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ABSTRACT:     An  instrument  has  been   designed  and 
l?2^C«d   f?r **?  measurement   of   sound  speed  in 
ThÄ ?«.!*   a   filnC^?,?  of  temperature   and  pressure. 
This  instrument utilizes  the ultrasonic  pulse   tech- 
nique  to determine  the time  required   for  a  pulse  to 

flilill ^h     Swan^e bet^en ^o   crystal  transducers 
llmMH       !aSh  en-   ?f  a cylinder  containing  the   test 
liquid.     A  description of  the  instrument   and  the 
accessory  equipment   required  for  its   use  is  given  in 
this   report.     The  results  obtained   in  distilled 
Üf+h^K       in   f!3 VV^ter are  tabulated   and  compared 
^ith  the  results  obtained  in  other   investigations. 

in iater tri6' ^  ^J^510"   of  the  measurements in water is   1  part  in  7,500. 
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ULTRASONIC MEASUREMENT OF THE VELOCITY OF SOUND 
IN DISTILLED AND SEA WATER 

INTRODUCTION 

1.  A review of the literature concerned with the thermodvnamic 
properties of liquids indicates that very little work has bep?i 
done to determine the influence of pressure on the parameters 
involved  The work by P. W. Bridgemanl represent! an extensive 
study in liquids under high pressure and it is Sften quoted 

reqSre3" Se^Ued' nve^i'T10 ^ P^cs. ho^v^which 
r^n«- TU fl1*** 11?vestigation In some intermediate oressurp 
^h^; + . 

e ultrasonic velocimeter at the Naval Ordnance 
c^. nn •0ry *M instructed primarily to measure the speld of 
sound in water over a pressure range' 14.7 psi I P J !? Soo psi 
and a temperature range of -4.00c < T < lOOOr Th^ i«IZ~. P I 
is quite versatile, however, andmay be ised for oth^lfZS^ 
and for pressures up to 100,000 psi. ozncr  liquids 

2.  Of the numerous instruments that have b 
measure the speed of sound in liquids three 
structed to operate at high pressure.-^, 3,4 
with the greatest precision, however, is an 
sLnri.^r^3" and C- Tschie99 at the Nati 
btandards^ for measurements of sound speed 
pressure only.  This instrument uses crysta 
mfL.     ln  P0!ition-  This arrangement is 
measurements under pressure.  The basic des 
ment has been modified to accommodate the t 
pressure to the test sample and has proved 
satisfactory for the purpose intended in th 
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THEORY AND DESIGN OF THE VELOCIMETER 

4.  The actual measurement of sound speed is accomplished in 
a cylindrical housing which is 4.997934 ±0.000005" long and 
has a i" bore.  Each end of the cylinder is terminated by a 
5 mc, gold plated, quartz crystal for the transmission and 
reception of sound. The test liquid is placed in this chamber 
for the measurement of sound speeds.  The bore diameter of the 
cylinder is approximately 12.5 times the wave length of sound 
in the crystal.  The transmitting crystal is driven by a series 
of pulses, each of 0.05 ßsec  duration, with a repetition fre- 
quency which depends on the length of the acoustic path. The 
acoustic path is taken, to a good approximation, to be the 
physical distance between the transmitting and receiving 
crystals. When a pulse is applied to the transmitting crystal, 
a 5 mc wave train is transmitted through the liquid.  This 
wave train is reflected back upon itself by the receiving 
crystal and is returned to the transmitting crystal.  As it 
arrives at the transmitting crystal, a second pulse is 
initiated.  The initial wave train and the wave train result- 
ing from the second pulse then travel through the liquid 
together.  The superimposed waves are detected by the receiving 
crystal and displayed on an oscilloscope.  The repetition 
frequency of the pulse is varied until the first half cycles 
of the wave trains coincide.  The pulse repetition frequency 
indicates the time required for the sound waves to travel twice 
the length of the acoustic path.  The speed of sound in the 
liquid sample is computed from this time and from the known 
distance between crystals. 

5.  The velocimeter was const 
of the cylinder were accurate 
other and perpendicular to th 
are first attached to Mycalex 
this assembly is then forced 
by compression springs.  The 
provide electrical contacts, 
obtained under pressure, neop 
the crystals and the cylinder 
depths of the "C'-ring groove 
O-rings to compress under the 
allowed the crystals to make 
the cylinder when the end cap 
construction permitted easy a 
velocimeter.  Fig. 1 shows th 

ructed with great care.  The ends 
ly machined plane parallel to each 
e axis.  The back of the crystals 
insulators with vacuum grease and 
against the ends of the cylinder 
crystals used were gold plated to 
Since sound speeds were to be 
rene O-rings were employed between 
to provide a liquid seal.  The 

s were designed to allow the 
force of the springs.  This 

uniform contact with the ends of 
s were secured in position.  This 
ssembly and disassembly of the 
e construction of the velocimeter. 
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7.  The transmission 
accomplished by attac 
velocimeter.  The bei 
communicates hydrosta 
chamber.  The bellows 
is required to compre 
pressure applied and 
A soft bellows is use 
the bellows.  In the 
water sample is 0.89 
side the velocimeter 
is 15,000 psi. 

of pressure to the test liquid is 
hing a bellows to one end cap of the 
lows is filled with the test liquid and 
tically with the liquid in the test 
is made of stainless steel and a force 

ss it.  This force is a function of the 
the compressibility of the liquid sample, 
d to obtain a minimum pressure drop across 
NOL instrument, the pressure in a distilled 
psi lower than the pressure indicated out- 
when the hydrostatic pressure field outside 

ASSOCIATED INSTRUMENTATION 

8.  A schematic of the instrumentation required for monitoring 
and controlling the physical environment of the velocimeter 
is shown in Fig. 2.  The velocimeter is placed in its pressure 
vessel and this assembly is lowered into a 110 gallon constant 
temperature bath.  The bath liquid is a water-alcohol mixture 
which is continuously agitated by three circulating pumps. 
The temperature of the bath is controlled by a mercury thermo- 
regulator.  An external refrigeration unit is used to obtain 
the low temperature.  The thermistor shown in Fig. 2_is used 
initially as a probe to sense temperature gradients in the 
bath.  Such gradients were eliminated by installing three pumps 
to circulate the bath liquid.  The thermistor is used also to 
detect fluctuations in bath temperature caused by the regulat- 
ing system.  By controlling the rate of heating and cooling of 
the bath, these fluctuations can be reduced to 0.0005oC peak to 
peak at all temperatures between -30C and +900C.  Finally, the 
absolute temperature of the bath is measured with a platinum 
resistance thermometer. 
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9   Since a change in pressure of 2000 psi can change the 
temperature of the test liquid nearly I.OOC, it was necessary 
to allov^ the test liquid and the bath to come to thermal equi- 
librium.  Equilibrium was determined by monitoring the speed 
of sound until a constant value was observed.  Experience with 
the system indicated that it requires nearly one hour for the 
temperature inside and outside thepressure vessel to stabilize 
after a pressure change of 2000 psi. 

asurements of sound speed in distilled water 

deadweight tester was relied upon for the pressures recorded. 
Prior to the measurements of sound speed in sea water the 
difficulties experienced with the manganin cell were overcome 
and it was used to determine the actual pressure during these 
measurements.  The manganin cell was calibrated against a high 
precision deadweight tester.  The resistance change of the 
manganin cell was a linear function of the pressure.  It xs 
estimated that the pressures recorded for the distilled ««t«r 
results are accurate to within ±7 psia and that those recorded 
for the sea water results are accurate to within ±2 psia.  Ail 
pressures recorded in this report are absolute. 

11  The electronic instrumentation shown in Fig. 2 is expanded 
in'the block diagram of Fig. 3.  With the exception of the 
pulse generator and the blocking oscillator, all components are 
commercially available.  The pulse generator and the blocking 
oscillator circuits (shown in Fig. 4) are standard circuits and 
do not require detailed explanation.  It should be noted, how- 
ever, that the duration of the pulse should be short compared 
to the natural period of the crystals. The duration of the 
pulse in the NOL velocimeter is approximately i  the crystal 
period with an open circuit amplitude of 80 volts.  The highest 
efficiency is obtained when the pulse duration is slightly 
greater than i  the natural period of the crystal.  The output 
of the blocking oscillator is rectified so that only the posi- 
tive half cycle of the pulse is applied across the transducer. 

METHOD OF MEASUREMENT 

12.  The precision with which the temperature, pressure, and 
frequency must be measured depends upon the effect each has on 
the speed of sound and upon the accuracy required.  The change 
in sound speed per degree change in temperature in the neigh- 
borhood of 0oC is about 5.0 m/sec/deg for water.  To obtain an 
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f 1 part in 30,000 for the speed of sound in water, 
ature must be known to the nearest O.OIOC; actually, 
ature was measured to the nearest O.OOIOC and rounded 
rest O.Oloc after all calculations were completed. 
to pressure, it is found that a unit change in pres- 
change the speed of sound in water by 0.011 m/sec/psi 
ghborhood of atmospheric pressure.  This coefficient 
ary appreciably in the pressure range considered so 
estimated that a change of 4 psi will not affect the 
ound measurements beyond the precision required.  It 
ailed from above that the pressure can be measured to 
psi with the manganin resistance cell.  The changp in 
d per unit change in frequency is 0.127 m/sec/cps.  A 
ange of 1.2 cps may be tolerated if the above accuracy 
btamed.  Ten readings of frequency were obtained for 
ation of each sound speed data point.  These measure- 
required to have a standard deviation from their mean 

; if this condition did not occur the ten readings 
rded and a new set obtained.  This allowed frequency 
included a ±0.1 cps variation due to the accuracy of 
r and the variations in frequency resulting from the 
the operator to set coincidence of the sound waves. 

13.  It should be noted that the measurement of each parameter 
onSnno  ^Uallyubased on a desired precision of 1 part in 
JU.UÜO.  Since the errors associated with each measurement add 
to give the final error in the sound speed measurements care 
must be taken that their sum does not exceed the precision 
desired in the final sound speed tables. 
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EXPERIMENTAL RESULTS IN WATER 

15. Values for the speed of sound in distilled water were 
obtained for eleven temperatures and eight pressures in the 
temperature range 0 < T 100oC and the pressure range 14.7 
psia < P ^ 14,000 psia.  These data points are plotted in Fig. 
5 with temperature as abscissa and in Fig. 6 with pressure as 
abscissa.  The experimental results are also tabulated in 
Table I.  In sea water, 581 measurements of sound speed were 
made in the range 33 %o < S < 37 %o , -30C < T < 300C, and 
14.7 ^_P ^ 14,000 psi, where S, T, and P refer respectively 
to salinity, temperature, and pressure.  These results are 
tabulated in Tables II through VI and in Figs. 7 through 11. 
The sea water samples were furnished by the Navy Hydrographie 
Office and are actual sea water taken from the Bermuda-Key West 
area of the Atlantic Ocean.  Empirical equations have been 
fitted to the distilled water data^ and to the sea water data^; 
these equations and their associated tables are not given here' 
since they have been reported in the references given. 

DISCUSSION OF RESULTS IN WATER 

16. It may be seen in Fig. 5 that the maximum sound speed in 
distilled water shifts toward higher temperatures as higher 
pressures are considered.  This behavior agrees with the results 
obtained by A. Smith and A. Lawson3 and by T. Litovitz and 
E. Carnevale^.  It is contrary to the results of G. Holton2. 
From Table I and Tables II through VI it is seen that the meas- 
ured sound speeds in water at atmospheric pressure exceed the 
predicted values of S. Kuwahara10 and D. J. Matthews1! by about 
3 m/sec.  This difference between the predicted and the measured 
sound speeds was observed earlier in distilled water and in sea 
water by V. Del Grosso^ and it is further substantiated here. 
It is apparent that the tables of sound speed in current use 
the Kuwahara and the Matthews tables, are in error at atmospheric 
pressure.  At pressures greater than atmospheric pressure further 
differences are observed.  It is seen in Fig. 6 that the curves 
of sound speed vs pressure in distilled water are concave upward 
for temperatures less than 20oC and concave downward for tempera- 
tures greater than 20OC over the pressure range of 14.7 to 14 000 
psia.  ihis is also approximately true for sea water.  The 
Kuwahara and the Matthews tables, when plotted against pressure 
give curves which are concave downward for all temperatures. 
This contrast is shown clearly in Fig. 12 for sea water of 
salinity 33.05 0/oo . 

10 
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17.  The differences between the measured sound speeds and the 
predicted sound speeds at atmospheric pressure were discussed 
by V. Del Grosso^.  To account for the differences between 
the computed and measured sound speeds at other pressures a 
review was made of the method used for computing sound speeds 
from specific volume data.  Kuwahara and Matthews computed 
sound speeds in sea water from Newton's formula 

c2 = ^ C   Pß (1) 

where y is the ratio of specific heats, p is the density, and 
ß is the isothermal compressibility.  The density was computed 
from the formula 

'1 

where ß  is the mean compressibility per bar between the pres- 
sures PQ = 0 and P = P. The true compressibility, ß, was found 
from the mean compressibility by the relation, 

ß ■ 
+ p du 

'   *dP 
1  -  Pß (3) 

It may be seen from this equation that the mean compressibility 
is defined by 

i (v - v0) 
ß   = -; 

'0 IP" V (4) 

where P0 = 0.  Substituting Eqs. (2) and (3) into Eq. (1), we 
obtain; * 

c2 =-^U Pal 
P0(M + P^) 

(5) 
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characteristics regardless of whethe 
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PRECISION AND ACCURACY OF THE INSTRUMENTATION 

n this report precision has to do with the accidental 
dorn errors.  On the other hand, the accuracy pertains to 
stematic errors associated with the measurements in the 
e of random errors.  The precision of the measurements 
ained by fitting equations^ to the measured data by the 
of least squares.  If the equation is a good approxima- 

0 the mean of the experimental data, residuals obtained 
he differences between the computed and the measured 
speeds may be used to obtain a standard deviation.  The 
rd deviation from the mean is then taken as a measure 
precision of the experimental "data. 

19. Proceeding in this manner, the algebraic sum of the 
differences between the computed data and the experimental data 
divided by the number of measurements (i.e., the average error) 
was 0.00 m/sec and 0.01 m/sec for distilled water and sea water, 
respectively.  It is concluded therefore that the equations9 
obtained to fit the experimental data are good approximations 
to the mean of the experimental data.  The standard deviation 
of the experimental data from the mean, or, the precision, was 
0.17 m/sec in distilled water and 0.22 m/sec in sea water.  The 
precision of the data is about one part in 7500. 

20. The systematic errors associated with the sound speed 
measurement using the velocimeter are caused mainly by absorp- 
tion, dispersion, viscosity, pressure differential across the 
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bellows, and the effects of crystal distortion caused by this 
pressure difference.  A review of the magnitude of the above 
errors and other possible sources of error has been made and 
is summarized in Table VII.  At atmospheric pressure the 
contributions of the pressure differential and the crystal 
distortion are zero; the systematic error, found by adding the 
individual errors algebraically, is consequently +0.03 m/sec. 
At a pressure of 14,000 psi, the errors add to give +0.01 m/sec. 
In Table VII the sign of the individual error was assigned to 
correct the measured sound speed to correspond to the sound 
speed for an unbounded medium.  Consequently, the estimated 
maximum systematic error, +0.03 m/sec, indicates that the meas- 
ured sound speed is less than the sound speed in an infinite 
medium by 0.03 m/sec. 

SUMMARY 

21.  It may be concluded that 
for the measurement of sound s 
temperature and pressure can a 
7,500 under normal use.  If me 
considered the precision with 
obtained will depend upon the 
temperature and pressure in th 
persive liquids, corrections t 
to be made to account for the 
this instrument. 

the instrument available at NOL 
peeds in water as a function of 
chieve a precision of 1 part in 
asurements in. other liquids are 
which the sound speeds may be 
variation of sound speed with 
at particular liquid.  In dis- 
o the speed of sound may have 
ultrasonic frequencies used in 
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TABLE VII 

SYSTEMA1 ERRORS 

Type of Error 

Pressure differential* 

Crystal deflection* 

Pulse amplitude 

Shear viscosity (at tube walls) 

Bulk viscosity 

Radial heat conduction 

Heat conduction between compression 
and rarefactions 

Molecular scattering 

Molecular and chemical absorption 

Change in frequency due to 
absorption 

Change in velocity due to dispersion 

Time delay during reflection 

Magnitude of Error 
(Meter/sec) 

+0.010 

-0.030 

-0.002 

+0.029 

0.000 

0.000 

0.000 

0.000 

0.000 

0,000 

+0.003 

0.000 

*These   errors  go  to  zero  as   the   pressure  approaches 
atmospheric  pressure. 
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