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ADBETRACT

The investigation concerned noise produced by turbulent flow
adjacent to a flexible wall, Measurements of the spectrum and
intensity of the pressure field outside thin-walled Mylar cylinders
containing turbulent pipe flow have been made. The resulting spectra
could be interpreted in relation to the elastic properties of the cylinders

s

and the character of the turbulent fluctuations inside the flow. 7The
eigen frequencies of the cylinders could be identified and similarity
parameters for the spectra were established, The effect of cylinder
wall thickness on the spectrum and intensity of the pressure fluctuations
was investigated. It was found that the intensity of the external pressure
field scaled with the fifth power of the velocity at the center of the pipe.
For one particular case the specirurm and intensity of the
pressure {luctuations exerted by the turbulent flow on the wall were
measured. The intensity of the pressure f{luctuations at the wall scaled

e

with the fourth power of the velocit g expected. e ratio of ti o -
th the th g of the velocity a ected he ratio of the root

mean-sguare wall pressure to the dynamic pressure was found to b

®

independent of Mach number and egual to a constant {C.0078). Similarity
laws for the spectre of the wall pressure fluctuations were also con-

firmed.
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SYMBOLS

diameter of cylinder, 1 inch,
Young's modulus of Mylar, 550, 000 p.s.i.
natural frequency of vibration of cylinder, c.p.s.

random force per unit mass exerted by pressure

fluctuations on flat plate.

spectrum density of wall pressure in space and time.
spectrum density of pressure fluctuations in time.
wave numbers in Xp and y? directions, respectively.
wave numbers in x and ¥ directions, respectively,
number of circumiferential waves in cylinder.

length of Mylar cylinder, 11 inch.

numbeyr of axial half waves in cylinder.

frequency, ¢.p.s.

non-dimensional axial tension in shell due to internal

pressure.
non-dimensional circumferential tension in shell due
to internal pressure.

stress resultants in shell due to internal pressure,

force per unit length.

static pressure difference across cylinder wall,
instantaneous value of pressure f{luctuations.
time.

thickness of cylinder wall,

mean velocity at any point in pipe.

maximum value of mean velocity.
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normal velocity of skin element.

mean square acceleration of skin element.

coordinate alony flat plate in free stream direction.
longitudinal coordinate along pipe.

impedance of flat plate.

impedance of cylinder.

skin éeflécti@n normal to {lat plate.

skin deflection of cylinder wall in radial direction.
caor&inate along flat plate h@rmai to free stream
direction, |
non~dimensional parameter.

kinematic viscosity of air.

fraquency, radians per second.

auto-correlation function.

dengity of air.

density of Mylar, 0.05 Ib/in",

Poisson's ratio of Mylar,

time internal.

azimuthal coordinate.
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I INTRODUCTION
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The sound field inside aivcraft in flight can be traced to a variety
of sources. One of these sources is the turbulent airflow over the
fuselage skin, It is a matter of practical experience that the boundary
layer contributes little to the sound {ield inside the fuseclage at speeds up
to a few humix’ed miles per hour, Accordingly, in the past, the problem
of boundary layer induced cabin noise has not received much attention.
However, the advent of high su&sonic and supersonic commercial aircraft
has stirmulated interest in the mechanism of noise production by a
turbulent boundary layer.

To develop the general idea underlying boundary layer noise
analysis, it is most convenient to start with the aiﬁ‘zpie&t case of air
flowing past a rigid surface. In this case, the turbulent flow is the only
source of sound. The sound is radiated into the free-stream. This
mechanism of sound generation has been discussed by Phillips (1, 2) and
Curle (3) from a theoretical point of view., However, the analysis was
handicapped by a lack of experimamal information on the properties of
the pressure fluctuations at a rigid wall. The {irst experimental data
came from Willmarth (4, 5) who measured the specira and space«time
correlation of the préssure fluctuations at a rigid wall for bourdary
" layers of various thicknesses. * The experiments were made in a win@
tunnel which was specifically designed for this purpose. The pressure
fluctuations were measured with sophisticated barium titaﬁate transe
ducer equipment (6) over a Mach number range from 0.2 to 0.8, The
measurements showed that the correlation function had a particular

shape and that the pressure fluctuations at the wall were convected at

Einstein and Li {(25) previously had measured the auto-correlation
of wall pressure fluctuations of oil flow in an open channel flume.
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an average speed of 0.82 times the {ree stream speed. Also,
Willmarth's results established that the correlation of the pressure
fluctuations was destroyed in a downstream distance egqual to approxi-
mately ten tirmes the boundary layer thickness.

In practice one usually deals with é flexible sikin., It then
becomes convenient to restrict the problem to the case of small skin
deflections. In other words, the skin deflections are assurned smmall
enough so that they will not induce time-dependent pressure gradients of
the same order of magﬁiﬁuée as the forcing function, e.g. as in the case
éf panel flutter. Under these conditions, the forcing function on the
flexible skin is essentially the same as if the skin was rigid.

The fluctuating forces on the wall, caused by the turbulent
boundary layer, are the wall ﬁﬁaﬁ:};c pressure and the shearing stress.
However, it is usually assumed that for thin skins the wall transmits
pressure only by deflecting laterally. Consequently, the effecis of shear
stress may be ignored in this case.

The process of transmission of boundary layer noise through

the thin flexible skin can then be thought of as follows: The random
fluctuating wall pressure acts as a driving force on the skin, pushing
the elastic skin in and out. In turn, the motion of the skin acts like a
gset of distributed pistons, creating a pressure field in the stationary
medium which constitutes the '"cabin.”

In order to simplify the analysis one usually assumes that the

:g

wotion of the skin is described by 2 linear eguation. Also, it is

assumed that the generation of a random pressure field in the stationary



-3a

medium is a linear radiation problem:. The mathematical techniques
fm* solving the problem are similar to those required to calculate the
response of a linear system to a stochastic forcing function of several
variables.

The above approach was ‘taken by Corcos and Liepmann (7).
They considered the radialion of sound irom a large randomly vibrating
flat plate which is excited by a turbulent boundary iayer.*

Unfortunately, the theoretical treatment of all models required
many agsuraptions because of an almost complete E.a.ck‘eﬁ any experi-
nental data on the transmission of pressure fluctuations across a
flexible skin. Also, at the time the above reports were written no data
on the properties of the wall pressure were available,

Hence, it became desirable to obtain experimental information
on this matter., A f{irst step in scch a program is the selection of a
suitable skin configuration. Various configurations were considered.
It was decided to work with a thin-walled cylinder rather than with a
thin flat plate. One obvious advantage of a vibrating cylinder is the
axial symmetry of its external pressure field. Furthermore, it was
decided to make the flow inside the cylinder {ully developed turbulent

3

pipe flow. Pipe flow was chosen because of the existence of excellent

T

The problem has also been considered by KEraichnan (8,9, 10) and
Ribner (11). Doth authors assumed a given spectral disiribution
for the pressure fluctuations in the boundary layer. Also, both
assumed that the pressure fluctuations were convected, Hraichnan
treated the skin as an assembly of {lat square sections which
vibrate independently. Ribner considered an infinite sheet.
Kraichnan and Ribner worked with a spectral function, Cozcos

and Liepmann preferred to work with the correlation function.
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experimental data (12) on the structure of turbulence in pipes.

The general aim of the present experimental investigation was
to make an exploratory study of the transmission of pressure fluctua-
tions through an elast:&c slin.

The power spectrum of the pressure fluctuations in the station-
ary medium outside the vibrating cylinder is a {unction of the power
spectrum of the wall pressure and the impedance of the thin-walled
cylinder. The power spectrum r*af the pressure at the wall of a cylindex
containing fully developed pipe flow has never been measured. Also,
little is known about the impedance of thin-walled cylinders of linite
length. One could argue intuitively that, for a certain forcing function,
the impedance of a {inite cylinder depends on its length, diameter,
thickness, boundary conditions, material properties and damping. It
would take many experiments to investigate the effect of each of these
variables.

The present work was restricted to an investigation of the
following points

{1} The spectrum and intensity of the pressure {luctuations at
the wall of an elastic cylinder.

{2) The efiesct of wall ﬁ;hiekn@é@ on the spectrum and intensity
of the pressure fluctuations at a point outside an elastic cylinder.

{3) The effect of wall thicknesgs and pressure difieﬂmee across
the wall on the natural fr@éaencie& of vibration of a cylinder., The
length, diameter, boundary conditions and material of the cylinder

were not changed in the experimental program.
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1. EZNERAL CONBIDERATIONS

A brief discussion of the concept of mean values and the definition
of power spectrum is given in the Appendix.

1. Response ¢i a Linear System to a Random Force

The response of the elastic skin of the Mylar cylinder to the
internal wall pressure fluctuations can be studied qualitatively by
considering a simpler problem.

It is instructive to study the response of a linear system to a
randorn forcing function of several variables (7, 13, 14, 15, 16, and 17).
Ag an example, consider the response of a large flat plate whith is
excited by a turbulent boundary layer. This particular problen: was
analyzed by Corcos and Liepmann (7).

Suppose that the motion of the plate iz described by a linear
differeniial eguation in Vg the skin deflection normal to the plate.
Liet f(xp, zp, t) be the random force per unit mass exerted by the

ressure fluctuations in the boundary layer on the plate, where =x
¥ iay ©

and
A .

2, are the coordinates along the plate, x5 being in the free-stream
direction, and t is the tizne. The forcing function f{xp, 3}9, t} is
characterized by its power spectral density E‘é‘{l,kz,w) which is
assumed to be a continuoug function of the wave numbers k, and kz

1
{in the %p and ?sp direction) and of the frequency W that is

/

o

2
flm ,3 ,¢ =
(20 ) /

o] -

o
/ Té‘(kl,iﬁz,w) dkl dkzdw . {1)
i)

-



« e

Now suppose that the plate is large enough compared to the corvelation
length of the wall pressure {luctuations so that the average plate motion
is not sensibly affected by the end conditions. Under these conditions
one may use & result {rom generalized Fourier analysis which states
that for a function defined by itz power spectrum and mean values, one

may write:

—_— W @ o ,
3 ¥ {k‘i’ i{z,wmk cﬁk dw
= i
y F . {2}
¥ ‘ |Z %”’*’-iv G ﬂ’w}
p
& -0 -0
he above equation describes the relation between the power spectrum

of the input E?g’%;},?@»za,w), the mean square deflection D4 {or output)

g

-

and the square of the ahsolute value of I %ti, &Z,w}, the impedance

o

of the plate.

The value of can be calculated., It is the

&
T o~
l%(“zx i\?,w) I )
square of the Fourier transiofm of the fundamental solution of the

linear differential equation for %h@ skin deflection. [Hence, in order io

ng function one

(%

obtain the response of a linear system to a random forcin
has to know the impedance of the system and the power spectrum of
the forcing function.

It is obvious that resonance will occur whenever the term

frequency spectrum. In other words, if the spectrum of the input is
"gmooth, V¥ then in the idealized case, the specirum of the output cannot

&

show any sharp peaks.



In the present work the configuration under consideration was
a thin-walled cylinder and not a {lat plate. The arguments pertaining

%

to the case of a flat plate hold qualitatively

oty

<

¥§

the case of a thin-walled
cylinder conteining turbulent flaw. However the analogy with the flat
plate is less direct because of circumierential restrictions on the
cylinder

&

f the length of the cylinder is finite it iz no louger permissible

s

to ignore the end conditions. Physically it means that axial standing

r

waves occur in addition to circumierential

5‘3

standing waves. The

cylinder exhibits resonance at a set of discrete irequencies correspond-
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| frequencies are gquite
discrete. As the number of axial and circumferential modes increases
the diiference between consecutive natural {requencies decreases
rapidly. Ewventually the natural frequencies are bunched so closely that
they approach the limit of continuous rescnance. When this happens the
spectrum of the mean square wall deflection is smooth and conditions
approacn those of the idealized model discussged above.

Hence the spectrum of the pressure fluctuations at a point

2

he cylinder ig expected o0 show several peaks at the lower
Y ¥
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freguencies followed by an increasingly smooth spectrum at the higher
ireguencies.
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2. MNatural Freguencies of Vibration of Thin-wWalled Cylinders

Under Internal Pressure

k1

It is always difficult to determine precisely the date and author

o

of a discovery. This seems to be the case with the work done on the



vibrations of thin cylindrical shells. The subject is briefly touched
upon in textbooks by Timoshenko (18), Morse {19) and others

The |

iy

irst serious experimental work was carried out by Arnold
and Warburton {20 and 21). However, in these experiments, the
effects of internal pressure on the natural frequencies of vibration
were not thoroughly investigat
Herrmann {23), Fung, Sechler and Kaplan (24) and several others also
worked on the general problem of vibrating cylindrical shells. In the
present report particular reference will be given to the paper by Fung,
Sechler and Haplan (24]).

It iz the first serious work, both theoretical and experimental,

on the effects of internal pressure on the natural {requencies of
bration. In the experiments conducted by Fung, Sechler and Haplan
the cylinders were excited by a sinusoidal sound wave. In the present
work the cylinders were excited by means of turbulent pipe flow. In
this case the pressure fluctuations at the wall are produced by velocity
fluctuations throughout the pipe flow. The cylinders are excited by
forces which are ﬂi@sz,mhamle by a correlation function having a
pariicular shape. It is probable that, as in Willmarth's case, the wall
pressures are convected and lose their identity after being carried
downstream over a certain distance. However since no space-tim
correlation measurements of the wall pressure were made it is not
rtain whether this ig true.
Measurements of the frequency spectra of the wall pressure

Y

have been made as shown in figure 11. From these measurements it is



possible to calculate the auto-correlation function sV {7) by means of
equation A, 3 {See Appendix).

The thecry of vibration of thin cylindrical shells u&der internal
pressure is rather complicated and will not be discussed in this report,
However, it is useful to counsider the fraquenc? equation which is an
eigen value equation, This equation determines the various natural
frequencies of vibration from the elastic properties and constraints
of the cylinder.

For a simply supported thin-walled cylinder, the simplified

irequency eguation {equation 12, p. 653, reif., 24) states that

Wzdz%fz A 4

- c
E (%4 A5*

- ~ 2‘ — _
s ;; (1-oéy &t YL My em, AR n’,Zz...m)

The first term on the right-hand side of the equation describes the
influence of stretching of the shell, the second term the influence of
bending. The last two terms describe the influence of axial stress
and hoop stress due to internal pressure. For a particulay cylinder,

equation 3 states that the natural frequency { is given by the following

relation
i = fm,{, Py
where
m = number of axial half waves, (see figure 26 and list of symbols)

™~
i

number of circumierential waves

pressure difference across the wall.

G
fu
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Congequently, if for a fixed rrode shape (m,(h one measures two
values of the natural frequency { at two values of the presaure

hen one can solve for mm and ‘{ .

o I o 4 - v E by oy nmpen BT 7%
difference across the wall Py ¢
%

In the present experimental investigation, the above mentioned
method was used to deterrnine the natural frequencies of vibration of

the various cylinders.
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I, APPARATUS AND METHDODS

1. Pipe Facility

The investigation was carried out using the apparatus shown in
figure 1. The available air supply was f{iltered by a MNorgren air
pressure regulator, which was a high capacity regulator of the balanced
cdlapnragm type. The auéput of the regulator was controlled by means of
a separate high precision pilot regulator which was operated mémmaiiy.
After Keaﬁmg the regulator, the air was passed through a muffler. The
purpose of the mufiler was to absorb the noise produced in the supply
system by the valves of the pressure regulator. The sound absorption

proce

553

s was done at approximately 1/10 of the air speed in the pipe
proper. The coniraction at the end of the muifler accelerated the low-
noise air into a 1 inch diameter seamless brass pipe of 1/4 inch wall
thickness. The pipe was 8 ft. long. Fully developed turbulent flow
was established in the pipe. Detween sections of the pipe, a short,
very thin-walled section was inserted through which pressure disturb-
ances could pass readily into an enclosure containing a microphone.
The enclosure was lined with fiber glass and acted as a small scale
anechoic chamber. The air was then exhausted through another mufiler
placed around the exit of the pipe. The purpose of the second muffler
wae to absorb any jet noise.

The various components of the system will now be discussed in

detail.

Z.  Muffler System

The maulffler originally consisted of a 10 inch diameter steel

casing which was 7 ft. long. The 10 inch diameter section was reduced



place by a reolled sheet of punched aluminum, 0.0623 inch thick, with

%
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lia. holes oun 1/4 inch centers. The inner aluminum linine

did not appreciably reduce the eifeciiveness of the f{iber glass blanket,

{:sfa

The air passed through the 3 inch diameter aluminum tube,

The sound absorption characteristice of the muffler were

ollows. A loud-gpeaker, driven by an oscillator and

o

amplifier, was connecied to one end of the mufiler, the other end

19

e
I

being sound insulated. For a constant loud-speaker input, the sound

level inside the muffler was measured with an Altec - Lansiag

condenser microphone gt various points in the mufller. The results

As expected, the muffler was not very eificient in absorb

sound under 200 ¢c.p. 5. However, as {ar as the experiment was con-

cerned, the ireguency range {rom zero to 2006 c.p. is of little
interest. It can alsc be seen {rom figure 2 tha! at the higher {requencies,

say above 6,000 ¢.p. 5. the muifler is not quite as

200-5,000 c.p. 8. range

o

. This may be due to resonances in the cross-
gection of the 3 inch diameter aluminum tube. In order to make sure

LLF Iy

that the higher frequencies were sulficiently absorbed, the muffler

was modified., Two baliles were added, as shown in figure 1 and the



or bends in an acoustic system are very good high frequency sound
absorbers. Ii was calculated that the bends provided an additional
attenuation of at least 40 decibels.

3. Thin-Walled Cylinder

The thin-walled sectiﬁn which transmits the pressure disturbances
was originally made of paper. ' However, the use of paper was found to
be unsatisfactory because it absorbed the moisture in the air. A new
material known as Mylar was then used. It is a polyester film made
by the du Pont de Nemours Company. The advantages of Mylar are:

(1) The density is low, about one-half that of aluminum,

(2} It is available ir small thicknesses, ranging from
0.00025 inch to 0, 0075 inch.

{3) It does not absorb mc:siz%mre;

{4) It has a low Youngs Modulus, namely 550, GO0 p. 8. i.

{3) It has a high tensile strength, approxzimately 20, 000 p.s. i,

{¢) Iis physical properties are uniform in almost every sheet
of material. |
In the present work four different thicknesses were used, i.e. 0. 0005,
0.0010, 0.0015, 0.0021 inch.

The Mylar cvlinders were made and installed as follows, A
sheet of Mylar was rolled on to a 1 inch diameter steel rod. The
edges were cemented together in a lap joint. The width of the joint
was approximately 1/4 inch. Two bushings were‘ cementad to the
Mylar tube and the former were locked to the steel rod as shown in

figure 3. The whole unit was then slid into the anechoic chamber,



4. Anechoic Chamber

The bushings were held in place by means of lock screws as
shown in figure 4. Finally, the steel rod was withdrawn leaving the
Mylar cylinder perfectly located inside the chamber. The two 1 inch
diameter pipe sections were then coupled to the anechoic chamber.
This technique satiafied both the acoustic and aerodynamic require-
ments of a smooth continuous joint baé:wem"a the brass pipe and the
Mylar tube.

O-rings were used throughout the systemn to make sure that
the Mylar tube was not appreciably affected by any mechanical
vibrations.

it was decided to use an anechoic chamber rather than a
reverberation chamber. This is because with a reverberation
chamber it would have been difficult to distinguish between the natural
frequencies of the chamber and those of the vibrating cylinder,

The present {iber glass configuration inside the chamber was
chosen to ensure that the microphone measured the pressure field sét
up by the vibrating wall element directly underneath it. The sound
field was essentially at normal incidence to the microphone, the

i
sound field in the other directions being absorbed by the fiber glass
lining.

If the acoustic lining had been merely a thin strip along the
wall of the chamber then the microphone would have discriminated
against the high frequency sound coming from the ends of the vibrating

tube. This is because the radiation pattern of high frequency sound
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from a source is very directional. There was one more reason for

the choice of thisz particular fiber glass configuration. It is well known
that the response of a microphone is more or less the same for low
frequency waves irrespective of their angle of incidence. This is not

" 50 at high frequencies., Of course the above congiderations would not
have been important if a short cylinder had been used in the experiment.
However, a short cylinder would have put a severe constraint on the
possible modal configuration. That is, a short tube would have

discriminated against radiation of gsound at the longer wave lengihs.

5. Measurement of Mean Velocity and Fressure

The mean velocity profile at a station a few diameters down-
stream of the test section was measured with a small total-head tube,
The probe was made of 0. 04 inch diameter nickel tube stock with
G.003 inch wall thickness. The tip of the probe was flattened to an
opening of 0.007 inch. In the measurements the static pressure was
agssumed constant across the pipe. It was measured at the wall and in
the same cross sectional plane as the mouth of the total-head tube. A
typical velocity profile is shown in figure 5,

It was noted that the. presence of the total-head tube in the pipe
produced sharp peaks in the spectrum of the pressure fluctuations
outside the Mylar tube. Subsequently, the probe was removed and the
static pressure at the wall at & station 100 diameters upstream of the
test section was calibrated against the mean velocity at the center of

the pipe at the microphone station.
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The static pressure distribution in the direction of the flow
was measured through pressure taps located on both sides of the test
section.

It was found that approximately 30 minutes were needed to
measure each power spectrum of the external pressure field. Thirty
minutes was conéidered a minimum in order to provide adequate time
averaging.,

It thus became necessary to check whether or not the pressure
regulator system was capable of maintaining constant velocity in view
of the fluctuating campus supply pressure. It was found expéfim@ntaﬂy
that the pressure regulator was able to hold the mean velocity at the
center of the pipe to within + 1/2 °o izﬁ a range from 100 ft. /sec. to
450 ft. /sec. In the @xperimenté the mean velocities varied {rom
120 ft. /sec. to 350 it. /sec. approximately.

6. Microphone Equipment

{a) , An Altec-l.ansing 21-BR-150 condenser microphone was used
for all pressure measurements at points outside the cylinder. The
diameter of the microphone button is 5/8 inch approximately. The
microphone was separated {rom the anechoic chamber by means of
thick rubber lining to avoid vibration pick up. The microphone was
calibrated up to 40,000 c.p.s. for normal incidence sound waves. The
calibration was carried out by the Western Electro-Acoustic Laboratory
in Los Angeles, (sece figure 6). The weakness of the sound field

outside the vibrating cylinder necessitated the use ¢f a condenser

microphone system. However, the measurement of the pressure



fluctuations at the wall of a Mylar cylinder was made with a barium
titanate transducer.
(b) The barium titanate transducer used in the present work was
designed by Willmarth {6)., It consisted of two barium titanate discs
cemented into a recess in a brass fitting. The gap arcund the discs
was sealed by a thin coating of radio cement covering the exposed
surface, The diameter of the barium titanate element was approxi-
mately 5/32 inch and the thickness of each disc was 0.040 inch. The
outside diameter of the brass fitting was approximately 5/16 inch.
The outer face of the element was slightly concave to allow for the
curvature of the pipe. The barium titanate pressure transducer
assembly is shown in figure 7.
The transducer was calibrated in a shock tube and the

- -6 , 2
sensitivity was found to be 0.76 x 10 7 volts/dyne/cm”™. Its frequency
response was flat firom: approximately 5 to 50,000 c.p. 8. A detailed
description of the transducer, i.e., its design, method of calibration
may be found in reference 6.

7. Electronic Equipment

It became necessary to develop & low noise cathode-follower
pre-amplifier for vse with the barium titanate transducer. The
noise level of the preamplifier was 5 x 10 ~ wvolis for the band
0 =-o0 c.p.s8. The frequency regponse of the preamplifier was

g oo

. s " © "

found to be flat within + 2 /o over the range 300 to 50, 000 c.p.s.
The gain of the preamplifier over this range was 47, The
preamplifier circuit is shown in figure 8. In addition, ancother

amplifier wazs used. The frequency response of the second amplifier
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was flat from 10 to M}S c.p. 8. BSince the band width of the latter

:

amplifier was considerably wider than that of the pre-awmplifier, the
. . - o

response of the combination was flat within + 2 “/o over the range

300 to 50,000 c.p. 8.

b 3

The wave analyzer used in the experiment was a Donner,

“f@c;,el 21 wave analyzer ?smvim: a constant band width from 30 to
50,000 c.p.s. The band pass characteristics of this instrument are

-
b)

The measurements taken with the Altec-Lansing 21-BR.I50

w

5

?

e
.

condenser microphone did not require use of the preamplifier because
in this case there was no sigﬁaﬁlw noige ratio problem. Also, the
Altec microphone contained its own cathode 5@%10»;@?‘ and hence no
additional cathode fellower was necessary. However, the amplifier
mentioned above, was used to boost the thya‘& voltage of the Altec
microphone. The only other electronic eq mg;mem employed in the
pregent work were a variable band-pass filter (Xrohn-Hite, Model
310-AB), a vacuum tube voltmeter (Hewleti-FPackard Model 460 C)

and an oscilloscope.



IV, EXPERIMENTAL RESULTS

1. Pressure Fluctuations at the Wall of the Cylinder

The measurement of the pressure fluctuations at the wall was

made as follows. As shown in figure 7, the slightly concave face of

the transducer was pressed against the skin of a Mylar cylinder havin

54
a wall thickness of ¢, 0005 im:h'. In other words, the skin was in direct
contact in&ﬁm the barium titacate clement at all times. The method is
unorthodox and needs clarification.

The contact of the transducer with the skin obviously aifected
the motion of the skin by creating a ,nod;1 point at the place of contact.
However, in this particular measurement one is not interested in the
motion of the skin nor in the external pressure field, The quantity of
interest was the spectrum of the internal pressure fluctuations at the
wall of the cvlinder. Assuming small skin deflections, the properties
of the pressure {luctuations at the wall were not sensibly affected by
the motion of the skin. The presence of the skin on top of the barium
titanate element obviously gave rise to a certain degree of attenuation.
However, the wall thickness was very thin, nawmely 0. 0005 inch, and
the density of the material was low. Also, the stiffness of a Mylar
sheet is very small compared to the stiffness of the barium titanate
element., Accordingly, the above method, although not ideal, may be
expected to yield reasonably accurate information on the properties of
the wall pressure in turbulent pipe flow. This view is supported by
the experimental réauléa. The logarithm of the root mean square

pressure at the wall is plotted against the logarithm of the velocity at



w2le

the center of the pipe in figure 10. Two typical power spectra of the
pressure fluctuations at the wall are plotted in figure 11, It was

found that the power spectra scaled with velocity if represented by

nd qun) | Uo
ihe reiation (m) = ¥ as shown in figure 12. The
1 %’.;Q 2U4 d
o

experimental results gre discussed in more detail in Section V.

Z. Pressure Field at a Point Outside the Cylinder

Originaily, it had been intended to measure the sound level in
both the '"near field"” and t"he "far field." However, it became evident
that the sound level in the far field was much too weak for measure-
ment with any type of pressure pick up. In fact even at a few diameters
away irom the center of the pipe, the pressure field, although measur-
able, was still weak. It was decided to make all pressure m@agﬁremema
outside the cylinder at a station 3/4 inch from the center of the pipe,

i.e. the distance from the wall to the microphone was 1/4 inch.

The pipe exhausts to atmosphere and the pressure in the anechoic
chamber is also atmospheric. Hence as the velocity is increased, the
pressure difference across the thin-walled cylinder is increased. Con-
sequently the diameter of the elastic cylinder increased a little with
increased internal pressure. The increase in diameter for the thinnest
cylinder, i.e. 0.0005 inch wall thickness, was measured to be 0.0l inch.
It was felt that this small decrease in distance between the microphone
and the cylinder wall did not appreciably affect the magnitude of ﬁhe

observed pressure fluctuations at the microphone station.



Two sets of power spectra of the external pressure for

cylinders of wall thickness 0. 0005 inch and . 001 inch are shown in

The logarithm of the root meap squarce pressure at the station
r{d = 3/4 is plotted against the logarithm of the velocity at the center
of the pipe for cylinders of wall thickness 0. 0005, 0.001, €.0C15,
0.0021 inch in figures 15, 15, 17, 18. The experimental resulis show
that the mean square pressure is proportional agépm:eximately to the
fifth power of the velocity.

Mext, a curve of best {fit was drawn through the gmooth high

freguency part of each power spectrum. It was found that for each

cylinder, the curves scaled if the parameter : g ) was plotted
[ E}‘ 4
P o

stated belore, the diameter of the
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X
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as & function of (b ) A
o)

cylinder was not varied with experimenis. The velocity in most tests
was changed by a ratio of approximately 2:1.

The results of this phase of the work are shown in figures 19,
20, 21, 22, Z3 for cylinders of wall thickness 0.0005, ¢.0010, 0.0015,
0. 0021 inch respectively. The results are discussed in Section V,

3. Natural Frequencies of Vibration

Considerable time was spent making the airilow acoustically
clean. Therefore, when it became evident that very sharp peaks
occurred at the lower freguencies of the power spectra, as shown in
figures 13 and 14, it was suspected that these peaks were associated

with the natural freguencies of vibration of the cylinder. It was also
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observed that the peaks shifted with the pressure difference across
the cylinder wall.

Accorvdingly, it was decided to measure carefully the frequency
of each peak in the spectrum. However, the dial readings at low
freguencies were none too accurate on this model wave analyzer,
Therefore, the following experimental procedure was adopted. Xach
peak in the spectrum was carefully tuned to show maximum deflection
on the wave analyzer meter. A signal from an oscillator was then
fed into the wave analyser. The frequency of the oscillator was
adjusted to give maximum deflection on the wave analyzer meter.
Firally, the oscillator irequency was read. The method is essentially
a step by step frequency célibrati@m of the wave analyzer for each peak
in the spectrum. It iz a cumbersome but accurate method.

The various resonant frequencies of each cylinder are plotted

against the pressure difference across the wall at a2

@

tation directly
underneath the microphone. The results are shown in {igures 26, 27,
28 and 29 for cylinders of wall thickness 0.0005, §.001, 0.0015,
G.0021 inch.

An attempt was made to identify the various measured natural
frequencies of vibration ueing the frequency equation 3. The theo-
retical curves of the natural {requencies of each cylinder are also

plotted in the above mentioned graphs.
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V. DISCUSSION

!. Remarks on the Pressure Fluctuations at the Wall

The existence of fully developed turbulent flow in a pipe implies
that the velocity profile has approached a universal form. The dominant
variables that describe the mean turbulent flow are p, the density of
the air flow, Eiia, the velocity and d, the diameter of the pipe.

The pipe flow experiments of Laufer (12) established that the
turbulent velocity fluctuatliams u‘, v’, W' are proportional to ZJQ and
that the correlation function does not depend on ?JQ.

The pressure {luctuation p’ is proportional to gzu’u‘ and hence
one can form One pressure proportional to pUi and one length
proportional to d. |

In the present work the magnitude of the mean velocity was
sufficiently low to warrant the assumption of incompressible flow.
Accordingly one would expect the mean square wall pressure to be
proportional to U;% . This was checked experimentally. The result is
shown in figure 10. It was found that the ratio of the root mean square
pressure to the dynamic pressure was a constant (0. 007‘8). *

An examination of the power spectra (figure 11) indiéates the
existence of one or two sharp peaks in each spectrum. It is felt that
the peaks are not associated with the internal flow, Also, since the

transducer response is flat between 5 to 50, 000 c.p. s. they cannot be

traced to the transducer either. The transducer touched the cylinder

Willmarth (5) found that the ratio of root mean square wall
pressure to dynamic pressure was a constant (0. 006) for a
turbulent boundary layer.



25w

and it is thought that the {inite size of the transducer put a constraint
on the motion of the skin causing a disturbance which was fed to the
barium titanate element in the form of a sharp peak.

2. Discussion of the Similarity Parameters

The selection of non-dimensional parameters for the case of
pres‘sure fluctuations at the wall was arrived at as follows.

The mean square pressure at the wall can be written in its
power spectral form (see equation A.4)

o0

pt = /Fi(n) dn . (4)

<

If the skin deflection is small the wall pressure is a function of the
internal flow variables only and not of the elastic properties and
constraints ‘of the cylinder. From the discussion in Section V-1 it is
seen that the mean square wall pressure is proportional tO'sz: and
that the problem has one characteristic length proportional to d.

In order to describe the spectral properties of the pressure

fluctuations it is necessary to make a statement about the frequency.

It iz assumed that a characteristic frequency n, for the pressure

U
fluctuations is proportional to -—59— ,
Uo
i.e. characteristic frequency L | {5)

Hence equation 4 may be writien as

S * ¢ ]

OO
7 freasend [Bi)elz)
(o]

[+
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The universal function ¢ ) ig determnined from the experiments.

2,

The smooth part of each power spectrum, say above 1000 ¢,

"3
wn

5. as
shown in figure 11, was plotted in non-dimensional form in figure 12,
The plot in figure 12 shows that the spectra scale with velocity as
prescribed by equation 7. The scaling of the spectra with diameter was

ivated.
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The scaling laws for the pressure {luctuations cutside the Mylar
cylinder were derived in a similar fashion. However now one has to
include the effect of the cylinder wall.

For a given cylinder, i.e. given elastic properties and con-

traints, the mean square pressure at a given distance away from the

pipe is written as

— o
?EI\. = / Fi{n}dn . (8)
J ~

The spectral density function ¥(n) can be expressed as a product of

77£{n}, a term proportional to the admittance of the cylinder and

F {n), e spectral density of the pressure fluctuations at the wall, i.e.
Fn) 7 {n) E‘g{a) . {9)

For the case of the external pressure field, it is usgeful to deal with



two characteristic frequencies. One {requency is the characteristic
E"?O
whiclh has already been discussed.

frequency of the flow n

The other is the characteristic {requency of the material Ty where
c ,
ﬂi T, %3.@)
The variable ¢ is assumed {0 be a characteristic velocity which depends

on the elastic properties of the material,

Hence equation § can be writien as

P P n n n
2 ( 2.4 o ( \
= [ Fian)dn = %71 (1]
D Fln)dn = p" U ‘7[/('ﬂ e {(11)
o i o
o o
50 that
2. 4
o I’L}@ o n_
win) = i memrmm . {1
Fin) = — Wi (12)
) [s] i

The form of F,{n) in equation 9 is given by equation 7. If one assumes
E (2

the function / {n) in equation 9 is of form

o n
[im = == (
n 2 e
1 o
then one can write equation 12 as

2,4
P Vs ‘o 0 .
e N . {(13)
e i ] ke
i O

imple analysis was to find scaling laws for

T
s
3
plasy

i}

The object of this s

~

pectra of the preseure fluctuations if the flow velocity was varied

e
5
&
&
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in a cylinder of fixed size and material. Since the cylinder configura-
tion was {ixed, only one typical length was needed for dimensional
purpeses. The diameter of the pipe was chosen as the characieristic
length because it is associated with the flow characteristics.

Equation 13 suggests that the spectra of the pressure {luctua-

tions outside the cylinder scale with flow velocity if the spectral

. Fin . . ge .
function { Z} is plotted against the non-dimensional parameter
be o &
e o
nd
o

Substitution of equation 13 into equation 8 gives the relation

2

5 o0
2 P Ejg' /¢ (ﬁ)d(g’l) (14)
poE 3 (5 — 14
@ o
]

Hence, for a given cvlinder, the mean square pressure at a given
g Y g

distance from the cylinder varies as the {ifth power of the velocity.

3. Remarks on the External Pressure Field

s

t ig interesting to compare the power spectra of the internal
pressure fluctuations at the wall with those measured outside the
cylinder. The spectra of the pressure fluctuations measured outside
the cylinder pass through the origin, show several sharp peaks and
extend over a wide {reguency range. In contrast, the power spectra
of the pressure measured at the wall do not pass through the origin
and do not extend over as wide a frequency range. Also, most of
their energy is contained at the lower frequencies. The reason why
in one case the gm%ver gpectrum passes through the origin and extends

over a wide frequency range whereas in the other case it does not,



may be explained gualitatively as {ollows.
& % Fa - . 3 e : 2
iggests that the wiean square skin deflection vy of

he cylinder is of the following form,

/;ﬁ(‘u ,Jix ,w)ci Edi dw
|2 ,wblz

where F(Z‘éﬁi,i’iz,an is the power spectrum of the wall pressure and

Ziiﬂ@;l,éf’;a,wi is the impedance of the cylinder. Now, the mean square

pressure pa outside the cylinder is proportional to the mean square
normal acceleration of a typical vibrating cylinder wall element.

Therefore, one may write

2 2 \2
dv \° /3% * ik VK@) dE | dK, dew )
a) . (15
ot d¢” &

II{E*RS?;- wwg

The efiect of the @ ~ term in the numerator is to force the power

Y

spectrum to pass through the origin and in addition it raises the very

high frequency part of the spectrurm,

p . : . oa
The dependence of p% on the velocitly is shown in figures 16,

€ g proportional to

17 and 18. The experimental results show that p
ﬁg approximately., The author has tested 8 cylinders of different

wall thickness ranging from 0. 0005 to 0. 0021 inch. In these tests the
exponent of the velocity varied from a value of 4,8 to a value of 5.15.

In six out of eight cases the range of the exponent varied from 4.9 to

5.10 .
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The repeatability of the total p r.m. s, measurements was
gurprisingly good consi
exactly the same even though their wall f:ﬁhiccl%n&se% was identical. The
results were repeatable wit
figure 15,

A curve of best fit was drawn through the smooth high freqguency
part of each power spectrum, Typical examples are shown in {igures

€

13 and 14
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wag plotted against the non-dimensional parameter .« for each
Yo
cylinder. The results are shown in figures 19, 20, 21, 22 and 23

for cylinders of wall thickness 0.00605, ¢.C010, 0.0015 and 0.0021 inch.
The repeatability of power spectra measurements was reasonably

e , ’ ars o
good. For instance, all power specira could be reproduced within + 7 /o

A typical case is shown in figure 23. The repeatability of the power
;‘
gpectra measurements was not as good as that of the p Versus

velocity measurements. This is because the latter measurements

@
8
o
"
©
2]
@
®

could be taken in a relatively short time period of approxi-

mately 30 minutes was needed for each specirum. During this time
. . e e . C i, 1 O A i £ oot
the mean velocity in the pipe varied by 1 “Jo. Also, the use of the
wave analyzer introduced additional erzors.
in all tests, the lower limit of velocity was usually dictated by

intensity requirements., The upper limit was set by "bursting”

strength limitations of each thin-walled cylinder.
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A curve of best fit was drawn through each of the sets of power
spectra shown in figures 19, 20 and 22. These curves were then
plotted in figure 24 on a double log scale. The graph shows that the
effect of increased wall thickness is to make the high frequency part
of the spectrum {latter. An attempt was made to {ind a simple simi-

larity function which would include the effect of wall thickness. No

b
° 5 2 . o I s : 1 2 [«
simple relationship could be found. This is probably because p~ does

8
not depend explicitly on the wall thickness. It is thought that the
influence of wall thickness is not only associated with the damping
characteristics of the cylinder, but the wall thickness also occurs in
the impedance term in the integrand of equation 15.

An inspection of the power spectra {figures 13 and 14) shows the
existence of a2 "hump” in the spectrum araﬁnd 8000 - 9000 c.p. 8. The
hump was investigated. It was found that hump increased in amplitude
" with increased wall thickness. It did not shift in {requency with
increased speed. Also, as the fiber glass lined cavity in which the
microphone was located, was increased in size, the hump tended to
disappear, Acca‘feﬁmgw it was thought that the phenomena were
associated with some kind of da;m'ped resonance inside the acoustic
cavity. Consequently, the presence of the hump was ignored.

It is realized that the anechoic properties of the fiber glass
lined chamber are not perfect. However, it should be borne in mind
that the pressure fluctuations occur at high frequencies and the
absorption characteristics of fiber glass at high irequencies are

reasonably good. The radiated sound field is essentially very weak
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and it is felt that although some reverberation may have occurred at
the lower f{requencies the overall reverberation effects were small.

The weakness of the external sound field may be explained as
follows. It is thought that the running ripples in the cylinder wall
were heavily damped., Three forms of damping may have occurred.
However, it is thought that the effects of both structural and aero-
dynamic damping were small compared to the damping which cccurred
because the correlation function of the forces was related over a
distance,

The latter can cause considerable cancellation of forces acting

on the cylinder wall, thus resulting in weak external sound fields.

o

. Discussion of the Natural Frequencies of Vibration

The power spectra of the pressure {luctuations measured outside
the cylinder always exhibited at least three and sometimes as many as
six peaks. As stated previously it was found that the peaks were the
natural frequencies of vibration of the cylinder. For each cylinder, the
natural {requencies were plotted as a function of the pressure difference
across the wall at a station directly underneath the microphone. The
results are shown in figures 26, 27, 28 and 29. The {ifth and sixth
rJegmnai"ace peaks, if they occurred, were usﬁ&ﬁy weak and considerably
damped which made an accurate measurement of them somewhat
difficult. Accordingly, figures 26, 27, 28 and 29 only show the
dependence of the first thx:'sa@ or four natural frequencies on the pressure
difference across the wall., The accuracy of the measurement of the

. . Cen s o
natural frequencies was considered good and well within + 2 “/o.
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The calculation of the corresponding theoretical natural fre-
quencies was made with the aid of the frequency equation 3, (see
Section I1..2). The use of equation 3 involves two assumptions, both
of which need clarification.

The first assumption is that the cylinder is "freely supported”
in such a manuer that the ends remain circular and that no restraint
on the axial or tangential displacerent is imposed at the ends. The
latter is not satisfied in the experimental setup. The effect of axial
and tangential constraint at the ends will be to raise the value of the
natural frequencies by a few per cent, particularly at the lower mode
wr = 1,

In addition it is assumed in the theory {(reference 24) that the
pressure difference acress the wall is uniform along the cyiind@f.
Since in the experiment the cylinder contains turbulent pipe flow, a
pressure gradient exists along the pipe. The pressure difference
across the wall of the cylinder at the ends is within + 10 0]0 of the
pressure difference across the wall at the microphone station., It is
not known to what extent the pressure gradient affects the natural
frequencies of vibration.

The t@rm—ﬁ; /\cZ in equation 3 is associated with the axial
tension due to internal pressure, but this contribution is small in the
experirment. However, the influence of skin friction must be considered.
Accordingly, an estimate was made of the tension in the wall due to skin
friction. Its effect was found to be small. The value of the various
terms in eguation 3 is tabulated in figure 25 for a cylinder of wall

thickness 0. 0005 inch. Four modes of vibration were considered.
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From the calculations it is apparent that most of the energy is
assocliated with the hoop stress and stretching of the shell. Very litile
energy iz absorbed by the axial tension and wall bending. It is also
interesting to note that the v’: o mode, if it is excited, occurs at a
very high frequency, well above 15,000 ¢.p.s. This is because it
regquires a considerable amount of energy to excite the cylinder in such

2,

a mode, all the energy being absorbed by the stretching of the shell,

Finally, it should be noted that it is a characteristic of
resonating thin-walled cylinders that the magnitude of response has

no simple relation to the order of the {requency in the spectrum. In

sponse may occur at a freguency which is

{"

other words a large
several times the lowest one. Hence, in engineering applications, it

iz necesgary that the calculations of the natural {requencies are not

(2]

o

stopped at the first few lowest frequencies, but that the whole {re-

gquency range of interest be examined,
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Vi, CONCLUDING REMAR

»

An investigation of the vibration of and acoustic radiation from
thin-walled cylinders caused by internal fully developed turbulent pipe
flow was made. In the experiments the cylinder wall deflection was
kept small compared to the diameter. The experimental results led

to the following conclusions: -

The spectra of the pressure {luctuations at the wall of the
F P

pipe can be represented by the relation

Vs P & :
? o ad

¥

17 ®
o

2} The mean square pressure at the wall varies as the fourth
g P

power of the mean velocity at the center of the pipe.

{3) The ratio of the root mean square pressure at the wall to

the free stream dynamic pressure is a constant {C. 0078).

{4) The mean square sound pressure in the near-iield outside

the cylinder varies as approximately the fifth power of the mean
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{5) The spectra of the pressure fluctuations in the external near-

field scale with velocity as shown in figures 19 to 24

{6} The effect of increased wall thickness on the spectrum is
to make the higher frequency part of the spectrum flatter. No simple
similarity parameter, which would include the effect of wall thickness,

was found.



{7) The measurements indicate that present cylinder vibration
theory is capable of predicting, guite accurately, the occurrence of
natural frequencies in thin-walled cylinders under internal pressure

when the cylinders are excited by turbulent flow.
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APPENDIX

A, Mean Values

Suppose p{t) is a random function of time, e.g. ’the actual trace
of pl{t) varies in an irregular rmanner. It makes no sense to ask for
the complete function p{t}. In particular, the phase of p(t) will lose
all its meaning. | |

Accordingly, only certain mean values of p{t) are reproducible
and measurable qua/ntitieg.

Experimentally the time average is equivalent to

6
mn 1 m
po= 5 [ plt) o dt

]

where @ is the time interval for averaging and m is any power of p(t).
The time average can be provided by the response of a measuring
instrument or by simply watching a fluctuating needle on a meter over
a period 8. The value of a time average will approach the value of an
ensemble average if the time interval € is very large; compared to the
correlation time scale T of the process.

The finite extent of a measuring probe, e.g. the {inite diameter
of a microphone or transducer, introduces an additional average over
space in sound measurements. If the wave length of the sound is
large compared to the size of the instrument, ﬁhe resolution is good.

However, this is not so at short wave lengths.



B. Power 3pectrum

If pressure fluctuations are observed at a {ixed position outside

the thin-walled.cylinder and the mean flow inside the cylinder is steady,
L

then the fluctuating pressure field outside the cylinder will be stationary

in the sense that the mean values do not depend upon time. That is,

pz at a point will have the same value at any time.

'For sucha statiénary time process, one can then define the
corresponding autocorrelation and frequency spectrum as is standard
practice.

If p{t) is the pr‘eesure measured at one space position in the

course of timme, then one defines the autocorrelation sﬂ {7}, as

YA = e+ B (4. 1)

where 7 denotes a time interval. The corresponding spectrum may
then be defined as the Fourier transform of }1/ {7}, e.g., the so called

“"power spectrum'’ F(n}, where

s}
Fin) = 4/? {7} cos 2mnrd?r , (A.2)
(o)

Similarly, using the inverse transforin, one can write,

o
W {7y = /'F(n) cos ZgnlPdn . {A.3)
)
Hence,

(2 o)

% (0) =/F(n)dn.

O



But since

@ (o) = p°

one can write

v ¢

pz’ :/}?(n)c‘m .

&

(A 4)
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