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STATEMENT OF PROBLIM

Burcau of Ships problem\NEL 2A5a: "Develop equipment
for continuous measurement of vertical scund velocity
distribution for prediction of sonar performance,
correction of vertical tn&angulation ranges, and tar-
get—depth measurements." “This report deals with the
development and testing of a Pulsed Sound Velocity
Indicator (PSVI) for use on submarines and employing
short—-path high—frequency echo ranging for measure—
ment of sound velocity.

\

1. The PSVI is suitable for direct measurement of
underwater sound velocities from a submarine,

2. The accuracy of the measurements made with the

PSVI is § 1.2 feet per second, corresponding to an error
of ¢ 0.025 per cent. :

3. Changes in sound velocity as small as 0,2 foot per
second can be detected and measured,

4. Previously used tables in which socund velocities are
presented as a function of temperature, salinity, and
depth show values as much as 5 feet per second less than
those measured with the PSVI,

5. The following expression is proposed as the best
representation of sound velocity as a function of
temperature, salinity, and depth, for tempecratures below
63 degrees F: V = 4241.59 4 13.147 T - 0,06649 T2

+ 4.278 4 0.0182D, where V = velocity in feet per second,
T = temperature in degrees F, S = salinity in parts per
thcusand, D = depth in feet.

COINCLUS IONS

RECOMMENDATIONS

1. Develop a recorder for use in conjuncticn with the

PSVI,

2, Develop a computer to give density of sea water from
velocity, temperature, and depth data, disregarding salinity.
3. Use the PSVI to make measurements of sound velocities
cver a wider range of water temperatures than here reported.
4. Use the PSVI tc make measurements of sound velocity over
a wider range of salinities than here reported.

TORK SUMMARY

A 100-kc and a 1-dMc model of the PSVI were constructed and
tested, The latter proved satisfactcrily accurate and was
used in a series of sound-velocity measurements in sea
waters ranging in temperature from 30 degrees F to 63 de-
grees F. The program was carried out by W.H. Burt and
C.K. Lisle under the directicn cf R.M. Sherwcod.
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INTRODUCTION

Within the framework of the Bureau ¢f Ships assignment
to develop equipment for continuous measurement of vertical
scund velccity distributicn, the Laboratcry.has undertaken
the development and testing of a Pulsed Scund Velocity
Indicator (PSVI) for use on submarincs, The PSVI employs

Short—path high—frequency echo ranging fer direct measure—

ment of sound velocity,

Sound velocity measurements are of partlcular interest
to those engaged in underwater sound research, since the
vertical distributicn of sound velocity determines the amount
by which a sound beam is rcfracted. Vertical refraction of
a horizentally directed sound beam is one of the chief
factors influencing the range of underwater transmission.
Thus a knowledge of the sound velccity distribution is es—
sential tc prediction of sonar ranges,

HISTORICAL BACKGROUND

The velocity of sound in a fluid is given by the ex-
pression

whero

'V = velocity of sound,

v = ratio of specific heats of the fluid

o = density of the fluid, and
« = true compressibility ¢f the fluid,

When it is desired to use this expressicn for calculating
the velocity of scund in the sea it is possible to relate
YspP s and « to the given conditions of temperature, salinity,
and depth by means of empirical formulas derived from field
and labcratory measurements

Several tables 4s 9 , 16 (see list of references) giving
sound welocity in terms of temperature, salinity, and depth
have been published. Those of Kuwahara? appear to be the
most rigorous and will be frequently referred to in the
following text, although they differ only slightly from those
of the British Admiralty4 The accuracy of these tables de-
pends upon the accuracy of the empirical formulas used to
relate the ratic cf the specific heats, the density, and the
compressibility to the given conditions of temperature,

?
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salinity, and depth. Kuwahara uses values for the compres-—
sibility of sea water obtained from Ekman's3 work in which
the error is estimated by Ekman tc be less than 0.3 per cent.
An error of 0.3 per cent in «, however, permits a deviaticn
of + 7.5 feet per seccnd in the computed scund velocity.

These computed tables have formed the basis for mcst
indirect determinaticns of sound velﬂcity in the sea, A

measurement of temperature, salinity, and depth is made,
and the correspending sound welocity is obtained froem the
tables. Any erroprs in the measurement cf temperature,
salinity and depth will, of course, be combined with the
pessible error of approximately § 7.5 feet per second

in the tables,

The extensive use of indirect determinations of sound
velocity arises from the difficulties encountered in making
direct measurements. The usuc.l technique employed in
earlier direct measurements 2 ) b, 8, 9, L1 of sound velocity
in the sea has required an explosive charge as a sound.
scurce and several h,v,rclrophones11 spaced alcng an accurately
‘measured base line as receivers. The arrival times of the
pressure wave at successive hydrophcnes were compared,
and these observations were used tc compute the average
velccity of socund over the base line. Care was taken to
minimize the errors caused by refraction and reflection of
the sound wave; by making measurements cnly at neap tides
the effect of tidal flow was reduced. The chief objection
to most of these previous measurements is that ccllateral
cbservaticns of temperature and salinity were insufficient
to describe water conditicns alcrig the entire sound path
with the necossary accuracys

Measurcments e over a 1l2«mile basc linc by W.cds,
Browne and Cochrane /Mvffer more supporting data on tem-—
perature and salinity conditicns than measurements made by
others, but their methcds are nct adaptable for use in
cperatiznal and tactical situaticns.

In contrast tc the lcng distances used in previcus
direct measurements of sound velocity the Pulsed Scund
Velocity Indicator uses a short path length., Refincments
of time-measuring techniques make possible the accurate
determination of sound velocity in terms of travel time
alcng this shcrt path, Water conditicns in the sea are
sufficiently uniform over the short distance used (ap-
prcximately 26 ft) that a single temperature-salinity
measurement may be used to represent cronditicns along the
entire path., Thus it is possible to make accurate direct
measurements cf sound velocity with the PSVI, and to
cbtain ccnveniently temperuture, salinity, and depth
measurements with which tc correlate these velocity readings.




DESIGN CONSIDERATIONS

The requirement to "deveclop equipment for ccntinucus
measurement of vertical sound welocity distributicn for
prediction of scnar perfcrmance, etc." demands alsc that
the equipment be suitable for installation on Navy vessels.
In view of the difficulties of indirect detemminaticns of
sound velocity — dependent on measurements cf temperature,
depth, and salinity, the latter by means of conductivity

. cells — a new approach to the problem was adopted: direct
measurement of the travel time «f a sound pulse over a short
echo path.

t In view of the requirements, it is obvious that velcci=-

ties will be measurcd on a short sound path. Shcrtening the
sound path requires refinement in time-measuring techniquesq

"an accuracy of 1.0 fiot per second, or ¢ 0.02 per
cent, was originally prop.sed as being appropriate. ' Taking
5000 feet per seccnd as a ccnvenient value for the velocity
of scund in water, the allcwable tclerances in the mcasure-
ments of both time and distance are listed in table 1.

Table 1

Allowable Tolerances of Time cr Distance

Travel Timing
Time Tolerance Distance
Path .Length (micro- (micro- Tolerance
; (feet) seccnds) seconds) ~ (feet)
200 40,000 8 .04 1
100 20,000 L 02 _ 3
50 10,000 2 .01 = 1/8 in.
25 5,000 1 -005
12,5 2,500 0.5 0025
6 1,200 0.2l .0012
3 600 Oed2 - .0006

On the basis cf the figures in table 1, a path approxi-
mately 50 feet long was chcsen as representing the best com-— .
prcmise between the requirements of accuracy and ccnvenience,

The 50-fcot path must be an echo-ranging path .ather
than a- straight transmissicn path t¢ eliminate the effect of
the speed of the vessel on which the equipment is mounted.
The agtual distance for PSVI use was determined to be 52.056
foet — 26,028 feet from transducer to reflector, resulting
in a travel time of approximately 10,500 microseconds for
average velocity conditions,




The range of variaticn of sound velocity in natural
waters is approximately 500 feuet per second, resulting in
a variati.n of about 1 part in 10 when 5000 feet per second
is used as the nominal value, Fcr cunvenience, the travel
time over the 52-foot path may be considered as made up of
two parts: the first part being a constant (16,000 micro-
seconds) corresponding to a velocity of 5200 feet per
second; the seccnd part being a variable (0 to 1040 micro-
seconds) corresponding to the drop cf the measured velocity
below this value. Then, if pulses of sound be emitted
from the PSVI transducer at a repetition rate of 100 per
second, a 10,000-microseccnd interval will be provided
between pulses — an interval which will serve %o measure
the "constant" portion of the travel time, The "variable"
portion of the travel time, that which exceeds 10,000
microseconds, may then be measured on the calibrated sweep
of an oscilloscope. Timing circuits will be required to
initiate simultaneously the sound pulse and the oscilloscope
_{ sweep. Throughcut the full range of transmission condi-
tions, the echo of a given pulse will appear on the follow-
ing oscilloscope sweep, and will be displaced along the
sweep by a distance related to the amount by which sound
velocity falls short of 5200 feet per second.

PSVI, MODEL X2

The Pulsed Scund Velocity Indicator, Model X2, is an
experimental equipment designed for installation cn a sub-
marine. It is capable of direct measurement of sound
velocity in the water thrcugh which the submarine passes
while submerged., A quartz—crystal transducer mounted on
the deck of the submarine sends l5-microsecond pulses of
1-Mc scund to a reflector mounted approximately 26 fcet
away., (PSVI, Model X1, built in 1948, operated at the
lower frequency cf 100 k¢ — see Appendix.) Timing cir-
cuits and the calibrated sweep of an oscilloscope afford
accurate measurement of the travel time of the sound
pulse to the reflector and back. 4 block diagram of the
equipment is shown in figure 1.

PHYSICAL DESCRIPTION

The PSVI comprises two table-height racks, with the
oscillcscope mounted above for convenient viewing (fig. 2).
The two racks incorpcrate a Hewlett Packard Model 100C
frequoncy standard; a driver, a receiver, and timing and
trigger circuits, The oscilloscope used in the PSVI is a
Dumont, Type 256-B, A/R Range Scopel, Originally designed
for use with conventional radar sets to increase accuracy
of range readings, this ecope is calibrated in yards

B ——




(postwdr mecdels of this same scope are calibrated in micro-
seconds),

Positions of the transducer and reflector on the deck
of the submarine are shown in figure 3. To hold the error
within  0.02 per cent, it is necessary that the distance
between the transducer and reflector be established with an
accuracy of # 1/16 inch,

issuming that the axis of the radiated sound beam is
perpendicular to the reflectcr and is directed at its center,
the path length of the sound pulse is hcre taken as twice
the distance from the surface of the crystal tc the center of
the reflector., The rho-C rubber window covering the crystal
is O.,1~inch thick. Taking this into acccunt, a steel tape,
accurate to 1 part in 10,000, is used to measure the distance
between the ocuter surface of the rubber window and the center
of the reflector, The half-path length is established at
26,028 feet; path length is 52,056 feet.,

CIRCUITRY

Timing Circuits.

The timing circuits are the mcst impertant part of the
PSVI. Their functiun is to provide a repetition rate cf 100
pulses per second, ccnstant to 1 part in 10,000, or better.
A8 previously menticned, the greater pcrticn of the trawel
time of the sound pulse is measured by this ccnstant time
interval between pulses.

Figure 4 is a block diagram cf the timing circuits. A
crystal-controlled frequency standard, Hewlett Packard Model
100C, supplies outputs of 100 ke, 1 kc, and 100 cps, accurate

to l part in 100,000, A triangular pulse derived from the
100-%kc cutput is ’mixed with a pecestal pulse derived from

the 1-kec output, and the result is a triangular pulse occurring
1000 times a second. This pulse is again mixed with a pedestal
pulse criginating from the 100-cycle output to. produce a

pulse occurring 100 times a second. In the final stage this
pulse triggers a thyratroun tube, the cutput pulse of which

has an estimated rise time of 0.02 microseconds. This thyra-
tron pulse, which has a repetition rate of 100 per second,
triggers the driver and the cscillosccpe sweep. A circuit
diegram of the timing circuits is shown in figure 5,

Drivero

The driver circuits cf the PSVI are a mcdification cof
those used in an early ultrasonic racar trainer?. 4 circuit
diagram is shown in figure 6. V, is a multivibrator, V, acts
as a switch tube, V3 is a Hartley oscillator, and V,, Vg, and
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act in parallel as the driver amplifier. VWhen the multi-

bratcr, , is triggered by the cutput pulse of the timing
circuit, it generatea a negative square pulse which is applied
to the grid of V,. By adjusting Ry, the width of the multi-
vibrator output pulse can be varieg. For normal operation a
pulse width of about 2 microseconds is used. V, in its ncrmal
state is conducting, but it is driven to cutoff by the multi-
vibrator negative pulse. &lsc ccnnected to V, is the tuned
circuit I,C, of the Hartley oscillator. As long as the
switch tube’V, is conducting, Cq is prevented from oscil-
lating. However, when V, is cut off, V, oscillates, and
the oscillations are fed to the grids c; the driver amplifier

and V,. The driver amplifier is biased to cutoff, so

tﬁat éhe crystal is nct driven until a trigger pulse initiates
the sequence just described, A line transformer, LgL »
matches the output of the driver amplifier to the 5 ;eet of
MCOS—2 cable used to connect it to the transducer. The grids
of the driver amplifier are driven for only one or two
cycles, but the rescnant output circuit rings fcr approxi-
mately 15 microseconds because «f the high Q of the quartz-
crystal transducer, Maximum rms amplitude of the 1l5-micro-
seccné pulse is approximately 250 vclts; about 6 cycles
(out ¢f the 15-~cycle duraticn) are required for building up
tc this maximum amplitude.

Transducer,

An X—cut quartz crystal 1 inch square and resonant at
1 Mc is used as sound scurce and receiving hydrophcne. It
is mounted by cycle-welding tc a rubber diaphragm which
serves as the window of the transducer, The crystal is
backed by a layer of Corprene 1l/1é-inch thick and a brass
backing plate. A line-matching transformer, similar to
LoL, of figure 5, and a capacitor are mounted behind the
bac plate; the remaining space is filled with castor oil.
In the original design cof the transducer a retaining ring
was provided which would have held the crystal firmly against
the backing plate, Because of assembly difficulties this
retaining ring was omitted, intrcducing s:me uncertainty as
to the exact positicn cof the crystal., A small pressure
against the rubber window is sufficient tc push the crystal
firmly against the backing plate, and it is believed that
this occurred during dives, when, of ccurse, no cbservaticns
of the crystal were possible, Before further measurements
are made with the PSVI equipment it is planned tc modify
the transducer so that uncertainty regarding the positicn
of the crystal will be eliminated,

The reflecter is a steel plate, 1/2 by 12 by 14
inches, welded to a vertical I-beam and bclted to the deck.
During installation, care was taken to align the axis of
the transducer perpendicular to the reflector. 4 plane




mirror and sighting device facilitated clcse alignment.

Receiver,

The receiver diagrammedin figure 7 is a three-stage
amplifier tuned to a frequency of 1 Mc, lihen one trans—
ducer is used as bcth transmitter and receiver, the high-
voltage driver pulse and the weak echo signal are bcth ap-
plied directly to the receiver input. Circuits are in-
corpcrated in the amplifier to attenuate the driver pulse
and to amplify the relatively weak echo signal. Of the
several limiter circuits tried, the simplest and most satis—
factory for this applicaticn proved to be a dicde limiter
using crystal rectifiers, In the first two stages, type
1N34 rectifiers are used back-tn-back tc provide a low-im—
pedance ‘shunt fcr the high-voltage driver pulse, while offer-
ing a high impedance to the low-vcltage eche signal. The
first pair of crystal rectifiers is biased with 1.5 volts to
reduce attenuation of the weak echc signal by ccnduction.
Considerable limiting action alse takes place in the second
anc third stages.

Amplifier response is shown in figure 8, For low-
voltage inputs the amplifier is linear and has a gain of 66
db. For higher-vcltage inputs, however, the cutoff be—
comes quite sharp so that for a driver pulse cf 250 volts
(rms) the gain is =14 db. Thus a tctal discriminaticn of
80 ¢db is achieved in the amplificaticn ¢f d»iver pulse and
echo signal,

In spite of the fact that all thrce amplifier stages
are slightly detuned to increase the bandwidth, the pulse
shape is nevertheless distorted tc a ccnsiderable degree.
Distertion is not a serious disacvantage in this application,
however, since it is desired cnly to measure to arrival
time of the first cycle of the echc pulse,

0Oscilloscope.

As previcusly menti-ned, the calibrated sweep cn a
cathode-ray cscillosccpe is usec tc measure that pcrticn cf
the travel time of the sound pulse which exceeds the
repetiticn-rate interval cf 0.0l second. In the PSVI a
Dumont Type 256-B i/R Range Scopel is employed. This
scope was dcsigned for use with conventi. nal radar sets
for accurate reading of ranges, and is calibrated in yards.
The range scales available on the scope are 200,000 yards,
4000 yards, and 2000 yards; correspcnding tc time bases
for the cscilloscope sweep of 1220, 24, and 12 micrcseconds.
The conversion factoer is 163.9 yards equals 1 micrcsecond.
The scope is sc constructed that any 24-or 12-microsecond
portion of the 1220-microsecond sweep can be selected by
the operator and expanded to fill the scope screen for




critical measurement. Figure 9 is a photograph of the
1220-micrcseccnd sweep, showing the cutgoing pulse at

the start «f the sweep and the echc (of the preceding
pulse) at the center of the trace. In figure 10 the first
24-microsecond pertion of the same echc is expanded to fill
the sccpe screen. Correct n.siticning for time measure-
ment is shcwn, with the first cycle of the echo set at the
start of the expanded sweep. Readings are made cn the range
dial which mcves with the positicning of the expancded sweep.
Readings are normally made to the nearest 100 yards of
range, and converted tc time by using 163.9 yards equals

1 microsccond.

The csecilloscope sweep and range dial are linear to
within ¢ O.1 per cent,

Current mcdels of this Dumont Oscilloscope (designated
Type 256-D) are calibrated in microseconds, rather than in
yards, but the 4/R scope described abcve was available at
NEL and was deemed satisfactory for inclusion in experi-
mental equipment,

FUNCTION~L DESCRIPTION

Keying of the driver for transmission ¢f the scund
pulse alsc initiates the oscilloscope sweep. The keyed
pulse applars at the beginning cf the 1220-microsecond
sweep and the echo of the preceding pulse (which was
emitted 10,000 microseconds earlier) appears later in the
trace., The displacement of the echu frum the beginning
of the sweep permits measurement ¢f the time in excess
of 10,000 microseconds required fer the travel o f the
sound pulse along the measured echo path.

The echo trace is expanded (4000-yd or 24-microsecond
scale) and positicned so that the first cycle of the echo
is aligned with the beginning of the scope trace. The
expansion of the echo trace permits accurate determination
x of the first eycle of the echo and facilitates positicning.
f Positicning of the first cycle cf the echo gives a reading
g in yards cn the range dial. A table, prepared fcr use
’ with the equipment in this applicaticn, affords quick
conversicn of range reading directly into scund velocity.

ME:.SUREMENTS OF SOUND VELOCITY

SCOPE_OF ME,SUREMENTS
After preliminary testing of the PSVI, it was decided tc
make a series of scund velocity measurements with this

equipment in order to determine experimentally the relaticn
between sound velocity and the temperature, salinity, and
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depth. accerdingly, measuréments were mace curing May
and .ugust 1949, in wicdely different areas and water
conditivns (see table 2).

The first group of measurements was mace during extended
dives on 3 ancd 13 May 1949 in wators near San Diego. 11C
separate observaticns werc macde while the submarine was
operating at different depths anc speeds.: !later temperatures
rangced from 50 to 60 degrees Fu

ancther series of sound velccity measuroments was made

- in northern waters in .ugust, during short dives at temper-
aturcs of 30 to 45 degrees F. During this series the sub-
marine was kept staticnary on the bettom whencver possible,

- which allowed more accurate determination »f the tcmperature
associated with a particular sound velocity measurement.

Table 2

Scope of Measurements — Conccmitant Ccnditions

Number cf
readings
Depth  Tempereture Salinity in "set!" of

Date Locaticn (feet) (°F) (°/co) observations i
3 May  San Diego 40 tc 50.4 to 33.53 to 707

49 180  60.2 33.75 }110
13 Fay Sen Diego 60 to 50.9 to 33.58 to Lo

49 180 58.3 33.75
5 lug. Northern

49 ilatcrs 138 32.6 32.6 5
5L Nl L 105(B) 41.7 31.8 il
GRE! i 122(B) 40.4 32.07 6
- S i 92(B) 33.4 32.43 5
el t 147(B) 30.2 32.29 7
18 t 125(B) 37.5 32.25 7
8 v " 104(B) 44.4 30.52 5
8 1 113(B) 42.0 31.69 L
dGS W 124 30.3 32.32 5
26 " b 121 34.3 32.07 L
2y " 140 39.3 32.42 5

(B) incicates submarine was bottomed.

SUPPORTING 1E..SUREIENTS OF TiiPZR.TURE, SLLINITY, AND DEPTH

It will be n-ted that, in acdditicn to the velocity read-
ings, table 2 conteains valucs for temperature, salinity, and
depthe . temperaturc—sensitive clement and a conductivity
cell werc mounted ¢n the deck of the submarine ncar the PSVI

11




transducer. Dircct readings cf temperature and specific
conductance wero obtained from equipment connected to these
topside elements. Salinity was then computed frem the -
values ~f temperature and specific conductance.

Incdepcndent determinations ¢f tcmperature and salinity
were alsc mace on samples (f sea water crawn directly
through the submarine hull at a cepth 10 fcet greater than
that of the PSVI transducer. Salinities were determined
by titraticn of these samples. The accuracy of tempereture
measurements was kept high by flowing a ccnsicderable
amount of water from the valve before sampling, and placing
the sample anc thermcmetoer in a vacuum bottle. Normally
the temperature and salinity values used were those cbtained
from the samples, while those obtainec electrically werc
used as a check, Vhen a differcnce in temperature was
ncted between water at the depth of the transducer and at
the depth of the valve the data were discarded as unrclisble.

Depths werc read from the submarine's gauges.

The estimated accuracy ¢f a single observaticn is as
follows: tempcrature § 0.15 degrees F, 8alinity # 0,02
part per thousand, and depth ¢ 2 feet,.

GENZR..L PROCZDURE

Sound velocity measurements were mace either with the
submarinc hclding as ccnstant a depth as possible at a
speed of two knets, or uith tho submarine lying stati.nary
on the bettom. The latter procedure was pssible, of
course, only in shallow water, but was preferable because
of the smaller variatizns in water conditions encountered.

«t a convenient time a water sample was drawn and
reacings were male simultanecusly of the PSVI anc the
tamperzture and specific conductance meters, This pro-
cedure was repeated at intervals of abcut two minutes
until four or more temperaturc measurements tcken at a
particular depth, over a pericd »f fifteen to thirty
minutes, were found to be consistent vithin 4 0.1 degrees
F. The data were then c:nsicered reliable. Fcur or
more ccnsistent temperature cbservatizns, together with
correspunding velccity cdeterminaticns, are called a "set."
In furthcr treatment of the data each set was averaged tc
obtain a single value cf sound velocity to correspend to
~~a particular temperature-salinity—‘epth cindition as
shown in table 2.

R
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Northern Data.

It will be noted frem table 2 that the measurements
of sound velccity were made over a rather wide temper—
atura range, but over only a small range <f selinity ond
¢epth. Since the effects c¢f salinity anc depth cn
sound velncity arc small in compariscn to the effect of
temperature, it is nct fcasible to determine the relaticn
of s und vclocity tc salinity and depth from thcse meager
deta. In order te depict sound velncity purcly as a func-
ticn of temperature, it is nccessary to corrcet all velocity
cata to uniferm conditicns »f salinity and cepth., .
salinity of 32.5 parts por thousand and a cepth of 125 feet
were chosen as best approximoting the actual conditions of
mcasurcment. The fcllowing rclaticns, given by Kuwahara5,
were usca to make the correcticns:

.’..\‘_’S = L.27 A$_, and

Azp - 0.0182 *D,
where \V and are the saunﬂ veloeity cerrections in
feet per aeccnd g@ the difference between the measured

salinity and 32.5 in parts per thousand, and AD the dif-
ference betwecen the measured depth and 125 feet.

4 further correcticn wes made to compensate far the
change in length ~f the measurcment path caused by thermal
ccntracticn and expansion of the hull of the submarinac,
This cerrecticn was applied on the foll-wing basis:

1. Thc best measurcment of distance was macde at a tom-—
serature of approximately 68 degreces F.

2, The coefficient «f linear cxpansion of the sub-
marine hull was tcken 2s that «f steel: 5.5 x 10-6 per
acgrec F,

3. It was assumcd that the hull took the temperature of
the surrcunding weter during = dive,

The meximum scund velocity e~rrecti.n, corresp.nding tc a
water temperaturc of 30 degreces F, was -1.3 fecet per sce~nd.
Values =f temperature and sound velcocity were then
cbtaincd for each dive in n-rthern wators, by averaging the
cerrceted results «f cach set «f .bscrvati.ns (sce table 3).

BEST_AVAILABLE (OPY
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Sen Divgo Data.

The data of 3 and 13 kiay 1949 — vhen oxtended dives
werc mace 2t varying tempcratures, salinities, and depths
— were treatcd s:mewhat differcntly. Not cnly werc the
110 values corrected ti. 2 single sclinity anc denth, but they
were alsc corrected to a mean temperature of 51.7 cogrees F,
using 2 veclceity-temperature relaticn based ¢n Kuviahara's
tables of scund wvel~city. The standard deviaticn  f these
110 adjusted values was approximately 1 fcot per secind; an
averagc velccity of 4885.1 feet per sccond was used tc re—
prusent the set of observaticns. Because of the large number
of cbscrvatirns in this set, it cbvicusly merits more con~
siderati~n than the cther scts, and 2 weight >f 5 has been
assigned te it, relative to & weight cf 1 fcr éach of
the other sects cof cbservaticns.

Table 3., Values «f Sound Velocity

(Velncities adjusted to S = 32.5 %o, and D = 125 ft)

Temperature  Scund Veloeity  Statistical Scurce of

(degrees F) (fps) ".eighting Data

30.2 4720.6 1 PSVI

30.3 4720.6 1 PSVI

32.6 4738.1 L PSVI

33.4 4T748.6 1 PSVI

3.3 L7544 1 PSVI

3.c 4782.4 1 PSVI

39.3 L795.7 1 PSVI

40,4 14,805.1 1l PSVL

L1.7 4L812.4 1 PSVI

42.0 4818.1 1 PSVI

42.8 4825.4 1 tocds, Browne,
Cochranell

LL.4 4836.4 1 PSVI

L .6 4836.0 1 licods, Brrwne,
Cochrane

51.7 4885.1 5 PSVI, S=n Diecgc
nrea

59.0 1925.1 1 warti®

62.5 L9449 1 Woods, Browne,
Cochrane

#Since in mest of the 110 observati-ns the temperature- was
within 4 2.0 degrecs of 51.7 degrees F, the correcti n was
usunlly less than 15 feet per scernd. Sceondly it may be
scen in figure 11 that the curve rcpresenting Kuwaharz's
values and the lecast-squares fit - f the experimental date are
ncarly parcllcl ncar 51.7 degrees F.

14
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Table 3 lists the adjusted average velocities and the
corresp.nding temperatures. ilsc included in thé table
are three values determined by Wcods, Browne, and Cuchrane,ll
and cne value determinecd by hiarti® These arec included prin-
cipally t: extend the range of experimental data available,
and each value is given a weight c¢f 1. It should be noted
that these four values of sound velocity are the cnly pre-
vious measurements for which reascnably complete cata on
temporature and salinity are availaole.,

RESULTS OF ME..SUREMENTS

In crder t~ cbtain sound velocity as a functicn cf
temperature, a least-squares curve of the form V = s + BT + CT
was fitted to the data of table 3. The resultlng eqpatlun is
V = 4382.65 + 13.147 T - 0.06649 T *, where V is the velocity
In feet per second and T is the temperature in cdegrees
Fahrenheit. This equaticn applies tc a salinity value of 32.5
parts per thousand, to a depth of 125 feet, and to temperatures
below 63 degrees F.

In figure 11 the experimenta2l data are plotted as a
function of temperature, and the above equation is shcwn as
a sclid curve. It will be noted that the measured values lie
quite close tc this curve. The ccnsistency cf the data is
shewn by the standard deviation between the measured velccity
values and the velocity values cumputed from the equation
representing the least-squares fit of the data. This standard
ceviation is only 1.21 feet per seccnd.

The dotted curve in figure 11 represents values obtained
from Kuwahara's tables c¢f sound veleccity. It may be seen
that the measured values cf scund veleccity exceed the com—
putcd values by a maximum of apprcximately 5 ‘feet per second,

In view of the ccnsistency and accuracy cf the experi-
mental mcasurements, and the possiblec inaccuracies of com—
puted values of scund velccity, the above equaticn appears
tc be a better representaticn :f sound velccity as a functicn
«f temperature than can be derived from computed tables.

Using previously notec expressicns given by Kuwahara?
relating sound velocity to salinity and depth, a more generally
useful equaticn is cbtalned. This expression is V = 4241.59
+ 13.147 T - 0.06649 T + 4,278 40 0182D, where S is the
salinlty in parts per thousand Tand D is the depth in feet.
ngain this equaticn is limited to temperatures below 63
degrees F., It is believed that this mcre accurately repre-
sents sound velccity in the sez than expressicns cbtained
from present tables cf scund velocity.
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DISCUSSION OF sSKRORS

...+ In the following discussi.n the valucs cited are not
to be considered as precise, but rather as the best es—
timates of the errors. Errcrs in determinaticn ¢f scund
velocity with the PSVI arise frcm errcrs in measurcment
of both time ancd distance,

Zrrors in the time measurement arise principally from
uncerteinty in reccgnizing the first cycle of the echo
pulse, and from ncnlincarity of the c¢scilloesccope sweep.
accuracy of the repetition ratec is one part in 100,000, sn
that the errcr of 0.1 microsecund from this scurce may be
neglocted. It seems certain that the start <f the echc
pulse can be rccognized to within 1 cycle or f 1 microsec—

. onde. The error caused by ncnlinearity of the cscilloscope
- 'sweep is a systematic errcr and could be corrected by
refinement of the measuring technique, However, since this
nunlinearity may cause an errcr ¢f § 1 microseccnd, de-—
pending upon the particular value of sound velocity, it is
treated as a randcm error. The combined ¢ffect of these
two errors makes the probable errcr in the determinaticn cf
a single time interval ¢ 1.4 microseconds.

The error in the measurement of the path lcngth is
cstimated tc be # 0.005 foot (appreximately 1/16 inch).
However, bocause of the mounting «f the crystal (discussed
previcusly), some uncertainty exists as tc the exact posi-
tion cf the crystal under different pressure and temper-
ature conditicns. The pessible mcvement of the crystal is
estimated to 79 + 1/16 inch, which may change the path
length by § 1/8 inch or ¢ 0.01 fict. The pribable errc :
then in th§ path lcngth :c‘l:etcrmination is $14(.005)2 + (.01)?
or 0,011 foct.

Using the above figures for the prcbable errcrs ~f time
and distance measurements, the prcbable errcr of the velceity
measurements mace with the PSVI is 1.2 fcet per second.

Temperature measurements on samples of water drawn
through the hull of the submarine cculd nearly always be
repeated by different observers t. within % C.1 degrece F.

i» more difficult errcr to estimatc is caused by the diffcrence
in water temperature between thec jcint at which the sample

was crawn anc that <f the PSVI transducer., Because of the
smzll temperature gradients in the cperating areas this dif-
fercnce probably seldem exceeced 0.1 degree F. The probable
‘errer of the temperature determinations is estimated on this
besis to be ¢ 0.15 degree F, approximately equivalent to

1.2 feet per second of scund velocity.

Nermally, the errcr in salinity as determined by
titrati-n is § 0.02 part per thousand, which is small. How-
ever, for two of the sets of cbservati:ns includad in the
data no samples were cbtained for titraticn, and the salinity
was obtained from ccnductivity measuremcnts. These measure-—
ments are accurate t- ¢ 0.3 part per thousand, and thus the
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resulting probable err.r of tho sclinity measurements is
4 0.24 ‘part per thcusand. This is equivalent tc a velceity
errcr ~f 1.0 foot per secind.

Errcrs in depth measurements were ncrmally less than 2
feet, and their effect c¢n scund velocity is quite small:

0.04 foot per second,

The probable errcr then in scund velocity determined in-
directly frcm measurements of temperature, salinity, and depth
equals ¢ 1(1.2)2 + (1.0)2 ¢ (.01.55, or + 1.6 feet per seccnd.

Thus it is seen that the direct measurement .f sound
velocity with the PSVI, anc the separate measurements cf those
factors influencing the sound velccity were made with approxi-
mately the same degree of accuracy; further, that the crrcrs
are rather small, being { 0.025 per cent fcr the direct
measurcments and § 0.032 per cent for the indirect deter-
minations, '

CONCLUSIONS

VELOCITY ifE..SUREMENTS

1. On the basis of direct measurements, sound velccity
in the sea can be represented as a functicn cof temperature by
the following expressicn: '

V = 4382.65 + 13.147T - 0.06649T2,

when the salinity is 32.5 parts per thcusand, the depth is
125 feet, anc the temperature is below 63 degreces F.

2. By combining the above expression with computed re-
laticns giving scund velocity as a functicn of salinity and
depth, the following equati-n is cbtained:

V = 4241.59 + 13.147T - 0.06649T2 4 4.275 + 0.0182D.

The last equatin abcwe, which applics below 63 cegrees F,
is believed to be the best representaticn currently available
fcr scund velceity in the sea as a functicn of tamperature,
salinity, and dewnth.

3« Values of sound veleccity given by the equaticn in 2
above exceed thcse ~btained frem Kuwahara's tables of sound
vclocity by as much as 5 feet per seccnd.

THE PSVI

l. The present equipment is capablec cf direct measure-
ment < f scund velccity in the sea tc an accuracy of ¢ 1.2
feet por second, or 0,025 per cent error. Prcp.sed m difi-
caticn ¢f the crystal mcunting sh.uld reduce the error to
t 0.7 frot per second.
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2, Changes in scund velccity as small as 0.2 foct per
socond can boe detected and measured with the present cquip-
ment.

3. Chicf disacvantege of the prosent equipment is the
fact that an cperat:r is required, and that readings cannct
be -btained with sufficicnt speed during rapid changes «f
scund velcceity.

RECOMMEND/.TIONS

l. It is recommended that the feasibility of developing
a reccrding system for the PSVI be investigated. Such a
development would plot sound velocity profiles with consider-
ably greater accuracy than that obtained with present equip-
ments.,

2. It is further reccmmended that consideraticn be
given the cevelopment f a computer to give cdensity of sea
water from velocity, temperature, ancd depth components but
withcut salinity elements., No trcuble~free device for
ccntinucus measurement of salinity is in sight. Herc is a
reasonable way tc by-pass the difficulty. Develcpment cof
such a computer naturally depends on successful implemen-—
tation cf the first recommendaticn.

3. It is recommended that the PSVI be used to measure
sounc velocity in sea water of temperature abcve 63 degrees
F. Determinaticns in water of 70 tc 80 cegrees F would
extenc. the present data tc ccver the complete cceanic scund—
vel-city range. These additicnal data cculd be readily ob-
tained by installing the PSVI on a submarine making an
equatorial cruise,

L. It is reccmmended that the PSVI be used tc measure
the effect of salinity cn the velocity of sound. Since
large salinity changes in the sea are nct common, this ef-
fect can best be studied in the laboratory.




' AR .

WATER

TRANSDUCER REFLECTOR

Figure 1. Block diagram of the pulsed sound velocity indicator.
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Figure 2, Interior submarine installation.




Figure 3. Exterior mounting of transducer and reflector.
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Figure 10. ccho signal on 24 microsecond expanded sweep -
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| Figure 11. Sound velocity as a function of temperature.
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HPPENDIX

100-Kc Pre lodel X1

Tc test the foasibility of direct measurements cf sound
velocity in the sea by an instrument mounted ¢n a submarine,
a preliminary mcdel of the PSVI cperating at 100 kc was con—
structed. 'fith the excepticn ¢f timing circuits most of the
components were available in other equipment and needed only
mincr modificati-ns. Separate transducers were used fcr
the tranamitter and receiver. The general installaticn cn
the submarine was similar to that of the 1-Mc lModel X2,

This equipment was given extensive tests both off San
Diegc where negative velocity gradients were enccuntered,
and in British Cclumbia where nearly isothermal water was
found. VUhenever pcssible the suund veloeity was determined
from measurements of temperature, salinity, and depth, and
checked against the velocity cbtained from the PSVIs sgree-—
ment within 5 feet per seccnd was usually cbtained, and
much cf this disparity may be the fresult of inaccurate
temperature measurements., /A strcng, steady echo was received
at all depths up to 200 feet (maximum test depth) regardless
of the speed of the submarine. Vertical velocity gradients
wore measured by reading dephx and sound velocity simul-
tanecusly at intervals of 10 feet, during slow ascents cr
descents. ;

In positi-ning the echc trace on the uscilloscope (by
setting the range cial) an easily identifiable feature cf
the ochc was arbitrarily used as a reference. Nc difficulty
was experienced in reccgnizing this reference fezture even
by ship's perscnncl after only a few mimutes' instruction.
However, the chief limitation cf the equipment was the in-
ability to shcw that the arbitrary reference sselected was
the first cycle of the echo, Since the pericd of 100-kc
waves is 10 micrcseconds, an error cf cne cycle in the
pesiticning of the echc would cause an error in sound
velocity of 5 feet per second. This restricted the use
of the instrument to measurement of velocity gradients, cr
demancded  a velocity calibraticn based upcn temperature,
salinity, and depth of the water, Use «f a higher frequency,
1 Mc, was proprsed as a methcd f reducing the possible
errcr invclved in recognizing the initial cycle c¢f the echo,
and increasing the accuracy cf velocity determinatinns,

Por tho meusurement of vclocity gradients the 100-ke¢ in-
strument has certain advantages. It is simpler to build,
docs not require careful aligmment of transducers and re-
flector, and gives a steadier ech:, particularly where the
velocity structure is rapidly changing. .. velocity change
cf about 0,5 foot per seccnd can be detected with the 100-kc
equipment .
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