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ABSTRACT

By the use of geometric analysis checked by available
data, this preliminary report discusses and predicts the nature and
intensity of the sounds from a ship's propeller as received by a
microphone located on or near sea bottom.

Its conclusions tend to limit the problem of acoustic mine
sweeping to a band of approximately 200 to 300 cps, and indicate an
efficient method of sweeping by means of a series of two or more
sound generators mounted vertically on the bow of a ship.
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AIMlLYSIS OF SHIPS' FROPMXLUI SO0IDS

A Prelimi Report. -•

INTRODUCTION

1. This preliminary report on analysis of ships' propeller
sounds defines the purpose and aims of the 'undertaking, describes
the method and means employed, considers briefly the nature of the
results that may be expected, and compares these predictions Vrith a
partial analysis of the propeller sounds of three different types of
ships.

2. It will be seen that the character of the submarine
sound received from a passing propeller is dependent to a large
extent on the location of the receiver, and that the results of its
analysis cannot safely and effectively be used to design submarine
acoustical devices unless the receiver is mounted in approximately
the same location that such devices will occupy. Since the purpose
of the present analysis is to provide information that can aid in the
understanding and development of acoustical mines and of methods and
means of sweeping such mines, and since the immediate problems involved
are primari3y concerned with mines resting on the sea bottom, the data,
coments and conclusions of this report refer only to the response of a
receiver mounted near the sea bottom.

EXTDIT OF PROGRAH

3. The problem, as submitted by the Bureau of Ships, may
be interpreted as calling for an analysis throughout the entire fre-
quency range from zero to the high supersonics. So interpreted, the
problem, because of the different experimental methods and means re-
quired, divides somewhat definitely into three parts, the subsonic,
the sonic, and the supersonic. Since mines operating within the sonic
range are now employed, and since the problem of sweeping them
effectively has yet to be solved, it was decided to concentrate on the
subsonic and the sonic parts of the problem.

4 Trhile the development of receivers suitable for use in
these frequency bands was under way, it was ascertained that the Bureau
of Ordnance had submitted this same problem to its scientific staff
arxd that they were to investigate the subsonic region first. This
led to a decision that duplication of effort would be avoided and the
2•rosecution of the problem as a whole accelerated, if our efforts were

first directed toward analyzing the sonic range of frequencies.
Following this decision, a conference between Dr. E. B. Stephenson and
1r. g. L. Klein of the Naval Research Laboratory and Dr. E. A. Johnson
8ZXI Dre S. L. Quimby of the Bureau of Ordnance group agreed on such a
Program* It was decided at this conference that the sonic analysis
Should be extended downward to 100 cps and the subsonic upward to 200
CPS in order to provide, for comparison purposes, an overlapping band
between these frequencies.
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5. Thus the program that is being prosecuted by this
Laboratory aims to measure in absolute units, at a point near the
sea bottom, the intensity of the sound field generated by a passing
ship throughout the frequency band 100 - 10,000 cps, and to determine
the relations between the intensity spectrum and the range, depth, and
speed for different classes of ships.

PPARATUS

6p The apparatus employed (described in detail in Appendix
A) consists of a small-dimensioned pressure-type receiver employing
tourmaline crystals as the pressure-sensitive element, and a two
stage preamplifier mounted adjacent to the crystal receiver. The
amplifier output connects with the analyzer and recorder through a
1500 foot multiple-conductor shielded cable. Both A and B voltages
for the amplifier are supplied through the cable. The grid of the
first amplifier tube connects with the ungrounded crystal electrode
and also with the output of a standard-signal generator at the shore
end through a lead provided in the cable. Thus, the input to the
amplifier can be given any desired voltage or frequency writhin the
range ( 0 - 17 Kc ) of the signal generator, and the voltage response
of the crystal receiver to sounds of azy frequency within its range
can be determined directly by substitution. The relation between the
intensitV of a sound and the voltage which it generates by pressure
action on the receiver is discussed in Appendix B wherein a technique
is described which permits determination of the sound intensity in
absolute units, when the equivalent input voltage is known. The
intgities so determined are reported in terms of decibels above

tts per square centimeter. *

7, The present procedure employs four receivers, each
coupled to a separate recorder through a separate cable. These four
receivers are shockproof-mounted with their sensitive elements about
firteen inches above the bottom of a supporting steel frame, the base
of which has been floored with a plate to prevent it from sinking
unduly in a mud bottom. It is presumed that this arrangement rill
make the average elevation of the receivers about one foot above
sea bottom, ar approximately the elevation of the receiver of a
cylindrical-shaped acoustical mine lying lengthwise on the sea bottom.

Q oMPLC ANLSIS
7 a) Receiver Location

a. It mEV be noted that the character of the received
propeller sound is affected by the height of the receiver above the
ase bottom since its response is due primarily to the vector sum of
the sound traversing the direct path from the source and the indirectj path involving one reflection from the sea bottom.* It can be shown
that the receiver response, at all frequencies below which the
difference between the lengths of these two paths is less than a
qarter of a wavelength, is practically unaffected by its height above
Oft bottom, It follows that the receivers, as mounted, should give an
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undistorted response to all waves greater than four feet in length,
or at all frequencies below 1200 cps. Above this frequency range
their response will tend to pass through maxima and minima as the
difference of the two path lengths equals an even or an odd rinber
of half wavelengths respectively. Although an analysis made with a
highly selective receiving system should show the existence of such
maxima and minima, they would become less and less apparent as the
band of reception was widened. Therefore they fail to appear
definitely in our band type of analysis. It appears probable, more-
over, that arW attempt to utilize such maxima and minima would prove
impractical.

GEO1FETRIC ANALYSIS
b) Receiver Dimensions

9. A consideration of the subject problem from the standpoint
of geometrical acoustics leads to conclusions which point the way to
a solution of the problems both of designing and of sweeping acoustical
mines planted on the sea bottom and employing non-directive receivers.
And since the dimensions of a mine are too small to permit the use of
a receiving area greater than about 18" in diametvr, it follows that
all acoustical mines designed to operate within the sonic range,
0 - 10,000 cycles, must employ non-directive receivers.

GEOMETRIC ANALYSIS
c) Receiver Response - 1iaxima and Minima

10. The response of a sound receiver mounted near the sea
bottom at depth H to a sound source located at depth h below the
surface and at a horizontal distance x is equal to the vector sum of
the sound traversing both the direct and the several reflected paths
as indicated in Plate 1. But since scattered reflection at the sea
bottom and increased path length greatly weakens the contribution of
all the paths that involve reflection from the sea bottom, the general
nature of the response as a function of x will be given by considering
only the sound traversing the direct path and the indirect path with
one surface reflection.

ll. Obviously the receiver response will pass through
maxima when the contributions along both these paths arrive in phase,
and through minima when they arrive a half wavelength out of phase.
The path difference, 4 , as shown in Plate 1, is:

x- Jx+(H+h), -

and allowing for a half wave change of phase on reflection at the
surface, it follows that the receiver response will be a maximum or
a minimum when n equals an odd or an even number of half wavelengths
respectively. Stated mathematical) y, these relations are:

a. (2n+l) . - I+(H2h)2 _ 2 +(H-h) 2  Condition for maxi

b, 2n -X x+(H+h)2 - rxfjH-h2 Condition for min~inmu.
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When the sound source is directly over the receiver, x becomes zeros
and these relations simplify to

a'. (2n+l) - 2h Condition for maxim m•

b'. 2n 2h Condition for ininm.

G•O =C ANALYSIS
d) General Limitations

12. If the receiver represents an acoustically operated
mine, then h becomes the depth of submergence of the ship's propeller,
and its magnitude will be limited to an approximate range of from 8
to 22 feet, with an average depth of 15 feet. H will represent the
depth of the mine, and will be limited to an approximate range of from
40 to 120 feet, with an average depth of 80 feet. The frequency to
which the receiver is tuned should be such as to insure that:

a. The mine will fire when the ship passes within
the range of destruction, and

b. The mine will not fire when the ship passes outside
of this range.

313. These two requirements are best met by providing conditions
for a maximum receiver response when the ship passes directly over
the mine. Thus the frequency will be determined through the relation: if

(2n+l) -a- 2h a 30 feet.2

Substituting integral values for n, starting with n a 0, gives the
wavelengths (/t) that will make the receiver response a maxiumi when
the ship passes directly over the mine as 60,, 20', 12', 8.6's 6.7',
etc. Assuming a velocity of 4,800 feet per second for sound in sea
water, we find that these Wavelengths correspond respectively with
frequencies of 80, 240, 400, 560, 720, etc. cps.

14. It remains to determine which of these wavelengths
serves best to confine within destruction limits the range within
which the ship will fire the mine. The curves of Plate 2 serve to
awer this question. Each carve shows the intensity of a definite
frequency component of a ship's sound as received by a mine at all
points along a horizontal range of 225 feet. Curves are shown for the
definite frequencies of 80, 240, and 400 cps, using values of 80 and
15 feet for H and h respectively. The computations assume a zero
absorption coefficient since over the short ranges involved this effect
is relatively small. Also, in applying the inverse square law the
median (a) of Plate I has been used.

15. It will be noted that the received intensity at each of
these discrete frequencies is high when the ship passes directly over
the mine and that, so far as firing the mine under these conditions is
concerned, its receiver may be tuned to any one of them, or indeed, as
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will be seen later, to any frequency within the smdible range.

Z2MRC AI•aYSIS
a) Limitations for Non-Firing Zone

16. these discrete frequencies do not meet equally
well the requirement that the mine shall not fire when the ship
passes outside the zone of destruction. A consideration of this
family of curves in connection with the zone of destruction, as
represented by the cross-hatched section, shows that a frequency
of 80 cps gives a maximum that extends far beyond the zone of
destruction, and that a ship passing well outside the destruction
area could fire the mine.

17. The broken-line curve for 60 cps characterizes the
relation betueen receiver response and range for all frequencies
below 80 cps. These frequencies give a lower peak of intensity
directly over the receiver and show a general widening of the
maxasm, conditions directly opposite to those required. A mine
employing a receiver tuned within the sound frequency range of 0 to 80
cpe would respond to a ship passing well outside of the destructive
range of the mine unless its receiver were highly insensitive, in
which case it might miss ships passing within this range.

18. The curve for a frequency of 240 cps comes close to
meeting all requirements. If we assume the width of the destructive
zone as equal to about twice the width of a ship, which may average
about forty feet, the central maxinm will be confined to this width
if the receiver sensitivity is adjusted to operate the mine at a
sound level corresponding roughly to 0.6 on the ordinate scale. This
leaves plenty of sensitivity reserve and, of still more importance,,
leaves a wide margin of safety between the firing intensity level and
the intensity level 0.15 of the secondary maxima. This not only
insures that the mine will not fire when a ship passes over a secondary

ximum, but it also increases the difficulty of sweeping.

19. The curve for a frequency of 400 cps is distinctly less
favorable, but it might possibly serve for greater depths. If the
ship is to operate the mine within the limits of its maximum range of
destruction, the firing sensitivity of the receiver must be set at the
approximate level of 0.33 on the ordinate scale. But this is less
than its response to the secondary maxima. Not only would the mine
fire when a ship passed over a secondary maximum, but it could readily
be swept, To employ this frequency, the sensitivity of the mine
receiver must be lowered until an intensity represented by about 0.70
an the ordinate scale would be required for firing. But this would
reduce its operating range to about 70% of the total range of
destruction.

20. Frequencies above 400 cps would magnify these unfavorable

features to such an extent as wholly to prohibit their use.

21. Curves l, 2 and 3 of Plate 3 give the form of the 240

-5-
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cycle intensity profile for depths of 40, 80 and 120 feet respectively. !
They show that increasing the depth weakens the peak intensity of
the primary maxinim, increases its width, and reduces the difference
in intensity betbeen the primary and the secondary maxima. Each of

these effects tends toward rendering the mine less reliable. De-

creasing the peak intensity of the primary maximum increases the

probability that the sound intensity from a ship passing within de-

structive range might fail to reach the firing threshold; wridening

the maxnmm makes the boundary of the firing area less definite; and

reducing the difference in intensity betireen the primary and the

secondary maxima increases the possibility that the mine might be

fired by a ship passing over a secondary maximum. With decrease in

depth, on the other hand, the trend of these same variables is toward
an improvement both in the effectiveness and in the reliability of
this type of mine. A consideration of the curves of Plate 3 and of

others of the same nature leads to the conclusion that the non-directive

acoustical mine may prove very effective for depths within about 80
feet, but will probably prove unreliable for depths beyond 100 feet. i

22. Thus far our study of the response of a sound receiver
wounted on the sea bottom to sound generated by a passing ship has

been confined to areas Yhere the received sound contains both direct
and surface-reflected components. It will be seen that these are the

areas over which the mine should not fire.

23. The conclusions reached through this study hold only for

conditions where the dimensions of the sound source are not greater

than one quarter of the approximately 20 foot wavelengths involved.

It follows that they do not hold for areas behind a ship where the

dimensions of the sound source are approximately the dimensions of

the area swept out by the propellers. But over the areas forward of

the propellers and adjacent to the ship's course - the only areas that
conoern our problem - the shielding of the hull reduces the effective

radiating area to the tips of the propeller blades along the extreme
horizontal limits of their circular path. Thus the conditions over

these critical areas are such that our study and its conclusions may be

expected to hold reasonably well.

LMOUMIRC AnLYSIS
f) Limitations for Firing Zone

24. our study will now be directed to areas nhere sound

reaching the receiver from an approaching ship contains no surface-
reflected components. These areas comprise a strip immediately for-

ward of the ship and the area subtended by its hull. Obviously,
the mine should fire within the portion of this area shadowed by the

ship's hall.

25. The character and intensity of the sound reaching this

area are determined by factors different from those that obtain over

other areas. These factors - hull contour, thickness of hull plating,

number and type of propellers, character of sea bottom and depth -

V
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differ somewhat widely from one s'ip to another and from one locality
to another, yet the nature of the sound path or paths from propeller
to receiver is sufficiently alike in all cases to warrant the belief
that the general form of the received intensity profile obtained when
any type of ship approaches and steams directly over the receiver will
approximate the predicted form shown in Plate 4 (b).

26. The nature of the path or paths by which the propeller
sound reaches the receiver may be understood by an examination of the
diagram on Plate 4a which shos the hull contour of a ship with a
propeller clear of the keel line. In this diagram H represents the
depth of the water, h the depth of the ship's propeller below the
surface, d the draft of the ship, and R - R' the positions of the
receiver relative to the ship as she approaches, passes over, and
finally recedes from the receiver. Starting at a point somewhat for- t
ward of the ship's bow and continuing to a point aft of her stern,
the path over which the propeller sound reaches the receiver may be
regarded as comprising six distinct sections. The predicted intensity
of sound received at all points in each of these sections is indicated
by the profile on Plate 4b.

27. Section 1 extends horizontally from R, the original
position of the receiver, to a point where the ship's bow cuts the
water at the surface. It is characterized by a cross-section determined
primarily by the depth of the water (H). Starting with a relatively
weak receiver response, the intensity in this section will gradually
increase at a rate roughly in accord with the inverse distance, since
the sound waves can expand horizontally but are constrained vertically,

28. Section 2 is a relatively short transition line between
Sections 1 and 3. It includes roughly the area subtended by the
curves of the ship's prow. As these various curves pass over the
receiver the intensity tends to rise somewhat abruptly to meet the
higher intensity of the still more restricted path under the ship's
bull.

29. Section 3 extends back to the point where sound from the
lowest portion of the propeller first reaches the receiver by direct
path. It is characterized by a crosb-section determined primarily by
the depth of the water below the ship's hull, or by H - d. Intensity
changes here more nearly resemble those found in Section 1, though the
rise is more rapid because this section is nearer to the sound source.

30. Section 4 extends on to a point where no part of the
propeller is shadowed by the ship's hull. Here the intensity rises at
a rapidly increasing rate. This results partly from the operation of
the inverse square law, and partly from the increasing exposure of the
Bound source (the propeller) as this section of the sound path moves
across the receiver.

31. Section 5 carries on to the point where the plane of the
ship's propeller intercepts the receiver. The location of this point
with respect to the ship depends upon the depth and upon the tilt of

-7
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the propeller. Normally it will fall somewhat forward of the
propeller. Here the sound intensity reaches a maximum through a
final rapid increase as the more intense propeller sounds directed
along its plane meet the receiver.

32. It ma be noted that the space relations between the
propeller and all five sections of the sound path so far considered

have been such as to discourage axW vigorous interference or re-
Inforc•ment between direct and reflected components reaching the
receiver. It should, therefore, be expected that the intensity profile
would not exhibit azW marked maxim or minima, and that its general

form would be about the same for any band of frequencies within the

audible range. This, however, should not hold for a continuation of

the intensit" profile astern of the ship.

33. Section 6 represents such a continuatiom. It starts
* with a rapid decrease of intensity as the highly directed propeller

5soeis pass bqond the receiver. Then the sound intensity decreases

Snore ad oe L y in accord with the inverse square law. Vhen
the propeller has reached a distance sufficient to prevent its
dimensions from introducing appreciable phase differences at the

receiver, then interference and reinforcement between the direct, the
Ssurface reflected, and the hull reflected components reaching the

receiver should produce mavdmi and idnima In the intensity profile.

"The location of much configurations with respect to the ship will
depend on the nature of the ship itself. Obviously, this Part of the
Intensity profile has little or no bearing on the present problem.

34. The above considerations lead to the conclusion that

over the sea bottom area subtended by a ship, an analysis of the

character and intensity of its propeller sound throughout the audible

range will disclose no definite and marked maxima, minima, or other

localized pheomi that can be utilized in designing nonr.directive
acoustical mines. They do, however, indicate that the sound intensity
Mderneath any propeller-drLven ship is sufficient to operate an
acoustical mine pitched anywhere within the sonic range of frequencies.

•EXPUUM =aTA

35. The wurves in Plates 5 - 11 show the results of actual
masuroaents of the sounds of three different types of ships: the

MS CARXkL, a Coast Ouard cutter, 136 feet in length with a 14 foot

draft; the USS HALILTONO a 1200 ton destroyer; and the battleship
1S7 ARKANSAS. Plate 5 refers to the USS CARDINAL steaming at 11 knots

over the standard receiver located on sea bottom at a depth of 30 feet.

The ordinates give the peak value of the propeller sound over a
frequenvy range of from 200 to 9000 cps. This curve shows a falling
off of intensity toward the higher frequencies at an approximately
uniform rate. The curves on Plates 6 and 7 refer to the USS HAMILTON
steaming at 15 knots over receivers located at depths of 60 and 90
feet respectively. Both of these curves show, -for the lower frequencies,
such the same characteristics as those found in the curve cn Plate 5,

-8-



but both show a mach more rapid dropping off at higher frequencies.
In Plate 6 the change in rate takes place shortly after 1000 cycles
have been reached; in Plate 7 at approximately 1300 cycles. The
relation of intensity to depth fails to follow consistently the
inverse square law.

36. Plates 8 and 9 show the affect of the speed of the USS
&ILULTON on the intensity of the noise generated as she steamed over

receivers located at depths of 60 and 90 feet respectively. The
curves on Plate 8 represent the overall noise at various speeds, and
those on Plate 9 the noise within a fifty cycle band centered at 750
cps. The three curves of Plate 10 give somewhat similar information
in respect to the USS ARKANSAS. The first curve represents the over-
all noise at different speeds, and the second and third curves the
response after passing through fifty cycle band pass filters centered
at 100 and 200 cps respectively. All the USS ARKANSAS tests were
made with the receiver at a depth of 60 feet.

37. The sound intensity data recorded by these curves pertain
to the sea bottom area subtended by the ship and are affected little
or none by surface reflected components. They are in agreement with
our predictions for this area in that they show sufficient intensity
throughout the audible range to operate a properly designed acoustical
mine.

38e On Plate 11 are reproduced typical sound intensity records
for the three entirely different types of ships. These also show
fair agreement with the predicted form shown on Plate 4b. In the case
of the USS ARKANSAS, where the ship's length is large with respect to
the depth of the water, the agreement is very close. In the case of the
other too ships, where this ratio is less, sections 1 to 5 becam
foreshortened, and tend to fuse and lose their identity. The curves
for both the USS CAPDIIAL and the USS HAMIlTJ! show this foreshortening
effect*

39. A comparison of the intensities at equal distances fore
and aft of the propeller peak in these three profiles shows that the
intensities decrease more rapidly forward than they do astern. More-
over this discrepancy appears to be greater in shallow water or in
cases where the ratio of the ship's length to the depth of the water
is great. This raises a serious question as to whether or not an
acoustically operated relay can be made to function at even short
ranges forward of a large ship stenning in a 40 foot channel, or even
over somewhat greater depths. The answer to this question will have
a direct bearing mn the development of echo and acousti-magnetic types
of mines*

40. There remains for consideration the problem of sweeping
non-directional acoustical mines planted on the sea bottom. It will
help to clarify and define this problem if we return for a mo~ent to
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certain conclusions made earlier in this report. We found that in
order to be most effective and reliable a mine should be tuned with-
in the relatively narrow band of 200 - 300 cps, This indicates that
in all probability the mines to be swept will be set to respond only
to frequencies within this band and that, therefore, mechanically
tuned sound generators, which have a relatively high acoustical
efficiency, might be used for sweeping. We also found that in order
definitely to limit their operation to the zone of destruction such
mines must be sharply tuned. This, in turn, immediately suggests the
possible use of an impulse type of generator as a sound source.
Since, however, a comparatively ueak sustained tone should be sufficient
to fire the mine, and since the defined frequency limits are such as
permit the use of tuned generators, it appears probable that tone
sweeping should prove more effective than impulse sweeping.

41 A question now arises as to the optimam location and
depth of submergence of the sound source. A consideration of the
curves of Plate 12 throws some light on this question. Plate 12 gives,
v to a range of 650 feet, the sound intensity profile of a single
generator placed at the respective depths (b) of 5, 10, 15, and 20
feet below the surface of the water. 7he receiver in each case is
located on sea bottom at a depth (H) of SU feet, All four profiles
pas through maxim and minima as explained in paragraph nl. It will
be noted that each curve has passed the last max•iuz permitted by the
depth (h) of its transmitter before reaching a desired sweeping range
ofs, s9, 20 yards, and that at such a range all four have dropped to.
practically the same intensity. Since the intensity at this range is
ver low in compari•on with the firing intensity produced by a ship
passing within destruction range, it may be expected that a pouerful
sound generator will be required for sweeping and that such a generator
will prove equally effective when submerged at ar practical depth.

42. At shorter ranges, approaching the danger zone, where the
eurves pass through maxim and ininma, the effectiveness of a sound
g mrator is largely dependent upon its depth of submergence. If the
practical limit of submergence is set at, say, 20 feet, then the best
value of h, for a single generator, will be about 10 feet. This
gves a good maximim at a range of Just under 100 feet, which is
probably outside the destruction area. Better Intensity profiles are
given when two or three separate generators, spaced vertically along
the bow of a ship at various ccmbinations of the depths already
Mntioned, are used siimiltaneously.

43. The curves on Plates 13 and 14 show the intensity profiles
from such groups at various depths. The generators in each group
are assumed to be identical and to be in phase. The sound output
"signed to each group, regardless of the number of units, is identical
with that used in calculating the curves for the individual generators
shOE on Plate 12. A consideration of the curves on Plates 13 and 14
Ohm mmistakably the superiority of the group method for sweeping
Purposes. For example, compare the peak intensities reached by a
-SIngleunit (h 0), a double unit ( h i0 andli ), and a triple

g 3.0



unit ( h a 10, 15, and 20 ). All three maxima register approximately0.35 on the arbitrary intensity scale. If we assiz that an intensityof 0.3 on this scale is sufficient to fire a mine, then the singleunit will sweep a radius of 118 feet, the double unit a radius of178 feet, and the triple unit a radius of 213 feet. Or compare therelative intensities of the three types at a fixed distance of, say,300 feet* The combined unite still are clearly more efficient than isthe single generator. It appears, then, that the use of two or morerelatively smll sound generators, properly disposed at quarter wave-length intervals along a vertical line, will serve better for minesweeping than would a single more powerful generator placed at anypoint along this line. This arrangement, moreover, avoids the inherentdifficulties encotered in mintaining the diaphragms of powerful
underwater iow-pitched sound generators.

44. Finally it mw be stated that the acoustical mine nowP~l1oyed tV the Germaw conform so strictly with the deductions andconclusions of this report as to warrant a belief that its developmentfollowed sMilar reasoning. The Germans use a non-directive mine witha sharp3y tuned receiver. So far as can be Judged from the few samplesthat have been reoovered, its frequency has been varied between about24 and 280 cPO. In no case has its frequency passed outside of thepredied 200 - 300 ape band, and there is good reason for believingthat its frequency will continue to reein within this band. Moreover,ct can be pedicted with ome certainty that It. in the future, theOwwm launch a new Vp of acoustical xine it wil be pitched outsidethe sonic frequenqy range and probab2y in the fairly high supersonic

V We foreoing analysis, together with availablee =Metal data, hms that,

(a) Him recelvers pitched within the audible range
mast neesarily be non-directive and fairly

aapytoned.
(b) Mae vith receivers tuned sharply to any frequenwithin the udib3le range may be expected to work

satisfactorily at depths up to about A feet, butwl probably prove unreliable at depths greater
than 100 feet.

(o) To be most effective and reliable, mine receivers
designed for use within the audible range, shouldbe tuned within a band of approximately 200 to 300
cps*

(d) I mine sweeping, the use of the sam power divided
equally between to or tkree tmned sound generators,
mounted vertically at intervals of a quarter wave-
length should prove more effective than a single
generator, or than aiv nethod of impulse mepingr.

-11-
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Most of the data discussed in this report weregathered on the Degaussing Ranges operated by the Bureau ofOrdnance. Sound records were made on various types of shipswhile magnetic calibrations were being prepared on these sameships. Usually the microphones were planted in the center ofthe range and about 100 feet north of it, so as to preventfouling of the numerous cables leading from the range to thestation ship. The latter carried all the analyzing and recordingequipment, and supplied the necessary power. Plate 15 shows therelative positions of the ships and of the microphones with respectto the range. A complete subaqueous unit with four receivers is
shown on Plate 16.

Generally two underwater microphones, each in aseparate housing together with its own preamplifiers were mountedrigidily on a steel frame which was lowered to the sea bottom, Therequired water-tight electrical junction boxes were an integralpart of this steel structure. About 1500 feet of Dhlticonductorsubmarine cable connected the microphone units to their powersupplies aboard the station ship. This arrangement enabled theoperators not only to control and check the output of the pro-amplifiers on the sea bottom, but also to select the microphonebest suited to the recorder and frequency ringe.

The microphones consist of mosaics of piezoelectrictourmaline crystals which respond to pressure. The sound fieldexisting in the water is directly impressed upon the faces of thecrystal slabs. This pressure generates an eaf on the terminals ofthe microphone. Plates 17, 18, and 19 show the construction ofthree types of microphones usedo In each case the oompressionalsound waves in the water reach the crystal elemnt. through arubber window and castor oil surrounding the crystals. These mediawere chosen because their acoustic impedances are Practicallyidentical with that of water; hence the sound transmitted throughthem is unaltered. The dimensions of each microphone is such as tomake it non-directional and nOn-resoant in the aoustic range assigned.

The preamplifier, which Is housed together with thesound sensitive element, was designed for this partioular application.Its stability and freedom from microphoncs under the divers conditionsto whic the listening ge was subjected have proved of value inthese tests. Plate 20 gives a schmtic representation of thispreamiplifier. The Calibrating lead (C), normally grounded duringmeasurementas, is provided for the purpose of introducing a knownsignal across to check the gain of the aMplifier at any time.show the frequency and overload characteristics of

Appendix A, Page 1.



these amplifiera. Each amplifier was provided with a five conductor
shielded cable, and, except for a comn ground counection, was
completely independent of the other channels.

The analyzing and recording equipment included two types
which could be used interchangeably. One of these consisted of the
Erpi Sound Analyzers Model 27-B, with Graphic Recorder No. 246. The
frequency range of this apparatus is from 10 to 9500 cps. The 50
cycle band-pass crystal filter embodied in this equipment was generally
used throuhhout the measurements. The other analyer-recorder was of
the General Radio design and consisted of a Sound Level Meter No. 759-A,
a Sound Analyzer No. 760-A, a Logarithmic Amplifier No. P-466, and an
Esterline-Angus Recorder, Model Al. The frequency range of this
assembly is from 25 to 7500 cps, with a constant percentage band width
of 1% at 3 db doo from the maximum. 3 addition, special keying
circuits were devised and used, which enabled an observer on the deck
of the station ship to make interval marks on the recorder chart for
later use in indexdng the results.

The method of operation was relatively simple and direct.
The analyzer units were set to the desired frequency, or for overall
response, and the chart drive of the recorders started as the ship
approached the range. Each moving chart gave a record in db of the
sound received as the ship approached and passed beyond its respective
receiver. An observer on the station ship, by keying a relay circuit,
Impressed a time line on the moving chart when the shipis bow and then
bar stern crossed the range line. These lines, together with the knamn
speed of the chart and the length of the ship, served to check the
position of the microphone with respect to the ship at a3l points
along the recorded intensity profile. The lateral displacement of the
ship's course with respect to the microphone was taken from the
degaussing records of the several coils spaced along a line normal to
her course. Since the intensity coordinates of the profiles are given
in terms of db, they supply no direct information about the energy
involved.

Appendix As Page 2.



The calibration of the apparatus consists of a
correction curve from which it is possible to convert, at each
fequency, apparatus dial readings or record scale readings into
sound, pressures in the water at the microphone. The apparatus
readings are in db, representing the voltage gain of the amplifier
system. -The sound pressures are also expressed for convenience
in db, representing the sound pressure level in the water, above
a chosen threshold pressure.

If it were possible to record directly the apparatus
reading corresponding to a sound of known pressure level generated
In the water, for a series of frequencies, the calibration could be
m~de by simple experiments This is not possible, owing to the
difficalty of measuring absolute sound intensities. It is considered
sufficient to compute a correction curve, which will take account of
various factors which intervene between sound pressure level 4n the
water and voltage level reading on the final record.

The scale readings may be converted into water borne
sound pressures as follows. re know from tests that 850 microvolts
applied across the grid resistor of the prewplifier results in a
scale reading of 128 db on the final record, Since this reading is
about the mxima to be expected in an experimental study of ship
sounds in water, it was chosen as a convenient basis for the
calibratimn. The figure of 128 db reading for an input of 850
microvolts is accurate to + 0.5 db for all frequencies within the
ruxge used in this Investigation.

The aqplIfier-recorder system is also linear in the
sense that for inputs of less than 850 microvolts the db scale
readings are reduced in the same proportion as the logarithm of the
ratio of input voltages.

It is necessary first to compute the sound pressure in
wa~tw at each frequency, which will give 850 microvolts at the grid
of the preaqplifier, and hence recorder scale reading of 128 + 0.5 db.
The conversion of sound pressure in the water into voltage at the
mplifier grid, my be considered in two stages. The first stage is
tie traneforgation of sound pressure into open circuit voltage, by
means of a piezoelectric tourminem arystal in the microphone.
According to the most reliable data, tourmaline generatee (into an
open circuit) three microvolts per bar of alternating pressure.
Ihis provides a simple relation between sound pressure and open circuit
voltage, 110"

The second stage is the conversion from open circuit
voltage across the microphone crystal to useful voltage across the

Appendix D, Page 3.
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grid resistor of the preamplifier. For this, the effects ofmicrophone housing capacitance and anplifier tube admittance aretaken into account by means of the following foruila:

C 2 1

0 "g
where o " open circuit voltage across crystal

0g - voltage across grid resistor taken 85O/' v.
Rg - grid resistor - 250,000 ohms
C0 n capacitance of crystal unit a 530Af
Ce " capacitance of housing plus reflected

capacitance of vacuum tube - 174,.'f-= 2 ff f - angular velocity of frequency, f.
Using this formula we computes for a series of frequencies coveringthe range from 100 cps to 10,000 ops, a set of values of Zo corresponding

- to g 850 -4 V acros the input grid resistor. These values of Eo
versus fr c re Converted into values of sound pressure in bars(.e. in es ') br dividing each value of o bF the piesoelectricconstant, 3 microvolts per bar. We have now computed the water soundpressures exPiessed In bars, necessary to produce 850 microvolts atthe amplifier inpurt (this voltage input gives a reading of 128 db on
the record)

A oonvenient calibration requires that both soundpressures and recorder readings be expressed in the se units, i.e.db. Sound pressures can be expressed in db br choosing a convenientreference pressure, P., and writing each pressure value, p, as aratio /p,. The pressure level in db is thenj, b definition, equalto 20 log P/P* The reference pressure for sound in water, which wasadopted for these datas is the M ssure, P at which the soundit.,nsity, lop bas the value 10 atts/cm! Giving o this value in
th won~ it is fonu U 10 p cand tha 10: . c for water a L 5x 3J05 * it is found that po O.OV5-d•ne3/cW& will produce the desiredthreshold sound intensity. It may be noted that the sound pressure inwater corresponding to an intensity of 10-16 watts/cm2 is mich higherthan the sound pressure in air necessary to produce the same thresholdintensity. The threshold pressures in water and in air are in theratio 0.01225/0.000204 - 60, which is equivalent to 35.56 db.

For each frequency in the useful range, it is now knownwhat theoretical sound pressure at the microphone., expresso in db.,will give a recorder reading of 128 db. Call this value j in db.For each frequency the difference (128 -1) is computed, and plottedon Plate 23. This curve my now be used to convwt, at azW frequencyIn the useful range, the apparatus dial reading into sound pressurelevel in the water at the microphone. In aach case the correctiontaken from Plate 23& is to be subtracted from the apparatus readingIn order to give the true sound pressure level. Recorder readings,corrections, and sound pressure levels are all expressed in db.

AppendiX B, Pa." 2



) �,<::

�di
N

N

N
N

i

'I

7Z

"XI

NJ

K

4

KI



,j_ S, ,A.VAL RESEARCH L-At RATORY

BELLLVUF., U- C

LO

GQ

E

Vta

4,-

-s 4



S. NAVAL RE TE.

BEL FI

t4.

.4Z

-.7

•-,z"l -..

t -:ý t --- " .

-@ -

I

r-4 0o

U

-- 0
C- 4,

U-

- I -.

fto

'C

Co

C,
I-4

0

00

LO

'Vf

ILO

00
CQ

CQ



7��F -

- .4-

-'.4

/

F-,'

+
T

'Lýý ." I .-



/

/

/

/

k
I

-7)

1
4a

-- . T . . . •T . . . . ... . " -v -

4 --- :- .+ -

£ - I .. . F• . .

-I

Kx

-4 7�4

-'4
K
�a.

-� --

H-

7- -�AO�

, rl 1. I.'"I

I- --

RI

I '-,J
S. . .f . . .

I,.

97

'.%

L_

L_ 45
777

I

F-

[ULTE:-
um_ 1. ý 4 "

7-'.



-2.iW.-2 : -_t : _

V-t :":•• :. ::-.• : i • ••:
.1

- - - v-i.
* I

F-.- I t • --I : ,

-'4-i7

:_7 i ;.• ! it. .

.-7:-

- -I. -

F F-.
FTI t"

+ �F-i

- - ------

t i : .. ... : i ,/ ' : ! • b . ..........::-.:. :: : . j.~ ' :: !. . . i_ : . ... :
i 4.:7- +: [

--:-,i7

1� --

7 F

* I

I - 17
• PL

* .� F..

I I 71

* 7) -

....-..--..-..- - ,F . . . .F _ _

4,C- [1 t . -.

I fl- i f k F. ,

-i

:: ; t . ': . i :i : " * : . I / -" -

......i: : . ~ :.-. _ :. .. .: . . . . : ! . .: . .

-I- - -..-

. . .. .... .... ... 7 .

.. . . .. . . . . . . .... ...
. . . . . . . . . . . . . .

.. .--. ,,.

. .. . .... . .. - . . .. . -

.. . .. .. .... = - .

.. . -.. .. -
-7i

m" p

-7--

K.. .....

.... ..L ei
1:.j -

F-

Ff

-17Z-4

T4

r4ý--



'-7 -i:~ i ! 7 - -

" i.j:; : i : : I:.- , . .. -

.':i.'i...... L , . .. .....

¸j

-~ I f

-177

77-

'7'7:itj7

V

I . -

a• . , N
L-I

A:F '-F -- F 7 F ? S.T 7 1 F F F

L 4 .L .Z

I::;:
4-7.77747-

-7-;

I-:

7-:

- F* -

I7�-

-4-.--

�

Z--tu•

I ap

%

i-
iI

4 , 1L

44.4 i

"• i i : ;. i:_!• 77. i:

I

i

44 i Fi

-ý ýF72

-717



LV.L RrSEAWCH L
F~~~v CL-VV. c

JRATORY
DATE

0

N

0

0.

,*t 7'�

7-4-7-7,-- . -

FE) 2�F.

S (7-- 75' 7-

%a1 '5)

JtOUb') :1.
PZq7 7 ,. -a- -a-

7.7--

-4:'.., -

4-

4,)

i-n

÷'4•.• .- •



tick• •L ,Jr

N

t
7- I

:� �\

.rj

F- �

V 

7-77

LW

-7-- -

- ... _ -7' Ir...

J-

-- iK~U.2
3m4

Ilk~

77`

'4. 7 7 • . • , -. .

;o fitM,

-'-4:

DA I -

N

I

N

N

�Z�4 4

0.
(a)

41

40

-I

*1
:4



....... ... a Sam
L VOSMA 

-0.44.
MUM ...... a., ...... MUMM"Ou".6.:M4M.:'.',::::: ::Ms ofoO...O.. alle, M on:

V i.." I i i 11 -'. i mal*VMedm:4-,

Mooo ..... a.
I a .0 ua Z =6 a :6 - -0 : N : u: 1. .1 10 N a, :01 M, 1 :0. N

boas, a..* :=Q.8844-146"
me be

a so 11.998Seoul@asseval to "ease
Go 606.00... 04 26.0040 seems 8"6466.2. ON 6664141*414=

':V .00400 aff: us on go.. a.". evelval......... .00 a.,. .6 .8
........ V- ... eased,""

a we. own, W.as see 0-miniag. . C::MMUNUMISM89"Mommul"l- 1:10904MMUMIUM 0 0.SON0.081! .02:0
..........

rMecil-e-sunpinmirwing
a, Be.

................ ---------
=aor

.440 H.-HIM
GO stangs.8 ... anose.aMeaft"UHM

..........
........ a .... 0. ::color"" M"""= wan".0-im: 9: ME:

...... .0 .,..smog" me -0

no.* :v.M.::'.:: O."MUN: -s- -:::--:L
M ............. I .... z .... eems:= IN am..bbb 4. as C 'r

............. R"..Gj 40 sil"mw"@O

.............. ::::..: M, = z
o"W'SO-0. 2:60HUNUNIMM41*02 owa00" cause

to ............... "I 6"4m olaw
lo.

as Owosso** . *SON "gap a" a
4: a .66 .0 gave esomewsmi We

a. 4 man= 641"m ""Senses" wasomý a
............... .46 "WEVOOOD 0

C"Mfitrý 
o"UMIl .......... a.md-W"L No.

1=00 0.60 MUM..mem Emu;ieasse" So .We -MM006.0.0"9*2
0 - "a .. some

ra

Mun =46"CrIMM:

............... .......

.............. N, O.H.: me

No ............... :M..."I was" CUMODUM:

N.N.=11"woo !MWE-M-SH-Ming
=nn-nuonn... . a
................... 0=:

....... ...... : ............. ........... v--.MV. a So ..... .. "a 00161011 am I. S.C."= MUM

.......... ................ :6.
No ...... a."."... Go 0 ... X 0 a *mesa"

gas- 
use saw .......... a..

a ...... 4 ... SH.."I's "UNG.I.- S..A.. 6.8
............. So ........ so

so aw 0M.0 m
.:-Samoa" ft.."oAxwo "OneW..."UHN."NU.

........ 
una.

.............. ................ UNIN M:: "M ..... WS No
No

......... as ... 4.9 tra===
as an* our O'SoMe

...... 
ablaf NUNN! SOM

-XWOSA ... Was... 1:414 HrOMM MONes a4= 0'"MULM'So
a 0 ob, IMM"M

MUNWO1- 2 11114.01.61 ".So wwwose"mnu4m4em.0 .... M B..oenoe.:o 0.0*:!:a Z;I. .Lee 0,04'em bous'
'?= am sm.

U"No"': ' -. 0t: 1:11 UMM= 'a"s me WWA
.................... a ........ *01 N ... M UMN"Goo

N.
................. ....... ON.O.Mobsovas "nommN

on vusagesmma 11 1: S-co" I I.: uwen-
......... ....... UN .498 No OR ome:ý .O.O.

...... o0w ... Wave ......

Go a.
:.. . ......... M.- ....... No .................

............. -- ..................... .. me ...... be .M:Mo

....... :'ý .................. 4 Guam on v .46OUNd Wm4mS- 4 so "a -sexaft a- wMas.. a nowe"b":60 = Smog* maw"se&"
'am. 04 sea". we 0 we v sý

"Nou's ON:
......... ....... 

NUMP Mad,
00%. M"U'Urv OVE

........ ................. ::N: "MMMNUMMUNN: MUNCZ9
.........

3:1 
-NN: .0. we ......

.............. ....... 10=1:1Ml 
Go=

............ 4 ...... S.-OM: .......... 0 ...... mWIMM Go :::::;* Ma1.1: is IIN.IM-1. 
M

......... ::: ...... *.a ..... W:
.......... on ............ .. "A ..... a ...... a T . *Z NM-, N I I I:: uZ: loal: 6. 4 11 NN ommuse

............

re 40*

......... ....... a ................ M
assa.M.59

"N .........
....... .......... ........... -: "-- .... .... MOS

.............. N a ... a..".

...... ............ .................. am ....... -am affamommalls.
............ ........ - 08A.U-MM:

I IMNIONSM's"HUM as
W-MUMONIM.O.R."ll: ::r,:

................. iwas:
............. ......... &G.N., ............ W- 66.4 .......

............

I% I., 1V 1 :11.;:. '"NNN = ::q 0*...... ::: ....... I ............... N= ua.no....
....... Sao ::: N NI!: to., I: M.MM.:

............

................. Wo
........... .... . a -V 9:11..

...... ........ ................... ............ Musson=

NN."MU N N UN

... ........ ......

..............
i- - .... me ....

No.:A:.
..........

............... ;.i 
.............

-v.ows-

.......... .......
............ ...... a .... 4.0owl

...........
..............

......... IN '!:'A

14.



I.

1-

-i

Sfr

,1

I -

F, -I

�77

27-

-F

-7 1;
-I

N* U,

'4
74

4

77���

4.7

IF
i

,fr

4-'F. F

K
* r-.

* U

,C74

ca

- N

p

N

'-7-4-

C-,
F-

I
'7-cF

-'

I -



...... ----

111-F-i

- ~ 4 ~ -~44+1

Tt 21 i' IU- 41ý Jf :44



r-',

'-7-

-'--I

7-F-I

IZ7

'.7

'.'1

.7-
Id

4 ;;



A

- -- -7- '1

.7--,---- - -�-7-;-7-' I
F.-

4V�t'7-,
4

-• 7-Fm

�7-S�- h�
7- I�-- -

�j 7 .7

r,

'Il

I1[
1111
UK -,
1II�
IB�



"~ ~~~t . !l i i f,' .. .

7~/'~ Yý -T

(--7

1-F

7.' 7i ( > :

777-7--7!7-.. . 7----7" " ' ' • . _ F

tNN

.- ,• -• -7- _

~~~~. . . .. _ ' L | • i -: I . ...... .. . . .

- •_C ' -_

-_ : : "". ":'a !l-



�Ft

��7-77�7�7-7-

"- 577- 7-

-- F 7

'F

7. '-F-4�7- �j.

£
- F�)

I'4'1

F . -7, -
--.4- -

- 7- � 77*

- --i 2 -.



,t/itL '-V

- - �-.-fC.-.-'- -

V

It.

7A-7

Pk- 1A .Th~7.k

TOU

---- 2



.77- 2/i' 7-'
- 7-. 7 7 F.'

- 5-7 - -

7 7 7 . . - -

7,7-7� 5 -

77 
7 -

F.

7 . ' .7 7
.7-7-.- 4

-4-7 77.74-7--
-*

'CPA�'7�IC6i
-� 7.

�7-5- - 7

7-7 *7 *.

t.7-57 .7�4

-5l�.7{

-�74, z.7-

4 1- K

7-�-7 aF
7- '7 7 7-7-5-7

- �
7*7-7��� 7-777'.�

7 & -

44�

7 F 7.-I�77��3�) .77

£

"4

7 -F.',>

~&; r.

F 7>

�, ;7

C-

�7,77�

I'

77i: -.,

77- �'F7

7 7 7 7-

.474

7 F- . 7

-F. a

-F-

'-, y.

/

RILL 5-?E R
7

vL.. 7-0

I

j...• %,- L.3

,,.,.

Ci; -..
/./

b [ '<, _•



-~Ný 77« 7.- 7 - C-I TJJpNfL,Vq-ie
C/9,yýS TA4L

RA UESE,

LJ/ W'aL

7-7-7-7---

"-- . .

-- ! I77

- - - F�-

'.�:

-74-4.

-F. -�

� 1'�-7 '.� -

F7'.777. 7-/*7777 C
-.- - 77 17' 7--

- - 1:.F 1

½ 17-77 /

Ft -F

�71:7'..-7

477)' 77

-FF4.

4-'

(77.77.

I

K ' 7- -

-57.7777�F- -��'�<& -a- C-,
-- .- *�-. -

- -7��7C( '- -�a- &�'. 7
- �'*.7

7
*-5F77-, - -7'

- �7777f77>�

-- * t 7-

a 7 �7 \77

-F �
* -7-7 47-77-.J7-�F
F .a- (7-7�.t. -7

7 77-7777777-7-7

?F-7� -

7' -�

�7- �

F- - 44-5�C-

� (-77,4 * -F -
�-7 *7) -*

'-7 77'�7-..*>7 -

'7 - 7

�LF¼
7 7 - 7

Ol'

7 7-7. *

- ttF-7

.7.7-7�. F.

-4;7.77 -577-

7-7.7�a

77

* F�-F�F.

- 4.

- F'7

I -

I -
I -

"I

a•

.. •.k

-ýýA



U '.Fk�-7-5' -�
-7'

4.7

-7* F

'F

'77-7 - 4.74•/i'.

.-7 - . . . . l • -l 7 7 . "

S. . . .

"UN,

P!.7 J4TE

-- ,..4� -

C- *

-'--7;
.7 �I,7 -7

I

••-• r-:•

i'• : • '-ll -7•

111

", 7.: ,F

-7-i.
7 F-;

.7.7, -7477F-

7>-:,, -4-7

7�a

F; 7�

-57*� *� F'4-



I -�

6

LtI

=:• .. • •'":•• :!:• i 4: !:•
-77-74�V4�1

,!l

S

7

'r

21

III

F-n

5

I

- '-. . z ,

Il , I I ! , > i



"Fl

N

-� - Ct fG"/Y(�,7�q' -� tA-IAt' F
- F .

F.. F .- 7, '7-�7-
- --5 �-. A

k7--n



-r

I----

•I • b- •

F: I : ii

I " . . . F . . . . . -d

7-i _ l" * * i!

I .. .. - - F {.

-- - : I k

I- -

I'.-
1.j .-1

I j7.AF I
7�77, -7-7

� � �
T.~J--

S' - - .i' --7--7 - - •
t% N

- • F •_ i -• .I k4t 7-

... .. .. .. .i ; ! " •t _ :• . . .

S. . -- F

.. ...... ,.. ...

.. ... .. ... .

- . .. . . .-... - ...... ....

. .. . .. . .......

- F ,:. - .,IL

F)

: 1 . . .. -. , - --.

IInIIIIIi...

i


