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ABSTRACT 

A method of determining sound absorption coefficients of underwater 

sound absorbing materials is presented applying reverberation techniques 

similar to those employed in air. 

Reverberation measurements at frequencies of 10-100 KC were made in 

a small tank. Decay rates from 55-25,000 db/sec were observed under vari­

ous conditions of tank linings. These decay rates corroborate C. Fo Eyring's 

model of the phenomena of reverberation as opposed to W. C. Sabine's in 

that they lead to values of Sabine's coefficient greater than one (up to 

2.56) when the tank was fully lined with a highly absorbent material. 

Sabine defined a coefficient of one for a perfect absorber, such as an 

open window. 

A technique was developed capable of measuring decay rates up to 

200,000 db/sec over a limited range of 50 db. Diffusion was obtained by 

use of a filtered noise source and a suspended air filled balloon» while 

problems involving methods of averaging coefficients were avoided by 

treating all surfaces completely with the same absorbent material. 

Measurement of power through decay rates as proposed by R. W. Young 

was accomplished and results were compared with those obtained using 

pulse technique, no consistent agreement could be found. 

The writers wish to express their appreciation for the assistance and 

encouragement given them in this investigation by Professor L. E. Kinsler 

of the U. S. Naval Postgraduate School. This investigation was carried out 

under the sponsorship of the Office of Naval Research. The work was con­

ducted entirely at the U. S. Naval Postgraduate School, Monterey, California. 
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SYHBOLS 

a Sabine absorption coefficient of a material 

a Average Sabine coefficient of an enclosure 

o( Randon energy absorption coefficient of a material 

~ Average energy absorption coefficient of an enclos ur e 

c Speed of sound 

D Decay rate in decibels per second 

db Decibe l s 

( E ) Average energy density 

e 2.7 1828 .•. 

ln Natural logarithm (to base c) 

m Meter 

n Newton 

p Sound pressure (rms) 

p Density 

R Reflectivity, the ratio of energy ref l ected to that incident 

S Surface area 

t Time 

T Rever~eration time 

V Volume of enclosure 

W Power output of a transducer 

v 



1. introduction. 

The deterrr.inat ion of absorption coefficients of .UC(•ust.ic-11 matert-

als has attracted considerable interest and effort ovrr th~ years. In 

spite of the wealth of talent applied to this problem~ both in theory and 

practice, man~ c,),.t.: l L. .. ts r.::main unreso 1\-C:·::. 

The sound absorption coefficients as published in Acoustical Materi­

als Association Bulletin1 are based upon W. C. Sabine 9 s theory2 ~ 3 • :V1any 

materials listed therein have a Sabine coefficient of C.99 but non~ ar~ 

4 
shm·m greater than unity, a value which C. F . Eyring indicates corresponds 

to a true absorption coefficient of only 0.63. 

Recently R. W. Young5 published a review article in thi.s field whic'!-1 

proposed modifications to present engineering practice. The pape~ also 

presented a method for determining sound power output of a transducer by 

measurement of a decay rate, a steady state sound pressure> and an average 

1sound Absorption Coefficients of Archit ectural Acot~.stical Hateri·1ls, 
Acoustical Materials A•;sociation, Bulletin XXI; A. J .A. Nc. 39=b, 1961. 

2r. E. Sabine, The Measurement of Sound Absorption Coefficients, J.F.l.~ 
207, pp. 342-3!+4, Mar., 1929. 

3Tentative Hethod of Test for Sound Absorption of Acoustical ~1ateri,!lls 
in Reverberation Rooms, ASTM Designation: C 423 - 60 T, 1960 Supple 
ment to Book of ASTM Standards, Part 5, American Society for Testing 
Materials, 1960. 

I 4
C. F. Eyring, Reverberation Time in ''Dead" Rooms~ J.A.S.A., 1, pp. 217-
235, Jan., 1930. 

5R. W. Young, Sabine Reverberation Equation end Sound Power Calculsti~rs, 
J.A.S.A., 31, pp. 912-921, July, 1959. 
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absorption coefficient in the enclosure under consideration. 

The purpose of this investigation is (a) to test the correctness of 

Eyring's theory by measuring Sabine absorption coefficients for a highly 

absorbent material, (b) to adapt reverberation techniques for determination 

of sound absorption coefficients to water, and (c) to test the usefulness 

of Young's theory on power measurementsq 

2 



2. Background. 

W. C. Sabine recognized that the validity of his empirical reverbera-

tion equation, 

(1) 

was dependent upon: (1) the duration of audibility being nearly the same 

everywhere in an auditorium, (2) the duration of audibility being nearly 

independent of the position of the source, and (3) the efficiency of an 

absorbent in reducing the duration of audibility being nearly independent 

f 
. . . 6 o 1ts pos1t1on. 

7 P. M. Morse and R. H. Bolt give a very good summary of the classical 

kinetic theory derivation of Sabine's empirical equation. It is based up-

on three as sumptions: (1) a diffuse sound field is present at a ll times, 

(2) there is an equal probability of propagation of sound in all directions) 

and (3) the absorption of sound at the boundaries is continuous . These 

three conditions give rise to a differential equation with regard to the 

conservation of energy, 

[
Rate of in:rease J = 
of energy 1n room [

Rate of emission of] [Rat e of absorption J 
energy from source of energy of walls. (2) 

Let (E) be the energy density, V the volume of the enclosure, and W the 

power output of the source, then 

V d (E) 

dt 
= rate of increase of energy. 

The rate at \vhich energy strikes a unit area is (E) • c/4 as obtained by 

6
P. M. Morse and R. H. Bolt, Sound Waves in Rooms, Rev. Mod. Phy. 1 16, 
p. 76, Jan., 1944. 

7Ib1"d. 76 78 pp. - • 
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calculating the fraction of energy whi ch falls on a unit area per second 

from a single directi on , and t hen integrating this over all angles of in-

cidence. The rate of absorption of the walls becomes 

< E > c - S ----sQ 
4 

with a defined as the average absorption coefficient of the surface area S. 

(Sabine defined an open window as a perfect absorber wit h a~l.). The 

differential equation (2) becomes 

V d < E> = 
dt 

W- (E>c.a.S 
4 

The solution for this equation when the source is turned off at t=O is 

ZE>:: 4 W 
c 0. s 

-(ca.S)t 
. e 4V 

(3) 

(4) 

The accepted usage in architectural acoustics in speaking of the energy 

density transient is reverberation time, that time requi red for t he energy 

-6 
to fall to 10 of its initial value. 

T = 4 V ~m 10-b = 
(Q 5 

KV 
CiS 

which is the same equation as determined empirically by Sabine. It is 

(5) 

simpler and more meaningful,however,to work with decay rate~~ and these 

wil l be used in this paper. Equation (5) then take s the form 

0 ~ ~o db 
T (.!.lee) 

1.086 ca.S 
v (6) 

Eyring produced the first important modification to Sabine's equatiAn 

by replacing the assumption of continuous absorption by discont i nuous drops 

in the intensity after every reflection. His derivation was very succintly 

4 



explained by R. F. Norris
8

• The resulting equation is 

or 

T= KV 

D :: -I. 02>6 (_ s ~ ( I - ;;z) 

v 

(7) 

(8) 

The quantity ln(l-~) leads correctly to T=O for a perfectly absorbent 

enclosure ( ~ =1), while Sabine's equation for a=l reduce s on l y to 

T:. KV 
s 

Eyring's formula makes use of an average absorption coe ffi cien t 

eX = 

and works quite well when the ~~ are nearly equal. 

(9) 

When the o<.;. vary widely, however, Eyring's equation become s erroneous. 

9 10 G. Millington and W. J. Set te proposed a geometric averaging scheme to 

alleviate the problem of averaging dissimilar coefficient s . Their equation 

is in the form 

T KV (10) :: 

8
R. F. Norris, A Deriva tion of the Reve rberat ion Formula, Appendix II 
in Architectural Acoustics by V. 0. Knudsen, John Wi l ey & Sons, Inc., 
1932 . 

9c. Millington, A Modified Formula fo r Reve rbera t ion, J.A.S . A., 4, pp. 
69-82, July, 1932. 

10 
W. J. Sette, A New Reve rbera tion Time Formu l a, J.A.S . A., 4 9 pp. 193-

210, Jan., 1933. 
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which is merely Sabine's equation \vith a.=ln(l-o<.). 
1 1 

This equation fal l s 

into trouble by predicting T=O vThen there is a patch of perfectly absorh-

ing material, no matter how small. 11 As V. 0, Knudsen says, ''The approxi-

mate theories, when used with caution and understanding, have served satis-

factorily for practical purposes of acoustical designing, and they wi ll 

continue to do so until they are superseded by more exact theories." 

The :nore complex acoustical wave theory as presented by such individuals 

as ~. V. 
12 13 

Hunt, L. L. Beranek, and D. Y. Maa and P. M. Morse and R. H. Bolt 

he s cleared up many of the problems in room acoustics raised in the various 

geometric theories. This paper deals with the geometric theory as it is 

felt that the limitations imposed upon its use for sign ificant results are 

not severely restrictive in application to underwater work . A uniform cover-

age of a regularly constructed test tank very closely simulates the actual 

conditions under which the material will be employed. A diffuse sound field, 

as defined by equal probability of propagation in all directions and equal 

intensity levels at all locations, was not difficult to obtain at frequencies 

less than 25 KC by making use of a filtered noise signal. 

It is becoming increasingly difficult to measure the ch~racterLstics of 

the larger and lower frequency transducers in the test ta nks designed for 

the higher frequencies of the past. 14 
Young presents three different forms 

11 
V. 0. Knudsen, Recent Developments in Architectural Acoustics, Rev. 

Mod. Phys., 6, p. 3, Jan., 1934. 

12
F. V. Hunt, L. L. Beranek, and D. Y. Maa, Analysis of Sound Decay in 

Rectangular Rooms, J.A.S.A., 11, pp. 80-94, July, 1939. 
v 

13
P. M. Morse and R. H. Bo lt, ££• cit. pp. 81-146. 

14 
R. W. Young, ££• cit. pp. 916-917. 
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of power equations to obtain sound power output of a transducer by measure-

ment of a decay rate, a steady state sound pressure~ and an average absorp-

tion coefficient in the enclosure under consideration. One form, suitable 

for use in a reverberant enclosure, may be obtained by operating on the 

differential equation of conservation of energy in the following manner. 

The solution for equation (3) for the source turned on at t=O and run for 

a "long" time is 

< E> = 
4W 
ca.S 

Th 1 1 . h. 15 b h . d d d e genera re at~ons ~p etween t e t~me an space average. soun 

2 
energy density and squared sound pressure p is 

pc 2 

Equating (1 1) and (12) produces 

W= 

which is a good approximation for finding the power output of a trans-

ducer in a reverberant enclosure. A more versat ile form of t he power 

equation developed by Young is 

w = :r} V D ·[ 1 e-CL J 
4.34pc2 

Q 

h 
2

· h d · h 1 v· h w ere p ts t e average square pressure 1n t e enc osure , ts t e 

(11) 

(12) 

( 13) 

(14) 

vo l ume, D is the measured decay rate, a is the average Sabine coefficient, 

15
P. M. Morse, Vibration and Sound, p. 384~ McGraw-Hill Book Co., 
1948. 
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f is the densit y of the medium ~ and c is the sound velocity of the 

medium. This equation is based upon a discontinuous process of energy 

density decay and is relatively free from theoretical uncertainties as 

the quantity in the brackets does not change rapidly with the amount of 

absorption present. Its derivation follows: 

< E >: 4W 
cot- s (15) 

f d . t . 1 . d by s b. 16 
or a tscon tnuous process as exp atne a tne • Equating (12) and 

{15) yields 

w :: 
2- 5 -p c{ 

4pc 
which is the thi~d form of the power equation presented by Young. The 

same restrictions must be applied to equation (16) as to equation (8). 

Now using the relationship 

-a.. 
e 

and equation (6) to substitute into equation (16) gives 

16 

w = p2 v D 2. ·I 
4.34pc '-

R. W. Young, ££• cit. p. 916. 

8 
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3. Desc ription of Tank and Lining Materia 1. 

A sma 11 free standing tank (1. 8 x 1. 2 x 0. 6 meters) 'tvas used in 

making the reverberation measurements. It was constructed from O.C04 meter 

thick "black iron" sheeting and set upon 0.02 meter thick rubber blocks 

atop 0.15 meter wooden blocks. 

An unlined tank, its interior painted with a glossy enamel paint, 

was first investigated. The second condi~ion under which the tank was 

studied was with it fully lined, including the surface,with a cone latt ice 

d 1 . 1 d d b 1 bb 1 . . 17 structure a um~num oa e uty ru er ~n~ng. The lining was composed 

of 0.2 x 0.4 meter blocks which were laid on the floor, stacked tight 

against the walls and suspended from a framework over the surface. The 

surface blocks were barely covered 'tvith 'tvater. Figure 1 presents typical 

views of the cone lattice structured material. A. Heller
18 

indicates an 

average reflectivity in db for the frequencies studied in this report. 

They are as follows: 

Freq. (KC) 20 50 100 

R (db) -21 -24.5 -24 

These values were obtained by pulse technique from samples attached to a 

0.003 meter brass plate, backed by corprene, and suspended 0.5 meter below 

the surface of the test tank. An absorption coefficient for the respective 

17A. Heller, Underwater Anechoic Tank Linings, NAVORD Report 2989 
(Confidential), U. S. Naval Ordnance Laboratory, White Oak, Mary­
land, pp. 19-22, 10 Nov., 1953. 

18 Ibid. p. 76. 
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reflectivity figutes a:re determined from the eq1Jatim.1
19 

o( = I - Joj,:'(fo) 
The absorption coefficients were calculated to be 

Freq. (KC) 

o{ 

20 

0.992 

50 

0.996 

100 

The third condition under which the tank was examined was with the cone 

lattice structured material mounted backwards, i.e., cones facing the 

tank wallso This presented an intermediate state between the reverberant 

unlined tank and the tank containing the absorbent material installed as 

intended. No reflectivity figures were available for the mat~rial S~~..> utili-

zed. 

19rbid. p. 32. 
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4. Description of Equipment. 

The equipment used for producing and receivi.ng a gated narrow band 

noise signal to measure the decay rate of the tank is illustrated in 

Figure 2. 

The low level noise signal was filtered to ±5% of center frequency; 

th~n switched on and off at the fastest rate allowable for full build up 

and decay of the sound field. The low level gated signal was then ampli­

fied and transrnitted into the water by an LC 32 hydrophone. The receiving 

portion of the equipment consisted of another LC 32 hydrophone followed by 

a low level amplifier, a band pass filter, a logaritmnic amplifier, and a 

"Memo-scope". The vertical amplifier of the "Memo-scope" was calibrated 

in db to facilitate :reading the decay rate in db/sec. The "Memo-scope's" 

storage facility 'Vlas extremely useful in allowing the integrating effect 

of repeated sweeps even at low repetition rates of one per second. Photo­

graphs were taken to preserve data. A square wave generator was used to 

actuate the electronic switch and to synchronize the various oscilloscope 

presentations. A dual trace oscilloscope monitored the input and output 

signals for detection of distortion . An ellipsoid shaped ballon (0.17 x 

0.25 meter) located in the center of the tank provided diffusion of the 

sound field. Tlis arrangement was capable of working with a decay rate 

as high as 200,000 db/sec. The signal-to-noise ratio, however, was limit­

ed to 50 db by the logarithmic amplifier. 

The same equipment \V'BS employed in making power output measurements 

cx·cept that a con.tinuous signal instead of a gated signal was used. 

11 



5. Measurements. 

A filtered no ise signal was selected to diminish the prohlern of 

standing waves. Measurements made in an unlined tank indicate .an approxi­

mated 25 db reduction of SWR to less than two db with the use of a± 5% 

of center frequency filtered noise signal as compared with a sine wave 

signal. 

An air filled balloon was suspended in the tank to aid in diffusion 

of the sound field at higher frequencies. It allowed a more effective 

use of the receiving equipment when it was placed between the transmit= 

ting and receiving hydrophones by blocking the direct sound field, thus 

eliminating the initial 10 to 15 db drop in signal due to cessation of the 

direct signal when operating with a highly absorbent lining~ Decay rates 

measured in an unlined tank with and without the balloon indicate that it 

contributed about 50 db/sec which was negli.gible compared with 9,000 to 

25,000 db/sec decay rates obtained with a highly absorbent lining. 

The tank lining conditions were kept uniform, i.eG completely unlined} 

fully lined with cone lattice structured material facing in~ or fully lined 

vdth the flat base of the cone lattice structured material facing in. Prob­

lems Jf fringe and location effects of small samples and of hot.: to average 

the absorption coefficients were therefore ruled out. All of these effects 

were observed during preliminary work. 

All equipment was checked out and calibrated as required before the 

experimenta l work commenced. Periodic checks were made throughout the ex­

periment and upon completion of the work to insure uniform performance of 

the equipment. 

Care was exercised to insure that the signals operated on were free 

from distortion and of a linear nature, i.e. a two db increase in input 

voltage produced a two db increase in received voltage. 

12 



The frequency content of the input and received signa ls as analyzed 

with a 1/3 octave spectrometer were identical within one db . 

An error in measuring a filtered noise signal was minimi zed by 

employing the same technique for both the input voltage and the out put 

vo l tage used for pressure determination. 

Transducer output efficiences were used for comparison r a ther than 

power output measurements in order to eliminate any error caused by dif­

ferences between the types of signal employed in pulse measurements and 

reverberation measurements. The same power input l eve l was maintained i n 

both cases . 

13 



6. Results. 

Photographs were taken of the decay rates of an unlined tank and 

the lined tank with and without the balloon. See Figures 3,4, and 5. 

The decay rates observed for three conditions of lining are shown in Table 

1. 

Table 1 

DECAY RATES OBSERVED FOR VARIOUS TANK LININGS 

Freq. Unlined Flat Lining Cone Structured Lining 
(with balloon) (with ba !loon) 

10 KC 55 db/sec 7,000 db/sec 8,000 db/sec 

20 60 8,000 14,300 

50 87 14,300 22,200 

100 111 16,200 25,000 

A sample calculation is made for the Sabine coefficient and absorp-

tion coefficient at 50 KC for the tank lined with the cone structured 

material installed as intended and with the balloon suspended in the tank. 

2 3 
Surface area= 8.14 m. Volume= 1.34 m. Sabine's coefficient is ob-

tained from equation (6): D: I.086cO..S 
v 

- DV a.=----
1.08b c. s 

: 2. 2 1000 X I. '3 4 -::.. 
1.08(o)( 1.~8X 103 X 8.14 

2.28 

The absorption coefficient as advanced by Eyring is computed from equa-

tion (8): D=- -I.086c5~(1-.;z) 
v 

j/y\.(1-~); -0.. 

-
-0-

~::\-e ~ 

The Sabine coefficients (a) and absorption coefficients (;{) for 

the decay rates observed in Table 1 are presented in Table 2. 

14 



T.:1ble: 2 

SABINE COEFFICIENTS AND ABSORPTION COEFFICIENTS 
AS MEASURED BY REVERBERATION TECHNIQUE 

Freq. Unlined Flat Lining Cone Structured Lining 

KC a 0( a oi.. a ~ 

10 0.00565 0.00565 0.72 0.513 0.82 0.56 

20 0.00615 0.00615 0.82 0.56 L47 0.77 

50 0.0089 0.0089 1.47 0.77 2.28 0.898 

100 0.0113 0.0114 1.66 0.81 2.56 Oo926 

The transducer efficiency at SO KC in an unlined tank '"as computed u~-

ing transducer output power from equation (14): 

vJ = -f2. V D 
2 
J 1 _ e -c.. ] 

4.34pc L Ow 
2 

Where p=87 n/m (obtained from the open circuit voltage reading of the 

calibrated receiving hydrophone), V=l.34 m3, fc
2
=2.185 x 109 kilogram/ 

2 
meter-sec , D=87 db/sec from Table 1, and a~0 .0089 from Table 2. Substitt-

t ion .Jf the above values gives 

. [o.oo8l ] : 9.2 8 x ,0 -s- wo..tts 
[ o.oo 87 

The power into the transducer was computed from the voltage input (2.44 

volts rms) and parallel resistance of the hydrophone from Table 5. 

L ~ 3 
w,Yl = L - 2 .44 

3 
~ 3. 8 2 x 1 o- w o.. tts 

R - I.SbXIO 

The efficiency calculation is as follows: 

-s 
~. 2 SXIO_ X \00% = 2~43% 
3.B2 xI D 3 

as compared with 24.6% obtained by pulse technique for 50 KC. See Appen-

dix I for the calculation of this figure. The transducer efficiencies as 

15 



determined by Young's theory for the three different tank conditions are 

compared in Table 3 with the efficiencies obtained by pulse technique. 

Freq. Pulse Tech. 

10 KC 8. 5% 

20 27.2 

so 24.6 

100 2G3 

Table 3 

TRANSDUCER EFFICIENCIES 

Unlined 

1.14% 

6.55 

2.43 

2.39 

16 

Flat Lining 

0.477% 

4.72 

0.562 

0.778 

Cone Struct. Lining 

0.234% 

0.171 

0.302 

0.662 



7. Conclusions. 

The use of the "Hemo-scope" for reading decay rates proved to be a 

very versatile method since it allowed long integration times for s.moother 

results . It was not limited by a mechanical writing speed. A conserva-

tive estimate of 200,000 db/sec as an upper response limit was set only 

by the characteristics of the preceding electronic equipmento Preserva-

tion of results was possible by the taking of Polaroid photographs of the 

"Memo-scope" presentation. 

Table 4 presents a comparison of values of absorption coefficients 

of the cone structured material as determined from Eyring's reverberation 

formula, by pulse technique (See Appendix II), and from Heller's published 

in format ion . 

Table 4 

ABSORPTION COEFFICIENTS OF COI~ STRUCTURED MA1ERIAL 

Freq. (KC) Q( (reverb.) oJ.. !pulse) o(. (pub) 

10 0 . 56 0.782-0.945 

20 0.77 0.710-0.927 0.992 

so 0.898 0.796-0.946 0.996 

100 0.926 0.961-0.999 0.996 

In compari.ng the values of Co( obtained by the reverberat icn tech-

nique wi.th those obtained by the pulse technique it should be remembered 

-that Cl((reverb.) is an "average" absorption coefficient for random angles 

of incidence, while o((pulse) is for normal incidence Appendix II points 

out that the values of O((pulse) are rather crude and should be used only 

in comparison of the order of magnitude of o( • A correction for scat-

tering was not measured on the samples used but typical values were ex= 

-tracted from Heller's work. The discrepancy between ot(reverb.) and 

17 



~(pub.) may be accounted for by variations bet~een samples (including 

films which may have formed on their surfaces), by variation in mounting 

conditions, or by variation in the water used. cZ (pub.) was based on 

Heller's assumption of axial symmetry. This assumption is not valid in 

that the geometry of the cone lattice structure is not axially synmetric. 

Furthermore, Heller's sample was rectangular rather than circular which 

would also disturb the symmetry of Fresnel diffractions 20 . See Figure 8 

for the geometry of Fresnel half period zones. In view of the above, 

the disagreement with o((pub.) does not impair the validity of the re-

suits of this investigation. 

The significant information to be taken from Table 4 is that many 

values of oZ (reverb.) are greater than 0.63 (Sabine coefficient value of 

unity). Sabine absorption coefficient values up to 2.56 were consistently 

obtained in the work performed, thus substantiating Eyring's theory. The 

authors question the disproportionately large number of materials listed 

b~, the Acoustical Material Association Bulletin to have a Sabine coeffi-

cient of 0.99. It is believed that many of these must have been measured as 

greater than unity and reduced out of deference to Sabine's postulated 

limit. 

The reverberation techniques developed in air appear feasible for 

use in water for measuring absorption coefficients. A smal l tank may be 

used, thus allowing complete coverage of all surfaces by the material to 

be tested, thereby eliminating any problem of averaging absorption co-

efficients. The complete coverage of the tank simu l ates the conditions 

20 F. A. Jenkins and H. E. White, Fundamentals of Optics, pp. 349-
353, McGraw-Hill Book Co., 1950. 
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under which the material will actually be used. This method also offers 

an important consideration when testing materials under pressure in that 

the hydrophones do not have to be positioned to measure specular reflec­

tions. This rules out the need for piercing the pressure chamber for 

mechanical positioning devices. 

Young's theory presented a most promising method of meeting the more 

strenuous demands of low frequency measurements in test tanks designed 

for sonar frequencies of the past. In an unlined tank all the conditions 

assumed by Young for power measurements were present, yet even in this 

instance there was no correlation with the results obtained by pul se 

technique. Furthermore, the results obtained under various conditions 

of tank lining were not consistent (See Table 3). This theory was 

assiduously investigated, but within the time available satisfactory 

results were unobtainable. 
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APPENDIX I 

HYDROPHONE CALIBRATION 

Atlantic Research Corporation hydrophones, Model LC 32, were used 

throughout. The receiving hydrophone was calibrated by the application 

of pulse technique and the electro-acoustic reciprocity theorem. The 

open circuit receiving response obtained in db reference one volt/~ bar 

was: 

Freq. (KC) 10 20 so 100 

db -104.4 -105.9 -105.4 -107.8 

The parallel a.c. resistance values measured are listed in Table 5 

for the various frequencies and tank conditions. 

Table 5 

HYDROPHONE RESISTANCE MEASUREMENTS 

Freq. Unlined Flat Lining Cone Structured Lining 

10 KC 39 K 34.4 K 35 K 

20 16.3 14.4 12.5 

50 1. 56 1. 93 1. 79 

100 1. 41 I. 57 1. 28 

The calculation of the transducer efficiency using pulse technique 

was as fo llm.'lls: 
2 

For a spherical wave the Intensity= p lp c. Integrat-

ing this over the surface of a sphere with the source at the center will 

give the power output. See Figure ~ for the geometry of the integration 

required. Cylindrical synnnetry exists with the LC 32 hydrophone. The 

pressure measured at an angle 9 from the axis of the transducer will ex-

ist at all points at that distance and ang le, making a band of width rd9 

and circumference 2~rsin9. Multiplying this element of area dA=2nr
2

sin9d9 

by the intensity present along it and integrating over e from 0° to 180° 
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gives the power output 
180

a 

w =- 2 rr JL 
2

[ f '"£ ..6 L. n 0 d e 
pc 

0 

The transmitting transducer was rotated and pressure was measured with 

the calibrated hydrophone every 10° at a distance of one meter. The 

directivity patterns obtained are plotted in Figures 8,9, 10, and 11. 

The pressure was averaged over 10° increments for output power calculations, 

so chosen to give a reasonable degree of accuracy. The integral may be 

approximated ,in the following manner: 
180 n 

[-1\0(N.; j 

l\O(ro+ll 

[ -F '..6w e do -:= ~ C OJ.) (9 

{)1 : d - 10M 
0 

C) cos 
2 2 Increment 91 - cos 92 p(n/m ) -p (cos e - cos 92) 1 

0-10 -0.015 7.4 0.82 

10-20 -0.045 7.4 2.46 

20-30 -0.074 6.6 3.22 

30-40 -0.1 4.72 2.23 

40-50 -0.123 2.82 0.98 

50-60 -0.143 3.98 2.26 

60-70 -0.158 6.3 6.27 

70-SO -0.168 8.4 11.85 

80-90 -0.174 12.6 27.6 

90-100 -0.174 14.4 36.1 

100-110 -0.168 14.5 35.4 

110-120 -0.158 13.8 30. 1 

120-130 -0.143 11.9 20.2 

130-140 -0.123 8.9 9.72 

140-150 -0.1 5.95 3.54 
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Increment C) 

150-160 -0.074 4.3 1. 37 

160-170 -0.045 2.82 0.36 

170-180 -0.015 2.11 0.07 

194.55 

The power into the transducer was computed from the voltage input (2.44 

volts rms) and the parallel resistance of the hydrophone from Table 5. 

w,i, = 
') 4LL-; 
.... . ' 

1.79XI03 

The efficiency calculation is 

-"3 w 0.. t t 5 ~ 3. ~ 5 X I 0 

A tabulation of transducer output efficiency follows: 

Freq. (KC) 10 20 so 100 

' % 
8.5 27.2 24.6 2.3 
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APPE'DI'< II 

ABSGRPTION COEFFICIENT BY PULSE TECHNIQUE 

The following technique was employed to secure an absorption co-

efficient by pulse technique. See Figure 1~ for a b l ock diagram of the 

equipment used. The reflectivity ratios measured were 

Freq. (KC) 10 20 so 100 

R (db) -9.62 -8.38 -8.66 -21.12 n 

The results are r~ther crude but they give a working value. He llei. 
21 

indicates that the normal reflection coefficient for the cone structured 

mater ial is not the peak reflection coefficient but may be in error by 

m2ny db . A table of corrections for scattering , based on Heller's work, 

2 2 
fo lloHs 

Freq. (KC) 10 20 so 100 

3 4 5 7 

These correct ions were applied to the R measured and the resulting re­
n 

f lectivity figures were then converted to absorp tion coefficients by 

the equation 

d...= I 

A tabulation of the absorption coefficients achieved is 

Freq. (KC) 10 20 so 100 

0.782-0.945 0.710-0.927 0. 796-0 .946 0.961-0.999 

2lA. Heller, .2E· cit. p. 69. 

?? 
-·-A. '1eller, 2£· cit. p. 76. 
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a. 

b. 

50 KC 

20 KC 

c. 

d. 

Scale: 

Vertical: 5 db/division 
Horizontal: .1 sec/division 

Fi.gure 3 

10 KC 

100 KC 

Photographs of Decay Rntes in an Unlined Tonk 
(no balloon) 
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a. 

b. 

20 KC - No balloon. c. • 

2 0 KC - l.Ji t h ba 11 oo n . d. 

Sc-ale~ 

Vertical: 5 db/ division 
Horizontal: .5 msec/division 

Figure 4 

10 KC - No balloon. 

10 KC - Hith balloon. 

Photographs of Decay Rates with Flat Lining in the Tank 
(10 KC and 20 KC) 



a. 

b. 

100 KC - No balloon. c. so KC - No balloon. 

100 KC - Hith balloon. d. so KC - iHth balloon. 

Scale: 

Vert ica 1: s db/division 
Horizontal: .5 msec/division 

Figure 5 

Photographs of Decay Rates with Flat Lining in the Tank 
(50 KC and 100 KC) 

JO 



a. 

b. 

20 KC - No balloon. c. 

20 KC - l.Jith balloon. d. 

Scale: 

Vertical: 5 db/division 
Horizontal:.S msec/division 

Figure 6 

10 KC - No balloon. 

10 KC - Hit h ba 11 :)On. 

Photographs of Decay Rates with Cone Lattice Structured 
Lining in the Tank (10 KC and 20 KC) 
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a. 

b. 

100 KC - No balloon. c. 50 KC ~ No balloon . 

100 KC - With balloon. d. 50 KC - \Hth balloon. 

Scale: 

Vertical: 5 db/division 
Horizontal: .5 msec/division 

Figure 7 

Photographs of Decay Rates with Cone Lattice Structured 
Lining in the Tank (SO KC and 100 KC) 
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.b p = pr - P = )\ P = 1.25 m. 
2 

At 50 KC bP = 0.0148 m., P1 = 1.264 m., and a= 0.09 .m.' for 180° 

pha~e shift with respect to reflection on the axis·. 

Note: The s~mple dimensions are those of Heller's work. His 

reflection measurements \>J"ere obtained by swinging the 

·"" 

receiving hydrophone in an arc about 0 in the AA 1 and BB' 

planes. 

Figure 8 

Geometry of Destructive Interference Patterns in Pulse 
Techniq-q.e Heasurements 
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Figure 9 

Geometry of Integration for Power Heasurement by Pulse Technique 
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Figure 10 

Directivity Pattern of LC 32 Hydrophone at 10 KC 
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Figure 11 

Directivity Pattern of 1C 32 Hydrophone at 2o KC 
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Figure 12 r : . 
I 

Directivity Pattern of LC 32 Hydrophone at 50 KC 
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Figure 13 

Directivity Pattern of LC 32 Hydrophone at 100 KC 
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