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ABSTRACT

An open-jet wind tunnel operating within an anechoic
chamber was developed for the purpose of the study of V/STOL
noise mechanisms. An existing low-speed conventional hard-
walled wind tunnel was modified to operate as an open-jet
tunnel; an anechoic chamber was then constructed around the
test section. The resulting aerodynamic and acoustic char-
acteristics of the tunnel are discussed.

This work was sponsored by ARO Durham under contract

# DAHC04-69-C-0086.



INTRODUCTION

In the design of a complex V/STOL configuration it is
often very difficult to predict the characteristics of the
aerodynamic noise generated by the propulsion and 1lift
system before the vehicle is built and flown. This is
particularly true if the noise generation characteristics
are strongly affected by the effects of forward speed, as
for example a VTOL rotor. For many reasons it is difficult
to obtain a complete understanding of this aero-dynamic noise
generation from flight tests.

In a flight test, background noise, acoustic transmission,
absorption and reflection characteristics of the test sight
and wind gusts make valid acoustic data difficult to obtain.

In addition it is difficult to measure the aerodynamic events

on the vehicle simultaneously with the noise that they radiate.
The time varying character of the signal in a fly-over makes
interpretation of the signal difficult. Directivity information
is seldom obtained. Even if valid acoustic data on a known
vehicle configuration and operating condition could be obtained,
the constraints of flight tests make the variation of parameters
over a wide range impossible. It is not possible to turn off
the engine or rotors (if any) to assess their contribution to
the acoustic signal separately and still maintain a simulation
of powered flight. The expense of flight tests and full-scale
hardware development reduces the ability to make design changes
and determine their effect on system performance and radiated
noise.

If this situation existed in the design and operation of

flight vehicles it would be analogous to being unable to measure



the aerodynamic characteristics of a vehicle until after it
was built and flown, and the effect of all design modification
would be studied directly by flight tests on the full-scale
vehicle.

The obvious solution to these problems is proper simulation
of the vehicle and the important aerodynamic and acoustic
interactions in a wind tunnel. Wind tunnel testing for per-
formance and aerodynamic characteristics is a valuable and
standard technique. Wind tunnel simulation of and proper
measurement of acoustic phenomena resulting from unsteady
aerodynamic interactions is a more recent development.

Current subsonic wind-tunnel test sections are of two
types, the standard hard-wall closed-jet section and the more
recent open-jet-in-an-anechoic-chamber test section. These
latter tunnels are especially designed to make simultaneous
aerodynamic noise in a conventional hard-wall tunnel is
very difficult. Since these tunnels were never designed for
noise measurements they usually have a high level of background
noise, predominately from the tunnel fan. Simply placing a
microphone in the test section to measure noise from a model
rotor gives rise to additional problems. Wall reflections will
make interpretation of the sound measured at a point very
difficult and a microphone placed in a high velocity stream of
air has induced an extraneous "self generated noise" signal.
The tunnel turbulence will also act as a souce of psuedo-sound
to a microphone placed in the wind stream.

Compressible blade slap has been studied on a full-scale
rotor in the NASA Ames 40' x 80' tunnel. 1In these tests, the
blade slap was such an intense noise source, that the signal

level was above the microphone self-noise and the tunnel~-fan



noise. However, it is more difficult to study such problems

as main-rotor vortex noise or less severe blade slap using
conventional wind tunnels. Even if the tunnel is quite and

the microphone-self-naise and pseudo-sound problems have

been solved, perhaps with data feduction techniques, wall
relfections still make it difficult to obtain valid directivity
and overall sound-power data.

In 1969, there were available acoustic tunnels with small
test sections. For example, the acoustics and vibration labor-
atory tunnel at MIT1 has a test section 15" x 15". We have
used this facility to simulate some of the details of sound
radiated by a blade that cuts through a tip vortex. However,
we felt that it would be valuable to have an experimental fac-

ility where simultaneous aerodynamic and acoustic measurements
could be performed in a controlled environment on complete

model rotors and complex STOL configurations of such a size that
proper Reynolds number and Mach number scaling could be obtained.
In the next section, the modifications to an existing large
subsonic wind tunnel necessary to obtain valid data on aerodynamic

noise radiated by V/STOL configuration are discussed.

DISCUSSION OF THE ACQUSTIC MODIFICATIONS TO THE SUBSONIC TUNNEL

The dimensions of the original hard wall test section were
5' x 7%'; the top speed was 140 ft/sec. The modifications to
the tunnel lead to a guiet open-jet tunnel of dimensions 5' x 7%'
with a top speed of 115 ft/sec. éperating within an anechoic
chamber. Modifications to the tunnel included the necessary
mufflers to quiet the tunnel fan in the frequency range of
interest. (above 250 Htz)

For studies of aerodyanic noise, there are several advantages



to a large open-jet operating within an anechoic chamber

as compared with a conventional hard-walled wind tunnel.

Noise measurements can be made in the low-velocity region
beyond the jet which reduces the problem of microphone "self-
generated" wind noise and pseudo-sound due to tunnel turbulence.
The absence of wall reflections in the anechoic environment
makes possible detailed studies of the directivity of the sound
field. This combined with the ability to simulate the aero-
dynamics of V/STOL configurations in forward flight makes it
possible to obtain the directivity of V/STOL noise as a function
of flight condition.

If good Reynolds number similarity has been obtained in an
aerodynamic noise experiment, the frequencies will scale with
the flow velocity and a typical length. If the testing on
the model rotors of say 1/6 to 1/10 scale is carried out at
essentially full-scale speed, the frequency measured would
scale to the actual rotor as the inverse of the model scale,
that is 6-10 times actual frequency. For a tunnel (and rotor)
speed of half of full scale speed, the frequency obtained would
be 3-5 times full scale. This upward shift in the frequencies of
of interest is very beneficial in the design of the anechoic
facility. Muffler size, depth of anechoic treatment, and the
required size of the anechoic chamber scale directly with the
wavelength of sound at the lowest frequency of interest. For
the space available and the tunnel size, 250 htz was chosen as
a lower bound on the frequency range at which a free field sim-

ulation could be obtained in the facility. The acoustic wavelength
at 250 htz is about 4 feet. This characteristic dimension sizes

(a) the mufflers for the tunnel fan, a depth of A/4 of absorbing



material is required, (b) the anechoic chamber, measurements
should be made at leastAfrom the noise source, and (c) the
depth of anechoic treatment on the chamber walls. The
requirements on the construction of the chamber also become

more severe at lower frequencies.

1. Tunnel Layout and Structural Design

The tunnel is closed-return with a 100 Hp variable speed
DC motor with a low-solidity constant-pitch propeller (fan).
The overall layout of the tunnel is shown in Figure 1. A
photograph of the test section appears in Figure 2.

The tunnel is located in the basement of Building 33 at
MIT. The surrounding walls, floor and ceiliag are concrete.

The structural elements of Building 33 are indicated near the
test section area.* Of necessity we took these structural
elements as constraints on our tunnel design.

We were somewhat constrained by structural limitations both
on the size of the anechoic chamber and the weight which could
be added in this section of the building. We engaged the struc-
tural engineering firm of Cleverdon, Varney and Pike, Boston,
Massachusetts to certify the additional load carrying capacity
of the building. We also engaged the acoustical consulting
firm of Cambridge Collaborative to design a light weight yet
effective anechoic chamber (to be described in greater detail
shortly). 1In the end a chamber weighing 10,500 lbs. was de-
signed and built. This additional weight was suspended from

the ceiling above the test area.

* See also Figure 7.



2. Acoustic Modifications

a) Tunnel Background Noise

The original background noise in the tunnel test section
(at top speed) appears in Figure 3. This measurement was taken
with a B & K %" microphone flush mounted near the nose of a
4" diameter sphere. This technique, in which the microphone
operates under a laminar boundary layer, allows the measurement
of acoustic pressures without the usual micrphone-self-noise
problem. There are, however, pressure fluctuations due to
tunnel turbulence which act as psuedo-sound to the microphone.

Acoustic treatment was first applied to the two vertical
walls at either end of the tunnel. The treatment consisted of a

step-wedge of Gustin-Bacon Ultralite fiberglass. The wedge
detail is shown in Figure 4. This wedge was chosen to attenuate
acoustic energy above 250 cps.

The background noise measured in the tunnel after this
treatment was applied is also shown in Figure 3. The results
show an increase of noise at low frequencies and a decrease
in noise at high frequencies. Short of removing the acoustic
wedges this result cannot be easily verified. When the hard
tunnel walls were removed, the background noise in the tunnel
was further reduced since the acoustic engery is no longer
confined to the test section.

The next acoustic treatment was applied to the turning
vanes. This was an Owens-Corning #338 fiberglass Blanket
applied to the lower surface of the turning vane, covered
with a 30% perforated steel sheet; this is sketched in Figure 5.

When the background noise is measured outside the test



section a large reduction is obtained as discussed previously.
This is not due to microphone self-noise. It is more likely
due to the absence of the psuedO-sound caused by the tunnel
turbulence impinging on the microphone as well as some channel-
ing of the tunnel fan noise by the turning vanes straight

through the test section.

When the anechoic chamber was installed around the chamber,
a further decrease in background noise was obtainedsmost likely
due to the absorbative walls and the absence of reverberations.

One final comment on the interpretations of total reduction
achieved in acoustic background noise should be made. Because
the measurements in the test section most likely contained
pressure fluctutations due to tunnel turbulence, it is dif-
ficult to assess the effects of individual changes before the
tunnel walls were removed allowing a true measurement of
acoustic engery. Therefore one cannot, without some ambiguity,
isolate the acoustic effect of each modification from these
measurements of tunnel background noise.

The tunnel noise was found to increase with increasing
(U test section velocity):; the spectrum of the tunnel background
noise scaled with strouhal frequency (f DA constant). There-
fore, at lower test section speeds, the level of tunnel back-
ground noise is correspondingly lower and the energy shifts

to lower frequencies.



b) Acoustic Performance of Modifications, Transmission Loss

In order to separate the acoustic effects of the tunnel

modifications from the aerodynamic effects, transmission-loss
measurements between the return section and the test section
and anechoic chamber were made. Because of the complex internal
gometry of the tunnel, these measurements give only a qualitative
idea of the effect of the modifications. The test procedure is
sketched in Figure 6. A loud speaker was placed in the return
section and acoustic measurements were made at points A (return
section) and B (test section). The difference (in db) in these
two measurements is the transmission loss (TL) of the path.
In this case there are three paths, two air paths, up and down-
stream in the tunnel, and a structural path through the ceiling
of the return section. At this early stage in construction, no
attempt was made to investigate each path separately.

Figure 6 shows the effect of the various modifications on
the transmission loss. After the addition of the wedges on
the vertical end-walls, about 10 db in TL at moderate frequencies
was obtained. Removing the test section gave an additional
TL due to a reduction in the reverberant field in the test
section.

We interpreted these measurements to mean that the solid
sheet metal turning vanes were turning the high frequency
acoustic energy and beaming it into the test section. We
therefore applied acoustic treatment to the turning vanes, (as
described in this report). At this same time, the panels of

the anechoic chamber were also being installed so that the TIL



of the turning vane modification alone was not measured.

The final measurement of TL was made with both the
treated turning vanes and the anechoic chamber. These
measurements show a significant additional TIL due to the
combination of the turning vanes and the anechoic surround-
ings. These results also show a 3 to 6 db difference between
measurements made within the test section and at a point
within the chamber. This is believed to be partially due
to a beaming of the sound by the turning vanes directly

through the test section.

3. Anechoic Chamber

a) Design and Construction

The anechoic chamber was designed by Cambridge Collaborative,
an acoustical consulting firm. The overall dimensions, lay-
out and mounting details are shown in Figure 7 through 12.

The panels were supplied by Barry controls. The panels
were designed primarily for transmission loss. They are 4"
thick, made of sheet metal covered with a porous metal face and
filled with fiberglass. The panels weigh approximately 6 lbs.
per sq. ft. The ceiling and wall panels were hung from the
ceiling beams; the floor panels were vibration isolated from the
existing floor (see Figure 8). The area around the model well

and tunnel were sealed as indicated in Figures 10 and 11l.



b) Acoustic Performance

Although the panels are desinged primarily for trans-
mission loss, the fiberglass filling provides an adequate
anechoic environment for many of our experiments.

The limit of free field conditions within the anechoic
chamber was explored by placing a loudspeaker at one end of
the room and measuring the spectrum at several points. Figure
13 shows the results of such an experiment .

Each spectrum was taken at a different distance along a
line from the source and then connected to allow for geometric
spreading. (6 db per doubling of distance). To allow the in-
dividual spectrum to be seen, the scale for each sprectrum has
been shifted by 10 db. If perfect free field conditions exist,
these curves should all be parallel and shifted by 10db.

A good simulation of free field is obtained above 630 Hz.
Some scatter is seen between 250 and 630 Hz. Additional fiber-
glass will be used if necessary to obtain data in this fre-
quency range.

Below 250 Hz. large standing waves can be seen in the
measured data as would be expected. Acoustic measurements in
this range of frequencies would provide qualitiative information
only. One could also obtain the relative effects of changes

in parameters (e.g., forward speed).
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4. Tunnel Aerodynamic Design and Performance

The aerodynanic modification to the tunnel consisted
of:
1. removing the tunnel walls surrounding the test section.

2. installing a large slotted cowl at the entrance to the
diffusor.

This does not result in an optimum aerodynamic design for an
open-jet wind tunnel.

Since the tunnel was originally designed as a closed-jet
tunnel the gradual increase in test section size to accommodate
the turbulent boundary layer is not rapid enough for the open
turbulent jet. For this reasons we are considering a future
modification which will reduce slightly the upstream area of
the jet. (This will also raise the test section velocity.)

The open diffusor was fitted with a rounded cowl backed by

an open slot (Figure 1) which served to stabilize the flow;
when this slot was covered, violent oscillations of the jet and
indeed the entire tunnel occurred. This slotted cowl is very
similar to that proposed for the facility at David Taylor Model
Basin (NSRDC)3. The effect of the modifications was to reduce
the tunnel speed from 140 fps to 115 fps.

The mean flow profile across the test section in the
horizontal direction at 88 fps is shown in Figure 14. The
level and spectrum of the tunnel turbulence in the center of
the test section is shown in Figure 15. As can be seen from these
figures, the mean velocity is uniform across the test section
with a slight overshoot near the jet boundary. The overall
tunnel tubulence is about 1% with a spectrum which peaks at

about 200 htz.

11
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Figure 2. View of test section in low noise acoustic wind tunnel.
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