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Cttement of rroblem

2. The iundumental probleml of LiS investigati~n was to obtain the
absorption and reflection coeffi•.ints of sea water as a function of fre-
qucncy for different water conditions and for different conditions of
operation. The practical importance of these coefficients liez in the fact
that if these constants are known with reasonable accuracy for the various
conditions it is possible to apply well established mathematical theory
in the design of equipment and to predict approximately the ranges obtain-
able under specified conditions of power output, frequency, dimensions of
transceivers, speeds of the two ships, aspect of target, and water condi-
tions, particularly depth, temperature and purity,

Previous Data

3. A considerable volume of data on supersonics have been accumu-
lated by both Laboratory and Service personnel during the past ten years,
chiefly in the form of dir'ect signal and echo range data. These data have
often been conflicting (e.g. maximum echo ranges varying from 700 yards to
7,000 yards) and the explanation =as not always obvious. There are three
principal factors in determining obtainable ranges; namely, apparatus,
water conditions, and personnel. At first the vbriatlona were attributed
to apparatus, but the last few years water conditions, particularly tem-
peoature gradients, have been found to be big factors, and, of course,
there will always be variations in pcrsonýnel. Unfortunately, most of the
service range data reports have not been accompanied by exact statements
of the other conditions.

4. The expeditions of the Eagle boats in 1931 and 1933 obtained
considerable range d:t& under known conditions and established the fact
that there is a great difference between the waters of Panama Bay, the
CanPedro area and the Hawaiian area, Lnd that the conditions in tiny area
vary with the seasons, This general conclusion has been checkcd by the
submarines in Coco bolo and Pc.rl Earbor. 1In Lanraiz. from January to July
the ranges obtained are relatively Lhort, theW "ate iC full of ani0al and
vegetable growth and there is a steep temperature grdient ThcMe condi-
tions disappear more or less in the fall Wnd rznges improve. In the
Hawaiian area conditions are more uniform throughout the yeor bnd rangee;
are greater and more constant.

5. In the New London arcc. in the foil of 1934 echo rangcs of 4000
to 6000 yards were obtained in the shallow water of the boud, but in the
summer of 1935 with the acme apparatus, personnel, and ares, echo ranges
were generally limited from 1,000 to 1,500 yards with a few striking ex-
ceptions apparently showing a "skip di•.t~ance" effect°
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6. In the early spring of 1934 excellent results were obtained by the
Eagle 58 in the Guantanamo, Cuba, area, and the temperature gradient was
found to be very mall.

7. The development of adequate measuring equipment has been a major
problem in supersonics. Equipment has now reached the stage where sufficient-
"1y accurate measurements can be made to evaluate some of the different factors
concerned in transmission of sound through water.

Theoretical Considerations

8. The expression for the absorption coefficient is derived from the
fundamental equation for the transmission of wave energy.

&i;. •9. If a conical wave of sound is being sent out from a transceiverinto a homogeneous medium of Infinit extent, the intensity I of the sound;
i.e., the rate of flow of sound energy through unit area at a given distance
will be proportioala to the initial intensity, Io, inversely porportional to
the square of the range, R, and wil be subject to an exponential absorp-tion. EMPresed in a formulaj, where Ro is unit distance

IR Io.d .l0OR
If the intm•lties X1 and 12 are measured at two different ranges q and 2,,

rwe have the equantons

In~7. I = (OI)0 e

12. : Io aRo (2)

Diflding (1) tr(2) to eliminate lo, and a tnanrfrac ee

( R1 (3)

Th inteastled are measred in decibels above a standard refaremee leve
I as defined to the equation

db l0 logLI (4)

and b.- db2  =10 log. 211 (5)
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Taking logs of both sides of (3) and substituting (5)

log 2 = 2 log L + a(R -)

0.1 (db 1 - db 2 ) - 2 log (6). • (6)

R2  - Rl

10. The value of a defined by equation (6) is seen to depend on
the difference in intensities and on the range. The value of the initial
intensity I3 must be maintained constant, but it is not necessary to know
its absolute value. Since a may depend on the frequency, it is neces-

sary to keep the frequency constant during an experiment.

11. In practice the ideal conditions assumed in the derivation of
the formula for a seldom obtain as the medim is neither infinite nor
homogeneous. The experimental value obtained, however, is quite practical
as it is an over-all value that includes all the losses. If a value can

be obtained uneder approximately ideal conditions, then deviations from
the ideal value are an indication of the effect and importance of other
conditions.

S12. The effective reflection coefficient 1 may be defined as the
ratio of the intensity of the echo to the intensity of the direct signal

•which has passed through the same distance in the mter (twice the echo

-Ie (1)

Intensities are measured in decibels above some arbitrary level defatned
by the equation

db = lolog ._ (2)

10

Taking the logarithm of both sides of (1) and substituting (2)

dbe - d•log p =

10

This Mme formula may be derived in a manner analogous to the absorption

coefficient. Let a sound beam be incident on an area at a range R with
an intensity 1 ,i then

A x = !• 1 °-oR (2)

It there is a reflector at this area, the new source becomes Ir, where
4 = p 1i , I being a fraction. The intensity of the echo, le,

going back over the range R is
-3-
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IIrRX 1 0 -aR - • i 1 0 i0 - aR 0 oR 1 0 -2aRle -= (2)
R2  R2  R4

If there is no reflector at the area ij and the sound continues in the
same direction a further distance R from 1j (the same source as the echo
but without loss from reflection or 1i = Ir.)

= 2 -aft)
Id j% 10 - 0 1 0 -2c (3)

R2  R4

Dividing (2) by (3)

II dl
',•Ie r• nd logp•- b. dbd

W d 10

13. The experimental procedure is to transmit a signal of constant
intensity and frequency and to measure the intensity of the direct signal
on the target ship and of the echo on the transmitting ship. This is done
at a series of ranges to give the data for both absorption and reflection
coefficients. The reflection coefficient is affected by all the factors
which affect the absorption coefficient and in addition is affected by the
target. The ideal reflecting target would be an inflnlte plane perpendicu-
lar to the axis of the beam, but this is not even approximated under ser-
vice conditions. The coefficient obtained will vary with the configuration
of the target and the angle of approach. It will also vary with the fre-
quency or wave length. To have specular reflection, as contrasted with
scattering, the reflecting area must be large compared with the wave
length and this area will vary with the configuration in the directionperpendicular to the axis of the beam. The experimental coefficient is
a practical value, however, as it includes all the losses from any cause
&nd makes no assumptions as to the mechanism of reflection. The experi-
mental procedure requires that the measuring apparatus for both the echo
and the direct signal be calibrated against the same standard.

14. The temperature affects sound transmission particularly if
there are either horizontal or vertical stratifications. The velocity
of sound increases with the temperature. If there is a considerable dif-
ference in temperature between the surface and lower levels the sound beam
is refracted downwards and may pass too far beneath a surface ship 'to be
detected. Also, where there is an abrupt change in temperature between
a warm surface layer and a colder deeper layer, the two layers are usually
moving with respect to each other producing a turbulence at the boundary
that absorbs or scatters the sound. It is frequently possible to get a,
good echo from this boundary layer in the Gulf Stream or in Panama Bay.

("Obviously if such a boundary layer will give an echo it must interferewith the normal transmission of the sound.
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16. ¶Te essential measuring apparatus consists of two transceivers
ani two sound analyzers. One transceiver was designed to give a flat re-
spans. over a wide range of frequencies. The other was a standard JK type.
The two analyzers are identical in principle. They have a sensitivity
that is uniform within 1 db from 10 to 50 kilocycles and a selectivity such
that the response is 10 db d at + 500 cycles from any selected frequency.
limber 1 has a total attenuation range of 0 - 70 db in 2 db steps and lumber 2
has a total range of 0 - 140 db. Measurement may be made on a thermal meter
uhich measures the amplified high frequency energy directly, or on phones by

heterodyning and detecting. go audio amplification is used. For phones the
zeo level is minimum audibility, and the zero on the meter can be adjusted
at a known db level above this. kabh analyzer has a self contained standard
si al generator for adjusting the frequency and the amplifier gain.

17. The two complete equijuents were calibrated by installing them in
the two wells in the main sound rom of the SEOlW and transmitting a signal
Of Constant intensity and bnmm frequency from the D-2 unit in the after
sound room for siaultaneous meaurement on the two analyzers. This calibra-
tion 1 inen t of the absolute value of the signal from the D-2 driver.

18. Pbr the absorption and reflection studies,
tramscever were mounted in the main sound room of the
Number 2 analyzer and JR transceiver were installed on

Number 1 analyzer and
U.S.S. SLES. The
the S-20.

19. An elaborate schedule of tests had been planned, particularly
for the reflection coefficient determinations, but due to the limitations
or time and the adverse wuter conditions only a simple program could be
carried out in the New London area in July 1935.

20. The SEES and the 5-20 proceeded to deep water on the 1,000
fathom curve at approximately Lat. 400 N. and Long. 700 W. The two ships
took the same and parallel courses abeam, the 3-20 submerged to periscope
depth and ran at 3 knots. The SDES transmitted a signal of constant
strength and known frequency and the &-20 measured the intensity of the
direct signal. The S&Fai measured the range and the intensity of the
echo. The range was then increased by the SEES and the measurements
were repeated for a series of ranges. The S5IKES recorded the injection
water temperatures at regular Intervals and the 8-20 recorded the tempera-
tures on a thermometer outside an eyeport in the conning tower. At least
once each day the S-20 made a deep dive to obtain the vertical temperature
gradient.

-5-

Laboratory Work

15. Considert.ble laborntory work was neceEsary to develop the two
sets of apparatus for making the quantitative measurements and in sttndard-
izing them so that results would be comparable. Also practice is necessary
for the personnel to get accurate and consistent results.

fl. MTHODS



S13 21. The data taken during the sound analysis of the --20 in October
S1934 and August 1935 may alo be used to calculate absorption coefficients

as a function of frequency since intensities of the propeller noises were
measured at two different ranges and at twenty different frequencies between
tO and 45 kilocycles. It should be understood that the values obtained
apply with certainty only under the conditions stated.

.22. The technical work was done by Dr. E. B. Stephenson, Mr. W. W.
VIssan, end Mr. W. F. Curtis assisted by the radio personnel on the two

SJ. DATA

. 23. The data Obtained on two days in deep water at 17.3 kilocycles
Axe shorn i Plate 1. All the determinations made are shorn. The range
Was increased by steps to some 4,000 yards vq4 then decreased. The measure-
ments extended over some 6 hours in time and IS mfleb in distance on July 25
so that changed conditions may account for the scattering. Lines are drawn
"that are considered to give a group average and a is calculated from the

Scurves for the two days. The fit for July 24 is pretty good as al of the
points except two are within 2 db. The values of a for the two curves on
July 24 are close but they are on different levels for the two runs. This
may be explained by the fact that the technique improved after the first
rum on the first day. On the July 25 curve slightly more weight is given
to the high values as there was considerably fading and it is easy to get

5 low readings.

"24. The data for 23 kilocycles are shown in Plate 2. The points are
scattered and the line is an approximation at best. It should pass below
the two short range points (Refs. comment on Plate 5).

25. Plate 3 shows data obtained on the Eagle 58 expedition In 1934,
The Number i analyzer and transceiver was used for receiving but the fre-
quency was 30 kilocycles. There was no temperature gradient. The rangc•
wer &reater and the data more consistent.

- 1 26. Plate 4 shows the relation between absorption coefficient and
frequency for propeller noises in deep and shallow water at short rangesS• I of 1,,000 to 2.,000 yards. Each point iE the average of ten or more separate

determinations under different conditions. Uote that the scale for deep
water Is ten times that for shallow water.

27. Plate 5 shows five curves calculatcd from the formula
-2 1=0lO-aR

* for R = 1, an assumed reasonable value of Io, and different values of a

that cover the range of the experimental values. When wTitten in the
logarithmic form to facilitate calculation,

db = 10 log I = 10 (log 1o - 2 log R - a R )
-6-



it will be noted that the 2 log R term is numerically large compared to a R
at the short ranges but that at the longer ranges the a R term is the larger.
Thus, there is an approximately linear relation between db and range beyond
1,000 yards. The "best" strLight line drawn through the points between 1,000
yards and 4,000 yards would not be in error more than 2 db. This justifies
the use of straight lines in Plates 1 and 2 and also justifies drawing them
below the short range points.

28. Plate 6 shows the vertical teqperature data taken by the 8-20 in
different areas at different times. In deep water there was a layer of warm
water of fairly uniform temperature about 30 feet deep on top of a much
colder layer. From 30 to 50 feet below the surface there was a drop of 50 C
or more. In the shallow water of Block Island Sound there was considerably
mixing by the tidal currents and the total differences are not so large
nor is the change so abrupt.

29. Plate 7 shows some horizontal temperature data taken by the two
ships on different days. The data taken by the S-20 are probably accurate
to 0.20 C. and on the SFXMES to 1.00 F. The curve for August 16 shows the
largest and most rapid variations.

30. Plate 8 shows some interesting data on the background of noise
on the SEMWES U a function of speed and frequency. Too much weight should
not be given to the frequency relations because the X-2 transceiver does
not have a uniform response with frequency. The data apply only for this
transceiver. The readings were made on the analyser meter whose zero level
is about 40 db above minimum audibility on the phones. It will be noted
that the background is fairly constant up to a speed of 12 knots but increases
rapidly up to 20 knots. Other tests have shown that 15 knots is about the
mexnium speed for echo ranging in shallow water on account of the background
of noise. The noise is less in deep water.

31. The X-2 transceiver has a rubber case but the front and back
faces are flat. Plate 9 shows the effect of the bearing of the transceiver
on the noise at two different speeds. The bearing difficulty has been
largely elaimnated by the use of a spherical transceiver.

32. The reflection coefficient data are unsatisfactory due primarl-
ly to the variable water conditions. The data taken in deep water on two
different days and at two different frequencies for echo ranges from 800
yards to 2560 yards are given in Table 1. The data would indicate that
the port side of the S-20 is a much better reflector than the starboard
side but there is no obvious reason for such a result and the data are not
sufficiently accurate to warrant such a conclusion. It will also be noted
that the reflection coefficient is largest where the absorption coefficient
is also large. This is not inherent in the formula or the method of meas-
ureapnt and is assumed to be accidental.

33. The sensitivity and reliability of the apparatus and techni-
que give readings that would be correct to within + 2 db but the water
conditions were such that this degree of precision could not be maintained
for any extended series of readings, nor were there a sufficient number
of readings to permit statistical treatment other than plotting and draw-
ing the "best" line through a number of points. The data are not suffi-
cient to warrant any conclusions on the variation of a or IL with fre-
quency, or on the variation of pi with bearing of the submarine. The

-7-
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variation of absorption coefficient with frequency for propeller noises in
shallow water is probably valid since each point is the average of 10 or
more readings. The reflection coefficient data is particularly unsatis-
factor;- due to the changing conditions and the limited amount of data. How-
ever since a is a logarithmic function of the intensities as measured one
must think of the numerical values as orders of magnitude rather than per-
cents.

IV. CONCLUSIONS

Facts Established

34. Absorption coefficients have been determined that lie within
the limits of a = 0.0005 and a = 0.0020. The most consistent previous
results were obtained in the Hawaiian area where a = 0.00065.

35. The reflection coefficient data are too irregular to warrant
conclusions.

36. The temperatures in the New London area are irregular and show

both horizontal and vertical gradients.

OninIons

37. The New London area has at no time been found suitable for ac-
curate quantitative work. The weather is variable and the distance to deep
water is too great. Satisfactory data cannot be obtained in shallow water
due to irregular bottom reflections.

38. The apparatus and technique would give accurate quantitative

lata if water conditions were suitable.

Recommendations

39. It Is recommended that these experiments be continued in a suit-
able area as soon as possible. Guantanamo, Cuba, is known to be a suitable
area from January to March inclusive.

V. DISCUSSION

40. A consideratlon of Plate 5 shows the possible lines of develop-
ment in sound gear to increase the range. They are

(a) Increase the initial intensity, 13.
(b) Lower the noise level.
(c) Operate at a frequency where a is low.

It is possible to increase the initial sound intensity by increasing the
electrical input into the transceiver, or by improving the efficiency of
the conversion of electrical energy into sound energy, or by a combination
of both. Suppose that it is possible to increase the sound output by a
factor of 10, what will be the increase in range of the direct signal?
A ftctor of 10 in power corresponds to 10 db. On the curve a = .0010 the
increase in range would be approxinately 1,000 yards. Exactly the same
gain in range can be obtained by lowering the effective noise level
10 db. Increasing the gain of the amplifier is effective only up to the
point where the water noise is approximately at the signal level.

-8-



41. The ubsorption coefficient is Inhcrently a property of the watcr,
but it is a function of frequency Lnd by a proper choice of froquency thc
offect of a may be reduced. At preccnt there Lire no quantitative data on the
relation of a or 14 to frequency excep L for the special condition of pro-
peller noises but the qualitative data for a point definitely to the lower
frequencies.

42. The effective reflection coefficient in also believed to be a
function of frequency but there are no satisfactory data.

43. The importnee of a fairly accurate knowledge of the absorption
and reflection 'coefficients as fuctionsi of frequency and other variable con-
ditions is obvious In that they vitally affect the further development of
mderwater sound apparatus.
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Reflection Coefficients in Deep Water
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L•tdiec of absorption nkQ reflectin confficients of high fre-
queney sounds were made in deep water off Aw., "v, Londin area in July
193;,

The apparatus &nd techziq ie aru eztiU:.ztor' for recur,
outntittive data but the waaw: couition. K the arern were variable,
There are relatively large horIzn.:tal tad vM.e"ti al tem;r- ,ur gradi-
ents which limited the range bnd consistenrcy of the results. Values
of the absorption coeffizient were found that As betwjeen a w 0-0005
and a = 0.0020.

Luetoare given on the b:.kground of" noi.e on the &0T... as a
function of speed, frequency, .nd bearing of the tronsseiver0

A r-age chart is given showing the ,o-ribo gain in renge to
he obtained by increaring the initial sound output, by lowering the
noize ievcl, or by selecting a frequency to give , low value of ab-
norption.


