the same
results for a plane wave, is presented in Section 3. The
motivation for using the general method is to elarify possible.
ambiguities in its general results when applied to a plane wave.

S ¥



2. PLANE WAVE

The positions of the source and receiver are shown in Fig. 1,
in the laboratory coordinates x = {xl, X, xa}. The gas between

the source and the'receiver is moving uniformly with a velocilty
U with respect to the laboratory coordinates.

' We consider the case where the source is far from the receiver
so that the pressure field in the region of the peceiver is '
effectively a plane wave. . 1If we select only one harmonic component
of the plane wave and express this wave in the coordinates % moving
with the gas, we have

p (x,t) = ?6 exp [—i(gg‘g'— Egt)] (1)
The bar superscript is used to indicai: *hat the quantity is
messured in the coordinates, E, moving with the gas; E& is the
‘wavenumber vector and W is the cirecular fiequency of the plane
wave measured in thf moving coordinates, x.

The point pressure p(x,t) in the laboratory coordinates
is the same as the point pressure p(x,t) in the moving cooréinates

provided ‘ .
x =%+ Ut ; ‘. (2)
with (2) 1n (:1) we get
Blxst) = B, exp L-a[E oz - GAE-We]}  (3)

From»(}) we have the‘following conclusions: the level of pres-
sure measured by a fixed receliver is the same tﬁét would be
measured by a moving'reéeiver; the wavenumber ké of the plane

* wave is unchanged ' ' o o
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k =%k 3 o ()

the frequency, W, measured by a stationary receiver, which is
also the freguency, W of the excitation of the stationary source,
is shifted by the usual Doppler shift from the fregquency Wy in
the moving flqid:

w, =0, =v +E U ; . (5a)

~if the angle between Eﬁ and U is 8, (5a) becomes

Wy = W =.w0_+ FOUcose | B {5b)

Next, the wavenumber, k_ is expressed in terms of w, as follows:
The wavenumber k_ is defined in the gas:
k, = w /¢ | o (6)

where Cy is the sound velocity of the gas. Introducing (5) in
(6) and using (4) we find - ' S

k=_-1?=——————so~._.: | (7)

It

ks - ko Mcos?
-and's'dlving_for-kG
ks .
e p— ) | (8)
 L+Mcosb S ' :

where Mris the Mach number of the moving gas,



. . M = U/GO 3 _ (9)
and'k 15 the wavenumber of the gas at the frequency W of the
excltatlon of the source: '

ks = ws/co (10)

Finally, the wavenumber vector'ge has a direction which is
different from the direction of the wavenumber vector Es of the
plane wave emitted by the source when the gas is stationary.
This is suown in Fig. 2: E malkes an angle ¢ with.respect to ks
which can be read¢1y calculated

The preceedlng rESults do not consider speclficallv i'he
effects of fluid flow on the radiation from a finite source.

This type of probiem can be solved only for the simplest geomebry.%
For the infinite flat source impliad in Fig. 2, we have the simple

result of a change of dlrectlon of k. to K

The preceedlng results are now applled to a statlonarv
porous surface SEensor.

The response E(w) of the Porous Sﬁpﬁace Seﬁsor to a plane

wave of amplitude P, is

E(w) = s(w) H(K) P_ o | (11)"

where s(w) 1s the frequency response and_Hfg)“is the divectivity
function which is very nearly that of an end-fired line sensor:

*#Ingard, U. and Singhal, V.K., "Upstream and Downstream Sound

Radiation -into a Moving Fluid," J4S4, Vol. b4, No. 5, 1973,
pp 1343-6.



>3
7

Xs

Fr6 3 ANGLE ¢ .8.»5-'?‘»&55#{4_‘_’5 A D ':\,/Q

- OFPoon gyt
1 e



sinkkl—ki)L/Q]

H(k). - _
~ (k -k.)L/2
1 AL

Il

(12)

ke (13)
o is the angle between the vector k of the plane wave and the

I

jix]eosa g |
axis of the porous strips, L is the active lengbth of the sensor
and ki is the wavenumber of the gas inside the sensor. ) .'

In a wind tunnel test where-a stationary source is emitting
a quasi plane wave 3t the stationary Porous Surface'Seﬁsor re-—-
ceiver, the frequéhcy w in (11) is the frequency wg of the
excitation of the source, ' '

wo= oW B '_ - (14)

and ]g[ is given by (8)
L _ - ks o o
e = —— (15)
1+Mcosb .

Hénce, the ratio

_ : k cosa )_' :
Eo(ms) 510 1+Mcos® - ki L/2
?o S'(msﬂ) (kécosa

T+icosd ~ k‘i) /e

(16)

is thé directivity function modified by the airflow.-

In the wind tunnel tests described in Appendices IV and V
- the angle 6 between the direction of propagation of the quasi
plane wave emitted by the source and the velocity U, in the
vicinity of the Porous Surface Sensor is zero. Furthermore,



since the gas inside and outside the sensor is the same, air,
we have

k, = k | : oan

and (16) reduces to

. COSC
S1ln l]{s(m“—‘ - 1) L/2

coso
ko (1+M - 1) L/2

(18)

' H(@)l

For the case wher- the Porous Surface Sensor is pointed directly
towards the source, then a=0, and (18) further reduces to.

sin [k (1TM) L/E] |
H(x) | = : : (19)
o . W <
& [ks T e ]

When 8=0 and the sensor is pointing 90° away frem the source
(o = 90°) the directivity function is unaffected by Mach number;
at any other angle o it 1ls affected.

) Equatlon (19) will be used in Appendlx VI to ecalculate  the
dirzetivity function of the Sensor when it is pointing dlrectly
towards the source (a=0) and it is allgned wlth the direction
“of flow (8=0). '



3.  FORMAL DERIVATION

A Fformal derivation of the effect of Mach number on a
stationary receiver in a gas flow is done through requency . _
and wavenumber transforms. The general result could be confusing
when applied to a plane harmonic wave: indeed the results of
Eichler® obtained for a mdving receiver in a statlonary gas 1s an
example of poSsible misinterpretation.

' In the following paragraphs the formalism of Eichler is
applied to a pressure field in a moving gas, received by a
stationary microphone.

" Let x be coordinates moving with the zas medium at a
veloclty U; the bar superscript is used to indicate quantities
which ar. referred to the moving coordinates; the stationary
coordinates are X: o '

x:

™

. - )

~

A pressure flela p(x t) in the mov1ng coordinates is the

lsame pressure rield p(x t£) in the stationary coordlnates,

B(E.t) = plx,t)  ~ | (2)

provided x and x are related by (1).

In the coordinates of the moving filuid the frequency transform
P(x,w) of p(x,t), assuming p is deterministic, is defined as

|

¥Eichler, E., "Kinematics of Wide-Band Fileld Sensing by Extended
Sensors in- Motlon," JASA Vol. 50, No. 5 (Part 2), 1971, pp. 1357~
1371. _ '



- | , ,
FEE) = | BE.D) exp (-ibb)as | (3)
The wavenumber transform ?ﬁ(g,t)'is defined: T
4co
P (k,t) = J ﬁtggt) exp'(igfgjdg o S (I

W o~

and the frequency wavenumber transform ?ﬁh(@,ﬁ),is defined
oo "

| J p(%,t) expli(k-X-wt)ldxdt

—n0

(k )

i

Ul"

4 o
= J ?ﬁ(g,t)exp(~iﬁt)dt

-0

Fo
= J . _P'('}E,E) .exp(.j_.%"}g):dg . : (5)

-0

The-definitions_above'fOllow'the more:usﬁal-COnventions;
they differ from Eichler's definitions 18 that +k is used
instead of -k. The wavenumber k and. time t are unaffected by .
transformatlon of coordlnates

The same pressure fleld in statlonary coordinates x, also
has its own transforms ' I
. +m: ' ' '
Plx,0) =;J;_ p(x,) exp(-iwt)dt -~ .~ o (6)
cete.; . The transforms in Lhe moving and in the. stationary
coordlnates for the same pressure field are related as follows'

10



_ te . - )
P(x,uw) = J p(x-Ut,t) exp(-iwt)dt (7)

-

which cannot be further reduced until p(x,t) is known specificaily.
. oo . |
Pﬁ(x,t) = J p(x,t) exp(ike.x)dx

-0

oo
= [ B(E.5) expl 1ce (F106) 1aF
—c0 ! :
= exp (ik-Ut) F@(E,t) o | (8)
+oo
Pwh(k’m)=.J p(x,t) exp[i(g-g—mt)]dﬁdt
oo
= [ BE.6) exel 106 F- (wk1y0) 0
—Ca -
= Pwh(lf"m"lf'g) o " . (9)

Equations 2 through 9 .are the equivalent of Eichler's Egs. 1
through 3 and 8 through 12 for a deterministic pressure field

in a moving gas. The differences are that the sign of U has
“been.changed because the gas and not the sensor is moving, and

the sign of k in the definitions of transforms has been changed
to the_more-asual notation. Hence, the product Efg in Eichler's
notation fbr'a moving.sensor retains the same éigh in our notation
for a stationary sensor in a movihg gas. Of course, the roles of
p and Eiare'intePChahg9d in‘on notation from'Eich1Er*S'notation;_

1L,



For a plane wave, moving in the direction of the unit vector a
Py (%) = plarx-c t) = pla-x-c t) - (i0)

where c, is the sound velocity in the moving gas. TFor this plane
wave, also assumed to be deterministic, we get

+o -
?ch;a) = J Eﬁ(é'g;cot) exp{iwt)dt A (11)
- +eo -
Pp(ﬁ,w)-= J pp(a-xucot) exp(iwt)ds

-0

foo - _ _
= J EQZQ'(E—gt)—cOt] exp(imt)dt
+oo
= J EJ:§'§—CO(l+a'M)t] exp(iwt)dt
B _m . L] . v .
4o

- —_ : ..o .1 imt‘ _ 1
I+aN J pplatx-egtl) ?Xp(lw'iﬂ)dt’

ama GO

L - 1 = w i V
T TFaW P-(52-1+§=M ) o Q2

ThlS result implies two changes when Lhe frequencv spectrum of

a plane wave field in a moving gas, PP (x ®), is measured by a
'statlonary sensor Lo become Pp(x w): the amplitude of the-
spectrum is reduced by “the factor (1+a M)’15‘and the - frequencv_

w in the moving gas is reduced by the same factor (lta-M)~

‘Since point sensors have a response which is directlv proportionalr

* %o the pressure field, they appear to acquire a divectivity when

12



either the sensor is moving in the gas (Eichler's analyvsis)
or the sensor is stationary in a moving gas (our analvsis)
The directivlty is the factor (il+a- M) ‘which changes with

' Mach number ﬁector‘@,‘and‘thévunit'directionfvector a of the

plane wave.

- We will show later, in the case of a narrow band plane. wave,
like a harmonic plane wave, that the apparent directlvity factor

(l+a- IVI)—1 cancels out with the factor (l+a M) which will appear

in P(x m/1+a M).

The  other relations (8) and (9) of course, remain valid
for a plane wave. '

When the plane wave pressure field is also a harmonlc one
at a frequency mo in the moving gas,

B(E.) = Py fﬂXPf.—i_clso-%-w".om - a3

its frequency transform in the moving gas becomes

PP(X,8) = P_ exp(~ik +X) 2ms(w-u) oam

where § is the Dirac delta function. In the statlonary coordinates

the frequency transform becomes, from (12)

'Pp(§,w) = —5 'PD exp(—iko-x) 27s ——%——— - EO
’ ~0 ’ T ~0
-l+k * @_ . 5 : o L:1+E_?f %_
0 . o

13



where the unit vector a of the direction of propagation is

-

k _ ) : _
= =0 : ' _ (16)

a__.
~ k
o]

" Recalling that a delta function 6(x), under a dhange of variable,
becomes - '

we have _
é I - (DO = (1 + I{—' . M) 6[0.) - w0(1'+,1—<{— . PE):I

c\remew o °

k

o]
(17

~which gives in (15)
PP(x,w) = P oexp (-ik +x)278 |w - ug (1 + k_ @) (18)

This result shows 15 that the aﬁpiitude of the plane wave measured
by a point sensor moving with the movinéEgas, or stationary in a
moving gas (or, moving in a stationary gas) is not changed by the
Mach number of the motion;  2) that the frequency w measured by a
‘stationary sensor in a moving gas,

o k -
W= W (l + 22 . M) o {19)
0 k ~ .
_ ) 0 _ L
is modified by Doppler shift from the frequency E; of the pressure
field measured in coordinates moving with the gas.

b



The apparent contradiction between (18) and (12) is due to
the fact that the plane wave .is an harmonic one in (18).

Continuing the case of an harmonic plane wave, its frequencv-
wavenumber spectrum is, in the moving gas, '

(k w)

N
Owh J P (§sw) GXP(;E §)d§

(2m)* 6(5-w,) §(k-k )P, | (20

-

Using (9) and (20) we get, in stationary coordinates,

(k,w)

s o S
owh (2m) G(MHEO Y wo) 8k 1~SCJ)PO

i

1

‘ k

I; i m :ﬁ. . _ P .
(2m) ﬁ[m-wo 1+ e ng)] Sk R, (21)
~after using the felation for the wavenumber in the gas
(22)

ko =

OOIOEI

However, the frequency sensed by the stationary sensor is also
the frequency of excitation of the plane harmonic wave, ws,.when
the source is also stationary: '

_ -k _ ' ' _
w, (1 +.22 . M)'.'z o, (@3
o : _

"Whén the sensor is extensive;-like;the-PorOusisurface Sensor,
its sensitivity in frequency—wavenumber spectrum, is usually Lhe
product of its frequency response, s(w) and its d1rectiv1tv functlon
H(k). For the Porous Surface Sensor of active length L, the

15



directivity function H(k) is, approximately,

sin(kl-ki) L/2

H(k)

Il

{24)
(kl—ki) L/2

where

k = (ki,'kz, ka) ""- S S (25)

-

and kl is along.the axis of the porous strips.

_ The frequency response E(w) of the stationary sensor to a
deterministic preosure field P(E,w)”in stationary coordinates is .
E(x,w) = J s(w) H{k) P(E,m) exp(mig-x)dg - (26)

=]

For a plane harmonic wave given by (21) and a sensor given by
L (28) we get ” ' ' ' B '

E(x,0) = s(w)2ews(uw-w,) HE P, o (27) -
and the time response e(g,t) of the sensér becomes
e(X,t) = Pos(ws) exp(lmst) H(go) | . .(28)

where, from (24)

sin(knlfki)_L/2

(29a)

 H(Eo)'=
(knl-ki) L/2 )
k., = (koi3 koz’ kna? - ) (29b)
ky, = ky cosg” | “-‘~*“f“ S L (29e)

16



o.being the angle between Eo and the axis of the porous strips.
Finally, relaﬁingvkd to the execitation frequency W of the
stationary snund source, from (22) and (23)

65
k = —
o cD
: ms ks
= ( ko - ) = ( 1,50 ) (30)
c {1+ — M 1+ —= M
0 ko ~ ko
and using the angle & between ko and U in the me7ing gas we get
' kscosa- | .
8in T°F Weoss ki L/2
H(k ) = - (31)
k _cosa : . :
( A ki) L/2
1 + McosB

This is the result obtained previously; and much more simply.

17
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- ACOUSTIC TESTS IN AIR FLOW, PART I: CHARACTERISTICS
0F THE ACOUSTIC SOURCE



s 4

I ——

1. INTROLUCTION

The directivity funetion of the Airfoil Porous Surface
Sensor 1s changed by the presence of air flow: tThe chanpe has A
been calculated in Appendix IIT. t assumes that all the local
properties of this sensor, like its local surface sensitivity,
gre not changed by air flow and that the directivity function
of this sensor behaves like the directivity of an end-fired

1line receiver.

The first assumption could be questioned:  the airflow. over
the porous surface may affect the acoustic resistance of the
porous strips., The acoustic resistance of the porous strips
can be decomposed into two components®, one being associated
wlith the viscous loss in the pores and the other with the flow
tran51t10n at the surface. The 1atter component, which makes
the acoustic resistance nonnllnear, is the only one which could
be affected by the air flow. However, the non-linear part of
the acoustic r351stance of the Lype of porous strips used in
the Airfoil Sensor is negligible even at high acoustic 1ntensit1es

(surface pressures in the order of 160 dB SPL re 0.0002 mlcrobar)

Therefore, we do not expect that the airflow will affect the

- acoustic resistance of the strips.

The second assumption has been found by the directivity
patterns measured in the anechoic room, to be satisfied by the
Airfoil Porous Surface Sensor, especially for the main lobe of
the d1rect1v1ty

¥T.W. Cole, "Graphic Models for Acoustic Flow Resistance,"
American Society for Metals, 1969 Southern Metals Conference;
Materials for Jet Bngine Noilse Abatement, Technical Note

MDD 503, April 1969. '



The purpose of the present accustic tests in airflow is to
verify the change in directivity function of the Ailrfoil Sensor
caused by airflow.

-

An acoustic source is inserted inside the nozzle of the
wind tfunnel. The acoustic pressure field emitted by the source
is measured in the potential core of the jet by a small micro-
phone which is assumed to be omnidirectional and to. have a
frequency response which ls unaffected by airiflow. This pres-
-sure measurement becomes the reference pressure and will be -
assumed to belong %o a plane wave. The Airfpil Porous Surface
Sensor is substituted ior the small microrhone and its response
measured; Lt is compared with the reference pressure ffom the
small microphone, the ratio being the directivity function of
the Airfoil Sensor modified by the Tflow. The test is repeated.
for'@ifferent flow velocities and for different yaw angles of
the Airfoil Sensor.

The presént appendix describes the conditions of the tests:
the acoustic source, the meaéurement technique and the effects
of alr flow on the pressure radiated by the acoustic source.

~ Appendix V will present the acoustic data of the Airfoll
Sensor. T

.
s



2, TEST CDNDITIONS

The test conditions include a description of the Acoustic
Source, its Location in the nozzle of the wind tunnel, and its
frequency response with and without flow,

2.1 Acoustic Source

The Acoustic Source consists of a horn driver coupled to a
short acoustic horn, both inserted into an aerodynamic c?lindrical
body; a cross—sectlon of the source is shown in Fig. la and a
'photograph in Pig. 1lb.

| The trailing cone of the sourcc is a screen which is almost
acoustically transparent but present a olgnlflcant-re51stance '
to free air Tlow. The screen is a non-woven c¢loth cementz:d to a
rigid wire—mesh.whiﬂh‘fprms th- shape of the trailing cone.

The trailing cone will create unavoidable vortices in its
wake; the porous surface of this cone should help to inhibit
‘these vortices. The axial response of the source, at constant
excitation voltage, in the anechoic roém is shown in Fig. 2.
The directivity pattern of the source at 10 kHz is shown in
. Pig. 3; it 1s compared in Fig. 4 with the calculated directivity
of a rigid piston in a baffle, the piston diameter being equal
‘to the diameter .f the mouth of the horn. This calculation
is used later to estimate the reflections of the source against
- the sides of the nozzle of the wind tunnel.

-The pressure level of the source at 5 kHz is approkimately
- 97 dB re 0.0002 microbar at one meter andffor;onevvolt éxcitae
tion. TFor the 6 volt excitation used in the wind tunnel tests,
the pressure level at 2 meters and 5 kHz will be approximately
106 dB re 0.0002 microbar. '
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The microphones measuring the sound emitted by the sourte
in the presencé of flow will be in the turbulent wake of the
source: the .flow nolse will be substantially'higher than what
was measured earlier in the free stream., In order to enhance
the signalato—nOise ratio of the microphones, the source is
excited by pure tones in the form of a frequency sweep and the
output of the microphones.are filtered by a narrowband tracking
filter. The functions of freQuency sweep and narrowband filtefing
and tracking are available simultaneously in some types of Wave '
Enalyzers. . A block diagram of the instrumentation setup is
shown in Fig. 5; the bandwidth of the filter is 7 Hz. The rate
of the frequency sweep is chosen to allow full response of the
'narrowband filter to the frequency change.

- 2.2 lLocation of the Source Inside the Nozzle

The location of the source inside the nozzle is a compromise
amongst conflicting requirements: the source should be close
%o the mouth of the nozzle to minimize reflections from the sides
of the nogzzle; the source should be deep inside the nozzle to
inhibit the turbulence of its wake.

The source is suspended by piano wires inside the nozrle
as shown in Fig. 6. r"he source axis is orlented carefullv along -
the dlrection of 1"_Low Over the whole range of flow ve1001tles
of the tasts the source remained stable; only very small vibratlon
of its body could be detected. The trailing cone of the source L
is in the contraction region of the nozzle so that The turbulence
in the wake of the cone will be inhibited to some degree.

The acoustic reflections {rom the sides of the nogzle will -
_affect the accuracy of the acoustlc measurements which depend on ,
the assumption Lhat the pressure field at the microphones is a plane '
wave. At 10 kHz the main lobe of the directivity of the source is
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not intercepted by the sides of the nozzle; only the minor lobes
are intercepted and their levels are at least 15 dB below the
level of the main'iobe. At 5 kHe»a small fraction of the main
lobe is intercepted. At frequencies below 5 kHz the reflections
from the sides of the nozzle become more important.

With airflow we will see that the directivity of the source
is increased: its main lobe becomes narrower at a given frequency,
so that the reflections from the sides of the nozzle are relatively
less important. In the tests, we found that at frequencies below
2 kHz the reflectlons from the sides of the nozzle became excessive,
producing strong interferences with the main beam. Hence, all
.acoustic tests were limited to frequencies above 2 kHz, Fortunatelyv,
this is also the frequency reglon where the change of dlrect1v1tv
functlon due to Mach number is significent '

'The location of the sensors in the free jet is limited to
not more than approximately one meter from the face of the
_.nozzle: this limitation insures that the Airfoil Sensor, at
yaw angle of 90°, is fully within the potential core of the jet.
The net distance between the acoustic center of the source and
the center of the B&K and AlffOll sensors is approx1mate1y 2 meters,
which is just barely acceptable to 31mulqte a plane wave in the
region of the sensors.

2.3 Frequency Response of the Source 1n the Nozz]e

The frequency response of Lhe source is measured, at
different flow velocities, by a B&K half-inch condenser micro-
phone with nose cone. The same test stand used for flow noise!l
tests 1s also used for these acoustic tests. The narrowband
filtering system of Fig 5 is used. )

lSee Appendix VI.



At zero flow velocity, the frcguency fesponse of the source
measured in the wind tunnel is compared with the frequency
response measured in the anechoic room in Fig. 7. It 1s cleez~
- that at low frequencies there is considerable interference be-
tween the main beam of the source and the pressures reflected
from the sides of the nozzle. The frequencv diFference AT
between the nulls (or maxima) of interference is 2.2 kHz; it
corresponds to a path difference AX of one wavelength

Ax = co/Af

which is fcund to be approximately 15 cm (6 inches). .This is,
In fact, the difference in path length between:the main beam

- and a wave reflected from the upner or lower sides of the
nozzle. This interference pattern ‘decreases with increasing
frequency because *he dlrect1v1ty of the source increases with
frequenay, ’

(411 the measurements done in the acoustic tests with the
wind tunnel were restricted to an upper frequency of 15 kHz
This rvestriction will be explained later.)

The interference of the direct and: reflected waves w1ll
make the acoustic measurements more dlfflcult to interpret and '
certainly less accurate. The response of the Source, at constant
voltage and different flow velocities is shown in Fig. 8a, b.

The interference'pattern is seen to decrease progresSivelj'
as the flow velocity 1s 1ncreased This result indicates that
the directiv1ty of the Source is sharpened bv the presence of
the flow. A qualitatlve etplanation is shown in Fig. 9: the
viet velocity of sound viewed from stationary coordinates is in-
creased by the veloecity U of the flow; the original acoustic
velocity vectors, (Ko/k)co? which would exist if:the flow velocity

13
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were zero are bent symmetrically by the veloéity U. The net
affect 1s a spérper beam. This argument assumes that the
original radlabion of the Source at zero flow is not affected
by the flow in the immediate vicinity of the Source. )

We could also deduce, from this last assumption, that the

pressure level in the main beam would increase as the beam width

is decreased, in order to preserve the power emitted by the
Source. Letting ¢ be the half angle of the main beam, and using
prlmes to indicate the effect of flow ve1001tv, we get the
pressure_ ratio p'/p on the axis of the main beam and at the

same distance from the Source.

' _ Sind
p'/p sing'
tan ¢' = tand
_ .1 4+ WM/cosd

where M is the Mach number of the flow. The pressure ratio p'/p
increases gradually with frequency until it reaches a maximum
value of 1 + M: at the maximum value of M = 0.2 used in our
tests this increase in p'/p is only 2 dBj; this is not in
accordance with the experimental results'which show a much

larger increase of the ratio p'/p

The 1ncrease of the preSaure ratlo P'/P, for dlfferent flow
velocities is shown in Fig. 10: at low flow velocities (84, 100,
150 ft/sec) the pressure increase as a function of frequency is
a gradual one, (disregarding the minor differences in interference
patterns), reaching 8 to 10 dB at 15 kHz. This result_appears to

18
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éentradict the experimental results of Ingard¥®, who obtained the
opposite eff=ct: he found that the downstream pressure is

deereased by the presence of flow. :However; the experimental

conditions of Ingard's and our tests are quite different: in
Ingard's tests, the radiation surface of the Source is fully
exposed to a cross flow, so that the radiation impedance of . the
source is'directly modified by the flow;'ihfour'tests the
fadiating‘surface'of the Source, (the mouth of the acoustic
horn}, is not fully exposed To the flow and, further, the flow
is perpendaﬂu to radlatlng surface. |

At large flow velocities (U > 150 ft/sec) +he high frequency

part of the spectrum, in Fig. 10, drops rapidly. This drop

could be actributed either (1) o the source, (2) to the B&K
microphcone with a nose cone, or (3) to the turbulence of the

- flow disper51ng the llne spectrum beyond the bandw1dth of the

filter (7 Hz bandwidth). The drop in snectrum level resulted
in a low signal-to-noise ratio at the oubtput of the filter,
which 1ead us to Pestrlct the spectrum to less than 15 kHz.

Durlng the test, the drop in the high fregquency partc of

ithe;spectrum was not sufficiently appreciated to investigate

its cause. Nevertheless, we will see ffqm the results oif the
Airfoil Sensor, that the cause is not the Acoustic Source:

the high frequency part of the spectrum measured by the AlffOli
Sensor does not drop as drastically as when it is measured by
the BXK microphone with a nose cone. We also tend to disregard -
the third cause: both the B&K microphone and the Airfoil Sensor

#J. Ingard and V.K. Singhal, "Upstream and Downstream Sound
Radiation in a Moving Pluid " JASA Vol 5“ No. 5 1973
Cpp 1343-6.



used the same narrowband'filter.‘ We are left to blame the B&K
microphone with a nose cone for the drop in.the high frequency
part. Therefore, it appears that the frequency response of tle
B&K microphone with nose cone is sensitive to the presence of
air flow. This conclusion, which is only an indirect one and
has not been spec1fica11V 1nvp“t1gated, will affect all_the_
calculatlons based on our earlier assumptlon that the response
of the B&K sensgor is not modified by airflow. Althdugh this
conclusion applies for freguencies above 10 kHz and. for the
range of flow velocities of our tests, it will affect seriously
the accuracy of the cal: ulatlons done 1ater,_ublng Lhe B&K sensor
as a reference. o

If this experiment could be repeated, two major changes would
be made: First, the éignals from the B&K sensor and the Airfoll
Sensor would be analyzed with a broader filfer as well as with
. the narrow band filter, in order to examine if any frequency
dispersion'is caused by tﬁrbulence: Secondly,-a quarber'inch as
well as half inch B&K microphohe with nose would be used to
'-measurE'the signal from the Source, infthe_hope-of‘finding the
frequenby response correetion.

21
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APPENDIX V

AGOUSTIC TESTS IN AIR FLOW, PART II: MACH NUﬁBER
CORRnCTION OF THE DIRECTIVITY OF THE AIRFOIL
POROUS SURFAC' SENSOR



1. INTRODUCTIDN'

The modification of the dlirectivity function of the Airfoil

Porous Surface Sensor by airflow has been developed in Appendix IIT, -

under the ‘assumption that the sensor is an ideal end-fired line
sensor. This result is now compared with the directivity function
of the Airfoil Sensor measured in the presence of air flow.

The procedure to obtain experiméntally the effect of Mach
number on the dirvectivity function is as follows: '

(1) With the Acoustic Source suspended inside the nozzle
of the wind tumnel, a B&K half-inch microphone with nose cone is
set on the aerodviamic stand inside the potential.core of the
free jet, at a distance of 1 meter from the face of the nozzle.
The pressure measured by this sensor at different flow velocities,
after correction for the frequency response of the_sensbr, is '
taken as the reference point pressure. The assumption is that
the freguency response of the B&K sensor is insensitive to
airflow at least within the range of Mach number of our tests:
M < 0.2, o ) - | |

(2) The pressure field at the location of the B&K sensor
- 1s assumed to be a plane progressive wave.. This_assdmption is
indeed not guite satisfied, except at high frequencies where

the dlrect1v1ty of the source mlnlmlzes the acoustlc reflectlons.
 from the sides of the nozzle. ' '

(3) Under the assumptions (1) and (2) the ratio of the
pressure measured by the Airfoll Sensor to the pressure measured
by the B&K sensor is the directivity function of the Airfoil
Sensor modified by Lhe Mach number of the flow.

(4) The experimental 1"esults (3) is compared with the
directivity funection H(k) of a line sensor of 1enptn L calcula-
ted in Appendix TIT: ' : ' e



coso T
L (1+McosB - 1) L/ 2J

coso
ks (1+Mcosev" l) L/2

H(k) =

where o is the angle of the axis of the line sensor with the
direction of propagation of the plane wave in the flow and &
is the angle of the flow velocity g and the direction of
propagation of the plane wave in the flow.

This procedure is carried out in Section 3 and the results
are given and discussed. The tests also provide an opportunity

to measure the flow noise in the turbulent wake of the source
-]

with The B&K sensor and the Airfoil Sensor, and to find the

noise reduction afforded by the Airfoil Sensor in this condition

of relatively high turbulence. This separate result is presented

Tirst in Section 2.



2. FLOW HOISE IN THE WAKE OF THE ACOUSTIC SOURCE-

The wake éf the Acoustic Source is turbulent. The flow
noise of the sensors due to This turbulence will reduce the L
signal-to-noise ratio of the acoustic tedts: see Section 3.
This turbulence also presents an opportunity to evaluate the
flow noise reduction of the Airfoil Sensor, compared ta thé B&K
sensor under the condition of a relatively high turbulence
level. This situation is not an unrealistic one in some practical

wind tunnel tests.

The - turbulence of the wake at microphone locations was not
measured directly; instead the flow nolise was mrasured with The
B&K and the Airfoil Sensors.

Fifure 1 gives the flow noise of the B&K half inch micro-
phoné with nose cone, in the wake of the sound.sOurcej 1 meter
awayifrom‘the fact of the nozzle, at different flow velocities.
The B&K sensor is polnting trwards the flow.  Figures 2, 3 and 4
give the flow noise of the 2irfoil Sensor at the jame position

and Tlow ve1001t1es for yaw angles of: 0°, 30° and 90°

Compa 1ng the flow noise of Fig. 1 with the flow n01se ,
measured earlier by the B&K sensor in the free jet (see Fig. 11,
Appendix VI) we find that the floW-noise¥ﬁn'the wake of the Source
is approximately 20 dB higher than in the free jet. Since the .
turbulence of the free jet is very low, it follows that the
turbulence of the wake is still not very 1afge It is doubtfull
that the turbulence of the wake of the source could be much
reduced o ' B

‘The flow noise reduction achieved by the Airfoil Sensor,
using the flow nolse measured by the B&K sensor as a reference,
is shown in Figs. 5, 6 and 7 for the yaw angles of O°, 30° and
90°. The nc'ise reductions are quite large; of course, Lhey
depend on ths particular turbulent field of the wake of Lhe
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Sound Source. Hoﬁéver, these noise reductions are typical cf
what can be achieved in a relatively turbulent flow,® by a
porous surface sensor of the same length as the Airfoil Sensor.

At high flow velocities (235 ft/sec) the sipgnal-to-noise
ratio of the sound pressure emitted by the source (see Fig. 8b,
Appendix IV) to the flow noise of the B&K Sensor, Fig. 1, would
become negative in the repgion of 1l kHz if the analysis were
made in third octave bands. In contrast, the sipnal-to-noise
ratio of the Airfoil Sensor would remnin positive and'iarge
(approximately 20 dB) in the region of 14 kFe, with third
octave bénd.analysis. Since the B&K sensor will be used as
the reference to c¢valuave the modification of the directivity
function of the Airfeoil Sensor, narrow band analysis was
mandatofy.

¥See the noise reduction obtained in an artifically spoiled
"flow: NASA~CR~11H593; Appendix VI, Mig. T. -
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3. 'uKPERIMENTAL VALUES OF “THE DIRLCTIVITY FUNCTION OT THE ~
AIRFOIL SENSOR MODIFIED BY AIRFLOW

The experimental procedure outlined in.the Introduction. has
been followed. The data from the long records produced for each
frequency sweep on the Graphiec Level RecowderJ (see the block
dlagram of* the 1nstvumentatlon in Flg 5, Appendlx Iv), and for
each sensor and each fiow condition have been reduced to
 diréctivity”functions" The c¢ase of zero- degree yuw anplé of the
AirPoil Sensor is of parficular inte%est

_ In all the tests the angle abetween the direction of"
propagation of the "quasi" Dlane Wave emitted by the Source in
Lhe reglon of the sensors, and the dlrectlon off Tlow is Zero.
Hence, the ideal directivity funntlon of an end- flred 1ine
sensor becomes, from Appendix IIT,

'Sinik;(cosd._ 1):L/é[

g (8ose L q) Lz

"whéfe'k- is the wavenumber in alr at the frequencv ms of the
fexcitatlon of the source, ' R '

k f.ws/gp

..S

s is the sound veloclty 1n air and M is Lhe Mach nunber of
~ the" alrflow.- ' Sy ' - : '

12



3.1 Zero Yaw Anu]e o= O°'

- The Alrf01l Sensor is crlented dlrectlv into the airflow:
8 = 0, Hence, the directivity funection of an ideal porous strnp
© sensor, modified by Lhe Mach number becomes '

T s M

— - sin(k: L/2
H(k) = ( S 14‘M )
- M
e_1+M

I L/2
In Figs. 8a through 8e, the measured directivity function
of the Airfoil Sensor, at”different flow velociiies, is _
compared with the directivity functlion calculated from the
preceeding formula. | | '
 The experimental directivity function follows the theoretical

one of a line sensor at freduéncies uﬁ to 10 kiH=z. Above lO kHz
~ the experlmental and theoretlcaL curves start to diverge,
‘ Altunough the accuracy of the experlmental results leave much
-to be desired, -the dlvergence noted at.high freguencies is a
- very definite one. " The divergence coincides with the drop of
~the frequency response of the source measured in the flow by
the B&K sensor. Following the dlSCUSSan of this effect in v
' Appendlx IV, we suspect that the R&K half—lnch condenser mlcro— .
~phone with nose cone has a frequency re5ponse which is dependent

- .on alrflcw

~ The nose cone of the B&K sensor introduces a. ceviﬁv in front-
of the. microphone cartridge, this. cavxty is covered by a flne .
metal screen of ax1al length h. ' The sampllng correctlon due to
the - length cf the cav1ty on the acoustlc field which is o -
'sin(ksh/E),tw.a
ER/Z
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is already included in the frequency response of the B&K sensor.
This correction is in part compensated by the radial resonance
- of the cavity which occurs in the frequency region of 15 kHz.
This compensation is also included in the frequency response’
of the B&K sensor at zero flow velocity. The resonance frequency
_of the radial ode will be shifted towards higher frequenciles

by the air flow and the modal damping of the resonance will be
. inereased, producing a net and broad decrease of the freguency
response in the region of 15 kHz., This decrease in sensitivity
would explain the apparent decrease of the sound pressure of
the Source in the same frequency region (see Fig. 8 of Appendix IV)
and the divergence between the measured and calculated direcivity
functions above 1C kHsz.

The preceeding comments are tentative. They sugpest that
the frequency response of the B&K sensor as a function of flow
velocity should be investigated further.

The direétivity functions of the ideal line sensor in
Fig. 8 appear to be shifted towards higher frequencies (or
lower flow velocities) than the experimental directivity functions.
" If the real directivity function of the Airfoil Sensor, measured
in the arechoic¢ room, had been used instead of the directivity
function of a line sensor the agreement iﬁ Fig. 8 between ©the
calculated and measured directivity functions would be some-
what better.

3.2 .Yaw Angle a = 30°, 90°

‘The acoustic data and Mach number correction for o = 30°
and 90° are not presented for the following reasons.

At o = 30° the Airfoil Porous Sensor looks directly at the
waves reflected from one side edge of the nozzle; hence, the
interference pattern of this data is even sharper than at a=0°.

19



Since the Mach number correctlion iz also larger and starts at
lower frequencies than for a=0°, it follows. that the accuracy
of the results is very poor.

At «w=90° there should be no Mach number correction. However,
the directivity of the Sensor, which is now looking away from
the acoustic source, is capturing mostly the residual reverberant
Tield of the test room. Again, this result is not significant.
except that it shows that the Airfoil Sensor maintains its acoustic
directivity in the gir flow. This conclusion was already made
from the case of a=0°.

20



4. CONCLUSIONS

(1) The aécuracy of the experimenﬁsvwith a Source in
alr flow is not very good for two main reasons: the inter- -
ference at low frequencies of the waves veflected from the
sides of the nozzle with the main beam of source; and at high
frequencies the suspicion that the acoustic respense of the B&K
microphone with nose cone is sensitive to air flow.

(2) The effect of Mach number on the directivity function

~of the Alrfoll Sensor follows the calculation based on an ideal

end-fired line sensor for frequencies at least up to 10 kHz
and in the range M < 0.Z2.

(3) Even when the Airfoil Sensor is pointing directly into
the flov (8=0) and directly towards the Acoustic Source (a=0)
the directivity function modified by Mezch number enteres in the
response of the Sensor; the net correction to the data becomes

large at high flow velocities and higl frequencies.

(4) The cause for the required corrections in air flow
even for a = 6 = 0°, is shown explicitly in the case of an

. equivalent line sensor; see Eg. 16 Appendix III: the wavenumber

ki of the gas inside the line sensor is-not matched to the
wavenumber component of the pressure field applied to the
sensor:

kscosa

k., #

- 1+Mcos6

or, in terms of trace velocities,

co(1+Mcose)

cy #

cCoBU

21



where Cy is the sound veloeity of the gas inside the line sensor
and c, is the sound velocity of the gas outside the line sensor.

When the zas inside and outside the line sensor is the same,
like air, the trace matching is never achieved except ut M=0
~and ¢=0°. PFor M=0 the mismatech in trace velocities produces
the usual directivity function which could take the form,
- For examplé, of directivity patterns in polar diagrams, o
being the polar angle. The dependence on o is therefore desirable.
The depéndence on M cos® is not desirable.

The‘dependence of the directivity function ~n M cosf could
be eliminated for each :pecific case if the gas inside the
Airfoil Sensor were different from the gas outside such that

e, = ¢, (1 + M cos8)

Then, for this case, the directivity function reduces to the

usual one (difectivity patterns) with dependence only on cosa.

A different gas inside the sensor must be used for each product

M cos0. However, it appears possible to use a pas mixture

inside the sensor, where the percentage of the gas components

can be varied to satisfy the required valpe of cy for a wicde ranrge
of M cos6. This is an enticing pecssibility which should be _
pursued: - the effect of Mach number on the directivity functions,
1ike those of Fig. 8, would be eliﬁinated leaving only the usual
dependence on the angle o.

22
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APPENDIX VI*

FLOW NOISZ TESTS OF THE AIRFOIL POROUS SURFACE SENSOR
MODEL 342 AND OF THE B&K HALF-INCH CONDENSER
MICROPHONE WITH NOSE CONE

*This appendix is identical to Appendix X of the following
reference: The experiment has been supported Jjointly by NASA
Ames and NASA Langley; Noiseux, D.U., et al., "Development,
Fabrication and Calibration of a Porous Surface Microphone in
an Airfoil," NASA CR- s BBN Report -No. 3014, March 1975.



1. INTRODUCTION

The Airfoil Porous Surface Sensor, Model 342, and the Bruel
and Kjaer hali-inch condenser microplione with nose cone have.
been tested in a quiet wind tunnel at flow velocities from
25 m/sec. (84 ft/sec) to 70 m/sec (235 ft/sec). Their flow
_noises are compared.

The B&{ sensor is used as a reference to sﬁow the flow
noise reduction achieved by the Airfoil Sensor. The B&K =sensor
1s always pointed directly into the flow. The Airfoil Sensor
is pointed at different yaw angles in the flow, in the range of
0° to 90°., Since the B&K sensor is essentially omnidirectional
over its effective frequency range, up to 15 kHz, there is no
reason to orlent it differently than directly towards the flow;
in fact, if it is pointed towards otherwise, its flow noise
increases rapidly with the angle between its axis and the flow
direction.

The relevant properties of the wind tunnel are piven in
Section‘Q, including its spectrum of turbulence. Secticon 3
describes the test setup. Section 4 presents the data of
' flow noise with discussion of the results. Section 5 offers
some conclusions. s



2. WIND TUNNEL

The flow noise tests were made in the new BBN quiet wind
" tunnel. Figure la and 1b show the elevation and plan views of
the facility: it is a free jet in a semi-anechoic room.

A new nozzle was added to increase the flow velocities:
it is a rectangular nozzle with dimensions of 28 inch high bv
40 inch wide at the exit. The larger width is convenient for
© testing models, like the Airfoil Porous Surface Sensor which
are long and thin in the horizontal plane. The maximuam flow
velocity attained 70 m/ree, (235 ft/sec). The minimum flow
velocity, 2" m/sec, corresponds to tne idling speed of the
diesel.

The velocity profile at the =2xit face of the nozzle is
very wniform over the full ranpe of flow velocities with a rapid
but smooth decrease of velocity at the sides of the nozzle:
there is no flow separation on the sides of the nozzl..

The level of turbulence at the exit of the nozzle is very
low. At the location of the microphoné, one meter away from
the exit plane, the turbulence specuirum on the axis of the
nozzle is shown in Fig. 2, in third octave bands, for three
different flow veloeities: 100, 150 and ‘200 ft/sec. The low
frequency part of the spectrum, below 100 Hz is attributed to
the fan. The central part of the spectrum, from 100 Hz to 4 kHz
at 100 ft/sec, to 8 kHz at 150 ft/sec and to 12.5 kHz at 200 ft/sec
~is the normal turbulence of the wind tunnel. The high frequency
part above 12.5 kHz has a rising spectrum, with a slope of +9 dB
per octave for third octave bands (or 6 dB/octave on a linear
Trequency scale): this part is not considered to represent free
flow turbulence, but 1s believed to be caused by the hot wire
probe. Nevertheless, the turbulence is very low over the whole
frequency range of interest: 100 Hz to 10 kHz.

The wind tunnel 1s operated with open cycle air intake and
exhaust. ' i
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3. TEST STAND

The Airfoil Sensor, its preamnlifier base and tail end form
an aerodynamic shape. The pipe cemented to the preamplifier.
base carries the electrical leads of the preamplifier; the pipe
fits verticall;, inside the aerodynamic stand. The Airfoil sensor
can be rotated horizontally with respect to the stand. The stand
is bolted to a horizontal plate which is attached to the test
platform. A protractor on the underside of the plate measures
the yaw angle o, which is the rotation of the pipe and Airfoil
'Sensor with respect to the aerodynamic stand. Figure 3 shows
the Airfoil sensor on t!'e stand for zero yaw angle.

The Bruel and Kjaer half-inch condenser microphone uses the
same stand as the Airfoil Sensor. An aerodynamic top is -dded
to the stand as shown in Fig. !'. The preamplifier, which is a
standard B&K preamplifier type 2615, is set inside an aerodynamic
housing to which is soldered a verc.ical pipe which carries the
electrical leads. The microphone and its preamplifier car be
rotated in a hérizcntal plane, with respect to the stationary
test stand. 1In all the tests, the nose cone used is the newer
B&K type UA 0386, instead of the older typé shown in the photo-
graph. VT



FIG. 3 PHOTOGRAPH OF THE AIRFOIL

SENSOR ON THE TEST STAND.
YAW ANGLE « =0




FIG. 4 PHOTOGRAPH OF THE B&K % INCH CONDENSER MICROPHONE WITH

NOSE CONE, AND THE AERODYNAMIC HOUSING OF THE PREAMPLIFIER,
ATTACHED TO THE TEST STAND.
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% FLOW NOISE TESTS
4.1 Test Conditions

All the results of flow noise are reduced to equivalent
acoustic pressures of a plane wave incident along the axis of
the sensors; i.e., the flow noise data are corrected for the
frequency response of each sensor.

The frequency response of the Airfoil Sensor is shown in
Fig. 5. The frequency response of the B&K half-inch microphone
with nose cone is shown in Fig. 6: the micophone cartridge
type 4133 and the nose cone type UA-0386 are used. The small
scale variations 'n the frequency rusponse of Fig. 6 are caused
by the test setup in the anechoic room.

The centers of each sensor during the tecsts are located
at approximately one meter from the face of the nczzle.

When the fan is off the background acoustic and electronic
noise of the sensors are shown in Fig. 7. The low frequency
part of the noise is mostly acoustic neise and 60 cycle hum
pickup.

The aerodynamic stand on which sits the airfoil sensor or
the B&K sensor generates a certain amouﬁﬁ of noise which will
contribute to the net flow noise measured bv the sensors. The
turbulent mixing region between the free jet and the free air
strikes the stand in an area below the sensors; the fliuctuating
.pressures generated in this area radiate as dipoles oriented
perpendicular to the surface and the frequency spectrum of
the noise radiated has a broad maximum at a low frequency given
approximately by

0.2 U_

f = o S Hz
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where h is the thickness of the mixing region and U is the mean

flow velocity; ‘this frequency is roughly 100 to 200 Hz. It

follows that the directivity pattern of this radiated noise has

a minimum in the direction of flow (corresponding to yvaw angie

of 0° for the Airfoil Sensor) and increases gradually for directions
perpenticular to the flow. The Airfoil Sensor at yaw angle near
0°, and the B&K sensor (which is alwavs pointed .into the flow)

will be near a minimum of this radiated noise.

This low frequency noise generated by the stand could have
been almost eliminated by extending the lower lip of the nozzle
teyond the stand. But this extended surface would also create
other noises, like radiation from its boundary layer and from
the vibration of the surface, and would cause undesirable acoustic
reflections. Hence, it was decided to accept the low freguency,
low level, of the noise generated on the stand by the niixing
region of the flow.

The trailing edge of the stané will create a similar but

high frequency noise associated with the thickness of the
boundary layer.

The noise radiated by the stand and the Airfoil Sensor were
measured outside the free jet and mixiné.fegion at two locations
vhich are specified in Fig. 8. At location 1, which is at the
same elevation and axial distance from the nozzle as the sensor
but immediately outside the mixing region, the pressure spectrum,
measured with the B&K sensor, is shown in Fig. 9. At location 2,
which is under the axis of the jet in front of the stand but
outside of the jet and its mixing region we get the pressure
spectrum of Fig. 10. The low frequency spectrum of the out-of-
flow nolse at location 2 is roughly 30 dB lower than at location
1: location 2 is in a null of the directivity of the noise

33



AIE FOIL SFEuzoR

U . o
. 'égw

VEbLOCITY

F{G.G 1 AOcATions | AMD D OF MICROPHONES

FOR THE MEASCEFMENTS o Oui-0F-Fhow MNailcr

.ORIGINAL PAGE Ig
OF POOR QUALITY

14



BOLT BERANEK & NEWMAN INC

O Q
p—4 N 0 ' w2 5 ‘Ul nnw
| 2o
k MmO
. = Jo BT BB B e B 5 o o
g4
l)ﬁ | 5 % P, v’ll i PJ’
NARRERVARRAREN T8
4 Y / o-
! 4 i | LY d \\ W..m
. Y
- 7 L7 / ’ ...v..m
- i/ 4 ﬂ \g_\ OW.
: 4 4 ) L B T
H / { H y o
|1 4 8%
) / 15
] K \ ﬁ x\ \ \ Wﬂ
2 T TS
( / y, / rofe)
; A ARnaAaE g
A
# L | 4 A K 4 ..\ / A wn»
ol ) 4 ke -4
G AT A A A A T TR s
i / TV T8
{ ﬂ y, u / — \ g
. o 1 1 i A ‘| LT L/ \x Qo
4 7 [ = 1T \ AT S
L S P4 AL L 1 £ s ; I wm
] 7 vd - » SHE 1
D T _ \ \\ \X.\ \\\ \\ d 03
(X A g
r O
E e O
o] g o ! - ] ©
K ¢ ™ \\ ..1\. 2 i \\ -\ A 1 w
5 11 r_ f/ i “ \\ \. 06
) /
n _~ » | \ /7 . ) N 2
: = 4 : V L“' .—.}le:: w.\v et w
: <
\\ / . H4 1R V L
- 0 A r
1% L AL cRARR N "o
pZ B y Q
\\ P e \ = Lo w
S +1 & 1 /] N
- -
\gvl.\l\ ﬁ\\ \.\ ol ] IV\ .\‘_‘\ =1 w
\.\.\. \\.\\ \\ 1 LA ox
Lt AT I L AT .
-t - 1 7 N
\\ l\-\.\\\ 1\\_\-\. _\\\.\\ \\\\ \\f\l \\ | o
v d - = = @ = o
P ad 1 p gl 411 FLi T o
A T T T 13- > 1] @
d A A L 8 pad : 1] : 0
> e o =5
\ F: \\ W < AT \\.\.\\ \L\\ 06
\ : b 6 i B
N 4 4 T T 50
N I _\\ i 4 -
B peac
//MW/J# \II \\\ .35
MVF \\ 7 g B A T
% at, H K 2 3 B e O 2 = 5 G0 U 0 IR 2 410
y (]
> - ©
P O 2 Q) O '
5 = W o oo ~ N

YVBOUOIW 20000 34 8P NI 13A37 3UNSS3IHd ONNOS ONVE 3AVLIO OHIHL-3INO

'ORIGINAL PAGE IS A -
OF POOR QUALITY

P et

OME-THION NArTAVE

CAMDP AFEMNTEM rorAmsiATsA ey 1



BOLT BERANEK & NEWMAN INC

HV80YIOIN 20000 34 8p NI T3A37 3unsS3yd ONNOS GNVE8 3AVLO0 QHIHL-3NO

16

o
o
2o
0o
i 9 IR 2 [ ] -1
ow
FEE -l
K b § ke o :
2 % \ // Q8
o p ATTTA 4 A lo@
) ? ; x\ \.\ Vs d - ¥ o~
TR aln i
. p . - e
/ / / -
il i J / \ g~
®0
= \\ \\ \ | BRES - 1OJ
Al 1 / ow
= -l / %h\ril B B ES S l..lflw
m \. \ / 5%
g o
1) \ \\ \\ \\ 118 b
i AT L A AT A 1117
A Ly 2 _* J ‘MZ
()

e AL DDA T LR
AL AT / o*
-A_I IR )

[ o
< Y [ / / g
| 02

- BRY T o 1T T T 1 T8

o ¥ A AU AT AT 1 ®e
LR TR { (s R
= M P — o
1 v ¥ e > A | /| ¥ |/ % % ; 5%

r )
] \U\ /| 1 d vl T T Z
£ 14 \:LV /] ! 'w
A M\ ~ h\. x.\. 02
e v - T \ o
\XL\ 471 1 x\ 20 1 =
A T :
\ L /| | A \ _ o
17 ¥ P L4 o
\ \ \r \.\ s_.\ \\ r\\‘.\. IO
ARV EREN NNy 3
dnin 111 e
\\\ \ﬁ\ m\\ i \\ ] 1 =
w0
/ vr _/ “ AL dil] Lo
\ \.\ .\\‘ W
Al l“ﬁi g i Q

\\ |/ xN w /1 Al 2 5 B 18 2
anifanpaunuiiead 2 RNRNR2CrauiRRRNRT] 1 WL o
I TRk 8

-4 - 28 N W S . N ede] - e e —-1 S 1S (S5 S5 IS S K9 S NG y w
1] o
0 Q Q Q : Q : e
= o~ Oy IS Y fm.w %

AVIE RAMD. AEMTED TORLOAINE

ONE-THIRN Nr -



generated by the mixing region hitting the stand; also the
acoustic noise radiated through the nozzle is baffled by the
nozzle itself. At high frequencies the noise at station 2

is also lower than at station 1 because station 2 is in a null
of the pressure radiated by the trailing edge of the stand.

4.2 Flow Noise of the B&K Half-Inch Condenser Microphone
With Nose Cone

The spectrum of the flow noise measured by a B&K hali-inch
condenser microphor-2 with nose cone, pointing directly into
the flow, is shown in Fig. 11, in third octave bands and for
different f{low velocities from 24 to 70 m/sec.

The levels of flow noise of Fig. 11 is lower than the out-
of-flow noise measured at location 1 of Fig. 8, except towards
high frequencies where they become roughly equal. The lower
levels of Fig. 11 were anticipated because the B&K sensor is in
a null of the directivity of the noise generated by the stand.
When the levels of flow noise of Fig. 11 are compared with the
out-of-flow noise measura=d at location 2 of Fig. 8, they are
found to be higher; hence, the flow noise of the B&K sensor
is dominated by the turbulence of the free jet reacting on the
surface cf the B&K sensor and its preampiifier base.

The flow noise of Fig. 11 will be the reference to which
the flow noise of the Airfoil Sensor will be compared.

4.3 Flow Noise of the Airfoil Sensor

The frequency spectra, in third octave bands, of the flow
noise of the Airfoil Porous Surface Sensor, are shown in
Figs. 12 through 18, for yaw angles a from 0° to 90° in increments
of 15° and for flow velocities of 25 to 70 m/sec in increments
of 8 m/sec (25 ft/sec).

17



L

Y RC-F W/oR

BOLT BERANEK & NEWMAN INC

@ o~ 5 S SN A
T T _ IS
| _ own
HHHHH L | NI T B (B
1L\ 4“ A ) //x.g ‘1./ . Ra v ,. Mm.
byl . A 7 ©w
ARRERARRNRRRRA AN _ N i:..lA: HUL \ .;\ L e g8
SRR ARANRARAR ARRUANN RS e ellleg
L RIAURARARARRY, Ful|l|ge
i1l | ~ S o
444 __v ] \M HENAUEEELNES N * ;u_.-- S
4l AL AN L 18
il AL L zm,wa
1 AL LA | U Y EE RS
Al inEETs
? A VARIIRENRIES
411l SERRVAR H.\\f. -+ RADANE SR YAE RN -0, §ow
il ’ AT AR

B o ..L\._-_}_I}%x . A4 -.I-aﬁ_ 4 ﬁﬁ-,—Vf%
a\“ _ _- w \\ L : “..lﬂmum‘lm
i _\..,Q o

0 O L Ly AREEEEE. . , EEYRP AR SR %NS w48
ANl 11 | Al J ﬁli RERE txwx ] ,..\T\\.H. i _m..i wm.
¥ = AL/ : o lo®
T TR AR AT
4~ B = - - 1 _ ﬂ.a;._.. }— ..1.Mv m
m i b _ , _ ,,‘r ﬂu ¢ I TS
S T H A _.w:ﬂﬁﬂlmo
I O -4 i " B
11T A R TR 918

| t 2By

4 .ﬁ ” .. __ .m;_j mo
41 Ht g @ @

| \:.:{% 11 r.m anﬁwﬁo
_ s jﬂ _ am

g N ey . - 4 .l..—ll.rl.m‘h. m
- 4- =3 4 m

LU L] e
m 1..5

i _ _ 14442
|1 .

HVYBOYIIW 20000 34 8P NI 713A371 34NSS34¥d ANNOS

- -..aL PAGE IS
JF' POOR QUALITY,

18

~
-
o

anve 3AVLO0 QUIHL-3NO

MANT e N Ll fAme)

OME-THIPN ACTAVYD QAMA ATMTED CDTAN




BOLT BERANEK & NEWMAN INC

: Q
L Py Rl

[

0
@0
0
qe
6
c

5,000

i
T
|
]
: |
1 J
1 ;
]
I N T (VSR
T 1 ey
4
i
1
—
1]
!
i
j |
i
i )
iB R R T
1
1
!
)
L
1
it
i, T BONRA

hY
X
)
\
|
H : k‘__;‘_-
1
Nk

\

‘ﬂ \_
Y
L )
TSN
"
16,000

\\
\;
B
B
|
[

N
1
»
12,500 23000 31,500

10,000

Dl
[
i
\
G

e
| s
-

=

CCOSENEQER

.
T,

w

!

)

d

d

i

P, o

' &
1

I

i

i

i

1
]
+
T —
1
]
i
-
=i
st
b
i
|
A
d
X
X
LN
S
1
L
|
T
!

RIRES
M OENT
(<YW
1
]
T
-
—~
1
‘ N
" ™
T
—
¥ !
] ]
] i
\m
!
i
~L
\ 1
i 3
N
|
|
It
S
AN
\L
50C0 8000

SUI TR
P
g
b
Mg

o
o
T

X
AR
t
|
I

3150

o)
N saed LA

2500 4000 6300

R S Nalk sl BER K ¥

270 B
T
1
T T
—
———
i, = %\
N i
\
.
N
™
-
b ¥
NS
1
T
{
2000

15800

K OTEE
1
i
4

-
{ .
S

I
i

|

s

1
1250

5
T'&C
o
|
¥
l
——
1
|
1000

ARy

VELESCIT,

W WY LY

A o] oA
i
]
N
N
At %
il
\‘-
IO
.S
<
g
e
t
800

630

500

=
e
<

—— -
A
1
|
|
NS
1—
i
—: ]
—
2
i
i -

g
33E

My
1

¥ ek 0
< ,

=AW W

1
B0
RS
R T
-~ \- )
6
gx
T
1
315
400

N

)

R ‘.
I
200
250

|
if

160

=N

i
125

|
100
AMT.TLION ARTAVYE DAMA ACVTED ToTr:

T

& i ' T
1 V 1 . ] :
| | i 3 i
‘ e e e e e e e
: 1 y

80

L
|
1
-4
4
1

63

!

-
lL__
i
4
|

50

»-.-.-——-——l—.-&

[}

1

L

t
— ey e - e $ e
b — e e

&

i

]

2

a0

i B

__1__;' a2

4
|
31.5

e 1
v

5

20

e o

16

1o

q
L |19

HVYBOYOIN 20000 34 @GP NI 13A37 34NSS3¥d ANNOS GNVE 3AVLIO0 OQUIHL-INO

ORIGINAL PAGE IS

1
AP POOR QUALITY 9

Liw fAmey



-

BOLT BERAMEK 8 NEWMAN INC

Q Q
NG gw LT | 5
AL | ‘ S LLELLY
LO _ | _ , j§s \w.pﬂ\ukw\\ ie "
{7 LT } |
RERRLR N?% INNEAS _ \ Sl ﬁ AN A
. I il \ | NN
5 y | \
u\ _H;.-Gl ladad LS -0 o I - e . g
m-mlm- LU 1 \ L
e _ / | q; {11
- / 4 3
= 4 i O i ,M\uli 14 1, 13 =
uf O / AL 1;
) ﬁ E 1 L 1 \. \\ i H
1,..ruw.-ﬁ ASRERERRRY I:\\m-.il\ A--H- il L L
Z m LR LA T _ﬂ
l i L g
b T | _%A N el
AURE yal
4 WL WP T
. ARRARENE1RRRRRRRRN- Vel -RNANP p.
o LT T A |
1 T T

110

HY8OYUIIW 20000 34 8P NI 73A37 JYNSS3Ud ANNOS ANVE JAVLOO QHIHL-3NO

20

12,500 20000 31,500

10,000

20

18,000 25000

5000 8000

31.5 50 80 125 200 315 500 800 1260 2000 3150
40 63 100 160 250 . 400 630 1000 1600 2500 4000 6300
OMF-THIRN NATAVE DAMNNM ﬁrn_'n-rr:n CRENNICMA/AITCS IV Uy fAane)

25

16



4

BOLT BERANEK 8 NEWMARN INC

L4
® a3 R 2 3 - gy
TR T T LT T T s
iz n.“‘ ; i i YT RS b o o 7 I o i MF mq?.u.
I I O O O . Jd % O 121 o £ B 5 N 51 T e e [ e b e e IO L S bho
_ m — i 4 _ &\u\\_\ ieiile Kﬁ _ \\\,ug. .wm
T i i
L e o S ST R
m-m-&- SNEERNERE 1 4 NG A r/* Lt r.,./..-,il. ﬁ. AAEA 8 18
d A Pt NN SN s
+J T. .A., m N ! _ %O
Baa REG N ARRRVIBRY RN \,, LR
L._rm | \u y ,.w ﬁ\_‘.“ w\* \\:L , wm
\ 1.
rm-ﬁim_w N I . |\ﬂ,ﬂ 11.\,:\\ A - \«M\__\.v\\v\ l\&. B ma.
—t L | 1 lx\..\,l\lll\\\ H 4 Mi\‘..xi.}‘\ \._\.. : 3m
213 LT LAl L) e <__ N 5™
19 o u T L L - \ No
) <] I s 11 8 O 5 o B O B e
LYl m W \ﬁ.\_\ PZaRr= r,\xl_ _ y A \\\\ BE om
14 _ &_ A e Lt 4 \\;111.._.. 1l .T-\\; iz 0 5 el B %
b aivaiv ;
SERRRRR AN HNRAR A URS TRARENARRARNARY L ] ®
L@ LT T A T et DAL =
: A B LS T AT A A T e
h ,.5 ( Nl 1 ﬁ o1’ _- yPe \\4_ IS _ 84 m..v
r\\:. M. ¥ ks SREES PEs Jiﬁq.‘_..ﬂ_._qx\\\ t \_:\m, {1 Ege \ H 4%
: iR Al A . :
- HHATTRAT LR R T \x..% H=
A ALY mx AL PG A L8
\ Y\Au f.\\ \_V_ .\\ﬁ: “ .L.‘M.\ g 02
i s = o o .\M\ 4 .ill.»\g t \\\L tl\i - |Vw‘ = xx Hﬂﬂj .— \\\‘;\ 111 T+T = s w
ARRRNAN AL A LA LA A HNERNARE 5
LS B o ull 17 hall m 4 \ﬁ .._\ o
LL\\ w\ Felliice e /] \‘_. HASREGRREEEEdE (L 8
1L L ARREESRSERaD DS
\ a2}
£ H 8
| A nEAARA
o - — _lll ] m
5 &9 A _ = =2u
_ - A _ 1 1o
] | ©

{10

g 7

HVYEOUOIW 20000 34 8P NI 13A37 34NSS3Hd GNNOS QHVE 3AVLIO0 QHIHL-3NO

oﬂoﬁ@r PAGE IS . 21
OF POOR QUALITY

OMF-THIPAH NACTAVUE BANMND AEMNTED EDEMITM/ITG 1% Uy f~ne)



e e PR

BOLT BERANEK & NEWMAN INC
3 Q

20

25

D i~ & ! T Y g

s A e nnbt i I e 3
T A L L =3
111 | Ll 2g
st e e e
ix TITT e s “8
a Qg NERARN - 1At L Be
U I R i
T 111 B PN DR AT 5 5 o
Ikl NN NN 8<
TNV X
Ll F 1 TITTT B : SR 25 :i. B : &'r -..Jv.:. 0&

= IIK-.D S . e . 4-4- \\1 A 7.4 0 v B \1\ o
| .1 \_\. /i 1147 ,T. %\ 7 mw
W ¢ i A ! o
RN 11 s Fa R IRNEART RRERNIN LLill]e™
= i Fi \\ A1 117 LA . BY S
8 CHBRRNRNERES 4 AT BRVAREYaRURY NP AAREEERE RN NN
T | * A A i g

m O HED ST T T \mr.-, AT T S
O BT T LA L AT AL w\w\“ {3V SR CAREE AN R
& M L: ] \\\,_.\ | ot H\\\\ | \\\\ x\f ¥ \\ﬂ\_\»\x _ wm
e T TR AL AT e T L 5

31 AT | T

T T R T D T TEEET LT
| | i 7 | L1 _ | i _\ i 1% o
4-H - <k 44 sJ Lty AI.\R..T \_.. 2 16l w rI b il % e
_ iz AT SR , | /] .

- S R R R R A T R T 8
U MR ANEHE it k\f 1 "3
| RRERANRAR LAl \_,; i _.Lv\mn__.:ﬁk‘%;i LLL L e
AT di i
Ll -:f | : : i e 1A i o

L 1ibARp2 LA
1 A \vw _‘ \t A h : e
-4 3 A0 GN I & : “I-t- ..‘v.‘:lw - 55 . B D

=5 \\“_4_\_r ! et _ _ D4R 4_-.};.{ 4 1%
ik A\%EV_\ AT U IRAREARRAN I NEEREAnaN -
,_\EE%\ T LT =

b= ok ¥ Tk -t = o § 5O = B T 1“M. . TRl o i e S R m
AT AT LA T ’

T L ﬁ_ﬁ B m +w T e

3 AT e T _

e w !

3
i

i
AT R Tk
b
|
I
L
315

:::‘E{\
\:;

s _\:__ ]

\\0

0

Q
S R 3 )

—

q

HVBOHIIW 20000 34 8P NI 13A37 3UNSS3Ud ANNOS QNVE 3AVLIO OQUIHL-3NO

22

16

te Toemeat

T

Rl

AT ACTAMIC DAND. ACUVUTED TDOC




~ EBY R0-08 ajen

+

BOLT BERANEK & NEWMAN INC

12,500 20,000 31,500

O QO O Q Q
9 g ™ ~ ‘ 2 142 .Mw %..u.
5
I q i B EEEER
M T — g A1 1
E m .(m .\\11\.\1\_\\“\.\‘1.\41\\‘\..&%\‘\\1 EL e \.\_\‘_
P ! L = - -
vaY AL AT T AT
\| \
vﬂ. .F /Ia..f /Iv /,r
2 H ENERY ™
.~lg -] . I;f:.l ™ "™ /
i BB
-1 i AT ] 7
L f |/ A P /
| 2 1\\\ < b_\‘% 4
I~ b
d b NI NLLLD
-~ ﬂ d \_.\ 5l -1 < et ad
L) 1 ~_ = -
- 12l b / AT LA
=1 U A @ / | 7
M ._‘l N 1 \_\__ \\ \N\ L st —]
I T 1] |47 1 A 4T
d g atBNB2Z g m: ¥
a "
2l L1 11
SHERY = /. /
L |
- > e - i =
15 X - \v\ m\v\ ‘ .\\
nu.. y \ 3 M .4
; S . y |l
Lt L
] h Y 3 a4 \.\ \-\r\_\ \..\\\.\\ .\,_\.\\.\1
D \ aNipse
UN A § 0 ” 4 \\
o
5 :._ \\ \..\"s \; \\\
- r
IL\ 1
\1\ A /| \__\.
A .
o~ \\. \_\_\ 4 \ \\_\\ \
AL AL ALY,
L~ A P = 7
LT L1 \\.\ \_\ £ \
-
\\\\ \.\_\\\. \.\.\\x \\\ /|
7 <o i > g
\\\ \\\\ \\\\\ \1\\x k\\\
\\\ \‘\\ .\\\ \\\.\_\. E._\\%
% L = "
\ﬁ\l _ .\\ L+~
7 : \\ L
/ g ]
N 8% \,.\\\ =
/. \ \\ q S g
O i s , @) X S
(@] Q
= 1o ~ as e & L0

HVBOHIIW 20000 34 8P NI 73A371 34NSS3IYd ANNOS ANVE JAVLIO QHIHL-3INO

OKiGINAL PAGE IS
OF POOR QUALITY -5

16,000 25,000

8000
6300 10,000
LT fAme)

5000

20 318 50 80 125 200 315 500 800 1250 2000 3150
25 40 63 100 160 250 400 630 1000 1600 2500 4000
OME.THIPN NrTAVE BAMD f‘!?hl;r":n CDEAINITRI/ITG TR

16




L.

BOLT BERANEK & NEWMAN INC

12,500 20000 31,500

.2000

800

630

50

Q Q) Q . (@] O
&« v mw 9 I X
5
K S 0 o bk
¥, i~
rﬁ ,.i \1..\. gus - 1
r“.. N 1 P LA™ -
1 by " \_\_
..\l 5 N 7]
o
- o e ..IL g
i m -1 Ny //
4113 \
e /
(] \;
dfile ar
» \
o & AL
:.“ . A ba
. = o
SH- & 4 /
20 ® R T By
Fe \\\ \.\ !
0. Mw .._ d \\.\\ = \ - 5
2 A 5
TR M 3 ok |
\\
5 % Vd 94 i
4 g i i )i
R = P
- i 4 o E \;\1\ A : SERaN
o AL L) i
T AL I \ﬁ
\\\ \\.\. |
.\E\\\ \\\\ Sl
H \_\\; \.\.\.
l‘
.\\\ l\..\\..\.
k\\ , \\x -]
A \\,\
v
ia -
(T
/
N
.‘I
P
N
A B 58 o, 7 1 L o s 0 IS W i g 8 51 2 ¥
O I [®) 2
5d = o S 8 R S

4YBO0HOIW 20000 24 8P NI 13A371 34NSS3¥d ANNOS ANVEB 3AVLOO QHIHL-3NO

ORIGINAL PAGE IS
OF BOOR QUALITY !

16,000 25000

10,000

5000 8000

3150
2500 4000 6300

1250
1600

1000

80 125 200 315 500
100 . 160 250 - 400
AN T

63

20 315
25 40

16

BRI AN

- -

N ST oy



o

!
BOLT BERANEK & NEWMAN INC

12,500 20500 31,500
16,000, 25000

50

10,000

5000  BOOO

80 125 200 315 500 800 1250 2000 3150
100 160 250 - 400 630 1000 1600 2500 4000 6300
DN TN ™ AA=-

63

315
40

20
25

O Q «
-}
b o i o = ¢ T 1 w2 i
A0
n " T A RPZAREEPS =
" S \\.\\V\ \,\\.\\,\_ \..\.J\_ .\\\‘ .\.~\
—~ |t =1 T | 4~ =
f w._. ) \\ \ \T\ .M A,\.\ \ﬂ\ h\,
h' A |
N [ /// _//H///z.[ N s \
=1 N NN N ™
..I\_ (1] | 4 //J./ ../L! L /
: ™
il || - YD I\
=N .m.. _ .\ \ \ / W
. Y ¥
1“ o \ .\\\ \\ \.‘\ \ \
d A Ir / )/l )% /
, r\.\ & . .\ | 4
i AT LA ] e T
T 1 3 LA
M v A1 LY % A A
- 1 1] = / N | M
HHE T L.:. Pz \\ g y \\ _\b\
7 - 1 e 41 H
T \% o T AT .\u‘i i
5.. & L’ F b .I
v-w o 8 \\\\ / 1 \_\ b
(]
T4 1 o - £yin
N = 9 RY - V e
A 0 r:.w \.\ / \w\ .\. &\ &\_ﬁ“
m < 34 )i d \\ P i\
3 Y, D AT T T | 171 ge i
- e Tl |-
T R b b T T T
x AL B L UL L
I 4 LA
ﬁ ol e \._\ J_\S \\\ ALY
}# r
A1 T L ; L] | 447 \\. \\ :
A1 LA ARES é
AT LT T L LB AT LA
- L - ~ \ Fa
\\\ L‘.-.‘..\k .\_\ \.\1 - \A A .\‘
|~ L1 LA 2 s
A7 AT L ad A AP
ta = = A 3 > o ‘ol
\\ AT | LT \\\ jre LA L.\\\
7 ] e = L
N AT AT A 41 17 ¥
Y L i 1A
\A /1 ] ,\v\\x k.i.v\ L Ba
N —f v A A7
\ 7 .
NN ALY
N~ | .\..
//f;_/ m.\ ﬂ\_ L
NN | / s
. \ - - gl g 0T .I.j el o -
Q Q

HVYEOHIIW 20000 34 8P NI T13A37 34NSS34d GNNOS ONVE 3AVLOO QHIHL-3INO

25

OF Poor QUALITY

16




sl B o o

Frramecy

=EN £20-08 L/6A

T

BOLT BERANEK & NEWMAN INC

3 Q Q Q
2 R & ~ K L) T 8
: A. i a8
=2 111 - Bl Llf-l;:: 3 Lt it o a2
Am.ﬂn i o I o 1 R — l— .-\p\. - Lr -l.w.Z
4 mm , A T U )5 \\\\n‘,\m\
_ 0 2 \ 11 S
TRERIRES rd 1 _ ] S
S M 8 4% AN N LN L =2
H 1 m | J A mm
A Tt ] i
o 5 I iy 13
11| +d vd / g0
4 1 o ‘oA 1 (S X =3 - . . - ol w W ot Gy lC
M |3 Jhsl Eal "8
L ~ w. .\\\\ \\\M\. V\\\._E 3 ma.
!HD —— l.—\v lll\ ﬁl. \ .,I.wﬁl\.v‘ ylo
—.Hl...? o 11 il ) B 4444 \r\ i A \\\-“Ly\_ﬂ.ﬂlf 2 va
i [ T \x_\_ P 4 Bk L o8&
B L e e I8¢
SpTat RE ARy A RE e AR g b > R p - aHRRR D" 3
Ao U A Al L A 1 1]
I oRUREpd AT 7 &
g LA AL / ¥4 8
S | .-
IHLI —llu = E ww—.\ +- 13711 o~ RN \_f.w\. J\l R e “Ey —4- — m m
11 i Y A1 LA LA put | M P|® o
d ) =0 [ L L 14 e A1y e i ) I (0 ] IO 3 T e
4 H_ ﬁﬂ ’ \\ Aﬁw 4\\. \\ \_K _l\ “! L.\_\ _ i m o
n e _ _ 4 I LA ; < =4
= [l 4 ,. _ R: o _ 33 - [L‘\\n. & _\ .\vt?J. e 4 ! O
s dm_ " \ ¥4 v
" e Vi r 0 AL LA RE R 5 g
ns HAR AR - 2
_ _\_\ py \.T 14| ¥ 1i1\\ v,\\ | o
4 Y F o
: | ARREaRNN-¢ Lab AL DAL D S
v N \u\ | o
e " 4 U B Q\WAA‘ et et —1- B B Yl 9 |63 7 wl..w- e o
| A ; ! A e
T -
\\\\ \1\\..\“ o b i ] L o i e i m
A LA _\h\ 11 o
\\ 3
b oae _ o 3
-
y - - o
h /.[ NX o
AN /. b
//,/p‘. Q5o 2 5 4 foy G5l 5 ¥4 [ g 365 8 B - o
O
1NN AR A R FEELELE 1o
0

20

L .
A~ 3

YVv8OMOIIN 20000 34 8P NI 13A37 34NSS3u¥d GNNOS ONVE 3AVLIO0 QHIHL-3NO

Lo

ORIGINAL PAGE IS 26
OF POOR QUALITY

RN Rl o

TAVED DANMA ArvTeD TREANT

[ESEREE N o

i
3
i
]

OME-THIPN P




(1) Tn general, the spectrum of the flow noise at anv flow
velocity and yaw angle does not exhibit any conspicous local
rise which could be associated with a coherent noise mechanisin
like a coherent vorfex shedding. The accurate airfoil shape of
the new design did not allow the generation of anyv significant
noise of this type. However, there are indications that low
levels of coherent noise are generated, which can be inferred
fronmthe small fluctuations in the noise spectra. These small
fluctuations in the flow noise spectra could be separated and
identified by using a narrow band analysis.

During the flow tests at different yaw angles and flow
velocities, an observer near the airfoil but outside of the
flow could, at times, detect the presence of some weak tcnes
(400 Hz) emanating from the sencor (or the stand?); those
weak itones, when they occur, would not be amplified nor shifted
in frequency by an increase in flow velocity: they are like tones
from cavity resonances rather than from vortex shedding. Their
origin was not found.

(2) The general comment above about the low level of
coherent noise of the new airfoil is further corroborated by
comparing the flow noise of the oider dégign and of the new
design. Both can be compared only at low flow velocities becaus-

the older design was tested in a small wind tunnel only at 23 m/sec

(74 ft/sec).

Comparing the flow noise of the new Airfoil Sensor at flow
velocity of 25 m/sec (8B4 ft/sec) with the flow noise of the old
design* at 22 m/sec (74 ft/sec), we find the following: at a yaw
angle of 0°, the new design is quieter by about 5 dB. At a yaw

¥NASA CR-114593, Appendix VI, Fig. 6.
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angle of 30° the new design is quieter by roughly 10 dB. At

a yaw angle of '60° the new design is quieter by roughly 15 dB;
the rise in noise spectrum at 4 kHz, in the old design, and
which was attributed to coherent flow noise of a turbulent
boundary layer at the trailing edge, is not found in the new
design.

The lower flow noise of the rew design compared with the
older design, is associated with the more accurate and the
thinner airfoil (smaller thickness to chord ratio) of the new
design and possibly to the more accurate di:ectivity function of
the new design at the small wavelengths of turbulence.

The turbulence spectrum of the new wind tunnel in which
the new Airfoil Sensor is tested is in fact slightly higher,
by a few dB, than the turbulence spectrum of the old wind tunnel
in which the old design was tested. Although the scale of
turbulence in the two wind tunnels have not been measured and
compared, it is almost certain that in the new wind tunnel the
old design would sense a higher flow nQise than in the old
wind tunnel.

(3) At 12.5 kHz the noise spectrum of the new Airfoil
Sensor has a distinct "hump" which is not. shifted in frequency
by changes in flow velocity. The presence of this "hump" has
not been explained. It would appear that this "hump" belongs
to the frequency response of the Sensor. Perhaps it =ould be
associated with a subsonic flexural wave of the porous strip:
however, this possibility would contradict‘our earlier conclusion#¥
that the first bending resonance of the porous strip occurs at
17 kHz and was identified in the freqﬁency response of the
sensor.

¥See Appendix 9.
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This "hump" of flow noise at 1..5 kHz, although not a very
large one, merits further investigation.

(4) The flow noise at yaw angles of 15° and 30° is
generally, lower than the flow noise at 0°.

As the yaw angle is increased towards 30° there are two
competing effects: first, the wavenumber component of the
flow noise projected along the axls of the porous strips decreases
and therefore the filtering action of Airfoil Sensor decreases
and the net flow noise should increase. In contrast, the path
length on the porous strip, over which a pressure disturbance
propagates is shortened as the yaw angle is increased. If the
strength of this precssure disturbance is increasing with the path
length over the surface of the airfoil, or is experiencing in-
stability as in a transition from a laminar to a turbulent
boundary layer, then the shoriter path lenpth with increasing yaw
angle would produce a lower flow noise. In this competition
a minimum flow is reached at yaw angle a of 30°; for larger
yew angles the noise filtering of the d4irectivity function
decreases rapidly.

A further source of noise, at large yaw angles is the noise
radiated by the stand. This noise was discussed in Part 2
of Section 4.

(5) We cannot determine with the present test setup whether
the boundary layer over the purous strips become turbulent.

Taking a Reynolds number Rx for the length x from the tip
of the Airfoil Sensor to the far end of the porous strip and
using the results obtained with a smoo*h flat plate with sharp
leading edge, we would evoke a critical Reynolds number of
2 x 10° at which transition to turbulent flow can take place.
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The numerical value of this critica. Re 1s consistent with the
relatively low intensity of turbulence of the free jet. For a
yaw angle of 0° the path length x is 16.5 inches. Hence,
the transition may start at flow velocities of 230 ft/sec.

Even if transition to a turbulent boundary layer would
start to occur at the far end of one porous strip, the net
increase in flow noise could not be large because only a small
fraction of the strip is exposed to this transition.

4.4 Comparison'Betqeen the Flow Noises of the Airfoil Sensor
and the B&K Half-Inch Condenser Microphone with Nose Cone

We recall that the B&K sensor is always pointed towards the
airflow and that the Airfoil Sensor is oriented with different
yaw angles o, 0° to 90° with respect to the flow. Also, the
tests are made in very low turbulence.

(1) Low Frequency Noise Below 100 Hz

The low frequency noise below 100 Hz is primarily
noise caused by the fan; since neither.one of the two sensors
has any directivity at low frequencies, they should sense ecually
well this noise. This is the case for yaw o of the Airfoil
Sensor up to a = 45°, At larger yaw angles, the Airfoil Sensor
becomes somewhat noisier. This increase in noise is probably
the low frequency noise generated by the stand; the directivity
of this noise has a null at a = 0° such that the B&K sensor is
not exposed to it. As the yaw angle of the Airfoil Sensor is
incréased, this sensor becomes progressively more exposed to
the noise of the stand.
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(2) Noise Spectrum Above 100 Hz and Low Flow Velocity

At low flow velocities and for zero yaw angle of the
Airfoil Sensor, the flow noises are about the same. At larger
vaw angles of 15° to U45° the Airfoil Sensor is quieter than the
B&K sensor; at a = 60° they are about the same. At larger yaw
angles of 75° and 90° the Airfoil Sensor is noisier by approxi-
mately 10 dB except above 3.1 kHz where they are about the same.

(3) Noise Spectrum Above 100 Hz; High Flow Velocities

- For the different yaw angles a of the Airfoil Sensor
we find the following:

a = 90°: the Airfoil Sensor is quieter than the B&K sensor
only above 3.1 kHz.

a = 60°: the Airfoil Senzor is quieter than the B&K sensor
above 400 Hz; the difference can be as much as 15 dB at 6.3 kHz.

a = U5°: the Airfoil Sensor is quieter than the B&K sensor
above 250 Hz; the difference can be as much as 20 dB at 5 kHz.

o = 30°: this yaw angle yields the minimum flow noise of
the Airfoil Sensor, especially at high frecuencies; the airfoil
sensor is quieter than the B&K sensor fpr frequencies above
200 Hz; the difference can be as much as-?S dB at 5 kHz.

a = 0°, 15°: the flow noise of the Airfoil Sensor is every-
where lower than the flow noise of the B&K sensor; the difference
-is about 12 dB at 1 kHz and remains approximately 10 dB above
1 kHz.
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5. CONCLUSTONS

The new Airfoil Porous Surface Sensor has shown significai.tly
lower f'low nouise than the older design. This is due to the

accurate airfoil section and to its small thickness to chord
ratio.

Over the full range of flow velocities of the wind tunnel,
25 to 70 :/sec, and at any yaw angle of the Airfoil, the new
design did¢ not create in its flow noise any significant "tones".

The {'low noise of the Airfoil Sensor is generally lower
than the flow noise of the B&K half inch nicronhine with nose cone,
for a wide range cf yaw angles, 0° tu U5°, At larger yaw angles,
60° to 90° the Airfoil Sensor is noisier, probably because it
senses the noise generated by the stand on which it is mo nted.

All these results of flow noise apply to very aulet flow.
At higher turbulence than the turbulence of the present tests,

the .irfoil Sensor is expected to be much quieter than the B&K
sensor.
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