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ABSTRACT

— e

The scund preesurs distribution directly beneath & ship-mounted
gource has been investigated, snd over 200 experimental recordes have
bsen made, in summer and in winter, at various frequenciss from 5€ ops
to 2000 ops, and at various loocations in the Potomsoc River ares. The
teohnigue snd the enalysis are of general applicability, and most of
the findings are believed to be typloal.

st S

Real snd imaginary components of the bottom impedance were deter-
mined by ccmparison of the experimental records with plotted curves,
computed in accordance with & theoretical analysis. The results show
that "free-boundary” reflection of sound pressure waves, with attenua- : !
tion of about 8 db per reflection, ig characteristio of most of the l
Potomse River bottom wud in summer. Limited areas near the river mouth,
where the bottom is hard sandy mud, gave records showing “rigid-boundﬁ:y" .
refleotion of sound pressure wavos. In moat locations the winter records
showed much greater attenuation per reflection than the summer Trecords,

e e A, B g R =2

and the character of the reflection changed {rom "free-boundary” in sum- 3
mar, to "4raneitional” in winter. 3
i

The applicationa of thees results to the design of accustic mines !

and Lo the experimental study of ship noises or scoustic mineswesping | §
dovices are discussed. | §
| §
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1. INTRODUCTION :

1. The distribution of sound pressures to be expacted between
a ship-mounted source and the ses bottom ls an important aspect of
the general problem of the propagation of sound in water. Incressed
understanding of the vertioal distribution of sound pressure should
be of value for studies of ship noise and should facilitate the design
of scoustio mines mnd of the means for sweeping them.

2. An experimental investigation of the sound pressure distribu-
tion,and of the impedance of the bottom, directly beneath a ship-
mounted source ls described in thic report. The technique and the
analysis are of general spplicability and moet of the findings ars be-
lisved to be typical, although the aotual experimental results were all
obtained in the Potomao River arsa. Date were obtained at lrequenciles
as low as 56 cps and as high es 2000 eps, although most of the records
were made at freguenclies in the range 100 ops through 750 cpe. Exten-
sioe of the results described in this report is expsoted from addition-
\ &l experiments now in progress. Other aspects of the propagation of
i low frequenocy sound in weter, illustrated by range run recordings, will {
be coneidered in a report now in preparation. \

bt s o - R Ty

I1. EXPERIMENTAL PROCEDURE:

3. The experimental procsdure comsiated of setting up an under- l
water sound [ield of high intensity, and recording the socund pressurs g
level reglatered by s hydrophone as it was raised vertically from the

river bottom to the surfmce. The sound aource was mounted on the USS

AQUAMARINE (PFYo 7), a converted yacht. With the ship at anchor, and ¢
the sound source operating at each of several {requencies in the lowsr

audio rangs, the scoustic field beneath the source was probed and re-

osorded. This was dons, in summer and in winter, at a wvariety of looa-

tiocus in the Potomuo River area.

4. JMany of the experiments employsd as sound source the NRL
Model X-3 segnetic type underwater loud-gpeaker. The design and con-
struction of this speaker, ss well as performance tests comprising
acoustic field measurements and range run recordings, havs deen
described in NRL Reports (Bse Bibliogrephy(l)). The speaker produces
pressurs levels of 130-150 db (630-6300 dynes/sq.cm.) at a distance
of 12 ft, in the frequency range 150-500 cps. Higher frequencies up
to 2000 cps are obtainable at lower level. The speaker ia driven by
an audio cecillator and power amplifier.

5. Some of the experiments, partioularly at the lowest [requen-
cies, employed as sound source & wechanically driven underwater sound

— -1~
DECLASSIFIED




Wﬁm-. P N :
L T s \'\?_\__}

generator developed at NRL, and designated Model XUR-2. The sooustic
output from this device, measured at 6 ft distance, attains levels of
163-168 db (20-850 kilodynes per aq. om.) for driving frequencies in the
range 70-110 ops. Fundamental and successive harmonics may Le used %o
cover a frequency range of 70-400 cps. The device has been described
briefly (Bibliog. (2)), and will be discussed in greater detail in
snother report,

6. Both the loud-speaker and the mechanical generator were in
effact point sources of sound, since their dimensione were small in
compar ison with the wavelength. The output from both may be charac-
terized as p 4 yphonic, a word here used to designate a fundamental
frequency accompanied by harmonics the intensity of which decreases
with the order.

e Moat of the records were made with a pressure-actuated
tourmaline hydrophone, designated NRL No.6. A few records were mede
with the ERL tourmaline “watch-case"” hydrophone, and a few with a
pressure-gradient or velooity hydrophone designated SC-10 (Bell Te
shone laboratories).

&

8. For each record the hydrophone wes dropped to the bottom
on & suspension line, and then raised at constant speed by means of
he anchor winch of the AQUAMARINE. The electric output of the hydro-
phone was fed into an ERPI Sound Frequency Analyrer (RA 277 F) and
Graphic Level Reocorder (RA 246). Index marks were placed on the
scorde at intervals oorresponding to the swergence of marks at 10 ft
intervals along the suspension line. When provided with suitable
cales, the records are quantitative graphs of sound pressure level
in DB above 0,0002 dynes/sg.cm.) versus vertical distance (ian ft),
"eferred either to the watar surface or to the bottom.

9. fome of the measursments wers made with both source and
hydrophone rigged over the side of the AQUAMARINE, about 3 {t apart
in the horizontal plane. Others were made with the source mounted
in the large sound well of the AQUAMARINE, and the hydrophone rigged
over the slde. In a few cases both hydrophone and source were rigged
in the well. The greatest departure from verticel incidence was 4% to
79 , when the hydrophone and speaker were about 10 ft apart in the hori-
tontal plane. Below the firet 20 ft from the surface, the records wers
sssentially the same for all methods of rigging. Various anomalies oo~
sur in the upper 20 ft, but these do not affect the conolusions of this
fgpnrt.

10. Measurements were made only in locations where ths bottom was
flat over a reasonable area beneath the source. The depth of the sound
generator was held constant at 10 ft. The effective distance from the
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source to the surface must have been somewhat less than this, owing
to ylelding of the ship’s hull. The consistency of the records in-
dicated that the source-depth relations required by the theoretical
snalysis were realized at frequencies between 100 and 400 cps. At
higher frecuencies & oclose oheck with theory was not to be expected,
owing to complexities introduced by reflections from the hull of the
AQUAMAR INE.

III. ANALYGIS OF RECORDS 1t

11. Theoretioal expressions, valid within certain limitations,
way be derived for the vertical distribution of sound pressure in &
homogeneous medium bounded by a free upper surface and & bottom with
normal impedance Z, A treatment of this problem by the Harwvard NIRC
group (Bibliog. (3)), has been clarified and adapted to the condi-
tiona of thess experiments. A summary of the deriwations and limit-
ing conditions will be found in Appendix A.

i2. Aocording to the theory, the verticsl distribution of
underwater sound pressure directly benesth a ship-mounted source
should form a etanding wave pattern. The character of the patbtern is
& function of the bhottom impedance, which in gensral is complex. The
real part determines the limite between which the pattern oscillates;
the imaginsry part determines the initial phase of the pattern, i.e.
whether it shall have & node or a loop at the bottom. An open system,
such as any extended body of water dounded by surface and bottom, is
characterized by horizontel spreading of acoustic emergy. The stand-
ing wavea which may be set up in an open system differ from those in
a closed system, suoch as & pipe with rigid walls, by showing a risse
in average sound pressure &s the source is approached. The actual
pressure distribution may be analyzed into an expression involving a
sinusoidal term, expressing the standing wave; and a hyperbolic co-
aine term, expressing the gradual rise toward the source.

15. The modified standing wave system desoribed above is ex-
pressed mathematiosxlly by equation (12) of Appendix A. This equation
gives relative valuea of rms sound preesure at various points below
an underwater source emitting at wavelength (A). Values were oomputed
from equation (12), and reduced tec the form of curves of pressure level
(in DB referred tc the sound preseure at the bottom) versus diatance
above the bottom in helf wavelengthe. Plates 6, 7, and 8 illustrate
curves computed for values of three parameters. These are o and &, .
the real and imaginary parts, respectively, of the effective propaga-
tion constant; and the ratioc of the wavelength to 2w times the vir-
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tusl height of the source above the bottom. The virtual height,
in sooordance with the thecry, is taken as five/fourths of tha
water depth.

14. Anslyais of the experimentel records procesded as fol-
lows. For sach record the third parsameter listed above ( 7?&;73; )
was calculated, and the family of computed curves corresponding to
this value was picked out. That curve in the family which corres-
ponded most closely with the experimental record was chosen, and
s and B, were read from it. Some interpolation was usually re-
quired. Once O, and @, were known, the bottom impedance was com=
puted from the relation:

2 = RriX = pcTont (@ +if)

whers R and X are the resistive and resctive compounents of Z, pPC
i the raciation resistance of water, Ol. is the absorption con-
stant, eand @8, is the initial phase conctaent for the standing wave
system. The hyperbolic tangent was evaluated by means of Kennelly's
"Chart Atlas of Complex Hyperbolic and Circular Functions”, or from
Plates 1 and 2 at the end of Bibliog. (6).

16. It follows from the properties of the hyperbolic tangent
that, for absolute values of @, between zero and 0.5, the sign of the
bottom reectance will be the seme as the sign of £, « The latber may
be either negative or positive, nmegative values being taken to corres-
pond to mas reactance, and positive velues to stiffness reactance in
the componente of the bottom impedance. This is in accordance with
Morse's convention (Bibliog. (8)). Since the reactive component of
the impedance is identically equal to zero forg,=0 or Be= 0.5, it 1s
{mmaterial what sign is taken at these points. In this report the
sign of £, is arbitrarily taken as negative for the value of 0.6. For
all other velues the sign of £, indicates mass or stiffness reactanoce
in accordance with the convention given above.

16, Since the maxima (and also the minima) of the standing wavs
system are approximetely = half wavelength apart, the phase constant
G. 1is roughly squal to the distance of the first pressure minimum
above the bottom, measured in helf wavelengihs. The condition for
"soft" or "free-boundary” bottom reflections (sound pressure nede at
the bottom) is Z~0, and for "hard" or “"rigid-boundary” reflection
(pressure antinode at the bottom) is ﬁg-x.l/Z-,

17. For mocustically "soft" bottoms, the bottom impedance is
predominantly real and smaller than the radiation resjstance of the
water; for acoustically "hard"™ bottoms, the bottom impedance is pre-
dominently real and larger than the radiation resistancs of the water;
and for all other acoustic behavior the bottom impedance is complex.
The latter type of bottom reflection is labelled "transitionsl”.
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18, Some of the results are expressed in terms of the atten-
uation per bottom reflectiocn. From the definition of the reflsction
cceffioient for sound pressure the loss from ebsorption at & bound-
ary may be written in the form:

DB loss per bottom reflection = B54.6 &,

IV, DISCUSSION OF RESULTS:

A, Cleesification of Records.

19. GStanding wave patterns of the expected. type were obtained
in seven locations in the Potomac River ares, and at various {re-
quencles from 38 ops to 2000 cps. The recorde sre illustrated in
Plates 1-6 inclusive. A summary of the deta obtained from about 200
records is given in Table I. A more detailed analysis, with computed
bottom impedences, ie given in Table II. A study of the recorde
showed that three types of acoustic behavior at the river bottom were
represented on the verious eets of records. The first group indicated
acoustically "soft" or "free-~boundary" bottom reflection, the second
group indicated scoustically "hard” or "rigid<boundary” reflection,
and the remaining group showed initial reflection phases which wers a
function of frequency. The latter indicated bottoms which became
acocustically "harder” as frequency inoresssd, with e reversel of ini-
tial phese ahown by the records in the frequency range 300-500 ops.

20. “Free-boundary" reflection is illustrated by Plate 1,
curves (a), (o), and (d), and by the uppermost records on Plates 2 and
5. "Rigid-boundary"” bottom reflection is illustrated by Plate 1,(b),
the middle record of Flate 2, the lower rocord of Flate 3, and the
first and third records on Plate 4. Intermesdiate or "transitional” |
initisl phase 1s illustratsed by the middle record on Plate 3, and
by the second record from the top of Plate 4. The records on Flate
illustrete "free-boundary" reflection at low frequency, and a change
in initial phass as the frequency increases.

5

2l. The three types of acoustio behavior at the river bottom
are indiosted in Table I, in the column labelled "Charecter of Bot-
tom Reflectlion". Record sets (a), (d), (i), and (k) showed soupd
presgsure nodes at the bottom for all frequencles below 1000 cps; re-
oord sets (g), (h), and (m) showsd pressure anti-podes at the bottom;
and records sets (b), (e¢), (e), (f), and (j) showed pressure nodes at
the bottom for some frequencies and anti-nodes for others, with inter-
mediate initial phases.

T xS




B. Results of Apalysis; Proposed Explanations,

22. In order to meet the conditions required by the theory
the records chosen for detailed analysis were limited to those made
et frequencies in the range 100-400 cps. The phase and absorption
vonstant could be determinsd from most of the records with an agou-
racy of about 20%. In many cases much greater accuracy was obtained.
Inaccurate location of the bottom, and the einking of the hydrophone
in the mud, scocounted for snomalies on some of the earlier records.
Records made under favorable conditions of wind and tide, or in looa-
tions where the bottom was definitely either “"soft"” or "hard", gave
the best results. Values derived for compoments of bottom impedancs
were, of course, no mors accurate than the phase and absorption con-
stants from which they were computed. Although preclsion cannot be
claimed for measurements of this character, the final results are
close spproximaticns, and give a clear pleoture of the physical pheno-
mena.

23. The quantitative results obtained from the analysis of all
the experimental records are listed in Table II. For each set of
records the ebscrption conatant o, the phase constant @,, and the
components of the bottom impedance are given in Table II for several
frequencies. The real and imaginary components and the absoluts mag-
nitudes of the bottam impedance determinations are expressed in the
form of ratios to the impedance of the water. The latter is squal %o
the radiation resistance, cec.

24. As stated in Section III - Analysis of Records, values of
B, =0 indicate mooustically "soft" bottoms, values of &I »1/2 indi-
cate acoustioally "hard" bottome, and intermediate wvalue of £, indi-
cate "transitional" conditions. Similarly the values of Zjoo indi-
onte whether the bottom 1s accustically "hard" or "soft", depending
upon whether the impedance of the bottom is greater or less than that
of the water. The attenuation per reflection at the bottom, expressed
in terms of the absorption conetant, is b4.6c, 1in db.

26, Table II shows that absorption constants ranging between
0.06 and 0,30 were encountersd on the experimental recorda. These
limits correspond to attenvations of 3 db end 17 db per bottom re-
fleoction, and preassure reflection coefficients of 76% and 15%, re-
spectively. Records were found corresponding to phase constants
renging from *0.4 to «0.,6, although most of the walues were negative.
Pogitive wvalues indicated exceptional bottom conditions. Bottom im-
pedances ranging from 1/7 to more than 3 times the water impedance
wore encountered, and in most locations both real and imaginary oom-




ponsents of the impedance Ilnereased with frequency. Reactive oom-
ponents of the bottom impedance ranged from 40,7 to ~l.4 times the
water impedance, depending upon the walue of the phase constant.
Although the bottom wes non-resctive in many cases, the sign of the
resctance most commonly ensountersd was negative (mass reactance)
with typical values ranging between zero and 1/3 the water impedance.
At some fregquencles, pertiocularly at the river mouth where the bottom
was hard sandy mud, the resotance of the bottom was positive (etiff-
ness reactance). Stiffneas reactance was also found on the winter
records for the soft mud bottom locatlons, although in these ceses
the bottom became non-resctive and then mass-reactive as frequenoy
inoreased,

26. In a previous section, the records were divided into

groups represanting three types of bottom reflection, "free<boundary”,
rigid-boundary”, and "transitional”. These types may be characterized
more olearly after a study of the data in Table II. "Free-boundary”
reflection corresponds to values of phase constant betwesen O and -0.2,
and to values of bottom impedance less than 2/23 the water impedance.
"Rigid-boundary” reflection corresponds to values of phase oonstant in
the neighborhood of 1/2 (irrespective of eign), and to wvalues of bot-
tom impedance greater than the water impedance, "Transitional" re-
flection corresponds to intermediate walues of phuse constant, and to
absolute mapgnitudes of bottom impedance nearly equal to the water im-
pedance. Some"transitional” records indicated anomalous acocustio con-
ditions; others showed an orderly sequence of phase changes aas fre-
quensy increased.

27. Study of the results in Tables I and II shows that there
vas a pronounced difference betwsen the acoustioc behavior of the
river bottom in summer and in winter. The records made in August at
all the locations studied except the known hard area near the river
mouth showed "free-boundary"” reflection with the phase constant ap-
proximately zeroc and a pressure node of sound at the bottaom for Ifre-
quencies below 400 cpa. In most cases the change of impedance with
frequency was slight. The values of absorption constant for this
type of bottom were low, ranging from 0.06 to 0.10; and the bottom
impedance was real and egqual to 1/7 to 1/3 the impedance of the water.
The lowest absorption, and the moet complete reflection at the bottom,
was encountered at Glymont, where ths sttenuation per reflection
amounted to less than & db per reflection. These records indicate
that, in summer, "free-boundary” reflection with relatively low ab-
sorption (85-6 db per reflection) is the characteristic mooustio be-
havior of the Fotomac River mud.

Tl Waloll ot o -
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28. The records made in January and February, compared with
%hose made in August, showed an upward tremd in all cases in both
the real and imsginary components of the bottom lmpedance, correla-
tive with an increase in absorption constant and a shift in phase
tonatant. At the locations whers the bottom was soft mud, the
charsoter of the reflection changed from "free-boundary" in summer
toward "trensitional™ in mid-winter. At locations where the bottom
Was hard sandy mud the character of the bottom reflection did not
obhange, although the mbsorption constant incressed. Typical winter
records are ghown in Plate 4, and superposed summer and winter re-
cords for the seme location are shown in Plate 1, (¢) and (4).

29. A plausible explanation of the observed low wvalues of
bottom impedance observed in many locations in summer mey be found
in the offect of organic activity in the mud of the bottom. The
gas bubbles asscciated with chemiocal or bioclogloal activity may
alter the ecouatic properties of the upper layers of bottom wud in
such & way ae to ocause the cbserved effecta. The action of a com-
plex of gas bubblea in the mud, and partiocularly adjacent to the
mud-water interface, should be to lower the effective lmpedance of
the bottom for sound pressure wavea incident from above.

30. This expleapation is supported by the observed seasonmal
changes of bottom impedance. Chemical and biological reaotion
rates at the bottom must be at a minimum in winter, with near
freezing water temperatures; and at a maximum in summer, with water
temperatures of 25°-30°C, The records demonstrate that the bottoms
which were acoustically "soft" in summer, were much "harder" in
winter, Between summer end winter, the absorption constent and the
magnitude of the impedance increased, snd the character of the bot-
tom refleotion changed in most cases from "free-boundary” to "transi-
tional",

31, The explanation of seasonal effects in terms of organic
activity is also supported by the observation on the Potomac Kiver
that large quantities of bubbles rise to the surface when the bot-
tom is disturbed by such operations as weighing or dropping anchor,
This is muoch more noticeable in summer than in winter.

32, A reasonable explanation of the "transitional” bottom im-
pedances may be given in terms of the reflections from lower layers
in a complex or stratified bottom. If sound waves are reflected at
normal incidence at the boundary between two media, the phase con-
stant must be elther 0 or 1/2. Intermediate values of phase constant
and reactive components of boundary impedence oan be obtained only if

R -6-
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refleotions from other boundaries oontribute to the impedance at the
boundary under consideration. It is shown in thecrstical discussions
(Bibliog. (4) and (7)) of the normal transmission of sound through
three medis arranged in layers, that the properties of the intermedi-
ate layer enter into the transmission equations in & term involving
the ratio of the thickness of the layer to the wavelength. As a spe-
dial oase, when this thicknees is equal to one half wavelength the
character of the reflections {end the impedance) at the first boundary
will be determined by the properties of the third medium, and is inde-
pendent of the properties of the intermediate layer.

3. It is probable, therefore, that the river bottom in looa- |
tions whers "transitional™ records were obtained is stratified, or '
arranged in layers with different scoustioc properties. In some in-
stances, notably at the River Bridge (B) in summer, and at Glymont
in winter (See Plate 6), the absorption was relatively small and oon-
stant, whereas the phase constent inoreased systematically with fre-
guency. In these looations the reflections from the underlying layers
appear to have been regular in character.

%4. In other inatances, notably at the River Bridge (A) in win-
ter, the absorption was high (18 db per reflection), and the records
at certain frequencies were erratio and indistinct. The erratic
character of these particular records cannot be attributed to experi-
mental inadequacies, but may be explained in terms of reflections from
unsven underlying layers. Clear reocords obtained at some frequencies
indicate that the first boundary, the actual bottom, was smooth. It
the boundaries of the lowsr layers were diffuse or uneven, the reflec-
tions from these layers at certain frequencies would have varied wide- .
ly in intensity and phase over the small area directly below the source. | 2
Since the absorption at the water-mud boundary was high, = large frao-
tion of the energy was transmitted into the mud, and the effsciive
reflected sound field in the water was in largs part determined by re-
flections from the lower mud layers. The resultant field was therefore
an erratio funotion of position above the bottom, and agomalous reocords
were obtainsd., It is to be expected that the above effect will occouwr
only at certain frequencies and under conditions of high absorption at
the water-mud boundary.

35. Correlation of the acoustic results with the known data from
hydrographic charts and from esmpling shows that most of the Potomaa
River bottom consists of soft mud, and that the reflections from this
mud were of the ¥ree-boundary” type in summer, and of the "transitional”
type in winter. The mud is harder at the River Bridge and at Piney
Point than in the upper river near Glymont. If seasonal variations in

e -9-
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organic oontent or amotivity of the bottom mud are responsible for
the obaserved changee in mcoustic impedance, it is to be expected
that such sffeots will be larger in rivers and bays than along the
sea-const. The Potomme River area should be typical of the former
type of location,

36. The hydrographlc charts of the Potomao show a few spots
marked "hard", partiocularly near Piney Point and St. George Island
near the mouth of the river. Sampling shows well packed sandy mud
in thesa locations, and correlation with acoustic results shows
that the reflections were of the "rigid-boundary” type both in sum-
mer and in winter. There is no known rock bottom in the Potommo
River area.

C. Variation in Records with Experimental Conditions:

(1) Veriation of Source Depth.

37. Reoords were made at the Potomac River Bridge with the
source at depthas of 6 Pt and 12 ft, corresponding to 1/4 wave-
length and 1/2 wavelength, respeotively, at 200 cps. The portions
of the records for depths greater than 30 £t below the surface were
identical in shape. The upper portions were different, ae might be
expected. Tha tests indiocated that determinations of absorption
constant and initisl phase, from the lower portions of the records,
should not be greatly in error if the source depth is not an exact
quarter wavelength.

(2). Variation of Angle of Inoidence at the Bottom.

38. In order to determine whether the initial phase of the
standing wave pattern was dependent on the angle of incidence of
the sound pressure wave, several records were made by raising and
lowering the hydrophone from a small boat placed 1350 ft distant
horizontally from the ship-mounted source. The experiment was made
at the Potomeo River Bridge, where the water depth was 566 ft. In
these tests the angle of incidence at the bottom directly below the
small boat was about 709, The records made under these oonditions
showed the same character of bottom reflection, "free-boundary” in
this instancd, as the records for normal incidence. For a given
frequency, however, the pattern was simpler and contained fewer
nodes and loops than the corresponding pattern for normal incidence.
From the theory {Bibliog. (4)), it 1s to be expected that at oon-
siderable horizontal distance from the source the higher modes will
be more rapidly attenuvated than the lower cnes. The result should
be a simplification of the vertioal sound pressure pattern as hori-




sontal distance incoresses. Additional experimental verification ls
ifn progress.

D. Comparison of Reocords from Two Types of Hydrophones.

38. In order to confirm the results obtained with the pressure
hydrophone employed in most of this investigation, a few records were
made using a pressure-gradient hydrophone (8C-10), s moving coll in-
strument built by the Bell Telephone Laboratories. The readings of
thie hydrophone, when oriented face up as in these tests, weres propor-
tional to the vertiocal component of the particle veloclty in the sound
field. Since this type of hydrophone is directional, care was taken
to raise it vertically along & line through the sound source, and the
records were discontinued when it reached & position 6 ft direotly be-
neath the source. Since the 8C-~10 was found to be very sensitive to
water currents, the recsrds were made at alack tide, on an umusually
calm day, February 22, 1943. Records under ldentical conditions, with
the AQUAMARINE at suncher in 63 [t of water near Glymont, were made
alternately with the pressure hydrophone and with the pressure-gradient
hydrophone. The XUR sound generator was employed aa source.

40, The records obtained with the two hydrophones for frequencies
of 100 cps, 200 ops, and 300 ops, are reproduced in Flate 5. 4An addi-
tional sound pressure record for 400 cps 1e¢ included. The absolute
values recorded by the two hydrophones, when expressed as pressure
level, differ by a few db, presumably beomuse the field corrections
which should be applied to a velooity hydrophone in a standing wave
system are lacking. Theae correotions sre not esaily computed. Com-
parison of the records from the two types of hydrophones graphically
demonstrates that in the standing wave system which exists beneath
the ship-mounted sound sourcs, the pressure and pressure-gradient are
90° out of space-phase with each other. Plate 5 elso demonstrates
that excellent records may be obtained by careful attention to detall
in the adjustment of experimental conditions. Unf'ortunately this is
not always possible, owing to the wagaries of wind and tide.

E, Sound Pressure Distribution Below the River Bottom.

4l. A few experiments were made in which a hydrophone, the NEL
tourmaline "watch-casze", was pushed several feet into the bottom mud
by meeans of a special pipe fitting. The pipe was then removed, leav-
ing the hydrophone buried, but with a line attached to it. Kecords
were then taken ss the hydrophone was pulled up slowly through the
mud at a constant rate by means of a chain fall. The results will be
described briefly, although their interpretation may be open to quesa-
tion, pending oonfirmetion by additional investigations with improved
technigue.
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42, These records were made in February, 1943, in a location
near Glymont, where the water depth was 20 ft. As in most of the
upper Potomac River area, the bottom consisted of soft mud. The
XUR-2, mounted on the AQUAMARINE, was employed as sound source.
Additional records of this type will be made from time to time, in
various locations, in order to determine the variations with season
and charscter of bottom. It is to be expected that the decrease in
sound pressure on entering the bottom mud will be much greater in
summer than in winter.

43. The record for 100 eps, illustrated in Flate 5 (lower right),
showed an-increase in sound pressure of 14 db in the first foot below
the bottom, and a decrease of the ssme amount in the sucoeeding foot.
A similar oycle of pressure incresse and decrease followed in the suo-
ceeding 8 ft, When the hydrophone was embedded to a depth of 9 ft in
the mud, the sound pressure was still 6 db greater than that recorded
at the water-mud boundary which constitutee the normal river bottom.

- The pressurs maxima in the two medis, water and wud, differed by about
15 db.

44. The records for 200 ops and for 300 cpa showed similar but
less well defined patterns of maxime and minime ocontinuing into the
wud as far as the hydrophone was pushed (about 8 f£t). The distance
between sound pressure maxima (or winima) in the mud just beneath the
water-mud boundary was about 2 ft at 100 cps; 1 ft at 200 ops, and 8
inches et 300 ops. Assuming that these distances represent half wave-
longths on a standing wave pattern in the mud, the veloeity of sound
in the medium would appear to be about 1/12 the velocity of sound in
water,

456, If thias interpretation of the observations is correct, the
existence of a standing wave pattern in the mud argues the presence
of reflecting layers lying beneath the water-mud boundary. The ascale
of the cbserved pattern suggests that the veloc 'y of sound in the
mud is very low oompared with that in water. The suggestion that the
bottom consists of a mud layer of very low velocity, underlaid by
harder layera, is consistent with the interpretations made previously
from the recorded standing wave patterns in water,

43, The records also showed an anomaly, which will be menticned
although no adequate explanation is available at this time. In addi-
tion to the charaocteristice described above, the record for 200 cps
showed 12 db sudden decorease, and the record for 300 cps 30 db sudden
decrease, in sound pressure on entering the bottom. The record for
100 ops showed no such discontinuity. If relatively large pressure
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disoontinuities at the bottom actually occur at some frequencies and
not at others, the phenomenon might have important implications for
mine design. It ie suggested that, if the mine head were embedded
in mud or "silted-up”, a pressure-motuated acoustic mine designed
for 100 ops might retain its senaitivity more effectively than unita
designed for higher frequenciea.

V. APFLICATIONS OF THE RESULTS:

47. The results described in the foregoing sections bave im-
portant applications to acoustic mine des j and to experimental
studies of underwater sound st low frequencies.

43. 1t hae been shown that the reflections from the bounding
surfaces (top and bottom) give rise to standing wave patterns be-
neath s ship-mounted sound source. The sound pressure in the neigh-
borhood of the bottom may represent a minimum, a maximum, or aan in-
termediate position in the pattern, depending upon whether the bot-
tom is scoustioally "eoft", "hard", or "transitional”. It has been
shown that these differences may be large, For example, typloal
records for "hard" and a "soft" bottom are shown superposed in Plate 1,
(a) and (b). The average pressure level gradients shown by these re-
cords are much the seme. The initial phases of the standing wave
systeme are such, however, that a pressure-actuated hydrophone placed
on the bottom at Glymont would record 16 db lower sound level than the
same unit placed on the bottom at Piney Point (A), assuming the same
sound source in both cases. Although these records illuestrate extreme
cages, it is clear that the bottom impedence should be taken inte ac-
count if adventageous placement is desired for pressure~actuated hy-
drophones, scouatio mines, and similar devices.

49. The differences in sound pressure leval shown by the August
records between the bottom and a position a quarter wavelength above
it ranged between 6 db and 23 db for the "soft" bottom locations which
were found to be typioal of the Potomac River area. The increases in
level obtained by moving the receiving unit from the bottom to & posi-
tion & quarter wavelength above it were, on the average, 18 db at
Glymont, 8 db at Petomec River Bridge (4), 10 db at Piney Point (C),
and 14 db at Piney Point (B). At Piney Point (A), over the "hard”
bottom, & reduction of & db ococurred upon reaising the hydrophone a
quarter wavalength. The reduction was smaller than the inerease ob-
tained by ralsing the hydrophone above the "soft" bottoms. :

60, It may be concluded from the measurements that for a sound
source approximately a guarter wavelength below the surface, maximum
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response will be obtained from a pressure-notusted recelving unit
near the bottom, when the latter is placed on a "hard" bottom, or
& quarter wavelength above a "soft" bottom. The differences in
level to be expected Trom pleacement within this renge will be most
pronounced over soft mud bottoms, particularly in sumper, and they
may amount to 8-23 db,

61, The rocords obtained with the pressure-gradient hydrophone,
illustrated in Plate 6, show that meximum reaponse will be cbtained
from & veloocity-actuated receiving unit near the bottom, when the
latter is placed on a "soft" bottom, or a quarter wavelength above
8 "hard" bottom. This behavior is the reverse of that to be expected
from a pressure-activated device. Adwvantage could therefare be taken
of the phase relations near the bottom by employing velocity-actuated
receiving mechaniesms in the design of acoustic mlnes for use in areas
where the bottom is knmown to be predominantly "soft". Such devices
would be effectively more sensitive thau sound pressure actuated units
in the same position, and their effsctivensess would be less oritiocslly
dependent upon the position near the bottom.

62. Although the analysis presented in this report has been
made for single fregquencles, similar considerations ehould apply to
the reaction of a resonant scoustio mine receiver to complex ship
noise. The German acoustic mines, for example, are amctuated by &
frequency band only & few oycles wide. Some of the results are up-
plicabls even to a mine unit with a broad responee, since the charac-
ter of the bottom reflsotion, and the initial phase of the standing
wave pattern, is in many cases independent of frequency. Soundpres-
sure minima (antinodes) were found at the bottom at all frequencies
studied, in most of the Potomac River locations in summer.

63. The obserwation that the average sound pressure level
(standing wave pattern averaged out) decrsases 2-3 db in each 10 f¢
of vertical distance benecth & ship-mounted source, and that this

igure is relatively independent of the type of bottom, should be
helpful in making rough estimetee of the pressure levels to be ex-
pected below the underwater sound sources employed in acoustio mine-
sweeping. The theory of the average pressurs level gradient, and
its possible application to & new method of =sstimating a,, ie dis-
cussed in Appendix B. :

64, It was inferred from the records that standing wave effects
may exist in the mud beneath the bottom, as well as in the water above
it. Theee phenomena, as well as the observed discontinuities in sound
pressure 2t the water-mud boundery, may have important implications for




jhe probleme of "silting-up" of acoustic mine units.

66, In experimental studies of underwater sound propagation,
it has long been understood that the interpretation of sound pres-
(Sure measurements made near the surface of the water may be com-
plicated by the cancellation which ocours in the neighborhood of a
dow impedance boundary. It has not been generally realized, how- |
over, that the bottom may also be a low impedance boundary, at
; wiich similar effects will be found., It is obvious from the results
. of thie study that hydrophones for measuring underwater sound should

be located a substantial distance (at least an eighth of the wave-
length of the lowest frequency expscted) away from both esurface and
bottom, if they are to measure the representative average values of
sound pressure in the water. Special precautions may be required

to accomplish this, snd to prevent the hydrophons from einking into

soft mud. Misleading resulte, particularly at low frequencies, nty

be obtained from & hydrophone placed too close to a "soft” bottom.

Some of the discrepancies between measurements made at different

acoustio ranges may be attributed to differences in hydrophone place-
ment.

56. It is probable that well defined standing wave effects are
limited to frequencles below 2000 cps, since the patterns will tend
to average out ms the geometric irregularities and non-homogeneities
of the media become comparable to the wavelengths.

57. The acoustic impedance data in this report, limited to the
Potommo River below Glymout, should be extended by surveys of bottom
impedance in other areas. The same methods could be employed Lo ob-
tain information on acoustic conditions for analysies and correlation
with hydrographic data for important navigable rivers, harbors, and
coastal strips. Such surveys should be of walue to eclentific groups
working on problems of acoustic mine design and ecoustioc minesweeping,

and might elso be of interest to laboratories concerned with cceano-
grephio studles.

VI. CONCLUSIONS:

(a) It is coneluded that the charaoter of the bottom reflec-
tions, the attenuation per reflection, and the components of the
bottom impedance, may be obtained from the analysis of experimental

records of sound pressures in the standing wave patterns directly
beneath a ship-mounted souroce.

(b) It is concluded from the analysis of more than 200 experi-
mental records, wade at various locations in the Potomac River area,
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that "free-boundary"” reflection of sound pressure waves, with attenu-
ation of about 8 db per reflection, is charscteristic of most of the
Potomac Ri{ver bottom mud, particularly in summer. This is believed
to be typioal of similar areas.

(¢) The results of the survey indicate, for meximum sensitivity,
mine units operated by sudio frequency sound pressures should be
placed with the receiving element directly on a hard bottom or a quar-
ter wavelength above s soft bottom. Advantage can be taken of the
phase relations near the bottom by employing velocity-actuated receiv-
ing mechanisme in acoustic mine units for use in areas where the bottom
is known to be soft. The sound pressure variations near a soft bottom
may amount to as much as 35 db at the water-mud boundary and 235 db in
the first quarter wavelength above the bottom.

(d) In order to measure representative average values of sound
pressures, measuring hydrophones for the study of underwater sounds
should be located s substential fraction of a wavelength away from
the bounding surfaces (surface and bottom). For studies at low fre-
quencies, esmpecially over bottoms which are acoustiocally "soft", the
hydrophone may require pleacement several feet above the bottom.

S 18-
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AFPENDIX A.

FREE FIELD ACOUSTIC IMPEDAKCE THEORY

58. The theory relating the pressure distribution about an
underweter sound source to the acoustic impedance of the sea bot-
tom has been treated. (Bibliog. (3) and (ng’ It is the purpose of
this appendix to reatate this theory briefly, emphasizing the ocondi-
tions and limitations of the derivetions, and arranging the results
for convenient comparison with the expe-imental records. Full oredit
is given to the Harvard NDRC group for the derivations in Appendix A,
The extension of the theory to a special case of practical interest,
included in Appendix B, was added during the course of the NRL inves-
tigation. In order to facilitate the reduction of results, curves
wers computed from the final formules of Appendix A. These curves,
unavallable in the litersture, are reproduced in Plates 6, 7, and &
of thia report, in the belisf that they may be useful in future ex-
perimental surveys of bottom impedancs.

§9. Outline of mathematiocel procedure. The sound pressure
field from a point source radiating into en infinite medium is first

written in spherical coordinates. This i1s transformed into the defi-

nite integral of an expression involving oylindrical coordinates and
a variable of integration. Cylindrical ocoordinates about a vertical
axis are employed in order to simplify the formulation of boundary

conditions. Additional terms are added to the integrand to take ao-

‘count of the "net upward rafleoted waves" snd "net downward reflscted

waves”", which arise when boundaries (surface and bottom) are intro-
duced into the medium. The effect of the boundaries enters into the
integrand through certain funotioms, Py(u) and Fg(u), which may be

determined by applying appropriate boundary conditions. At the upper

boundary, the surface, the sound pressure is equal to zero. At the
lower boundary, the sea bottom, the pressure is expressed in terms
of a normal acoustic impedance, Z.

60, The concept of an acoustic impedance for the sea bottom
resulta from an extension of the impedance concept which is familiar
from the standard theory for the reflection of plans waves at the
boundary betwsen two media, (Bidliog (6)). For plane waves at nor-
mal inocidence the acoustic impedance is defined as the ratio between
pressures and normal particle velocity at the boundary. When the
waves are spherical and their spresding is cylindriocal, as in the
case under discussion, certain limitations and approximetions may be
introduced which permit the boundary oondition at the bottom to be

evaluated in terms of the plane wave impedance. The boundary impedance,
Z, for plane waves at normal incidence on the boundary between two medis,

ie: Z = R+IiX = pc fonh (o +ig,) ()
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(1)

where R and X are the resistive and reactive components of Z, P°

{s the radiation resistance of the first medium (1.43 x 1006 for frech
water ), Q.is the absorption constant, and Beo is the phase con-
stent for plane waves at the boundary, J = V=/. Mass reactance is
taken negative, in accordance with Morse's convention.

6l. Reverting to the outline of mathematical procedure, the
impedance condition at the lower boundary, expressed in terms of
&, and 4, , is put into the integrand of the equation for sound
pressure, After making various simplifications and reductions in
the integrand, the pressure expression is transformed again into
apherical coordinates. The final equation for sound pressure dis-
tribution is then analyzed in some detail, for the special case
whon the source depth is approximetely a quarter wavelength.
Curves of sound pressure versus depth are ocomputed and plotted
(Plates 8, 7, and 8) for various assigned values of the parameters,
and values of o, and &, are then determined by comparisom of the
computed curves with the experimental records.

62. Mathematical Derivations. Following the method of bib-
liography (a), consider a point source of sound, of strength A, at
any point in an infinite homogeneous medium. The sound pressure,
p, ot a distance r from the source is:

E?Kr
where k 2m/A and A 1is the wavelength of the wave radiated in
the medium., The above expression defines the direct spherical
wave wiich arrives at the point under observation.
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If two plane parallel bounding surfaces, representing the water
surface and the sea bottom, be introduced asz in the accompanying
Figure, there may also be present an infinite number of reflected
waves. The phase end amplitude of the reflections will be deter-
mined by the boundary impedsnces. In order to simplify the formu-
lation of boundary conditions, it is desirable to expreus the
direct spherical wave (Eguation 2) in terms of circular cylindrical
soordinates y and o . This is done by meking use of the following
transformatlion, (Bibliogrephy (8) p. 548):

_ L ""Y'\tu.“'-i b
=f(y,o) = Af e c(KG'LL) wdu LY >0 |
{3)

Ky V=]

o S

63. The complete expression for pressure, including direct
and reflected waves, is given by a similar integral:

P s
= ¢(v,¢) —'/ [ 1+ Fyw) + V1T 'F )] I, (ke u)‘r—--—-&_i.._‘é-‘;:.
(48)  [y»9]

F f—f{‘f JG:I

i

Jukouw udw [y<o]

ive O

whare Fo(w), as yet undefined, is a function which detesrmines the
charscter of the "net downward reflected wavea", and Fy(u) ia a
similar funotion for the "net upward reflected waves". These
functions are to be determined by applying the appropriate boundary
conditions to Equation (4). From the definition of the impedance Z

as the ratic of pressure to particle velocity at the boundary, we
have

p=( ~j2/kpo) (6)
At the surface: y==84 and Z=0
At the bottom: Y= Yo and Z=Zy =g tanh (oo + i 8:)

hess boundary conditions, applied to Equations (4a) and (4b), en-
able Fo(u) and M (u) to be replaced by expressions involving o, and 8, .
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84, If the solutions Dbe restricted to points directly below
the source, and if the source is taken %o be more than 3/4 A
above the bottom, several simplifications snd reductions may be
made in equations (%a) snd (#b)e The final expression for sound
pressure, transformed again into spherical ccordinates, then be-

comes : :
4 K(ZYO "r) JK(Z& 2y -¥) Y

b = H{ elK‘( elﬁ('}’vlﬁa'}J _e_g;tr(ﬁ,+jp°)[ & 2
Ky  K(y+250) K1) K(2Ser2re1)]
= .l iw(2S, #2ye +Y) 3K(4S, +2¥e +Y) L.
+em(°¢¢ JP-)[t [ : )
K(25: +2¥0 'i']') : K(¢ég+2r" +y 4 (6" A
(6)

The first term in brackets represents the direct wave from the

effoctive dipole formed by the source and its image in the aur-

face, the second term represents the first bottom-reflected wave
from the dipole, and the third term represents the wave from the
dipole reflected onoce at the bottom end once at the top surface.

66, The above expression in its complete form does not
easily lend itsell %o analysis. If the source depth, S5, be taken
a8 one quarter wavelength, and the origin of coordinates be shifted

by letting y+He=a and yo+44 = Bor equation (&) mey be
eimplified tos
P = -§A (%A | | 0% +180) 16 @8e-8)
K { e a_«%] € € :
: | | 2t et ife) in(226+2)
[(Qa-s a)-% (2a,—a)+.x] +< e .

(7)

- ’ j °
[Tﬁ.a-u*&)*% m+&J+%]"[""' j
For points conaiderably deeper than a quarter wavelength benesth
the water surface, & » A4 . the pressure equation further simpli-
fiea to:

. ixa : H o
P e "ZJA {[ eJK ] _e-a.ﬂ'(d-."'.iﬁ.) e"K(z'a‘ dJ
K a 23,.-4

AR (28,+ (8)
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86. The above equations show that, when the source is located
at a depth of a quarter wavelength, the pressure dietribution is
that which would be obtained from a series of virtual simple sources
of decreasing strengths, located et the surface and above and below
it in equal steps of twice the depth. It can be shown theat thie
ploture is still essentislly correct when the source depth is inter-
mediate betwesn a small fraction of a wavelength and almost a half
wavelength, It was found experimentally that the source depth was
not very eoritical for the frequencies studied in this report.

67. It is shown (Bibliog. (8)),that for the values of abasorp-~
tion which actually occur, the effect df the multiple reflections
beyond the second (terms beyond the second in equation 6) may be
taken into account by considering the sound source to be at an ef-
fective height above the bottom equel to somewhat more than the
water depth. The virtual height depends chiefly upon the absorp-
tion, and partly on the phase change at the bottom. For the wvalues
of absorption encountered in the Potomac River area it was found
sufficiently acourate to sssume an effeotive height (mo') 26% great-
er than the water depth (ap). This wae done in making the computa-
tions desoribed below.

68. To summarize the limitations and conditions under which
the theoretical derivations are wvalid:-

(n) The expreasions for sound pressure apply only
to points which are directly or nearly below the
source, and in the lower Mlf of the region en-
closed by the bounding surfaces.

(b) The source must be at least three-quarters of
& wavelength above the bottom.

(e) The source depth should be taken to be approxi-
mately a quarter wavelength below the surface.

(d) The depth should be at least one wavelength,
:g that (bg and (o) may be maintained and also
B )) »/lblc

(¢) The effective distance of the source from
the bottom (ay'), should be taken to be 10% to
26% greater than the water depth (ag). Higher
terms may be negleoted if this is done.




Restriotions (a), (b), and (4) ensure that variations of bottom
impedance with angle of incidence do not need to be oconsldered.
Restrictions (¢) and (d) together permit the dipole to be reduced
to an equiwalent simple socurce.

69. Computation of Sound Pressure Curves. In order to deter-
mine i, and &, from the experimental records, ourves of sound
pressure distribution near the sea bottom were computed for assigned
values of the parsmeters. The actual pressure field is to be probed
by a hydrophone which measures rms walues of preassure, and the pres-
sure distribution of interest is concerned only with the relative
values of this quantity in the neighborhood of the sea bottom. In

order to reduce equation (8) to a form convenient for computation,
it is factored and re-.arranged; with agy replaced by agy':

~25a M0 "'(*-**-’[ Gt B~ 3, (2~ ]

P ==
-fn-{oto-y-.\[p,-%(a.,-—a‘)]} ]
The rms value of pressure in equation (S) wvaries eas follows:
emnw'ﬁ- .....
Pl ~ ey of o 2ol o (2] - s 2o SR
(1¢)

The spproximetion tash™l (1 -~ &) 4z 1 - &
L Y% ¥

is valid in this cass, since the solutions are restricted to points
where (&4~ d)<K ay. The expression for rme pressure becomea:

1 wq_ +l l_a.l 2L b i, ',,,"\" o
Pl ~ ofcosh aer o, + f(agd) — cos 21 6, 2-:%(9‘5:‘:)] (11)
It can be shown that this formula ia very nearly correct for
values of (&) up to one half of the depth (ag).

69. For computation it is convenlent to let (lbn J) = d,

the distance above the bottom, and to let the independent wariable
have the form 2 d4/) . Thus:

|P| ~"Vcosh 257 [c&, + f);zu(ly,.ﬂ - COS 21r [,8,,- 2%]

(12)
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70. 7The above expression, reduced to the form of relative
sound pressure in db, hap been r:cv_'.p':iteri for the first halfl wave-
length above the 1 for various values of the “a:amwnq
o £, and « The .’.;"Tiput" gurves, plotted in

]

6, 7, and 8, were oot

. ’ ppared with the exper imentel records to
the wvalues of Clo and &, which characterized the botiom over whic
the date weretaken.

Fote. BSinoce the raflection coefficient for sound
pressure at a botiom of absorption coeffi-
slent Ol is

i
ik

- 2T s

U= =8 (19

the loss from absorption at the boundary
may be written in the form: DB loss per
bottom reflection = 54.6 Ol « The oharac-

tor of the bottom reflection ls determined
by the phase constant Bs « The phase oon-

gtant is also a function of the 76;101*3
distribution in the second medium, which
m&y be aonylicatpd owing to stratification
of the bottom material. The experimental
regults and their probable explanation

are digoussed in the body of the report.

tom ﬂifl»rn from the “ﬁnclua;'m of bibllo-
graphy (3). It waa stated thore that "the
bottom of the harbor has a mass reactance
in every case”. The pressure curve chosen

to illustrate the Harvard - NDRC report,
however, seems also to illustrate stiff-
ness reactanco.
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APPENDIX B.

AVERAQE VERTICAL GRADIENT OF SOUND PRESSURE LEVEL

71. The averafe vertical gradient of sound pressure level be-
neath a ship-mounted source may be estimsted from the theory outlined
in Appendix A. This gradlent is the slope of the pressure level curve
which would be obtained if the sinuscidal components of the standing
wave pattern were averaged out. Since this is also the sort of pres-
sure distribution whioh should be produced by a multi-frequency source
such as a hammerbox, its etudy may have applications to acoustic mine-
sweeping

72. For large values of absorption coefficient, end for the
source depth and distence oonditions of Appendix A, the reflected
wave from the bottom becomes negligible and the pressure distribu-
tion is that for a simple spherical wave. In this case only the
first term of equation (8) need be considered:

p = (20/k) eli®
Y

from which |p] ~1/a (14)

From this expressicn the ratic of pressure at two points on the
axie at distances =; and &y (agray ) is:

Bow b n Kifd 5 v A

75. For example, the gradient of sound pressure level, ex-
pressed in db, at a depth of 40 ft, when bottom reflections are
absent, is dby = dby = 20 logyg(l+éa/a;) = 0.20 db per ft.

74. In general, however, the absorption at the bottom is not
complete, znd at least two terms of equation (8) must be taken into
account. It will be shown by deriwation from agquation (8) that the
aeverage gradient of the sound pressure level is larger for finite
values of bottom absorption thau it is for complete absorption.
This result is derived as follows:

Considering only absolute magnitudes, equation (9) gives

e i (g -~ Frlas-ad)] e &~ (25 ~27))
~ [ A &
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This expression conteins a slowly verying portion and a periodical~
ly varying portion. Average pressure amplitudes may be cbtained by
svaluation for points at which the periodic portion is zerc. For )
such points |

¢ 0o 0 ;-
I=d] f\:vr.fiﬁm_ g - A A Y { *
L a .;.&.’_au i df 2‘&;_&.} I

(17)

The ratio of pressures at two such points, at a; and &%, is: T
A = [La]. [220=0s]. [za; - (1+) a:__] |
P Ld, ) L -a 248, - (1+V) 4

(18) f

where U, the reflection coefficient, 18 defined aa in equation i
(13) 4n terms of A, 1 ]

76. Let the points be taken fairly close together (deptn egual
to several wavelengths), snd let the difference dg~ ] be deslgnated
4 o, The pressurs ratio becomes:

Prap :u[:%.n__s] [g.a;-.ﬂl_—aa]. reay = (1eo) 8
o % 2e-a 1 28 -0ro@-ad

(19)

By applying successive valid approximations, the pxpression may be
shown to closely approximate

P +4P . { | + A2 i}“-’”hl‘: 4 Al _+ 2 1,
p L a, Lvea)” ~2(UrR)asa + A" y
(20)

Further simplification may be obtained by letting 8] = ™ o, where
O<mcl

A m———

ma, L{udim* -2 (ve)m + A

P +4P :_,_,{i B L L S 4_'—‘,‘\,
J

P (21)
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l converted to db, this equation expresses the average pressure

gradient for any point, below the source, at which the theory
Previously derived is valid. The above exprsssion is independent
Of the phase constant, &, , and it will be shown below that the
lovel gradient is relatively constant between the bottom and a posi-
‘tion somewhat more than half way to the surface.

)

76. The quadratic form of the brecketted term in equation (21)
sts that values of U might be found which will give the same
‘¥alue of pressure level gradient for two arbitrarily chosen pointe in

field. Let the bottom and a point part way to the surface be
‘ohosen, for which m = 1 and m = m), respectively. A solution for U
‘mAy bs obtained by setting the value of equation (21) at the point
(m o m;) equal to ite value at the bottom (m = 1).

Le)m® -4m +q4 _ 1+U
(U#—!)ﬂ?,"-l((/*Z)m,"f%, p oo S

(22)
.fcﬂlhinmg terms and simplifying, this reduces to:
| (U+1)%mq 2% « (042)%m 5+ (041 )y 2 - 4(0#1) = 8my#8 O

: 77. This equation defines the relation which must exist between
'm and U, in order that the gradient of sound pressurs level shall be
‘the same at some specified point as it is at the bottom. For the spe-
‘01al cese of the point corresponding to ms %, (a'= & 85'), & position
R ;:‘nht more than half way to the surface, the sbove expression reduces

(0#1)2 - 2¢(U+1) + 32 = 0, from which U 5 0.417 and

Olo = ‘%Jyu]/zw = .12
78. This wvalue of a, , curiously emough, is representative of
| those obtained from experimental records in most locations, Returan-
" ing to equation (1), and substituting in the above value of U and
n s i. an expreassion is obtained for the pressure level gradient at
the point corresponding to o' = % ag'

P
For a water depth of 60 ft (a,' = 63 ft) this is equal to 1.0386 or,
expressed in db: 0.33 db per f't.

P+aP . ""24\?%
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79. To estimete how much the gradient vaeriea at intermediate
points betwsen the chosen pointe, it may be evaluated for example
at a @ 3/4 ag'. At this point the pressure level gradient is
0,587 db per ft.

80. Ewaluation of the average pressure level gradient for

other intermediate points shows that it is substantially constant
R over the entire range. Furthermore, for other values of &, , in
i the neighborhood of 0,12, it mey be shown that the gradient will
g be reasonably constant for all pointe lying between the bottom and
R somewhat more than half way to the surface. Over this range, pres-
sure level curves (db vs distance) taken over bottoms for whish H.
is approximstely 0,12, will rise almost lineerly with distanoce above
the bottom. This will be true, independently of the value of 4, ,
and for a fairly wide range of walues of O . This behavior is well
substantiated by the experimental records. See for exsmple the upper
records on Flate 3.

81. BSince the average pressure level gradient ias nearly inde-
pendent of position for points in the vicinity of the bottom in many
oages, the value at the bottom will of'ten be representative of the

4 value at some distance above it. The pressure lsvel gradient at
g the bottom may be obtained by evaluating equation (21) for m = 1:

-

2528 ~ (14 42 12y}
& [1-u

(23)

For the case of large absorption, a,» ©, U approaches zero, and
the above expression reducas to the pressure relation for the
simple spherical field, equation (15). 5

82. Equations (21) end (23) show theat the average vertioal
. - gradient of the pressure level in the complex acoustic field be-
neath s ship-mounted source i1s in general greater than that which
would be found if the medium extended downward toward infinity
(great water depth), or if the absorption at the bottom were com-
plete.

83. Comparison with Experimental Results. It was shown by
the sxperimental records that the aversge gradient of the sound
pressure level beneath the ship-mounted source was independent of
the initial phase constant (&, ), and thet it varied with absorp-
tion oonstant in the manner indicated by equation (23). Quantita-

i
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tive agreement waz obtained between measured and computed valuves of
the gradient. The agreement was satisfectory for those records whioh
were made under ideal conditions, for example the series lllustrated
on Plate 6. For these recordscr.=0.10, U w 0.543, ag' 5 79 £t, and
the cvomputed gradient (equation (23)) was 3.6 db per 10 ft. The
measured gradient was 3.3 db per 10 ft. 1In general the messured
values of average gradient were in the range 2 db - 3.5 db per "0 T¢,
and the agreement with computation was within 0.8 db per 10 ft. The
measured values were usually low. Soms of the deviation between
measured and computed values of gradient may be explained as due to
the inadequacy of the simplifications which were introduced to mske
allowance for the influence of higher terms than the second in equa-
tion (8). Some of the deviation was experimental, and was due to
departures from normal incidence. The best agreement should be ex-
peoted from records made with hydrophons and source located accurate-
ly along a vertioal line, as in the above example. From records made
under suitable experimental conditions, it should be possible to esstl-
mate the absorption coefficient, O, , from the measured average ver-
tical gradient of sound pressure level. Such a method could be smployed
to determine o, rapidly snd with a minimum of analysis, at frequencies
high enough (wavelength less than roughly one third the depth) to per-
mit averaging of the atanding wave pattern om the record.
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APPENDIX C.

_ HOTES ON NOL REPORT NO. 488.

83. NOL Report No. 488, entitled "Acoustic Pressurs at Harbor
Bottom of Pinite Impedance”, (Bibliography (5)), gives s theorstical
solution for the sound preesure to be expsoted at a harbor bottom
dus to & souwrce located below and neer the surface. Sinos thie is a
i special case of the probiem considered in this report, e comparison
" of the NOL treatment with that of the Harvard NDRC group (Biblicg.
(3)) is a relevant addition tc the pressnt discuseion. It will be
: shown below that essentielly the same results were obtained by en-
, tirely different methods,

k- 84. The mathemationl device smployed in the NOL report is the

' expression of the original spherical wave in the form of an infinite
number of elemsntary plane waves. This gives rise to a complicated
integrel which is evaluated by imposing essentimlly the same limita-
tions ma those required for the derivations in bibliography (3) and
Appendix A, The limitations diffar in one respect, however. The
lowest frequency for which the final expresaion is valid, at any
given depth, ia specified differently in the two treetments. For
example, at 40 f't depth, the low frequency limit is 300 cps for the
NOL formula, and approximately 100 cps for the Harvard~NDRC formuls.
This suggesta the possibility that the finel Integral of the NOL
report may be sevaluated for lower frequencles then those indicated.

. ‘85, In the NOL report, the final result gives the pressure
on the bottom directly below the source, in terms of a series of
simple source images ssch maltiplied by the proper coefficient.
Subject to the proper limitations, the sxact expression derived is:

P(ag) = C(14K) [ Ppla,) - KPp(Sa, WK*Bp(bay Joniomm=’]

In this squation C] is a proporticnality coastant, including the
source atrength, eto. K = -o"3"@=%if,) 1g the oomplex reflection
voeffiolent, given ae negative to take care of the phase change at
& reflection. Pp(s,) is the "free field" sound pressure st distance
: (a5) due to the source and its image by reflection at the surface,
in the absence of any other boundaries. P(ag) is the sound pres-
sure on the bottom at depth (ag).

-29- 20%2Q
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86, By making use of the relations &, T Yotiar ond

JK{@y=S,) JK(&.*&J]

P (a ) & [3

r 2 a."‘so a&*sa

a2 terms of the parameters,
vy be obtained in the form:

and expanding the pressure expression 1
the complete expression for pressure ma

Yo ik (Yo +25,) . . i% 1K (Vo + 25a]

Py = g gilleTHwq _-2r(%e +48) ; !
(@) C‘H Yo Yo + 28 e ['%- N S
~ e"z-”'(uc “J.ﬁu)[ JK (3o v 28a) e J'k‘;.?’bf%)}-L- ; —“::

Jfo * RS 3o * “Se J

this expression with equaticn (6) of
Appendix A, svaluated at y s yo » shows that the two fermulations
are identical in form. GSince the two treatmentes involved the use
of entirely differeat mathematical means, the agreement bstwean

the results is gratifying.

87, The compariascn of
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Character Loss per
L& 3 » 4 e -
Record Location Water Iype of of Bottom Bottom
T oup in River Daspth Dat Bottom Hsfiecziqi Ref'lection
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e
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.
e
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] Piney Pt, 451 Jvan. Solft Mud [R to RB 18 DB

L8]
K

Pt. 80 20 . Sof't Mud B

m River 561 Jan. Hard KB B~14 DB
Mouth Sandy Mud




(Con'td. )
i
i
Note: (1) In the above table, FB indiocates " free-boundary” 3
S reflection at the bottom, RB indloates "rigid-boundary" i
rafloction at the bottom, and TE indioates that the }
character of the reflection 1s intermediate between FB !
and BB, or that it chenges with frequency. i
i
(2) All looaticns wsre {n the Potomac River area as fol= '
lows: 1

Glymont (A) - in mid-chappel 500 yards up river

- |
from the dock at Indian Head, Md. )

| |

Glymont (B) = 200 yards north of the flashing i
¥ - . I
red light at Glymont, Md. :

£ i

PR Bridge (A)-on the NRL range course 300 yard
eouth of the Potomec River Bridge
near Morgantown, Nd.

PR Bridge (B)~200 yards east of the rarge coursé
and 300 yards south of the River
Bridge.

Piney Ft (A) =600 yards south of Piney Feint light
(Lat. 38°07°50", Long. 78932°0%)
where the chart shows hard hottmm.

Piney Pt (B) =in mid-channsl eas® of Rggged Foln%t
f w a1 ' - : M
(Lat. 38°09'22", Long. 76°3%'68

Piney Pt (C) - 3C00 yards south of Pinsy Point
i.n* (Lat. 38°06°40", Long. '

River Mouth - 3000 y»‘;f south of S%. George Island
(Let. 38°04'16", Long, 76°28%08"), where
the chart shows nard bottom, and where
rangs rung were made in performeauce tests
on the YUR-Z sound generator.
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TABLE II

!
LOW FREQUENCY BOTTOM IVPEDANCE DATA FOR THE POTOMAC RIVER AREA. ;
fet bl ek e - e -

Record Location Fregquency .
Group and Dnte opa e 8, %f,

' a Glymont 12 0,06 0,00 .15 0.00 0.156
A = Aug. 200 0. 08 0.00 0,156 0.00 0.16

b Glymont 100 0.16 0.10 0.560 0. 256 0. b6 .
- A - Jan. 120 0,13 =0,15 0.42 =0 47 0. ED

E e Glymont 100 Q.1 s O
B Fab. 200 0.10 -0,08 Q.33 0.25 D4l
] §

s 300 0.10 «0.15 0.38 0.45 0.59
' 400 0. 1€ -0.20 0,45 -0.62 0.77
-‘.- d FR Bridge 100 C.12 =0, 04 0,34 -0.10 0.35
; A - Aug. 200 .12 -0,04 Q.34 -0.10 0.25
1 500 0. 14 =008 0.41 «0.14 0,43

400 0.16 0,10 0.50 .0, 25 0. 86

8 e PR Bridge 100 0,30 0.10 0.77 0,14 0.78
' A - dJan. 200 0. 30 -0, 20 G.B8 -0, 26 0,82
p

FR Bridge 100 0,08 ~0,04 0.26 0,10 0. 27
B - Auge. 200 0.05 =010 0.18 0,32 0,37

| 300 ). OT ~0e 2B 0.40 0. 980 1,00
b 400 0,08 «0.35 1.00 -1,40 1,70
800 0.10 =0, 50 8. 20 0,00 , 20

f A Pinsy Pt 100 0. 1B ()3 35 1.30 =080 .50
A -~ Aug. 15C 0,12 ~0.60 2.70 0. 00 2:.70

200 0.12 -0. 860 2.70 0,00 2.70

250 Q.l% 0o B0 2,70 3. 00 2.70

400 0.1 0.3 1.20 1.00 1,60

1090 0. 40 -0 46

—
L]
(3
o
o

s N

2 O
>

(W & Qi ©

v &
K
oW
T




TAFLE II (Con'td. )

Rgeord Location Frequanoy :
Group and Date cpa (7 o % ch. ‘zjég._:
E i Piney Pt 100 0.10 =0 0.50 ~0.10 0.3
- B - Auge.
.
: 3 Piney Pt. 100 0.30 0.42 1.30 0,20 1.30
b B - Jan. 200 0,30 ~0.30 1,10 =0.80 1.10
q 300 0.25 =0.30 1,10 =0.46 1.20
b 400 0.15 =-0.,20 0,860 ~0.,65 0.80
- k Pinsy Pt. 100 0.09 0,00 0,28 0.00 0.28
! C - Auge 150 0.10 0.00 0,30 0,00 0.30
: 200 0.10 0,00 0.30 0.00 0.30 '
B 300 0.10 0,00 0.30 0,00 0.30
n River 100 0.2 ~0.,60 2.%0 0.00 2.30 4
Mouth 200 0,17 <«0.50 2.00 0.00 2.00
Jan. 300 0.18 0.30 1.00 0.70 1.20
400 0.25 0.10 0.30 0,30 0.40
500 0.17 0.40 1.80 0.70 1.80 1




Yoo

X

TN

45

/.

D

=

4
]

T -

PLATE

e

f

g |
Wl

o

-

A

.

Fr_r

I

"

-

e

Foh

oy

H
5

)

¥

|

A

e

SAESE S0
uE 3

INERSNNSES SRS

11y
rm

= "T'f:'"

inas

b

P FHEEH e
S8 Hgaassaanssssjnsann) IoRafiSieiiapaaiaees ieias

INEDERDNEEEERDNAn|

3

T

|

Thert

ke

1 -

S
2o
H O
Ho
i Fa
£
_.,m. M-
=
75
<X
S
W
o
Q
Ly
S
A
v
N
Q
S
<o
V8




DECLASSIFIED

STANDING. WAVES QF SOUND PRESSURE BENEATH A SHIP-ITIUNTED SOURCE

PLATE 2
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