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PREFACE

The idea for investigating the subject of this 
thesis originated from problems arising out of research 
work conducted by Dr. W. L. Rogers. Dr. Rogers has car
ried out research and experimentation in the field of 
reducing unwanted sound in liquid-filled piping systems by 
means of sudden enlargements. In the case of a sound 
source which produces approximately plane simple harmonic 
pressure fluctuations in a liquid-filled duct system, 
such as a pump, it was considered possible to reduce duct 
and component vibrations by means of sound cancellation.

The subject of this thesis is the attenuation of 
fluid pressure fluctuations in a duct by means of phase 
inversion.
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ABSTRACT

The purpose of this study was to investigate the 
possibility of attenuating fluid pressure fluctuations in 
a duct by introducing phase-inverted pulses at the same 
frequencies.

A literature search was made to determine pre
vious treatments and results. Background theory on acous
tics was studied and theoretical predictions were then 
made from an analysis of applicable theory.

Experimental tests were conducted for comparison 
with the theoretically-predicted performance. The results 
were then examined for possible sources of error.

Conclusions and recommendations have been drawn 
from a- comparison of the theoretical and experimental 
work.
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CHAPTER 1

BACKGROUND THEORY

1.1 Introduction
Sound, as defined by the American Standards Asso

ciation, is an alteration in pressure, stress, particle 
displacement, or particle velocity, which is propagated in 
an elastic material, or the superposition of such propa
gated vibrations. This definition is completely general in 
specifying which type of physical alteration is propagated. 
The disturbance is originated by the motion of some mater
ial body. The type of motion on which the fundamental 
concept of acoustics is based is known as simple harmonic 
motion.^ It is characterized by the sinusoidal change of 
a physical quantity as a function of time and may be rep
resented as the projection of uniform circular motion on a 
straight line. As the molecules of a fluid are displaced 
from their equilibrium positions an elastic restoring 
force arises. It is the action of this force, coupled with 
the inertia of the system, that causes the fluid to oscil
late and thus to transmit acoustic waves. Although most 
sounds are not simple harmonic in nature, practically all

1. . J. L. Hunter, Acoustics, Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey, 1957, p. 4.



of them may be represented as a superposition of simple 
harmonic oscillations.

Passive materials are inadequate to cope with many 
problems in the control of noise, simply defined as un
wanted sound. Sound absorbing systems with high efficiency 
in the low-frequency range are extremely bulky since they 
depend on sound energy dissipation by porous materials. 
Active systems employing the technique of cancelling a 
noise by reproducing it electronically out of phase with 
and at the same amplitude as the original noise have in-

ptrigued and appealed to engineers for many years. The 
specific application of this technique of sound cancella
tion by means of destructive interference, applied to 
simple harmonic waves in a duct, has been investigated 
theoretically and experimentally in this study.

1.2 Elastic Behavior of Fluids^
The restoring force responsible for propagating 

acoustic waves in a fluid is related to the bulk modulus 
of elasticity, defined as

B = -Vdp/dV (1.2.1)

2. H. F. Olson, "Electronic Control of Noise, 
Vibration, and Reverberation," Journal of the Acoustical 
Society of America. Vol. 28, No! 5, September 1956, p. 966.

3. L. E. Kinsler and A. R. Frey, Fundamentals of 
Acoustics. John Wiley and Sons, Inc., New York, 1962,
pp. 109-112.



which is simply the elastic opposition that arises when a 
fluid is compressed.

The fluid will be assumed to be homogeneous and 
all volume elements considered are to be understood to con
tain enough molecules so that the assumption of a continu
ous fluid is valid. Gravitational forces will be neglected 
so that the equilibrium pressure PQ and density p 0 may be 
considered constant. The acoustic pressure or excess pres
sure at any point is defined by

P = P - PG (1.2.2)

where P is the instantaneous pressure. The alterations of 
pressure will be assumed to be so rapid and the temperature 
gradients so small that no appreciable amount of heat 
energy will flow during a cycle of compression and expan
sion for each fluid element. This establishes the thermo
dynamic process as adiabatic, which, if also reversible, 
may be represented by

P = P(y°) (1.2.3 )

Differentiation of this equation gives

dP = (dP/d/> )0d/> (1.2.4)

P may be expanded about PQ in a series expansion and for 
the small changes taking place in acoustic waves, we may
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neglect the higher degree terms and replace the incremental 
pressure change dP with the acoustic pressure p, so that

p = (dP/d/>)0dp (1.2.5)

and, letting

c2 = {dP/dp)Q (1.2.6)

we have

p = c2d/) (1.2.7)

It is well known that c can be shown to be the velocity of 
propagation of the wave.

When a volume of fluid experiences a change of 
density, the ratio between the increment of density and 
the original density is called the condensation, s : i.e.,

S = i p - p o ) / p 0 (1.2.8)

where p is the instantaneous density. Thus, for small 
changes, d/D in equation (1.2.7) may be replaced by yOQs in 
the same manner that dP was replaced by p , giving

P “ / V 2s (1.2.9)

As a plane wave moves along the x-axis, the boun
daries of a fluid element are displaced from their equili
brium positions, as depicted in Fig. 1.2.1. The mass of 
the undisturbed volume element is p 0Sdx, where S is the
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cross-sectional area. Upon passage of the sound wave, the 
element boundaries are displaced as shown. Applying the 
principle of conservation of mass, we obtain

p Sdx (1 + de/dx ) = p 0Sdx (1.2.10)

which may be simplified with the use of equation (1.2.8), 
and neglecting the product s de/dx (molecular displacements 
and density changes are very small), to

s = - de/dx (1.2.11)

Substituting equation (1.2.11) into (1.2.9) gives

p = -/D0c2df/dx (1.2.12)

1.3 The Plane Wave Equation^
The gradient of the acoustic pressure produces a 

net force upon the volume element shown in Fig. 1.2.1.
This net force is given by

dFx = [p - (p + dp/dx dx)] S = -dp/dx dxS (1.3.1)

Setting this net force equal to the product of the ele
ment’s mass by its acceleration gives

-dp/dx = /°0d2 €/dt2 (1.3.2)

4. L. E. Kinsler and A. R. Frey, Fundamentals of
Acoustics. John Wiley and Sons, Inc., New York, 1962,
pp. 112-113.
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Equation (1.3.2) may be combined with equation (1.2.12) to 
eliminate e, giving

0 2p/dt2 = c2d2p/dx2 (1.3.3 )

which is a particular form of the acoustic plane wave 
equation.

1.4 Harmonic Solution of the Plane Wave Equation^
The specific solution of the acoustic plane wave 

equation derived above, expressing motion of the particles 
of the fluid as a function of harmonic waves, in complex 
form is,

p = &;i(wt-kx) + ggifwt+kx) (1.4.1)

where 2T is the complex pressure amplitude of a plane wave 
of frequency w  and wavelength constant k traveling in the 
positive x direction with a velocity c, and B is the ampli
tude of a similar wave traveling in the negative x direc
tion. (The overbar indicates a complex quantity.)
Equation (1.4.1) may be considered as

p+ = %gi(wt-kx) (1.4.2)

5. L. E. Kinsler and A. R. Frey, Fundamentals of
Acoustics. John Wiley and Sons, Inc., New York, 19&2,
pp. 113-115.
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and

p_ = B e ^ t + k x )  (1.4.3)

where p+ and p represent acoustic pressure variations pro
duced by waves traveling in the positive and negative x 
directions, respectively. The complex, or vector, solution 
accomplishes both magnitude and phase solutions as compon
ent parts of one unified solution.&

6. J. L. Hunter, Acoustics. Prentice-Hall, Inc., 
Englewood Cliffs, New Jersey, 1957, p. 22.



CHAPTER 2

SOUND CANCELLATION THEORY

2.1 Introduction
If acoustic waves are to be attenuated, the ampli

tude of the resulting pressure fluctuations must be reduced. 
When two wave motions having equal amplitudes and phases 
are added, we say they interfere constructively. If the 
amplitudes are equal but the phases are opposite, we say 
destructive interference has occurred.^ This study is 
concerned with the technique of destructive interference 
by the introduction of phase inverted waves into a duct.
The effect on plane acoustic waves of a change of medium, 
phase inversion of acoustic waves, and the result of addi
tion of harmonic waves will be considered in this chapter 
in order to establish appropriate theory for the actual 
attenuation of sound pressure by means of destructive inter
ference.

7. M. E. Hawley, "Acoustic Interference for 
Noise Control," Noise Control. Vol. 2, No. 2, March 195.6,
p. 61.

9
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2.2 Plane Waves with a Change of Medium^
When a progressive plane wave in a fluid medium 

impinges on the boundary of a second medium, a reflected 
wave is generated in the first medium and a transmitted 
wave in the second medium. A plane interface and normal 
incidence are assumed. Since experimental results of this 
study were obtained from plane acoustic waves traveling in 
a water-filled duct, we will assume medium 1 to be water 
and medium 2 to be air in this theoretical development. 
Medium 1 has a characteristic impedance p^c^, and medium 2 
has a characteristic impedance p 2 c2* w^ere P± and p2 
represent the undisturbed equilibrium densities. The inci
dent wave, traveling in the positive x direction may be 
represented by

p = X^ei(wt-k]x) (2.2.1)

where 5^ is a complex constant representing the pressure 
amplitude and phase of this wave. Upon striking the plane 
of the boundary between the two media, which is for con
venience chosen at x equals 0, a reflected wave

p = W eK^t+kix) (2.2.2)r 1

8. L. E. Kinsler and A. R. Frey, Fundamentals of
Acoustics. John Wiley and Sons, Inc., New York, 1962,
pp. 128-132.
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and a transmitted wave

pt - S'2ei(u>t-k2x) (2.2.3)

are produced.
The complex acoustic pressure at a point in medium 

1 is given by p^ + pr . Upon setting this expression equal 
to p^ at the boundary, where x equals 0 and the pressure 
has only one value, we obtain

A second boundary condition that the particle velocities 
normal to the interface be equal leads to the result that

It is apparent from equation (2.2.5) that the complex con
stant is negative when P2^2 is less than yO-̂ ĉ  as for a 
wave in water incident on a water-air boundary. Conse
quently, the acoustic pressure of the reflected wave at the 
boundary is 180 degrees out of phase with the incident 
wave. When /02c2^°lcl approaches zero (as for the reflec
tion from an incident wave in water at a water-air boundary) 
the wave is reflected with only a slight reduction in ampli
tude and a 180 degree shift in phase. Thus, a pattern of 
standing waves will be set up in medium 1 (water) having a 
pressure node at the boundary of nearly zero amplitude.

S-! + §1 = I2 (2.2.4)

B1 = ri(/02c2-/3lcl/y°2c2+/Dlcl) (2.2.5)
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The amplitude of the acoustic pressure of a stand

ing wave at any point and time in medium 1 is the sum of 
the real parts of equations (2.2.1) and (2.2.2) .9

p = A^cos (ut-k-^x) + B-^cos (ut+k^x) (2.2.6)

By the use of the trigonometric identity

cos (uttk^x) = cosut cos k-jjx + si not sin k^x (2.2.7)

this equation may be converted to

p = (A-^+Bj) cosut cos k-̂ x + (A^-B^) si nut sin k^x (2.2.8)

The square of the rms value of the acoustic pressure is

2 = (p2 dt (2.2.9)rms 2/' J

When this integral is evaluated, after substituting equa
tion (2.2.8) for p, we obtain

2 r 2
2 = -i—  [ (A-i+Bt ) cos k-ix ] + [ (A-. -B ) sin k, x Jrma 2 x ± 2 ± ± -L

(2.2.10)
P rms

In the case under discussion, where B^ is negative and very 
nearly equal to A^, this equation may be simplified to

Prms = (Al'Bl)/y2 (sin2k-^x)5 (2.2.11)

9. L. E. Kinsler and A. R. Frey, Fundamentals of 
Acoustics. John Wiley and Sons, Inc., New York, 1962, p."S’.
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or

prms/(A1-B1 ) = [sin2 (ux/c)] 5 (2.2.12)

where gj/c =  k and (A-^-B^)/^/2 is the maximum rms sound pres
sure value (at an antinode). This equation may be used to 
plot the standing wave configuration with rms sound pressure 
(percent of maximum) as a function of frequency w, with the 
particular medium (value of c) and position of measurement 
(value of x ) held constant. The resulting plot is shown as 
Figs. 2.4.2 and 5.1.1.

2.3 Phase Inversion
The phase of an input signal may be inverted by 

means of an operational amplifier as shown in Fig. 2.3.1.
A is the amplifier gain and e^ and e0 are the input and 
output voltages respectively. If A is made very large 
then the grid voltage eg will be negligible since

e0 “ Aeg (2.3.1)

We can make the grid current i very nearly zero by proper 
design, and since the current entering the junction g 
equals the current leaving, we may write,

(©i - eg)/Rj_ + (eQ - 6^)/Rf = ig (2.3.2)

or, setting ig and eg equal to zero,
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Fig. 2.3.1 Operational Amplifier
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(2.3.3)

Thus we see that the phase of the output voltage e0 has 
been shifted 180 degrees.

2.4 Destructive Interference

water-filled duct by means of a piston, the reflected 
waves from the water-air boundary will set up a standing 
wave pattern within the duct. A set of points in simple 
harmonic motion with amplitudes dependent upon the value 
of sin kx is called a standing wave. Fig. 2.4.1 indicates 
the relative positions of the microphones, sound source, 
and feedback speaker used to accomplish destructive inter
ference in the system investigated. Microphone 1 picks up 
the sound source signal which is inverted by the operation
al amplifier and the amplitude varied by the amplifier as 
shown. This phase inverted, variable amplitude signal is 
used to drive the speaker on the opposite side of the main 
pipe as shown. The acoustic pressure signal received by 
microphone 1 may be represented by

When plane harmonic waves are generated within a

p = ?Te1(ut-kx) + Be1(ut+kx)

= (S'ei‘jt)(e'ikx) + Eeiut)(eikx

= (ie-lkx + Beikx)elut

(2.4.1)
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where is the complex pressure amplitude of the wave and 
is a function of position. If the frequency of the sound 
source is such that the standing wave which is established 
in the pipe has a node at the position of microphone 1, no 
signal will be received.

The phase of the signal received by microphone 1 
is inverted by the operational amplifier and used to drive 
the feedback speaker with a variable amplitude control.
The signal into the feedback speaker may be represented by

P2 = C2elut (2.4.2)

where Cg is a function of position and is 180 degrees out 
of phase with of equation (2.4.1). Since the feedback 
speaker is symmetrically located relative to microphone 1 
and the T-junction of the pipe system, the two signals 
will arrive at the junction and the water-air boundary 180 
degrees out of phase and destructive interference will 
occur as the two resulting standing waves in the duct com
bine. Thus destructive interference is independent of the 
location of the sound source. The addition of the two 
signals at any position in the duct results in

p = p^ + p2 = (?2 + C^)0^  “ 0 (2.4.3 )

since + TT2 = 0 when ^  and TTg have equal amplitudes and 
are 180 degrees out of phase. The amplitude of Cg is
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manually adjusted to equal that of with the amplifier 
as shown.

As a matter of interest here, a right-angled bend 
acts as a low-pass filter. At low frequencies where the 
wavelength is very large compared to the duct width, there 
is little reflection and the transmission past the bend 
is high. As the frequency increases until the wavelength, 
approaches twice the duct width, the reflection increases. 
until the transmission is reduced nearly to zero.^

Microphone 2 is used to measure the attenuation 
obtained at that position on the main pipe. Microphone 2 
will be located at a node of the standing wave at certain 
frequencies. When microphone 1 is at or near a node, pg 
will equal zero because there is no source signal and 
destructive interference will not be possible. When micro
phone 2 is at a node, the attenuation will not be measure- 
able with the system shown. Fig. 2.4.2 shows the config
uration of the standing waves as a function of frequency 
and percent of maximum rms sound pressure for microphone 
positions 1 and 2 (x^ = L and Xg = L + D + R). Equation 
(2.2.10) was used to construct these curves using the 
value of c for water.

10. C. M. Habris, Handbook of Noise Control, 
McGraw-Hill Book Company, Inc., New York, 1957, p. 21-9.
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CHAPTER 3

TEST APPARATUS

3.1 Experimental Apparatus Requirements
The following test equipment was required:
a. Main pipe of sufficient length to allow neces

sary connections.
b. Microphones and associated electronic appara

tus for measuring sound pressures in the duct.
c. Source of harmonic waves to be introduced 

into the main pipe.
. d. Means of inverting the microphone signal and 

re-introducing it into the main pipe in the 
form of sound waves with variable amplitude.

e. Means of filling the system with water and 
preventing overflow.

f. Means of isolating the main pipe from vibra
tions.

3.2 Test Equipment
The testing apparatus was as shown in Fig. 2.4.1 

of Chapter 2. The main pipe was made of standard one- 
inch galvanized pipe. It was found that the main pipe had 
to extend beyond the water-air discontinuity by at least

20
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three inches to prevent water from leaving the system when 
the sound source was activated. To prevent accidental 
leakage with possible damage to the microphone heads and 
other equipment, an overflow pipe was inserted into the 
main pipe near the top end and connected by rubber tubing 
to an overflow reservoir.

The source of sound waves was a model SDA vibra
tion exciter which was manufactured by the MB Electronics 
Company, New Haven, Connecticut. The input to the exciter 
was regulated by a Model T122533 control cabinet which 
contained the field coil supply, a Model 21 Hewlett Packard 
oscillator, and a Model P12D MB power amplifier.

The sound wave was transmitted into the main pipe 
by a one-inch piston which was rigidly attached to the MB 
exciter. To prevent water leakage the piston was supported 
by a rubber diaphragm which was attached to the vibration 
absorber, a sixty-four pound iron mass placed between the 
MB exciter and the main pipe to attenuate structure vibra
tions.

Sound pressure in the main pipe was measured by a 
Model M-211 microphone manufactured by Massa Laboratories, 
Inc., Hingham, Massachusetts. The microphone was inserted 
into a hole in a slightly flattened area of the main pipe 
so that the face was flush with the inside surface of the 
pipe. Since the microphone crystals are soluble in water, 
it was necessary to cover the microphone head with a thin



rubber diaphragm« Silicone oil was placed between the
microphone and the rubber diaphragm to prevent erroneous
readings due to air being trapped between the microphone

11head and the diaphragm.
A Model M-114B Massa preamplifier with its power 

supply. Model M-116D, was utilized to deliver the micro
phone output to a Model 643 Ballantine Laboratories, Inc. 
A.C. Volts and Decibel Meter which was used for the 
measurement of sound pressure and sound pressure attenua
tion.

The system was filled with water from a glass 
drum source as indicated in Fig. 2.4.1. The filling con
nection was located at the bottom of the main pipe to help 
prevent the formation of trapped air bubbles.

The signal from microphone 1 was phase inverted 
by a Burr-Brown Model 1304 Operational Amplifier. A 
Heath Model AA-40 amplifier was used to vary the ampli
tude of the inverted signal. The inverted signal was used 
to drive a University model MM-2FUW Underwater Speaker 
which was connected to the main pipe as indicated in 
Fig. 2.4.1.

11. W. L. Rogers, "Noise Production and Damping 
in Water Piping," Transactions, American Society of Heat
ing and Air Conditioning Engineers. Vol. 62, 1956, p. 41.



CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 Pre-Test Requirements
Even though the apparatus was filled from the bot

tom, it was ascertained that air bubbles still remained in 
the system which precluded the possibility of obtaining 
reproducible data. A detergent, Kodak Photo-Flo, was 
added (one part in 200 parts water) to the water to de
crease surface tension, and data were obtained that were 
reproducible within a tolerance of about 9 percent. It 
was necessary to allow the detergent and water solution 
to stand for at least one hour prior to filling the system 
with the fluid to obtain good mixing without foaming.

The electrical equipment required a warm-up 
period of approximately thirty minutes. To insure that 
the data were reproducible, the electrical equipment was 
turned on for one hour prior to conducting experiments. 

Prior to filling the system it was necessary to 
check the rubber diaphragms over the microphone tips to 
insure that phey were intact and free of trapped air.

23
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4.2 Test Procedure

After the test equipment had been assembled, the 
test procedure for obtaining experimental data was as 
follows:

a. The oscillator amplitude control knob was 
adjusted to approximately 50% of its range and a desired 
frequency was selected.

b. The load-matching switch on the control cabi
net for the vibration exciter was placed at the position 
giving the highest rate of electrical power transfer to 
the vibration exciter for the frequency range used.

c. The amplitude control of the amplifier fol
lowing the phase inverter was set to zero.

d. The voltmeter was switched to read the out
put of microphone 2. The amplitude of the vibration ex
citer was adjusted to obtain a measureable signal on the 
voltmeter.

e. The voltmeter reading was then recorded as 
the sound pressure reading of microphone 2.

f. The amplitude control for the inverted signal 
being supplied to the feedback speaker was manually 
adjusted for maximum attenuation, as determined by the volt
meter.

g. The amplitude of the amplifier was returned
to zero.



h. The voltmeter was switched to read the output 
of microphone 1 and the value recorded.

The entire procedure was repeated for subsequent 
frequencies.

The frequency and sound pressure values for 
antinodes of the standing wave pattern were recorded for 
microphone positions 1 and 2.



CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

5.1 Experimental Results
The experimental and theoretical results are 

shown in Fig. 5.1.1 from data included in Appendix B. The 
experimentation was conducted primarily to spot-check the 
theory rather than to define precise complete experimental 
curves. The theoretical, curves are the same as those 
plotted in Fig. 2.4.2. The experimental data were con
verted to the same coordinates by plotting the voltmeter . 
readings as a percentage of the corresponding experimen
tally measured maximum pms sound pressure values (anti- 
node positions).

The experimental point for microphone 1 at 500 
cps is equal to 103% of the maximum rms sound pressure, 
and the experimentally-determined point for microphone 2 
at 410 cps is equal to 92.3% of the maximum rms sound 
pressure. These high readings are believed to be due to 
structural vibrations of the piping system, which were 
observed during testing.
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5.2 Discussion
The theory developed in Section 2.4 indicates that 

if two sound waves of equal amplitude but 180 degrees out 
of phase are combined, the result will be zero sound pres
sure.

Correlation of the experimental results and the
theoretical analysis is quite reasonable as indicated by
Fig. 5.1.1. The experimental results show that maximum 
measureable attenuation was obtained for measured signals 
at the position of the second microphone for frequencies 
in the range 410 cps to 1010 cps.

For the experimental apparatus configuration 
used there are certain frequencies as indicated by Fig.
2.4.2 and Fig. 5.1.1 at which the signal from microphone 1 
will be zero> making attenuation impossible. Ranges of 
frequencies for which attenuation is possible will fall 
between these frequencies at which nodes occur at the posi
tion of microphone 1 as indicated by the experimental
results. These frequency ranges are quite broad as shown 
and may be variedgto include all frequencies desired by 
proper positioning of microphone 1 and the feedback speaker, 
maintaining symmetry.

The experimental measurements of attenuation 
obtained arp limited by the position of microphone 2 as 
indicated by Fig. 2.4.2 and Fig, 5.1.1. At certain
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frequencies this microphone will be located at a node of 
the standing wave pattern, making attenuation measurements 
impossible. This limitation may be overcome for any 
selected frequency range by the proper positioning of micro
phone 2. Also, the strength of the signal at microphone 2 
will decrease as the frequency increases with the same 
sound source amplitude, due to increasing reflection of 
the source signal at the right angled bend.

The location of microphone 1 allowed attenuation 
for the approximate frequency ranges of 400-600 cps,
700-900 cps, 1000-1200 cps, etc. Measured attenuation was 
limited by the instrumentation and the position of micro
phone 2 to approximate frequency ranges of 100-500 cps and 
700-1050 cps. Combination of the two microphone positions 
used gave good experimental correlation between 400-500 
cps, 700-900 cps and 1010 cps.

Experimental results below 400 cps were not ob
tained due to several factors. Microphone 1 was positioned 
at a node of the standing wave at approximately 320 cps.
The signal obtained by microphone 1 must be amplified to 
drive the feedback speaker and match the amplitude of the 
sound source waves. The amplifier used distorted the sig
nal. as the amplitude was increased beyond a certain limit 
with a given input signal. The signal strength of micro
phone 1 was lower in the frequency range below 400 cps due
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to the lower rate of electrical power transmitted to the 
fluid by the vibration exciter in this range. Thus the 
signal had to be amplified more to drive the feedback 
speaker than in the higher frequency ranges and this re
sulted in signal distortion making destructive interfer
ence impossible. The phase response error of the feed
back speaker also probably becomes important at these low 
frequencies.

The rubber diaphragms used on the microphone ends 
to prevent the crystals from dissolving limited the strength 
of the measured signals and thus limited the range of the 
experimental results. Even though silicone oil was used to 
help prevent trapped air between the microphone heads and 
the diaphragm, inspections revealed that trapped air tended 
to form readily and thus limit the strength of the signals.

The lowest scale value of the voltmeter used for 
signal measurement was 0.001 volts. When the signal from 
microphone 2 was attenuated below this value, maximum 
measureable attenuation was assumed.

The accuracy of feedback phase and amplitude con
trol which is required for attaining destructive interfer
ence experimentally will now be discussed. The pressure 
level reduction in decibels equals

201og(p1/p-L-P2) (5.2.1)



For a 20 db reduction

log(pi/pi-P2 ) = 1 (5.2.2)

and

(Pl/Pl-Pg) = 10 (5.2.3 )

Therefore if a reduction of 20db or more is to be obtained

P1/P2 - l°/9 (5.2.4)

or

201og P1/p2 - 0.906 db (5.2.5)

This expression indicates that p^ must be controlled 
quite precisely in order to realize useful attenuation by 
destructive interference.

In addition to amplitude control of P2, it is 
obvious that a small phase variation from the inverted 
condition can result in more than a one decibel difference 
between the amplitudes of p^ and pg at any given positions, 
thus affecting resulting attenuation.

Construction of microphones and speakers with 
zero phase response error is difficult for physically 
realizable systems since there must be a finite separation 
of transducers. This separation places limitations on the 
phase difference and particularly limits the area over



1 pwhich a given amount of noise reduction will occur. It 
is felt that the phase response error of the feedback 
speaker for frequencies below 300 cps was probably respon 
sible for a large part of the lack of experimental checks 
of the theory in this range.

12. M. E. Hawley, "Acoustic Interference for
Corp Y  T 3Noise Control,n Noise Control, Vol. 2, No. 2, March 1956,



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
A theoretical analysis and experimental check 

were made to determine the feasibility of attenuation of 
fluid pressure pulses in a duct by means of phase inver
sion (destructive interference).

The theoretical analysis predicted that intro
duction of a phase inverted signal of equal amplitude at 
the same frequency could result in zero sound pressure 
within the duct. Experimental results substantiated the 
theory for measureable sound pressures in frequency 
ranges determined by the positions of the microphones and 
the acoustic impedance characteristics of the downstream 
system. The experimental results also demonstrated that 
the source of the phase inverted signal for the feedback 
system could be the original sound source signal provided 
that the positions of measurement of the signal and the 
feedback speaker are symmetrical with respect to the re
mainder of the system.

Therefore an active, phase inverting, feedback 
system can be used to attenuate fluid pressure pulses in a
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duct. However, the frequency range for positive results 
with this device is dependent upon the position of the 
microphone for the measurement of the feedback signal.
This position, in conjunction with the feedback speaker 
position (maintaining symmetry), must be varied for par
ticular noise source frequencies and particular downstream 
impedance characteristics.

6.2 Recommendations
Areas for further study in this field include:
a. Use of this system to estimate the sound 

pressure level output of an unknown source 
(an acoustic bridge).

b. Use of this technique with a pump and moving 
liquid.

c. Economic feasibility study of this technique 
for a pump system.

d. Possible use of this technique in gas-flow 
systems such as air conditioning ductwork 
carrying fan noise.

e. Possible use where certain randomness in 
amplitude and phase may be present.

f . Make the feedback system amplitude control 
automatic.

g. Possible use of feedback and phase inversion 
accomplished without electronics.
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APPENDIX A

SYMBOLS

Symbol Quantity
A Amplitude
B Bulk modulus. Amplitude
c Velocity of sound
C Amplitude

ei Input voltage

eo Output voltage

eg Grid voltage
€ Displacement
F Force

Grid current
k Wavelength constant = w/c
P Acoustic pressure = p - p

Pi Incident pressure

Pr Reflected pressure

Pt Transmitted pressure
P Instantaneous pressure

po Equilibrium pressure

P Instantaneous density

p o Equilibrium density
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APPENDIX A
(Continued)

Symbol Quantity
rms Root mean square (time average value)
R Electrical resistance
s Condensation = (P-p0)/p0
S Cross-sectional area
t Time
V Volume
w Frequency
X Wavelength = £•
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APPENDIX B

DATA

Fre- Microphone Microphone Measureable Microphone
quency 2__________ 2*______________  Attenuation 1_________ _
410 0.00266 v Less than O.OOlv Maximum 0.00220 v
420 0.00213 v " " " " 0.00232 v
430 0.00160 v " " " n 0.00236 v

480 0.00125 v Less than O.OOlv Maximum 0.00310 v
490 0.00120 v " " » " 0.00330 v
500 0.00115 v " 11 w ft 0.00340 v

770 0.00150 v Less than O.OOlv Maximum 0.00820 v
890 0.00165 v " " " " 0.00615 v

1010 0.00140 v " " " w 0.00430 v

* After introduction of phase inverted signal 
(destructive interference).
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APPENDIX B
(Continued)

Ere- Microphone 1 Microphone 2 Mic. 1, % Mic. 2, %
ouencv Antinodes Antinodes of Antinode of Antinode
290 0.00288 v
485 0.00330 v
810 0.00870 v
870 0.00170 v

1130 0.01100 v

410 66.7 92.3
420 70.3 74.0
430 71.5 55.6

480 94.0 43.4
490 100.0 41.7
500 103.0 39.9

770 94.2 88.2
890 70.7 97.0

1010 39.1 82.2
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