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ABSTRACT

Measuren2nts £ the velccity of ultrascaic puises .
in water are presented for préssures up to about 16,000
kg/ciz arnd for temperaturxes sp to 80°C. Ccefficients
chtained from least-squares polynomial fittings of the
data are also given, together with an analysis -of the

reiiability and reprcducibility cf the experizentali results.
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Ultragsonic-VYelocity Measuremsents in Water

*
at Pressures to 10,090:kg/t:?

1. Intrcduction. The thecry cf iiguid stei is nor a

iivciy research field, and the esgarimental study of ¢

w

ultrasonic prcpagation in liquids is one Of its most

~ promising teols. During the past €ecade a large number

0f investigatcrs kave zresented evidernce of iratifving

progress in the technical and rhsoprerical refineneat of
the study cf the velccity and atteruation £ liguids; and
their data have increasingiy nelped to tesi models ol the

liguid state, for exarple, those invoiving molecuiar r2lax-

ation ®echanisms. For in the fortunave woris of T. A. Litovitz,

“The scientist who measures the abscrption and velocity of

sonic waves and Sttg-pts to- relate these cata to ‘the structure

of matter is really an ;coustic,séé;troucopi-tl’,

- =

1 7. A. Litovitz, J.A.S.A. 30, 383 {1958)-

*Thisg publication is largely baseé on an invited paper pre-

sented before the Acoustical Scciety on 1 June 1966 (J.A.S.A,

39, 1224, {2966})..
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It a few laboratories the experiments have Seen
extended ToO encexpass pressurcs higher than atacsgheric,
adding this 2ipension to the more usual varizbies suach
as cexperauture znd fregquency; in sope cascs there is an
easi,v cdcexrvad change of relaxzticn freguency with pressure
ir che teas of megacyciés per second per tniousand atmcszpheres
of pressurz. Iu other cases, increasing pressure changes
tie attenuxticn sufiiciently to =akxe it possibie to test
cartain mdeis of the iiquid state that were based om data

- . - 2 -
for attermatiom at ataospheric pressure. As to velocity

- -

25.3., by Litovitz and Carnevaie [J.A.5-A. 13, 134 (1958)]

whe have been able tc relate the relaxational frequercy

and the type of liquids. -

reasurexents at different pressures, they have been used

for improving the accuracy of p-V-T data ;ﬁd the derivatiun

oi thermodynamic coefficiéents for cdetermining the nonlinearity
caefficient3B/A » for dealing with structure probleas through
cbservaticdns of dispersion or of changes of the temperature.
wefficient of eound welocity,; etc. 1In this way, the

- . RN

s ‘ : ’ 7
axz iwntal results become of interest for work on the

o
»
(3
A

theozy 2f the liquid state. 2As H. Byring has llid,‘ "There:
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In T. J. Hughel, -edit., Liguids, Stzructure, Properties, Solid

Interactions, Eisevier Pubiishisg Company, 1955, p. 1isi.
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which in fact complement esch other. I:
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one proceeds as. far as possibie strictiy mathematically, aad
wien the complicatioms cause this lcgical proneduxé £0 beg dowﬂy
one Iasorté to some rore or less cé=fensible assuxptica....

in the other approach cie siruggies to find a thiysical modei

of the liguid state wnich is a3z faitnful to reality as can te
deviscd and vet be solvable."™ For both asproaches the necessary
hatq’dita are oftea in short suppiy. This. is pa:ticulaéiYVthe
case for nmeasurement reﬁul;s at extreme conditions such: as those
cf high pressure, results that any model of the liguid state
either must pass -as a test, or must bﬁi]@ on whez the pxtang?ets

afe chosen in the first piace-s

Spivies and Lamb (Froc.Phys.Soc. 73, 767 [1959), for example,
ittempt to develop a gwo—st#te theoiy for'triethylaﬁine; but
having available oaly data at a single temperature for a pressure
run of limited range, they conclude that the'lack«of.dgta"makeé

it impossible to test the theory". Repeatedly they siress the

need for further axperimental work .at high pressures, and

they end their paper with the remark, "It seems important
ta us that the questions raised here should be settleci
an@ in particular that fu;fhef experimentazl work should be

gigéé.at a systematic study under conditions

s § SANSEMIL
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of variable pressure and temgerature.”

Nevertheliess, despize tre usefulress cf welccity and
attenuation data in iiquids wuncer pressur=, only relatively
few rescarchers have systexaticaliy expioited this field
since 193¢ when Blcquard measured actenuaction ir toluene
very roughly to 1,060 atmcspheres. In the whole worid
litexadure, oniy about two dozen_agthors nave published
results on the velocity of ul&t-;cnic wzves at high pressure
7inda;y iiqui&,.and fewer still or ;éténuatioh. Moreover,
the éxegéures used so far, wita very few exceptions, have
been in the ringe to 2,000 atmospheres or iess, where the .
éxperimental diffi¢ulties irherent in high-pressure work
tend to become excessivaly noticeable, owing. to the fact
that, for example, the availabie saxple sSpace becomes guite
small in nigh-pressure vesseis.

2. Tpparatus., Our .method for ultrascnic veiocity measurement
ig an extension of the puLse-echo-method originhlly"agapted:
by the authcr in P.W: Bridgman's laboratory for measurements

or liquids to about G,OGOLkéfme;G This paper sursarizes wore

SG. Holton, "Ultrasonic Propagaticn in Ligquids -under High

Pressures”, Technicai Memorandum No. 3, ONR Report NR-014-903,
Acousticu Research Laboratory; Harvard University, (1948);

also J.Appl.Phys. 22, 1407 (1951).

- ~ o

recently developed methods: and new data; largely made possible

by eguipment that has become available since that period.
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A block diagram of the apparatus is shown in Fig. 1.

The pulsed oscillator {Aren2erg Labcratories Type PG-556-C)

and the sweep Selay generator ¢f£ the oscilloscope {Textron

S&57) are simultanezcusiy triggered by a pulse f{rom the tine-~

axk generaror (Textroni

a dual c<hinnel plug~in unit ozzrated

The echoes preduced by eacn puise on being reifiected sack

and forth in ckarcber containing the liguil

o)

are displayed on one chanael

mark gemérator on the other. Tne two channals are synchronized

an@ hence the interval betweean cchoes can be interpolated

x Tvpe 181). The escilioscepe has

, a timing comdb from the tine-

cn the alrarnite mcce.

sanwple under test

between time marks to a precision of 8.1y sec. The wideband

e

ampldifier and atteruator are al¥so cheé Arenverg Laboratories

units (WA-600-E. ard Arenberg Laborateries Attenuator).

The pressure system consists of the steel container

. 5

ith an internal chambex about 8 inches long By 0.5 inch

diameter. It is within this small space that the experinental

sample, transduCer, mirror, ¢ontaining cartridge, sylphone,

etc. must te Iocated. A schematic diagram of one of -the

various cartridges in use is shown in Fig. 2.

The pressure is generated in a two-stage system, a priming

10,000 kg/cm?. The pressure in ‘the chambexr is measured

with a mangahin gauge which: is in one arm of a Carsy-~

Foster bridge. The gauge is calibrated against the known

. 2
freezing pressure of mercury at 0°C, namely 7718.5 kg/cm™.

7

punp for tihe first 2500‘kg/cm4, and a hydraulic ram to about
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Figure 1. Schematic Biagram of Conmponents

for ¥easuring Sound Velocity ond Abscrptaon.
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{caption) Eiggzg»Z.

A syiphotic beliows £its on

pressire to the liquid samp

Cartridge Assemoly.

tog and transmits the ambiernt
lc ia the cartridge. a
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R. S. Tadson and R. G. P. Greig. Bratash 3. appi. Physics ‘
K T
‘ iy, 731 (1983).
i - =
: TLe ;ifecisicn of 2 pressare msasurcTent is #3 Kgoomt.

D

The velocity aciSuresents are typicaily made at a 3
T trgeenty of about 13 MHZ using an X-Cul guartz crysta. i :

: ‘driwen at its fundamental frecuency. Ia the cartridge _ . o

éesign sncan i Figq. 2, the crrystal Is held aqainsf the

staialess steei spzcer by a strong sgring; theé latter fits -

ata.rct the ncopreae backing cf the stainiess-steel electrode —

s wick of the orysiai. T . .

A nuTé2r Cf scalviess sreel spacers can pe intétpqsed :
between crystai zad marror, racging in length to 4.2 cn.

-~
-
-

2is ierncth xs izrited Ly the space availablie in the pressute

chsw2r. The ends of the zuacers are ground flat an3 parailel

N £6G waThu2~ (.238L n. The stainiass steel mirrer is helad

e o W ey e

azainst e end cpposire tke - ransducer by a streng spring ) :
<né vetasirine ring. The back of the mirror is bevelec {o
reduce intexierence Ly sound reflectec from the back cf the 3

mirrér. The cartridge is closed off froxm the presszre trans-

piteing liguid =t che shoulder in the cartridge by a bellows U

[

= e mircor end. This bellows transmits the pressure fronm
the pressure chasber to the test liguid.
The clamping of the crystal is critical; the stiffhess

. of rvhe srring and the thickness c¢f the neoprene backing

mar<edly affect the echo pattern. Since neoprene is attacked :

I
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Qur measurexents. The cartridge is then piaceo in the

- L U

by many of the liquids that have beeu,investigated-vith
this -equipmentz, an altﬁrngtlve backing consisting of & Iew
layers of 9.010 irnch teflon diz:cs has beer used in those

cases.,

3.“xeasu;e-gnt.Ptocgdute( In a typical run, the cartricje
is fillaq yi;hedduh;g diﬁtigled water at'rcom temperﬁtgfe :
#nd atnosphéticjéressﬁre,>:fherliquid;n:;& not be degassed
sgpce ggl'ééqiiiblé»ﬁbrk {ndicateé'ény cffect of dissoived

gas on the sound velocity to bé much below the accuracy of

pressure chamber, and is allcwed to remain :at a pressure of
5 .

:~§bgg; 2060 kg/cq fot/scme tim@ to season the‘asiéhbfy.:

i.e. tc make it more_likgly that any minor repositioning

of components occur before the .run is begqun rather than

S ) N
during a data-taking run.

In taking the data, the time-matk generatoi is used
to calibrate the*éséilloscdpe directly. Since triggering
is azcomplished b} a pﬁlse frca ghe same time-mark generator
which is displayed in cone charnel of the CRQ, both the
sweep deiay and the sweep itself may be calibrated. The
initial rise of the first .echc is positioned between two
time marks lOuéec apart, and the time of its initial rise

may be determined to within 0.1 wsec. This process is

-repeated until, say, ten echo intervals have been determined.

The total time for ten echoes beiné typically 300-500usec for

the range of temperatures and pressures used and with the

. m e e~ o~ o

Condta
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longest spacet. and since the lcast count is 0.1 usec,

the precision of the tining procaduare ia'bccter than G.C:Z

' pér cent. The time readings are ruproducxb;e to tﬁe least

counc

i.e. 0G.1 asec. : ’ :

<

The sound velocity is caIculated from bhe a»erage t1me

ppt echc and the knoun spacer length, corrected fo' thea

pressure and teupetature of tﬁe experimeats.. Tne 1124 recision -

of tae calculated sound velocztles is thon approxlmately 0. 04

per’ cent.

o

The accuracy of the uesocxty determxnatxonscrs:

not quxte that .good; the aqreement oetween vexocxty‘valuns U3

. 8 50 nbta1red at 1 atm wlth correspondlng punlxshed.absolute

>

values obtaired ov vcxy elaboruﬁn methods (e.q. at the - - .

NatchQJ Dureau of Qtanaaras and the Naval Orananhc »obo*atory)

is feand‘to be approxxmately 0.1 per cent.:‘Also,eour own

results are reproducible to within 0.1 per cent: ?hétefbte
.- . . . M - 2

the relative accuracy of tﬁg.measuged~soun€qveioéity is

censervatively taken to be 0.2 per cent inm this report.
Consaguently, some ¢f the numercus scurces of error in this

kind of work have been neglected, éince they appear to be

at least an order of magnitude smaller.

4. Velocitv Data for Water. Our data on the velocity of

uitrasonic pulses in the 15 MHz range in distilled water;

to the accuracy cited above, are presented in Tables I and Il

and in Figures 3 and 4. Table I details values for two typical

runs at the same temperature. These runs were not made

consecutively, but were separated by morc than a yesar; the

agreement is gratifying.

et e e
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1058

1247

1502

19395

2079
2933
2552 .
3139
4949
6683
7602

8657 -

S

Table I.

Velocity Data for ¥ater at 50°C -

Veiocity (m/s)

1541.9
1595.1
. 1633.5

1675.5

1715.5
. 1746.5
1]84,0
1657.2
1869.2
1985.4
© 1936.6
2138.6
.2232.4
2354.8
2447.3

- 2544.3

P T I S

Run

Pixg/ca’)

X
. 260

25

753

1046
1511
2135

2164

-2642
3010
- 4036
4051
4978
“3996

7004

8033
2306
10019

D

1668.5
1715.4
1787.2 -

1879.6

[N
o

1882.5

1948.2

N

1997.4
2125.5
. 2130.8
2235.7
2344.9
2445.5
2545.1
2628.0
2712.9
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(captionm) - " rigure 3.

Graph of results for velccities at six temperatures.

Sditor: Always print the captions.
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In order to present ﬁhe data for all temperatures and
pressures in a. more concise fori:, we used tﬁe iBM 70694 to
fit all data for constant tempcratures £o a fourth dégree
polyromial in pressure, and detcrmined the coefficients
using a least squares program. No weight factors are used
in the least aquifel.tit:htherefére if the quantity being -
fitted (véloEity) varies greatly over ‘the measured pressure -
rarge, the fit .will implicitly weight the high end more
hgaviiy. Evidently invvarying the par;ﬂeter; to deterﬁine
a minimum for the sum éf squares of deviaticns of carculated
from observed values, the program can aligw a larger percantage

deviation at the low end thah at the high. end in ‘producing

- & given variation in the sum of squares. 'To avoid getting

such a weighting toward the high end, we ‘have reéguired the

velocity at atmospheric pressure -and at each temperature to

be held constant to a previously measured, well-known published

apsolute value. For water we chose M. Greenspan's and C.E.Tschiegg's

values;

- o

8;-*!.Gx:een'span,and-C}E.Tschiegg, J.A.S.A:, 33, 75-76 (1959).. To
the level of accuracy in our experiment, we could egually weil
have used the data of W. D. Wilson [J.A.S.A. 31,1070,(13959)1}.

they ~ give the velocity {in m/sec) at 1 atm in terms

of the temperature T {in °C) as follows:
2 4]T3 -

C. = 1402.736 + 5.03358_T ~ 0.0579506 T° + [3.31636 x 10~

G
) s 4 -
~[1:45262 x 187°17% + (3.0449 x 107%)7°
Our functional form for velccity v which was used in the
fit is:

v=C.+B(LP+B2)P +B(3)P + 8P  (Eq. 1)
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7 =10~
To keep within the 0.2% limit -of accuracy, Eg. (1) must of
course not be uesec beyond pressures for which reliable
measurements ware available for the computation of the co-

efficients in Table II. Hence the hiéhest pressures toc b@

N ]
used in Eq.{1). are 10,006 kg/cm’ for 50, 50, and 70°C, 8060 kg/ca’

for 30 and 40°C, and €000 kg;cm2 for 0°C. {The frgezfng‘pféqgnr.;

for water is abont espo\kg/cmz at 0°C,

according to Bridgman.s)

9

P. W. Bridgman, Coliected Experimental Papers, 1, 559,

Harvard University Press (1964).

Table IX lists the number of data -points used in the fit,

‘the average abgolute percent deviation, the roo: mean squars

deviation, the maximum percent deviation, and the values of

the coefficients in Eq. {1).

5. Tests £or.RaprOduCipility. We used the coefficients in
Table II t0O test the reprcducibility of cur mesasurements. »
S$ince the maximum percent deviation between the ﬁolyno-ial
fittings for any two runs can be .caiculated to be under 0.15
per cent over the usable pressure rangs, we have combined. the
two sets of data shown in Table II for 46, 50, 60, and B0°C to
produce a single fitted curve for each temperature, and we
used the resulting coefficients to calculat; round pressure
velocities. Table III displays the coefficients and r.m.s.
éeviaéions agsociated with thease. 4th dégree polynomial fits,

and Table IV gives the interpoclated values f£or velocities at

round pressures. As is suggested, in part, by the lower r:.m.g, -
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-11=
deviations cobtained for tempecratures above 34°C in Tablec IX
anéd IXI, we feel that the high temperature Jata are somewhat
moxe reliable.
Finally, for the purpose of convenien<s when highesﬁ

accaracy is not neadsd, we used ail o§ the data in Table IX
tc cbtain 2 ‘6th-degree-in-pressure and 4th-degree-in-~temperature
polynomial fit. The coefficients and r.m.s. deviation are

given in Table V. The r.m.s. -deviation for this overall
fit 25, of course, higher than any of the constant temperature
£its given above. Nevertheless this set of pressure-temperature
coefficients will produce velocities which have a maximum
deviaticn from our actual measurements of less than 0.50%.

. among, others
6. Comparisor with other data.A W. Wilson™ has made careful

° : ] ’ — ‘That Qork bore out thé data published by
J.A.S.A. 31, 1070 (1959). ?.Litovitz and E.Carnevale, J.Appl.Phys.,26
) 816 (1955) . -

rmeasurerents on distilled watexr in the pressure range from
cne to 1000 atm. A comparison between our data and Wilson's
in his pressure range shows ag;eement to within 0.2%. The
curves in Fig. 4 indicate the consistency of his medsurements
wivh ours, the data points reported by Wilson being plotted
against the background of our own data as xrepresented by solid
curves taken from Fig. 3. éome time ago, A. Smith and A. V.

0 _ . .
Lawson1 reported careful measurements to 0:2% of ultrasonic

10 5. Chem.Phys. 22, 351 (1954).

velocity in water at pressures up to 9410 kg/cm2 for some
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tgnpétqturgs. Por those tnvee Lgmpexature:.éaé:e A CITpaYison

xl'directly 90331b1e, Fx gure 4 progunts the: T Jt‘:saed cata .

-

against the background of turies sbtuized - Lt retent wolk.

: The apparent systematic and’ increas.r. 2iiference seen

bdtyeeh'oﬁt curves and Smith and Lawsor'r  -iicxr Zata

A

dlaappcars at once when thez: *ava are rec:. cuisted to the
cozrected Pressure ucale—-‘.e., 2zx1ng-the 3librat 1oa point

- Z
t €42 kgiem

B

fOtVO'C‘nercnty’at 7718.§Ak§icg?;r$t£er £
as did almost everyons until recently. Tr.- difference of
lbout 1% in the pressu&evnc$1es is encugh _ expiadin tae
apparent dtscrepancv For vi-tially every p. .t within the
combined ranges of prasxsxcn é&ained in bct- exXperiments.
Tabie VI shoa%:trze datai 3 csmparzsqh, ‘T e veiocity 6orzeciionz
at each point for Smith argd yawssn'sjﬂat;:;;&e o7 f£irsr cal-
culating fhe pressure calibra é'aa correctilr aad then usikg - ¢
the cet;ﬁged values ©f 3V/3P [which are ess-riially indepeadert
of temperatuxelin’thisksmall :aﬂ;é}.

it shculd be noted that ouc zurves in Irg. 4 O were n:

ZSS paralle , but if extrapoiazad to the r cion beyond cir

experiment (and indeed beyornd th: freewl.: :regsur2) weould

k. 1T

tend tc join or cross beyond 10,000 kg/cw’ : at thac pressure,

“the difference of welocities ar 50°C ard z: 30°C is only & few

4

metexs. This £inding i3 in actord with 3 uith and Lawson' s
and so gives this part of our experiment :: 12 added 319 iifcance.

smell zystematic

W

Under the conditionz of a hiih-pressure nir

change in the xegn-pressure resistanca cf i) ma&nganin~wixe
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E4itoT: FPresent as On& ACGIiZonRTal ctanie, secotu laif to folliow
- after first: G.H. f’—-—"“i , !
{ - -

T —— pptieitrera . s ~ -

Taon:e vi

Co=parisca cf cata

R ) '“‘—w-"-"""h' -

T = 33°C
Saith and Lawscn Author )
Pikg/cu®) 3Iv/3P Veloccity = Veloc:ity Velocity (m/s) ¢
~{uncorrected) {correctred) - —
! 1 6.17 1510 15319 1509.4 :
soc .17 1593 1592.31 "1592.3 f
1006 0.1§ 1676 16744 1673.1 ' ¢
2090 e.15 1833 1829.9 ~ 1826.9
3000  0.14 1981 1976.7 1969.7 Ta
4002 0.13 2113 2107.6 2101.2 f §
5530 0.12 - 2234 2227:8 2221.6 i
€000 0.11 2341 2334.2 2332.2 ”
I
T = 50°C *
Snith and Lawson. Authb:
P(kgicm?) sv/s® Valiccity Velocity Velocity{m/s)
‘ (unccrrected) {corrected) ) = -
1 0.17 1543 1543 1542.9 !
500 2.17 1623 1622.1 1627.2 s
1068 ~  0.16 1704 1792.4 1707.8
2000 6.15 1858 1854.9 1958.4
3000 5.14 2004 1999.7 1996.1 -
4606 0.13 2135 2129.6 2122.3
5090 0.12 2252 2245.8 2238.6

6000 0.11 2356 2349.2 2346.2
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Pressure gauge at one temperature would quite easily cause
; , '
-

the curves to appear to cross carlier. But the temperature

llisuith and Lawson's work,h;d the specific aini of repeating
and extending our own early velocity measurements (ﬁef- 5 )
'with more xotiﬁod.technigueg; They found the numerical
discrepancies to be within the claimed precision £for both
gxpetiggnti in the tange belou,B,eoogatﬁ{ above that, the

-diffetcnces were larger, but still, as Smith and Lawson put

it, 'ain1acu1e from an experimental point of view,"” (Ref. 10,

P-358), so small that "any slight systematic error could
_easily account for the difference. - K priori, it would be
'dxfflcult to:say . . . if the difference did not arise from
compazable errors in both experiments* (Ref. 10, p.355).
However it is of .course not poilible to use the presumed
first crossing of the velpc;ﬁy curves itself to predict -
“the bchaQior,of the maximum in the velocity of sound as a

function of temperature as the pressure is increased®, least

of all that this temperature decreases with increasing pressure

(Ref. 10, p. 351). Neither this nor any previous author had
in fact concludédianything about the. temperatures of the
velocity maxlmum at high pressures. -Indeei,ithe velocity vs.
temperaﬁuto curves at the higher pressures are so flat that
véhe actual values of temperatures at which the sound velocity
is a maximum for any given pressure beyond ghout 4000 kg/c:mj2

have 8till to be found with certainty.
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coafficient of velocity; which for water ii:ipné;aai (i.s.
positive) would become negative beyond any such a cross-
over peint. We qénclude on the basis of our recent data
that by the criterion of the sigrn of the tempethtﬁre co-
efficient of velocity water remains an abnormal ligquid' undex
pressﬁre in. the range shown, althdugh the value of a&v/3T ‘
tends strongly to gero at the higher pressures.
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