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I. SUMMARY

This report presents the results of the acoustical measuré;
ments made by BBHN under Task Order Nec. 13 of the Master Agreement
NAS1-G559 at the HASA Langley Research Center's V/STOL Wind
Tunnel. The purpose of these measurements was to supply HNASA
Langley operating personnel with the acoustical characteristics
of the tunnel test section needed for the planning of accustical
measurements and fto iddentify the major noise sources. Although
the contract called for only the acoustical evaluation of the
open test section configuration, we alsc performed some prelimi-
narj mezsurements in the closed tunnel configuration. The series
of measurements performed included:

1. Evaluation of the cctave band ambient noise level in the open
test section with the tunnel fan stationary.

2. Evaluation of the octave band nolse level in the open test
section for various settings of the boundary layer suction [an
with the tunnel fan stationary.

3. Evaluation of the octave band noise level of the boundary

layer belt for various belt speeds with the tunnel fan stationary.

., Evaluation of the octave band noise level of the driving f{an

in the open tunnel test section as a function ol the alr speed.

5. Mapping of the sound field of an omnidirectional sound source
of known acoustical power output in the open tunnel test section

with tunnel fan stationary.

6. Measurement of the impulse response in the open test section
and in certain other locations in the tunnel with no airflow.

7. Preliminary measurements of the spatial distribution of sound

in the clesed tunnel with no airfllow,

ORKHNAE
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Analysis of the measured data indicates that the open test
section of the V/STOL Wind Tunnel has potential as an environ-
ment for‘performing certain types of acousbtical measurements.
However, the validity of the test results will depend upon the
acoustical power output, the radiation pettern, the frequency
spectrum and the dimensions of the sound scurce investigated,
the distance between source and microphone, and the directivity
and air flow rnoise rejection capability of the microphone used.
Accordingly, there are practical limitations in the acoustical
testing which can be performaed. The data presented in this
report provide the information necessary for planning such test-
ing so that the resulfts will be valid.

Since the boundaries of the opeﬁ‘tunnel test section have
widely differing accustical characteristics, its room acoustic
is very complex, as 1is c¢learly indicated by both the impulse
response and spatial distribution of the sound field. The
reverberant sound field in the open test gection is far ifrom
being diffuse. This nondiffuse nature of the reverberant scund
field does not permit the usual determination of the sound power
output of an unknown scurce from the space-averaged sound pressure

measursed in the reverberant fielid.

] The sound power -output and directivity pattern of noise
sources located in the open tunnel test section can be determined
only by measuring the intensity of the direct socund. In order
that the microphone measure the true pressure cf the direct sound,
the sound pressure of the reverberant field, the pressure fluc-
tuations generated by the airflow, and the sound pressure due

to the operation of the various equipmént (such as driving fan,
boundary layer suction fan, ground belv, etc.), must be small
compared with the sound pressure of the direct sound at all

microphone locations.
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Increasing the efficiency of the already present sounrnd ab-
sorbing trea-ment on the interior wall surfaces by removing the
impervious surface layer, reducing the noise output of the boundary
layer suction fan, and using special directlve microphones with
"an abllity to cancel the effect of [low noilse are the measures to
be taken to inerease the radius within which meaningful acoustical

measuremants can be performed.

The results of our preliminary measurements of the spatial
distributioh of the scund field in the closed tunnel conflguration
indicate that the total sound power output of an unknown sound
source placed in the test section could most prvoably be evaluated
by measuring the sound pressure in two properly chosen locations
in the duct — one upstream and one downstream of the test section.
However, we recommend that the practicabiliéy of" this method of
sound power output measurements be further investigated, prefer-
ably in a small scale model of the V/STOL Tunnel., The results
of such a model study would be generally applicable to all cleosed
circuit wind tunnels.

Y
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II. DESCRIPTION OF THE TUNMNEL

A plan view of the NASA L.angley Research Center's V/STOL
Wind Tunnel 1s shown in Pig, 1. The closed circuit tunnel is
driven by a nine-blade propeller of 40-ft diameter powered by
an 8000 hp AC motor capable of providing an air speed of 250 mph
in the test section at 275 rpm. The length of the closed lonp
is 770 ft.

To simulate takeoff and landing conditions, the test section
is equipped with & boundary layver suction fan and a ground belt.
The boundary layer suction fan removes the turbulent boundary
layer bullt up on the tunnel floor before it enters the test sec-
tion. Because the ground belt runs at the same speed as the air,
a new build-up of the furbulent boundary layer 1s prevented. The
boundary layer suction is used up to 89 mph air speed (Q=20 1b/ft?),
while the maximum speed of the ground belt is unly 34 mph. So
that the airflow in the test section is homogeneocus and low in
turbulence, the tunnel cross section at the upstream turning
vane is large compared with the cross section of the test section.
In addition, a diffusing screen in placed between the upstream
turning vane and the test section to break up any remaining tur-
bulence. The tunnel test section can be used z2ither in closed cr
in open configuration. The closed test section is 14.5 It wide,
21.75 't high, and approximately 70 ft long. The open test sec-
tion configuration is achieved by 1ifting the walls and ceiling
of the test section enclosure up above the air stream. In this
case, the air stream is surrounded by the stationary air in the

large room enclosing the test section.

h
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IIT. ACOUSTICAL ENVIRONMENT

Sound generation by a&rodynamic processes, such as vortex
shedding of propellers, is an area where experimental research
i1s needed. For such aerodynamic processes, the presence of the
DC airflow simulating the forward speed of the aircralt may con-
siderably influence the sound power output of the source.

Since one can simulate real-life conditions much better in
the test section of V/STOL Tunnel, where the D{ flow 2an be cor-
veﬁiently provided, than in stationary whirl towers, the acousti-
cal environment of the test section is of particular interest to

NASA personnel who plan to carry out such experimental research.

Unfortunately, the V/STOL Tunnel was not designed to be used
for acoustical measurements. The auxlliary equipment is noisy,
and there 1s no silencer or sound absorbing treatment in the path
of air circulation which would attenuate fan noise before it
could enter the test section. Although the interior wall surfaces
of the test section enclosure are lined with a 2 in. thick glass
fiber blanket, an impervious layer of plastic, which serves to
protect it, renders it acoustically ineffective, especially at

high freguencies.

The acoustically advantageous features of the tunnel are the
low tip speed of the driving fan (tip Mach number 0.5 at maximum
rpmy and the beneficial location of the fan relative to the test
secticn (i.e., they are separated by two 30° bﬁnds). Due to
these acoustically advantageous feaztures, the noilse level of the
driving fan measured in the cpen test section of the V/STOL Tunnel
for a given alr speed is still considerably lower than in the tesv
section of the full-scale tunnel, where there is line-of-sight

between the driving fen and test platform [21].
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Eecause of the widely differing sound absorption Jharacter-
istiecs of the room boundaries, the nound field in the open cest
section is very complex. Sound waves radiated in the upstream
and downstream direction enter the ducts and build up a rever-
berant field there which, in turn, feeds sound energy back inte
the test section. 3Jound waves radlated toward the walls of the
test section encleosure are partly absorbed and partly reflected
by the wall, while those radiated in the vertical direction
practically become trapped between the floor and the raised
celling of the test section. The presence of these two hard par-
allel surfaces favors the builldup of standing waves and explains
why the hall radius measured in the vertical direction is sub-
stantially smaller than that measured in other directions.
Because of these nonisctropic acoustical properties of the test
section, there is no simple way to relate the space-averaged
scund presgure level measured in the réverberant fleld of the
open test section to the sound power output of the radiating
sound source. Accordingly, the sound power oubtput of the source
mist be determined by measuring the direct sound. The presence
of the reverberant sound field, the se’f-noise of the ftunnel,
and the flow-induced pressure fluctuations, which interfere with
the proper measurement of the direct sound, set the lower 1limit
of the sounu power output of a source which can be evaluated 1in
the test section of the V/STOL Tunnel.

The next section deals with that equipment which contributes
to the self-noise of the V/STCOL Tunnel,.
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IV. SELF NOISE IN THE OPEN TEST SECTION

The sel. noise of the V/STOL tunnel is the sum of the ambient
noise determined by intruding construction noilse, alrcraflt noise,
and the noise of such auxiliary equipment as the boundary layer
suction fan, ground belt drive, driving Tans of the tunnel, air
conditioning, leaky valves, etc.

A. Ampient Noise in the Open Test Section

) Figure 2 shows the octave band spectrum of the ambient noise
meashred in the open test -ection with the tunnel fan, the boundary
layer suction Tan and tne ground belt stationary.

The upper curve corresponds to the normal condition when the
chiller, the oil circulating pump, and the air conditioning sys-
tem zare operatioconal. The middle curve was obtained when the
chiller and air conditioning system were shut off but the pump
was stlll operationazl. The lowest noise levels represented by the
lower curve in Fig. 2 were obtained when the chiller, air con-
ditioning and pump were shut off. Xxcept in the U4000-Hz and
§000-Hz center frequency cctave bands where the ambient nolse is
controlled by leaky valves and gaskets, this curve represencs
the lowest noise level which can be achieved in the open test
section without airflow. With proper noise control of the pump,
the chiller, and the air conditioning system, the noise level in
the open test section could be lowered by approximately 10 dB.
Since the self-noise of the operational tunnel, even at low air-
speeds, iz expected to be above the normal ambient noise, such
noise control measures will be required only if the open test
section of tunnel is planned to be used for acoustical measure-

q

ments without airflow.
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B. Self-Noise with the Ground Belt Operational

»

The test section of the V/STOL Tunnel is equipped with a
ground belt which runs at the same veloecity as the alr stream to
simulate actual landing and takecoff conditions. Pigure 3 shows
the octave band spectrum of the noise level measured at 3 ft
from the downstream edge of the ground belt as a function of
the belt speed with the tunne. fan stationary. Due to the smooth
running of the belt, the nolise level 1is only slightly higher than
the noise level of the cooling fa:i.

Because the noilse of the driving {ans at the same aly speed
always exceeds the nolse of the ground belt system, it is not
necessary to reduce the belt ncise.

€. Self-Woise with the Boundary Layer Suction Fan Operational

Toe remove the turbulent boundary layer which builds up on
the tunnel floor upctream of the test section, the V/ST0L Tunnel
is equipped with a powerful suction fan taking in alr through
a slot running across the test section Jjust upstream of the
ground belt. The air intzke duct does not have any acoustical
treatment so that the fan noize enters the test section without
attenuation. IFigure 4 shows the octave band spectrum of the
space-averaged sound pressure level in the test secticn for
various typical operating conditions (i.e., dial settings 9.4,
7.3, 6.4 and 4 and the corresponding pressure readings of 41.5,
41.5, 37.5-and 33.5 in. HZO) of the boundary layer suction fan.
The nolse levels are excessively high. even exceeding the level
of the driving fan ncise. At a boundary layer gauge setting of
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6.4 and pressure gauge reading of 37.5 in. H,0, we observed vei~
disturbing resonance effects manifesting themselves in very hipgn
sound pressure levels in the 31.5 Hz and 63 Hz center frequency
octave bands (see Fig. 4). Though cur instruments did not have
the capability of measuring much below 20 Hz, our observations
indicate that there 1z a considerable amount of energy in pulsa-
tions at frequencies even lower than 20 Hz.

Since this high intensity noise of the boundary layer suction
fan not only will incerfere with planned accustical measurements
in the tunnel fteszt section, but also will interfere seriously
wibﬁ the activities of the coperating personnel in the control
room, the rnige econtrol of the boundary layer suction fan should

have the ,-iest priority.

6. Self-Noise with the Tunnel Fan Operational

Ezeept 1n the case when the beundary layer suction fan is
used, the noise level in the open test section of the operctional
tunnel is controlled by the driving fan and the noise created by
the interaction of the flow with soiid boundaries. Our observa-
tions in this tunnel and in other wind tunnels [1] indicate that
propeller noise dominates the noise c¢reated by the [low passing
the turning vanes. The octave band spectrum of the fan noice in
the test section was measured simulatanecusly by three microphones
as a function of the ailr speed. A Bruel & Kjaer 1l-in. microphone
with nose cone [2] and a specilally developed porous-pipe micro-
phone [3] were placed in the center of the alr stream. Figure 5
shows the levels measured by these two microphones after applying |
the proper corrections {or freguency response and directivity.

At low freguencies, up to 125 Hz, both microphones in the stream
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measure the same noise level. Above 125 Hz, the Bruel & Kjaer
microphone with nose cone measures levels which are as much as
10 aB higher than that measured by the porous-pipe microphone.
The higher levels measured by the nose cone type microphone

are due tc the sensitivity ol this microphone to flow-induced
noise. Thils conclusion can be proven indirectly by comparing
the noise levels measured by the porous pipe microphotie in the
stream with that measured by a randem incidence microphone out-
side of the stream as shown in Pig. 6. Except at the high Ire-
quency and of the spectrum, where the microphone ocutside of the
stream «did not have line-of-sight® to the upstream nozzle, there
is good agreement hetween the two sets of data. Thils agreement
proves that the porous-pipe, due to its ability to reject aero-
dynamically induced nolse, was measuring the true sound pressure
in the stream and that the microphone with nose cone was limited
by flow noise. Accordingly, the noise levels measured by the
porous-pipe microphone have been used to evaluate the {low speed
dependence of the driving fan noise in the open test section.
Figure 7 shows the octave band spectrum of the driving fan noise
measured in the mlddle of the stream for various air speeds.
Analyzing the measured data in Fig. 7, we found that, as in the
case of the full-szale tunnel [7], the octave band spectrum of
the driving fan noise scales with the sixth power of the air
speed. The data points terd to collapse 1f normalized as

SPLy (ocT) = SPL (OCT, U ) - 60 log (U ) (1)

ph mph

where SPLN (OCT) is the normalized octave band sound pressure

#At low tunnel speeds, where it was possible to place the micro—
phone in a position just out of the stream with line—of—51ght.
to the nozzle, good agreement was also found at high frequencies.

10
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level given in Egq. 1, SPL (0CT, Umph
presgure level measured in the open test section at an a’r
and Um

) is the octave L...d sound

speed of U is the tunnel speed normalized to 1 mph.

mph’ ph |

Figure 8 shows the range and average value of the normalized
octave band scund pressure level of the V/STOL Tunnel's cpen test
section. Because the octave band sound pressure level in the
test section, if nermalized according to Eg. 1, seems Lo be an
appropriate measure to characterize the self-noise for any wind
tunnel, Fig. 8 also shows the respective normalized octave band
spectrum of the Full-Scale Wind Tunnel for comparisen. As
expected, the V/STOL Tunnel, where the driving fan does not have
direct line-of-sight to the fest section, has a lower normalized
sound pressure level spectrum than does the Full-Scale Tunnel
where the driving fan is located directly downstream of the
tunnel test section and has directﬂline—of—sight to the test

platform.

Considering the excellent correlation of the driving fan
noise with the sixth power of the air speed, 1t ts proposed that
the normalized sound pressure level, as defined in Eq. 1, should
be evaluated for various subsonic wind tunnels to rank order

them with respect to self-notise.

11
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V. SPATIAL DISTRIBUTION OF THE SOUND FIELD IN THE OPEN TEST

SECTION
In a well-behaved rcom where the sound absorbing . ment
is evenly distributed on the various wall surflaces, . . nd

pressure in the reverberant field p and the sound power oub-

rev
put of the source W, are related by Eg. 2.

—_ Up o

3 0o
. P ® o W (2)
rev Sa+imv ‘ ’

where p,c, 1s the characteristic impedance of the air; 5 is the
total intericr surface area, o is the average energy absorption
coefficient of the wall surfaces, m is the air absorption co-
efficient which depends on frequency and relative humidity [4],
and V is the room volume,

In the direct field where the intensity of the direct
sound is much larger than that of the reverberant sound, the
sound pressure p(r) as a function of the distance from the
acoustical center r is given by [1]

%
mr

p(r,$,6)

‘W pc e
=l 0P s ’ (3)

B2

Q(¢,e)'J’

where Q(¢,0) is the directivity factor of radiation, defined

as the ratio of the sound intenslity measured in the direction
defined by the polar and elevation angles ¢ and & to the inten-
sity which would be measured at the same distance for an omni-
directional source of the same power output.

12
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The distance where the sound pressure of the direct field
equals the sound pressure of the reverberant field, the so-
called hall radius Ty is obtained by combining Eqs. 2 and 3,
yielding

_ ~rgm E
Q¢ .0 (SathmV) e

ry = 16w - (4)

Since the sound field in the cpen test section of the V/S8TOL
Tunnel is far from being diffuse, the hall radius cannot be
calculated from Eg. 4, which is valid only for the diffuse
case.

To obtain a measure for the extent of the s»ea where the
direct field of an omnidirectional source domi.ztes the reverb-
erant field, we measured the sound pressure level vs distance
curves of a semi-omnidirectional sound source of known power
output. We used a loudspeaker syster consisting of a regular
twelve-sided polyhedron with an 8-in. diameter Altec 409 B
speaker mounted 1n each face as a semi-omnidirectional sourcc.
This loudspeaker system was constructed and calibrated by
My, Paul T. Soderman of NASA Ames¥®. A detailed description
of the source and calibration data can be found in Refl. 5.

The dodecahedron sound source hung 7 £t and 10 in. above the
floor near the center of the ftest section. The microphone was
supported on a tripod 3% ft above floor level. 'The sound
source was [{ed by octave bands of whitfe noise. The voltage at
the output terminals of the power amplifier was kept 8 V

rms
Tor each octave band. The sound field in the north, east,

# The author would like to :hank Mr. Soderman [or making this
calivwrated sound source . «llable for this program.

13
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south, west, and vertical directions were sampled at dilferent
distances. In analyzing the measured results, we {irst normal-

-1z

ized the oectave band sound pressure levels to 10 watt source

power according to

SPLrl (r) = SPL (r) - PHWL s . (5)

where SPLn (r) is the sound pressure level in dB re 0.0002
pbar measured Iin distance r, and PWL 1s the power level of the
source.in dB re 10—12 watts., These normalized sound pressure
levels then were plotted as a function of distance for each
octave band for the various directions. As an example, Fig., ©
shows the normalized sound pressure level vs distance eurve of
the west traverse measured in the 2000~-Hz center freaquency

octave band.

Figure 10 shows the hall radins vs freguency curve obtained
from the measured data Tor the different directions. As
expected, the smallest hall radius iz obtained Ircm the vertical
traverse, because of the presence of the two hard parallel sur-
faces (i.e., the tunnel floor and the raised ceiling panelj,
favoring the bu*ld up of standing waves between these surfaces.
The experimertally evaluated hall radius peaks in the 250-Hz
center frequen:y octave band where the sound absorption of the
walls 1z maximum.

To find an average value for the hall radius and gain some
information about the magnitude of scatter, we plotted the data
points for all directions and for all frequency bands (see
Pig., 11). Consildering the interference between the scund waves

which reac’ the microphone by the direct path and those reflected

1l
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from the hard floor [4], the scatter is not exnessive. In the
diree¢t field the data points closely cluster around the theoret-
ical value indicating that cur scund source was omnidirectlional
and properly calibrated. The average value of the hall radius
from Fig. 11 is 16 ft, which agrees well with the data presented
in Fig. 10.

15
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VI. IMPULSE RESPONSE MEASUREMENTS

To-provide the dynamiec range necessary for proper evalua-
tion of the impulse response, we used a small 10 gauge cannon
as an impulsive-~sound source. The first series of impulse
responses were recorded with both the 10 gauge cannon and the
microphone locabted at different points inside of the open
tunnel test section., The recorded impulse responses have been
analyzed in octave bands. TPFigure 12 shows a typical impulse
response obtained in the 63-Hz center frequency octave band.
It shows deterministic fluctuations. The average time interval
between the successive peaks of the filtered impulse Tesponse
closely corresponds to the fime required for the sound wave to
run once forth and back hetween the ﬁicrophone and the raised
ceiling panel {(i.e., 2 x 21.5 ft), indicating the existence of
a flutter echo between the two hard, flat, parallel surfiaces
constituted by the [{luvor and the raised celling panel, It is
reasonable to assume that the small hall radius measured in
the vertical directiocon is due to the presence ol this flutier
echo. HNo distinct reflections have been observed from areas

of the tunnel cutside of the test section.

Starting in the 125-Hz center frequernegy octave band where
the wavelength of the sound becomes small compared with the
dimenslions of the duct cross section, the impulse response of
the cpen tunnel test section exhibits a proncunced peak which
gecurs 0.35 seconds after the arrival of the dlrect soﬁnd,
indicating that a substantial percentage of the sound energy
entering the downstream duct through the shroud is reflected
back into the open test section ffom the flat rigld duct wall
at the first elbow, (The 0.35 secend transit time closely
corresponds to this distance.) The upper graph in PFig. 13 is

16
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representative for the type of decay curves obtained in the
frequency range between 125 Hz and 2000 Hz. Before the arrival
of the reflected scund from the first downstream turn, t.ie open
tunnel test section remains isclated from the rest of the tunnel,
and the sound decays at a fast rate which is determined by the
sound absorption of the interior wall surfaces and by the pover
loss through the shroud and nozzle openings.

After the arrival of the first reflected sound wave rom
the downstream elbow, the duct starts fto feed energy back infto
the open test section. From this time on, the scund pressure
in the test secticn decays at the slower rate characteristic
of the lightly damped resonances of the alr enclosed in the
duct. It should be noted that the amplitude of the reflected
wave for certain combinations of microphone and cannon locations
in the test section was only 2 to 3 dB lower than the amplitude
of the direct sound, especizlly in the 125-Hz center frequency
pand where the reflection is most intense. In the 2000-Hz
certer fregroncy octave band, the reflection is barely notice-
able; in the 4000-Hz center frequency octave, as shown in the
lower curve in Fig. 13, one notices only a change in slope,
indicating that 0.35 sec. after the arrival of the direct scund
the ducts start to feed energy back into the open test section,
and the decay rate becomes substantially smaller than during
the first 0.35 sec. The transit time of sound through the
closed duct loop is 0.68 sec. The recorded impulse response
curves did not show at this time infterval any obvious peaks

which would indicate a strong circulatioen of scund energy.

The initial reverberation time of the open test sectlion
was evaluated from the average slope of the decay curves in
the first 0.35 sec for the various octave bands and is plotted

17
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as the lowest curve in Pig. 10, The reverberation time is high
at low freguencies, reaches a minimum in the 250~Hz and 500-Hz
center frequency bands and increases again with increasing fre-
quency up to 4000 Hz. In the 8000-Hz center frequency band,

it decreases slightly due to ailr absorption.

To study the mechanism of the power {transfer between the
sound fileld in the highly reverberant duct spaces and the more
sound absorbing open test section, we made a second set of
impulse response measurements with the camnnon located in the
duct near the downstream turning vane (Peos. 2 in Fig. 1) and
the microphone in the open test section. The reverberation
times of this configuration, evaluated in octave bands, are
plotted in Fig. 14. Since in this case all the sound energy
suppliled to the test sectlon must come from the highly reverber-
ant duct spaces, the micropho:ne in the open test section regis-—
tered reverberation times as much as an order of magnitude
higher than in the case when the cannon have been located in
the ftest section.

For the third set of impulse response measurements, both
the cannon and the microphone were leocated inside of the duct
near the Tirst downstream turning vane (i.e., in Pos. 2) to
record the impulse response of the reverberant duct space.

The reverberation times of the duct space as a function of fre-
quency have been evaluated from the Ciltered decay rate curves,
and are also plotted in Fig. 14. Comparing the two upper
curves, one finds that the reverberation times of the open

test section are very similar to the reverberation times of the
duct spaces, if all the sound energy of the open test section
is supplied by the reverberant field of these duct spaces.

18
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The recorded impulse response curves indicate that the
room acoustic of the open test section is very complex. The
insights gained about the nature of the power flow in the
tunnel, by studying the impulse responses and the spatial
distribution of scund for a steady-state sound source, are
significant. However, much more information could be cbtained
by using a small-scale model of the tunnel where systematic
experinentation could be carried out at low cost and without
interference of the on-going test program in the V/STOL Tunnel.
'"e results of such a scale-model study would not only provide
information valuable for the proper planning of acoustlcal
experiments in the V/STOL Tunnel and other tunnels of similar
geometry, but also would yield information which would be
useful ror the planning of new wind tunnels to be used for
acoustic testing.

19
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VII. PREREQUISITES FOR PERFORMING VALID ACOUSTICAL
MEASUREMENTS TN THE OPEN TUNNEL TEST SECTICN

As already concluded from the results of the impulse
regponse and steady-ttate measurements, the reverberant sound
fieid in the open test section 1s far from being a truly
diffuse field. Accordingly, the sound power output cf an
unkrown source cannot be determined from the space-averaged
sound pressure level measured in the reverberant field. The
only practical way to measure the sound power output and direc-
tivity pattern is to perform sound pressure measurements con the
surface of an imaginary sphere centered on the source location
and having a radius within which the microphone is capable of
measuring the direct sound with sufficient accuracy. The total
sound power output of the source is then obtained by integrating
the squared rms sound pressure over the total solid angle 4w,

namely,

21 T
2
W, = pre J J p;ms (¢,0,r) sin® dodd s (6)
'Rl 1}
$=0 ©=0
where Poms (6,08,r) is the rms sound pressure of the direct

sound, measured in distance r from tne acoustical center of
the source and in the direction delfined by the polar angle ¢
and elevation angle 0©.

T~ assure that the microphone measures the direct sound,
the following conditions must be fulfilled simultanecusly:

1. The measuring distance r must be small encugh that the
contribution of the reverberant {ield is negligible,.

20
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2. The intensity of the direct sound must be large compared
with.the self-noise of the tunnel, '

3. The microphone output due to the [flow-induced pressure
Tluctuations must be small compared with the output signal due
to the true sound field.

Assuming that the directilvity of the source's radiation
patbtern is less or equal to that of the microphone and the
required accuracy is 1 dB, Condition 1 is usually fullilled if
the measuring distance is equal to or smaller than “he bhalfl
hall radius. Since the average hall radius of the-open test
section of the V/STOL Tunnel is 16 ft, the measuring distance
would be in the order of 8 ft or smaller.

The data plotted in Figs. 2., 3, U, 7, énd 8 provides the
necessary irformation toe predict the self-noise with an accu-
racy sufficient to make an esbtlimate whether Condition 2 will
be fulfilled or not.

It is very difficult to determine whether or not the
microphone signal 1s masked by flow-induced pressure fluctua-
tion because the present state of the art in designing micro-
phones with lcw sensitivity to convected pressure fluctuations
is in the early stage of development. We have been fortunate
indeed to have the opportunity to use in our experiments one of
the first porous-pipe microphones vhich have this capability
of partially cancelling the effect of convected pressure fluc-
tuations. Without this microphone, data obtained in the
presence of flow would have been incorrect. Unfortunately,
the povous-pipe microphone as presently constituted possesses
. this flow noise rejection capability only if oriented exactly
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parallel to the flow. TFor other angles of orlentation, the
porous-pipe microphone does not possess any flow nolse rejection
capability. Accordingly, 1f we want to advance our knowledge

as to how the presence of the {low influences sound generation,
the development of microphones which have flow noise rejection
capability for all angles of orientation in the low must have
high priority.

22
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VIIT. OBSERVATIONS MADE WITH THE CLOSED TEST SECTION
CONFIGURATION

Though not reguired by the present contract, we made some
preliminary measurements for the closed test section conflipura-
tion of the tunnel. We were mutivated to do so because we
suspected that the closed test sectlon configuration might
offer a simpler means to measure the power output of an unknown
source than would the open test section configuration. We alsc
expected to gain some information abeout the process by which
the acoustic pewer is distributed within the various secilons
of' the closed tunnel.

We placed our semi-omnidirecticnal loudspeaker source 1in
the center of the closed tunnel test section 7 £t and 10 in.
above the floor and measured the octave band sound pressure
level in the upstream and downstream direction as a function
of distance. The speakers were fed by a constant veltage of

8 v The tunnel, during these measurements, was stationary.

rme’

The measured data for the dovwnstream traverse are plotted
in Fig. 15, which alsoc shows a sketch of the measurement set-
up. Figure 15 irdicates that there is very little attenuation
with increasing distance, because all sound energy radiated
by the sourece in the downstream direction remains coniined in
the duct. The small attenuation is due partly to the expansion
of the duct c¢ross section and partly to the loss of power
through the duet walls and air absorptilon (the latter increasing
with increasing frequency). The most substantial loss occurs
across the turning vanes, whieh provide a partial shielding.
Though the measurements were restricted to a single location

23



Report No. 2288 Bolt Beranek and Newman Inc.

at each measuring point, they may rrovide a fair estimate for
the space average across the entire duzt c¢cross section, since
the pressure was found tc be quilte everly distributed,

Figure 16 shows tho data obta'ned for the traverse in the
upstream direction. Because our sound source was omnidirectional
and the cross section of the test section is substantially the
same in both directions, the octave band sound pressure levels
measured at 25 ft and 50 £t from the source agree well with
those measured in the downstream direction. The levels
measured at 115 ft distance, however, are conviderably smaller
than those measured for the same distance in the downstream
direction, because of ~ substantially larger tinnel crose
secktion at the upaztream slde. If 1s reasonable to assume that
the measured levels would have been different if the sound
source had had & sirongly lirectional radiation pattern, though
this was not checked experimentally.

From the limited data available, it seems likely that the
closed tunnel configuration would provide a more practical means
of evaliuating the sound power output of an unknown sound source
Lhar would the open test section configuralicn. It is likely
that +.ae measurement of the sound pressure level in an upstream
and downstream location would be sufficient to calculate the
power output. In these locations (i.e., inside the duct), one
could retain the orientation of a porous-pipe type microphone
parallel to the flow, which is necessary to take advantage of
its Clow noise cancellation capabilities.

Tir.erefore, we recommend that the feasibility of performing
valid acoustical measurement in the closed configuration of the
V/8TOL Tunnel should be studied on a scale model of the tunnel.
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IX. RECOMMENDATIONS

he following recommendations are based on the information
provided by Lhis study:

1. Hoise control measures show.ld be undertzken to reduce the
level of the boundary layer suction fan noise at least 6 dB
below the level of the drivirng fan noise in each octave band.

2., 'The feasibility of making valid sound power measurements in
placing the source in the closed tunnel fest section should bLe
investipgated toth theoretlcally and experimenteily. The majority
of the experimental work should be conducted in a ccale-model

of the V/3T0L Tunnel. Studying the acoustics of the tunnel on

a scale model, instead of in full;scale, has the advantage that
systematic changes can be undertaken to evaluate thelir effect

and that the testing work conductaed in the V/3T0L Tuunel would
not be disturbed.

3. Th=2 feasibility of reducing driving fan ncise in the test
section by applying acousticel wall treatment or inserting
silencers at strategically located points of the tunnel should
be studied. A reduction of the driving fan noise would be
necessary to enable one to measure the sound radiation of
sources of moderate sound power output. A scale model, we
think, would provide the most practical means for such a
study.

Y, Research and development work directed toward the design

of microphones with flow noise rejection capability should be
gncouraged. Directional m'cerophones with a flow noise reduction
capability, which is independent of their orientation in respect
to the flow, are essential to making valid acoustical measure-

ments in the presence of f{low.
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