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I am the President and CEO of Caldon, Inc. and as such, | have been specifically
delegated the function of reviewing the proprietary information sought to be withheld
from public disclosure in connection with nuclear power plant licensing and rulemaking

proceedings, and am authorized to apply for its withholding on behalf of Caldon.

I am making this Affidavit in conformance with the provisions of 10 CFR Section 2.790
of the Commission’s regulations and in conjunction with the Caldon application for

withholding accompanying this Affidavit.

I have personal knowledge of the criteria and procedures utilized by Caldon in designated
information as a trade secret, privileged or as confidential commercial or financial

information.

Pursuant to the provisions of paragraph (b) (4) of Section 2.790 of the Commission’s
regulations, the following is furnished for consideration by the Commission in
determining whether the information sought to be withheld from public disclosure should
be withheld.

(1) The information sought to be withheld from public disclosure is owned and has
been held in confidence by Caldon.

(i)  The information is of a type customarily held in confidence by Calden and not
customarily disclosed to the public. Caldon has a rational basis for determining
the types of information customarily held in confidence by it and, in that
connection, utilizes a system to determine when and whether to hold certain types
of information in confidence. The application of that system and the substance of

that system constitutes Caldon policy and provides the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several

types, the release of which might result in the loss of an existing or potential advantage,

o



as follows:

(a)

(b)

(¢)

(d)

(e)

(H

The information reveals the distinguishing aspects of a process (or
component, structure, tool, method, etc.) where prevention of its use by
any of Caldon’s competitors without license from Caldon constitutes a
competitive economic advantage over other companies.

It consists of supporting data, including test data, relative to a process (or
component, structure, tool, method, etc.), the application of which data
secures a competitive economic advantage, e.g., by optimization or
improved marketability.

Its use by a competitor would reduce his expenditure of resources or
improve his competitive position in the design, manufacture, shipment,
installation, assurance of quality, or licensing a similar product.

It reveals cost or price information, production capacities, budget levels, or
commercial strategies of Caldon, its customer or suppliers.

It reveals aspects of past, present or future Caldon or customer funded
development plans and programs of potential customer value to Caldon.

It contains patentable ideas, for which patent protection may be desirable.

There are sound policy reasons behind the Caldon system which include the following:

(a)

(b)

(¢)

(d)

The use of such information by Caldon gives Caldon a competitive
advantage over its competitors. It is, therefore, withheld from disclosure
to protect the Caldon competitive position.

It is information which is marketable in many ways. The extent to which
such information is available to competitors diminishes the Caldon ability
to sell products or services involving the use of the information.

Use by our competitor would put Caldon at a competitive disadvantage by
reducing his expenditure of resources at our expense.

Each component of proprietary information pertinent to a particular

competitive advantage is potentially as valuable as the total competitive



advantage. If competitors acquire components of proprietary information,
any one component may be the key to the entire puzzle, thereby depriving
Caldon of a ~>~p-titive advantage.

(e) Unrestrict d disclosw e would jeopardize the position of prominence of
Caldon in the world market, and thereby give a market advantage to the
competition of those countries.

(H) The Caldon capacity to invest corporate assets in research and
development depends upon the success in obtaining and maintaining a

competitive advantage.

(11i) The information is being transmitted to the Commission in confidence, and, under the

(1v)

(v)

provisions of 10 CFR Section 2.790, it is to be received in confidence by the
Commission.

The information sought to be protected is not available in public sources or available
information has not been previously employed in the same manner or method to the
best of our knowledge and belief.

The proprietary information sought to be withheld in this submittal is that which is
appropriately marked in the “Responses to NRC Staff Questions Concerning Topical
Report, ‘Improving Thermal Power Accuracy and Plant S»“ty While Increasing
Operating Power Level Using the LEFMv System’, as Applied to Comanche Peak,
September 29, 1998, Proprictary Version™ and is being transmitted by TU Electric letter
and Application for Withholding Proprietary Information from Public Disclosure, to the
Document Control Desk, Attention, Mr. Tim Polich. This proprietary information was
initially distributed during the proprietary portion of the September 29, 1998, meeting
between the NRC, TU Electric and Caldon. This informatior is submitted for use by
TU Electric for the Comanche Peak Nuclear Plants and is expected to be applicable in
other license submittals for justification of the use of the Caldon Leading Edge Flow
Meter (LEFMY') to increase reactor plants’ thermal power. (A separate document
“Responses to NRC Staff Questions Concerning Topical Report, ‘Improving Thermal

Power Accuracy and Plant Safety While Increasing Operating Power Level Using the



LEFMv System’, as Applied to Comanche Peak, September 29, 1998, Non-Proprietary

Version™ is also being submitted which extracts the non-proprietary elements of the

proprietary responses, and which non-proprietary document may be made publicly |
available. Note that the non-proprietary document contains the responses to questions

1,2,3,5,6,9, 12, 14 (relevant portions), and 29.)
This information is part of that which will enable Caldon to:

(a) Demonstrate the design of the LEFMv" and accuracy of the LEFMv flow
and temperature measurements, as well as the improved calorimetric
thermal power accuracy based on the LEFMY' measurements, |
(b) Demonstrate the reliability of the LEFMv based on design features and on
compiled field experience data.
(c) Establish technical and licensing approaches for the application of the
improved accuracy of this method toward increasing thermal power.
(d) Assist customers in obtaining NRC approval for increases in thermal
power based on appropriate use of the LEFMv for calorimetric power

measurement.
Further this information has substantial commercial value as follows:

(a) Caldon plans to sell the LEFMv and use of similar information to its
customers for purposes of meeting NRC requirements for operation at
increased thermal power.

(b)  Caldon can sell support and defense of the technology to its customers in

the licensing process.

Public disclosure of this proprietary information is likely to cause substantial harm to the
competitive position of Caldon because it would enhance the ability of competitors to provide

similar flow and temperature measurement systems and licensing defense services for



commercial power reactors without commensurate expenses. Also, public disclosure of the
information would enable others to use the information to meet NRC requirements for licensing

documentation without the right to use the information.

The development of the technology described in part by the information is the result of applying
the results of many years of experience in an intensive Caldon effort and the expenditure of a

considerable sum of money.

In order for competitors of Caldon to duplicate this information, similar products would have to
be developed, similar technical programs would have to be performed, and a significant
manpower effort, having the requisite talent and experience, would have to be expended for

developing analytical methods and receiving NRC approval for those methods.

Further the deponent sayeth not.
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I Responses to NRC Questions: September 29, 1998 Non-Proprietary to Caldon, In¢

NRC Staff Questions

I. Describe Caldon’s understanding of the background for 1.02 being ascribed just for

instrument uncertainty in power determination

On page 5-2 of the Topical Report, explain the justification for the use of PTC-6.

Describe how the LEFMV is used in calorimetric power determinations.

Who is responsible and how are Calibration, Maintenance, and Training performed

and achieved?

6. How will monitoring, verification, and error reporting be handled?

9. Clarify that the 0.5% used in the Topical Report is 95% confidence level (20).

12. Does cross flow = transverse velocity?

14. Provide the references sited in the temperature correlation uncertainty and an
explanation of the field data provided in this analysis. [Non-proprietary references
provided here. |

29. How is the LEFMV used currently to provide correction factors to the venturis? Is the
correction determined on the basis of the absolute accuracy or the repeatability of the
LEFMV?

o o






Responses 1o NRC Questions: September 29, 1998

Question 1:

Describe Caldon's understanding of the background for 1.02 being ascribed just for
instrument uncertainty in power determination.

Answer:

Caldon proposes to increase current licensed power by 1% for plants using Appendix K
evaluation models without any requirement to reanalyze ECCS performance if the plants
utilize a new technology for determining thermal power. The new technology provides
on-line verification of instrument accuracy and is capable of accuracies sufficient (o ensure
that there i1s a higher level of certainty that 1.02% of the current licensed power will not be
exceeded than is currently being provided, and, hence, a higher level of certainty that the
criteria of 10 CFR 50.46 (b) will not be exceeded.

As set forth in the Opinion of the Commussion in the ECCS rulemaking proceeding, RM-
50-1, December 28, 1973, Section L.A. of Part 50, Appendix K. specifies the following for
the initial conditions to be used in Appendix K evaluation models:

For the heat sources...it shall be assumed that the reactor has been operating
continuously at a power level at least 1.02 times the licensed power level (to
allow for such uncertainties as instrumentation error), with the maximum peaking
factor allowed by the technical specifications. A range of power distribution
shapes and peaking factors representing power distributions that may occur over
the core lifetime shall be studied and the one selected should be that which results
in the most severe calculated consequences for the spectrum of postulated breaks
and single failures analyzed.

The question has been raised as to what the phrase “such uncertainties as” implies and
whether operating at a power level 1% higher than the current licensed power could have
any effect on the continued validity of the current Appendix K analyses of ECCS
performance. A review of the regulatory history, including the interim acceptance criteria,
the record of the ECCS rulemaking proceeding, implementation of Appendix K, and
operating experience, has turned up nothing that would suggest that anything other than
the need to account for the uncertainty of determining the thermal power at which the
reactor is operating led to the adoption of 1.02 times the maximum licensed power for an
imtial condition for Appendix K ECCS evaluations.

The NRC staff, in its concluding statement, had recommended essentially the same initial
conditions as were adopted by the Commussion. However, the staff had recommended
“that the reactor shall be assumed to have been operating continuously at a power level no
lower than 1.02 times maximum licensed power level (to allow for instrument error),..."”
Conciuding Statement of Position of the Regulatory Staff, RM-50-1, at 40, 109.
Regulatory Guide 1.49, Rev. |, issued in December 1973, concurrent with the issue of the
Commussion’s opinion in RM-50-1, recommended the use of an assumed power level 1.02



Responses 1o NRC Questions: September 29, 1995

times the proposed licensed power for analyses and evaluations of all normal. transient and
accident conditions necessary to evaluate the adequacy of the facility. The staff explained
the purpose of using 1.02 times the proposed licensed power as follows:

«.analyses in support of the proposed licensed power are made for a shightly higher
power to allow tor possible instrument errors in determuning the power level. The
regulatory staff has concluded that a margin of 2% is adequate for this purpose.

Nowhere in the Commussion's opinion is any reason given for the addition of the words
“such uncertainties as.”

The record shows that the initial conditions of Appendix K had their inception in the
ECCS evaluation models approved with the issuance of the interim acceptance criteria. 36
Fed. Reg. 12247, June 1971. See for example WCAP-7422L. Westinghouse PWR Core
Behavior Following a Loss-of-Coolant Accident. Id at Appendix A, Part 3. Here. 1.02
times the licensed power was used to account for uncertainties in determining the
operating power level and the worst possible power distributions and maximum peaking
factors were determined. The maximum peaking factors for which ECCS performance
were found to be acceptable were placed in technical specifications for the plants.

The manner in which the initial conditions have been applied since the promulgation of
Appendix K is also instructive. Initially, when Appendix K was issued, reactors then
operating under the interim acceptance criteria were required o perform ECCS
evaluations using approved Appendix K evaluation models. Since the worst possible
power distributions and maximum peaking factors allowed by the then current technical
specifications were used, unless, of course, the Appendix K evaluations supported
different values. (As specified in 10 CFR 5 36, the technical specifications must be
derived from the analyses and evaluations  the safety analyses reports and amendments
thereto. Hence, the maximum peaking factors allowed by plant technical specifications
must be consistent with the maximum peaking factors used in the ECCS evaluations which
demonstrate that the ECCS performance satisfies the criteria of 10 CFR 50.46(b).

In general, in applying initial conditions for the interim acceptance criteria and those
required by Appendix K, Section L. A., the following were incorporated in approved ECCS
evaluation models:

I. Reactor power assumed to have been continuously at .02 times the
licensed power (or proposed licensed power in case of amendments)
to account for uncertainties in determining thermal power.

o

A cosine curve representing the power distribution shape resulting in the
worst consequences (normally the highest calculated peak clad temperatures).
The cosine curve is worse than any other power shape occurring at any time
in core life. This shape can only occur during a return to power and for a

o



Responses to NRC Questions September 29. 1995

short time thereafter and is not possible in continuous power operation
Hence it is an extremely conservative assumption; and

3. The maximum peaking factor in the technical specifications (or proposed
to be placed in the technical specifications):

These three assumptions have then been used in the Appendix K evaluation models as
Inputs to calculate the initial stored energy in the fuel, fission heat. and decay heat from
actinides and fission products. None of these input assumptions are affected by increasing
the operating power provided that the operating power does not exceed the .02 times
maximum licensed power assumed in the evaluation of the ECCS performance showing
that the criteria of 10 CFR 50.46(b) will not be exceeded. This is consistent with the
objective stated in the opinion of the Commission in RM-50-46 dealing with conservatism:

(1 Stored Heat. The assumption of 102% of maximum power, highest
allowed peaking factor and the highest estimated thermal resistance between
the UO; and the cladding [calculated using the above Input assumptions|
provides a calculated stored heat that is possible but unlikely to occur at the
time of the hypothetical accident...Opinion of the Commission, RM-50-1.
December 28, 1973 at 27, A-4.

Thus, it appears that the approval of the Caldon proposal resides solely in demonstrating
that there is a sufficiently high probability that the power level assumed for evaluation of
ECCS performance in existing Appendix K evaluations will not be exceeded in operation
ata 1% increase in licensed power level with the proposed improved technology for
determining plant operating power.

A review of the Standard Review Plan (SRP) was also conducted to identify references to
application of the 2% margin to initial conditions for accidents. The results, summarized
in Attachment |, indicate that the 2% margin for initial conditions is required for analysis
of 12 accidents in SRP Chapter 15. Of these 12 accidents, the license is permitted to use
less than 2% margin in 9 cases provided the lower margin can be justified by the applicant.

Attachments:

!. Summary Table of Review of Chapter 15 of Standard Review Plan.



Responses 10 NRC Questions: September 29, 19958

Attachment 1 to Question 1

Section of Chapter 15

Reference to 102% initial
condition

Permission to use power level
below 102% if justified

15.1-1 through 4: Decrease in Yes Yes
Feed temp etc.
15.1.5 Steam sys piping failures No
in and out of containment
15.1.5 A Rad Consequences No
15.2.1-5 Loss of Load etc Yes No
15.2.6 Loss of Emergency ACto | Yes Yes
Station Auxiliaries
15.2.7 Loss of Normal Feed Flow | Yes Yes
15.2.8 Feed System Pipe Breaks | No
- PWR
15.3.1-2 Loss of forced reactor Yes Yes
coolant Flow
15.3.3-4 Reactor coolant pump Yes Yes
motor seizure
15.4.1 Uncontrolled Control rod | No
withdrawal - subcritical/low
power
15.4. 2Uncontrolled Withdrawal No
at Power
15.4.3 Control Rod Malfunction Yes Yes
15.4.4-5 Startup of inactive loop | Yes No
and flow controller malfunction -
BWR
15.4.6 CVCS reduces boron Yes No
concentration PWR
15.4.7 Inadvertent Loading of No
fuel assembly
15.4.8 Spectrum of rod ejection No
accidents - PWR
1548 A Rad Consequences of No
Ejection
15.4.9 Spectrum of rod drop No
accidents - BWR
15.4.9 A Rad consequences No
15.5.1-2 Inadvertent Operation of | Yes Yes
ECCS that increases inventory
15.6.1 Inadvertent opening of Yes Yes
PWR or BWR pressure relief
valve
15.6.2 Rad consequences of the No

failure of small lines carrying




Responses to NRC Questions: September 29, 1998

Attachment 1 to Question 1

Section of Chapter 15

Reference to 102% initial
condition

Permission to use power level
below 102% if justified

primary coolant outside
containment

15.6.3 Rad consequences of
steam generator tube rupture -
PWR

No

15.6.4 Rad Consequences of
Main Steam Line Failure Outside
containment - BWR

No

15.6.5 LOCA resulting from
spectrum of pipe breaks within
RC pressure boundary

Yes

Yes

5.6.5 Apps A, B, C, D: Various
rad consequences of LOCA

No

15.7.3 Rad releases due to liquid
containing tank failures

No

15.7.4 Rad consequences of fuel
handling accidents

Ne

15.7.5 Spent fuel cask drop
accidents

No




Responses to NRC Questions September 29, 1998

Question 2:

On page 5-2 of the Topical Report, explain the Justification for the use of PTC-6,

Answer:

The context of the reference to PTC-6 is repeated here from page 5-2:
“Immediately after it is calibrated, a flow nozzle is vapable of providing
measurement accuracies in the +0.5% range, providing the differential
pressure and fluid temperature measurements are made with laboratory

grade, calibrated instruments (see for example the discussion of turbine
heat rate testing in ASME-PTC-6, Reference 9).”

PTC-6 is referred to for purposes of illustration only and does not apply to the use
of the LEFMV for thermal power measurement.

Attachments:

None.



Responses 1o NRC Questions: September 29. 1998

Question 3:
Describe how the LEFMY is used in calorimetric power determinations.

Answer:

The proposed use of the LEFMV/ is for direct measurement of feedwater mass flow and
temperature, and indirect measurement of feedwater enthalpy, for the thermal power
determination. This determination would be used directly to calibrate the nuclear
instruments in lieu of the existing instrumentation. At the discretion of the licensee, the
LEFMy may also be used for calorimetric calculation of reactor coolant flow, and for
setting non-safety-related setpoints for which thermal power 1s an input. The increased
accuracy as compared to the existing instrumentation would be beneficial in these
apphications.

At Comanche Peak, the LEFM is currently used for the secondary calorimetric
calculation only. The secondary calorimetric is used as input for the daily calibration of
NIS = id the cross-correlation N 16 system.

In some plants, feedwater flow and/or temperature instruments are used as direct inputs to
the reactor protection system or another automatic safety function. In these cases, those
instruments are classified as safety-related, and would continue to be used for these
functions. The LEFM/ is not being proposed for these functions. Its use would be
limited to power determination and the non-safety-related uses of calorimetric power
discussed above.

Attachment.:

None,



Responses to NRC Questions: September 29, 1995

Question §5:

Who is responsible and how are Calibration, Maintenance, and Training performed and
achieved?

Answer:

Calibration and Maintenance

Calibration and maintenance is performed by [&C using site procedures. The site
procedures are developed using the CALDON technical manuals. All work is performed

in accordance with site work control procedures.

Routine preventive maintenance procedures include physical inspections, power supply
checks, back-up battery replacements, and internal oscillator frequency verification.

Ultrasonic signal verification and alignment procedures which involve digual
oscilliscopes with the LEFM will be replaced by automatic set-up in the LEFMv'. Signal
verification will still be possible by review of signal quality measurements performed and
displayed by the LEFM/.

Training

[&C personnel must be qualified per the 1&C training program on the LEFM system
before work or calibration may be performed. Formal training from Caldon was provided
to site personnel. Formal training on the LEFM/ system will be provided by Caldon.
Attachmenis:

None.



Responses to NRC Questions: September 29. 1998

Question 6:
How will monitoring, verification, and error reporting be handled”
Answer:

Though this application is not safety-related, the LEFMy/ system 1s designed and
manufactured under Caldon's Quality Control Program , which provides for
configuration control, deficiency reporting and correction, and maintenance. Specific
examples of quality measures undertaken in the design, fabrication and testing of the
LEFMV system are provided in the Topical Report, Section 6.4 and Table 6.1. Table 6.1
lists the error bounding, validation and verificziion procedures planned for the LEFMv/
system.

At Comanche Peak. the LEFM system is included in the System Health Plan and the
preventative maintenance program. The system is monitored by the System Engineer for
reliability. As a plant system, all equipment problems fall under the site work control
process. All conditions that are adverse to quality are documented under the
ONE/SMART form program. The software falls under TU Electric's Appendix D QA
program with a software QA plan in place. The current software was verified and
validated and 1s under Caldon’s Verification and Validation Program. Caldon's
Verification and Validation Program provides procedures for deficiency reporting for
engineering action and notification of holders of V&V software.

The Comanche Peak LEFMv System will likewise be under Caldon's V&V Program,
and procedures will be maintained for user notification of important deficiencies.

Attachments:

None.



Responses to NRC Questions: September 29, 1998

Question 9:

Clarify that the 0.5% used in the Topical Report is 95% confidence Jevel (20).

Answer:

The 0.5% mass flow uncertainty stated for the chordal LEFM and the LEFMV is a 2 standard

deviation (20) uncertainty; that is, it represents a 95% confidence interval. This is intended to be
a bounding approximation. This subject is discussed further in response to Question 13,

Attachments:

None.



Responses to NRC Questions September 29, 1998

Question 12:
Does cross flow = transverse velocity?

Answer:

Yes. For the purposes of this report, the terms are used interchangeably.

Attachments:

None.



Responses to NRC Questions September 29, 1998

Question 14:

Provide the references sited in the temperature correlation uncertainty and an explanation
of the field data provided in this analysis.
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patns other than the shortest to affect the location ' art, conve:
|  of the maximum. Howover, the results are inde- f;uise-(ormi;
pendent of wnetner the first or second half cvele s | fjister In
. used, thev are also not affected by substituting with fipe {
crvatals of twice the thickness, or by caanging toe | within the
dismeters of tne was . or of the bot electrodes. These t must be
results lead us to believe that the error introduced by bange dur
this rasxumization techbnique 18 negligibie | - "ihe count ©
The question has been examined also in another t The bloc!
way. Suppose o coincidence w> have been made at | -~ oy lugh and
frequency /. others can then be mide at submultipies | : .” by a large,
of f At the frequoncy f/2 for inxtance, the first o L e I i A - Sl e TR iuou of 8 5g
received pulse corresponding to 8 particular wput Ficune 2. Delay lsne, dusassembdied wave Zener
puise coincides with the second echo (ot the first, |  Abews the mak are the plugs wiuch ciom the Bling hoies. had ot the ends are ¥ _means o
| as before) corrupond'ms:to she slastsiani nulee 205t | SRR n Bl i T R R TR YRR Ce e tw The recc
preceding, and so on. Effectively, the sound pulse ength of |

is timed over o path twice as long as before. It s
found that the mecasurements at f and near f/2 are
substantially identical, so that the error in question
is less than, or at most comparable to, the experi-
mental error of the time measurement.

¢, in this
,A \ ) hign-frec

2\
)

- “fast sweeg

E /ﬁ" cillator t

N\B delay time

| 3. Apparatus ! 3.3 Te
The del
3.1. The Delay Line —-® ee‘gly imr
; The disussembled delar line is shown i the photo- ! *.urm 'I;h;
graph, figure 2. The length of the tank is sbout | , a 1% o small
200 mm, and the bore about 13 mm. The filling ik / & ¥y ‘the water
holes are sealed by plugs having Teflon gaskets; a | Al \ “power inpu
,  small hole in one plug provides pressure reicase. Tstures areo
' The tank is of a chromium steel * which, after bheat A . iThe tempe
i treatment, takes a good opticsl fiish. Because | / Lwithin less
this steel is not so corrosion resistant as the wickel- ~required {c
chromuum stainless steels, the bore of the tank was J25° C, or
‘ heavily gold plated @ ]:008°C; e
! The ends of the tank are optically flat and parallel ~ | Thermal co
to within less than 1 u. To these ends are carefully rather low.
. wrung the 0.8-mm thick x-cut quartz ervstals, which _ The tem
! also are optically flat. The caps, when bolted on, svith & plat
{ clamp the erystals tluough neoprene O-rugs. A | Ticvme 3. Schemoiic of one end of the iank, showsng the crusinl ndge. A
i coaxial cable passes through a seal w cach cap, and and cop assembly. ~tion 1a the
the center conductor makes contact with the outer | 1 Teax 2 awp. 3 plas saied with Teoa O-ring (ibermecooplc I;the platin

(hot) clectrode of the crystal through s hight sprng e e e e oy s o T

, The outer electrode is & 9 mm ercle of aluminum- '
| backed pressure-sensitive adhemive Lape The wner

Jure re
ser

was the tapk and heat-treated together wilh 1! “Water are

(ground) ctlectrode 1s of fired-on gold and is about | From these data, the length of the sound path i- easureme

| 12 mm in diameter. Coptact 1s made through & ' known to better than 2 parts in 10° at any temperi- ; 0.01°
l:gl gold-plated helical spring which touches the | yyre between 0° and 100° C. It is, of cours ures). I
wode around the edge and bears on & shoulder | yecessary that the crystals be wrung down il tion w

ces Ag

machined into the bore. The inner electrodes and ' great care so that the fringes disappear all arovil
so th:

springs are unnecessary if the sample has bigh cou- | the periphery, to achieve this accuracy  The clamip-
ductivity or s high dielectric constant; ther are  ing gagkets must bear directly over the coptacinw
. usually omutted for water and aqueous solutions of | surface and not spread out over thie unsuppor
' saits. Figure 3 is o schematic drawing of one eud | area, elee the crvstal will bend. With thesc P
of the assembly. cautions, the delay Lne may bLe disassembled an
The length of the tank wes measured at 20° C. | reassembled repeatedly with reproducible resulls
snd the Mﬂmt of 'lheﬂnd expansion of the steel 1f the cry‘mh have becn pmped-‘- wrung on Wil
was measured on & sample cut from the samc bur a5 | clamped, they cannot be removed by Lend afte
| severn) davs, but must be soaked off
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3.2. The Electronics

Uue electronic circuits (fig. 1) wre, for the most
aart, conventional However, the oscillator and the
wse-formung cirewits must be excepuonally free of |
wter.  In addition. the oscillator must be provided
«th fine frequency control. so that it can be set
sithin the required sensitinity of measurement, and !
« must be so stable that the frequency doe: not '
chunge during the counting time by enough to alter |
the count by more than one

Tle blocking oscillator produces a pulse about 100
- Ligh and 0.05 to 0.25 usec wmade. It is best driven
i o large, fast puise such as is gotten by differentia- ’
on of & square wave derived. 1n turn, from the sine-
wave generator * The jitter may be reduced further |
b means of a narrow band filter after the oscillator. |

Tle receiving circuit consists siraply of a short |
leugth of low-capacitance cable, a wide band (5.5 ]
\lc. w this case) amplifier of gain 100 to 1,000, and
4 high-frequency type oscilloscope equipped with
fast sweeps. he sweep 1s tnggered m the
oscillator through a varmable delay; the necessary |
delar time 1s about Lalf the oscillator period.

3.3 Temperature Control and Measuremen!

The delay line, suspended from its cables, is
deeply immersed in s 27 gal, well-insulated, water
batu. The bath 1s provided with 2 pump-tvpe
stirrers. 3 heating coils, and a cooling coil connected
to a smull refrigeration unit. The temperature of
the wuter adjusts itself so that the losscs equal the
porer input to the heating coils, aud various temper-
atures areobtained sumply by varving the power input. |
Tle teraperature 1s, by this means, easily held to
within less than 0.003 deg C for the interval of time
ml'\ured for the measurements, except that above
73° C. or so, the vanation muy become 0.02° or
0.03° C; at the higher temperatures, however, the
thermal coefficient of the speed of sound in water is
ruther low.

The temperature of the bath water is measured
with o platinum resistance thermometer and Mueller
Brdge. A differenual thermocouple has one junc-
tion tn the sample in the delay line, and one tied to
the platinum thermometer; it passes through the
pressure relesse tube (fig. 2). The thermocouple
reading serves o indicate when the sample and bath
water are substanually in thermal equilibrium, and
Mmeasurcments are e when the discrepancy is less
than 0.01° C (somewhst greater at the hugh temper-
atures). The thermocouple and galvanometer com-
bination was calibrated for temperature dif-
ferences aguipst the platinum resistance thermom-
eter so thal small corrections to the tempecrature
readings could be made.

3.4. Samples

The measurements here reported were made on
three separate samples of water. One sample wes
ordinarv laboratory distilled water. This was boiled

+ The square- et pencrater mnast be of Lhe Lype Lhal am! snd then olips
e mput sne wave  The verunning, fyuehronied ty atabe

| obtained by calculation from the

and poured. while stdl hot, wto the prebeated tank
Altbougi: dissoived aur has u neghigible effect on the

| speed of sound 1n water [4], 1t 18 deswrable to exclude

ailr and so prevent possible bubble formation on the

| transducets

The other two saumples were vacuum distilled di-
rectly into the tank The tank was placed in ag ice

| bath and connected to o flask of dwstilled water

Tle svstem was then evacuated. and the water

: allowed to custill over at about 30° C

L le results of the three runs were the same withun
the errors of meusurement; the data were, therefore,
combinerd

3.5. Technique

The water bath was cooled to just above 0° C,

. and the Leaters were operated at low power to sta-

buize the temperature. (Below room temperature
the refrigeration ma-~hine was run continuously )
After the reacings were taken, the power wput to
the Leaters was increased, and so on untd the tem-
perature was just below 100° C. When the tem-
perature was stablized, as indicated by the con-
stancy of the Mueller bridge reading and the near
zero reading of the thermocouple galvanometer, the
coincidence was set on the oscilloscope by one ob-
server and the frequenc) (doubled for convenience)
was measured by counting cvcles for 10 sec (about
75.000 counts) by means of an electronic counter.
At the same time, another observer balanced and
read the Mueller bridge and read the thermocouple
galvanometer deflection.

While the temperature readiugs were being made,
the coincidence was independently set and the re-
sulting frequency measured three times or more.
The vanous readings were alwavs witlin the +1
count inherent error (even for differcot observers)
and the modal value was recorded This, divided
bv 20 and multiplied by the length of the tank at
the particular tempersture, was taken as the speed
of sound. ¢, corresponding to the temperature, T,
platioum ther-
mometer and the thermocouple readings and the as-
sociated calibration data. temperature calculs-
tions were made to the nearest 0.001° C and the final
result was rounded cff to the nearest 0.01°C

Io order to insure that the cowncidence was set on
the proper cvcle, it was first set approximately, using
the coarse frequency control, at & moderate sweep
speed and low oscilloscope goin, so that the entire
pulse was wisible on the screen. The sweep speed
was then increased while the delay was readjusted
to keep the romr cxcle centered. Next, the gan
was increased while the base line was moved off the
screen to keep the point of extreme deflection cen-

| tered, and the amplitude was then adjusted to a

maximum using the fine frequency control

4. Results

From readi taken at 83 temperatures between
0.14° and 99.06° C, the calculated values of the
speed of sound were fitted by the electronic com-
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TEMPERATURE  *C
Fioone 4. Dewmalions, r, of equation | from the dala.

guter SEAC by the method of least squares, to o

fth-degree polynomual,
3 by one upit in the last decimal place from the dil-
e=3 o T 1) | ferences of the tabulated values of ¢. It is believed
=0 | (see section 3) that the svstematic errors do not

The reduction in the residual sum of squares over & ' exceed 1 part in 30,000 The tables should, there.
fourtb-degree polynomial, due to fitting the fifth- | fore, be used in the following manner. In table 2
degree term, was statstically significant at s prob- | linear interpolation should be performed (o the
ability level less than 0.005, and the deviations of | nearest 0.01 m/s and the final res.lt rounded off o }
the data from the fifth-degree polrnomial showed no | tBe nearest 0.1 m/s. The error will then not exceed
statistically significant indication of lack of random- one-half unit in the last place, 1. e, 005 m/s. Linear

. The deviat geins " | interpolation in table 3 will vield errors that do not
a:: in h:ne:u InS 56 ghosied 4 ¥ - I exceed 2 units (02 fps) in the last place.

significant figures, so that on account of rounding-off
errors, the tabulated differences 1n some cases diffe;

s commR a3NFe AELSD

.
-

£
a
The values of g, in eq (1), for ¢ 1n meters per second ' $ . T
gnag). and T in degrees C, are: a,=1,402.736; a,= | S. Discussion =
d - -0.057  Gg=J. ¢ a=—
l.lsggg;*:al'(;': lgz 941»550-33:)‘443):311%?)(}1(')110 ‘;tnnd- | fFollomns is @ list of the known possible sources 5
ard deviation of the measurements is 0 0263 m's, or | :l.l.:?" and an esumate of the upper limit of eacl
about 17 ppm. Estimated standard deviations of ‘ f
=
3

. .he values of ¢ predicted by eq (1) wore calculated | S.1. Frequency f
for five representative temperatures. The results | As already stated, the frequencr was measured hv
are given in table 1. | counting cxcles for 10 sec; the total count was

Tasrr 1. Esumated standard deviation (s, d.) of salues of ¢ about 75,000. The inberent error “. =.l count, .b"'
predcied by equaiton I ‘ in 8ll cases the mode of at least three independc

e ————— readings, of which, at worst, two were the same and

(T — it | .~ the third different by one, was taken as the observed

' ' ' | value. The counting error can thus be as grest as

1 part in 75,000, but as it is random, the effect on

ppw g i

B H3rd3 BEIME EEYDE S3fG3 EEKYEE

4 ' i
H ot ¢! the final results is negligible, as indicated in section 4
' g L l :E | The 10-sec tume base was obtained by division from:
' 3 1 31N a 1-Mec crystal oscillator which is stable to 2 partsin

[ “ | 10" per week, and which was compared with sigoals
Table 1 and figure 4 make it clear that eq (1), | {ror “d” V or from s local P‘.’“‘(‘L“‘ smnd%r‘d“ r”:_’ 4
together with the listed constants, provides & satis- ‘T"”‘f “'d“’ mnccuglscm in the tume ' —
factory interpolstion formrls, and the errors wtro- | thereiore, aiso negligible.
duced by its use are small relative to the possible 5.2. Length of Path
svstematic errors of measurement (see sectiou J3). | e

Thus, the t
tank 15 sbot
temperature

The values ginn in tables 2 and 3 were calculated |  The lengih of the tank across its polisbed ends o 9 ppra and ¢
from eq (1) by SEAC. | 20° C was determined within 1y, 1 €, 3 ppm Thm’- ' ‘lPhe ques!
Table 2 gves the speed of sound iu metlers per | mal expansion measurements were made at 20°, 60 of the soul
second ‘or each degree C from 0 to 100, and table 3 ' and 100° C; the len st intermediste temprri: between the
.ves the speed of sound in fest per second at inter- | tures were calculated by quadratic interpoiniion Ratat o £h
vals of 2 deg F from 32° to 212°. In each case, the The maximum absolute error in the thermal expui which the
differences, which are listed for conrenience in inter- | sion coefficient is estumated at 0.2 ppm; thus e developmen
polstion, were calculated from a table baving more ' mulotes to 4 ppm at 0° C, and to 16 ppm at 100° bly were
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5.3. Sett. « he Coincigence cgnstunt. at tius value out to 70* C, and nses (o |fourna. of Resec
X | about 33 ppm at 100° C. It s upon these considers.
As explained in section 2, it 1s believed that 0o | yong thn? the recommcndn:onspfor the use of the
measurable error is introduced by the technique of | ables 1n section 4 are based P
maxvnization of the second half evele of the received | The values of ¢ here reported are lower than those a
p;’xhe However. a word should be said about the ' of most other workers, in particular the value a:
T b o e b izt | 10° T oo 04 mi b of D Grow
to adjust uot only for ma.x;n]umg Hcev" Tsr ok Bus | TR, ARG Fougere {3}, whose wori with tne ultis.
o oy mn.xxmun"l S\m.;netn' und‘ gl 0 Pef ¢ NS sqmc '.llllcx'.cromc'.c: 15 perhaps the ;nos_t carciull
o § - sharpness of peax. | planned, executed, and analvzed work of tius tvpe
‘ Ong experiment has convinced us that any of the ' 14 date. It was, therefore. felt desirabie to periorm
‘ u”g?&;'}“o"”“h “d“g to sepsibly the same fcs‘*“: 0 | an indepencent experiment using an appuratus aud
|v o ldxuffg l’:"f.‘ﬁ “ff""‘o"; weigh =8 ‘;J“f | 8 method as different as possibie from those of boty
| e i el et e i, e oty | Dol Grom 4l and ol Spmarat
[ S 40 Siher Satras: & err‘:)r The usucfn‘cl’ion . was constructed with w nich itis rossibic to measure
: | ( b { bins d ump | as 8 function of distance, the pliase on the avis of 3
[ ;ump icit that the errors of bias do not much exceed | hoam of progressive waves emitted by a small piston.
discrepancies among individuals | like radiator. 1f the wave were plane, the pnase ¢ The rodia
| would varv lincariy with distance z, and the phas tenpas has
5.4, Temperature s ¢ would be 2wfz/e \\'m‘rejlxs frequency. 1y ears |1 =38,
: ) the present case, the wave is not plane and the slope wou
The Mueller bridge with which the resistance of | of ll?c curve 2wfz versus o depcngs oh & and on (ﬁo a :};.1?1‘1 the
the platinum thermometer wos measured has o least | sagmetrr of tie arrangement  Howerer, the theor equatelv
count of 0.0001 ohm corresponding, for a 25-0hm  ouables us to select g distnnce 75 of the roceiver from | dwhose radius
thermometer, to about 0.001° C. The bridge was | the source such that for 2>z, the departure of ocal curvatu
calibrated internally so that the indicated resistance | 24/dz/de from ¢ is as small as desired %ihe formal s
in terms of the wternal stancdard 1s correct to about Five runs were made tn distilled water at tempera-  §%)assical har
0.0002 ohm aside from temperature effects and slow | tyres between 13° and 23° C The prircipsl wu- tegral ord
drifts in the arm ratio and in the zero Allowng ' certaintics are thought to be first, one of nbeut 40 ery poorly
for these, 1t is estimated that the bndge error does | ppm corresponding to a possible error of 0.01° C i | Eompared
not exceed 0.003° C; errors in the calibration of the | (e temperature, and second. one of about 36 ppw ﬁown alter
glat:num thermometer itself and those due to heating ' rolated directly to the inaccuracies of the serew with ‘which can !
¥ the bndge current are much smalier  More im- | whjeh the reeeiver displacement was mecasure Jo the illumi
portant is the error that arnses from tliermal gradients | These are imdependent. Howerer, in the worst case optics is Mo:
n the‘ bath. Oun the assumption that tlus does not ' of the 3 the result differed from the value cotten e rigorous
esceed half the reading of the differential thermo-  from table 2 by only 27 ppm. The value of Del rapidly ¢
couple wiuch, it will be recalled, mensures the dif- | Grosso, et al. (3] disagrees with that of table 2 by 272 The calecu
fercnce between the temperuture of the platiwum | oy ' 3 mounted an
element and that of thie sample. an upper imit to the This work will be reported in detail elsewhere %thdo“
corruponldir;g ulncortnuuy w the speed o{ soun}d. 1 “either geame
¢, was calculated at rarious temperatures from the . | Jormer case
known thermal coefficient of ¢ Pchus upper limit | ET"C ”}"l'or\‘l are gru_(e!ul to the "?o:'l"d,-oi"‘,“' H'.‘h{z: case
| is zero at 74° C. where ¢ 1s stationary and increascs | Eiinceriug Aetrology Section and of the Leng! would actu
{i : . B ns | Section, in whose Laboratones the length of the tank b
} steadilr 1n both dirsctions. lonc}ung about 23 ppm | 2 its 't | (on TOBRCHICEIT. Wore Bapnss espite the
at 0° C. and about 14 ppm at 100° C SHG 505 SNPENG SEPONGHIN. HVEPe b L Af me, it 18 °
ured. Thanks are particulariv due to Joseph )\l ]

Cameron of the Statistical Engineering Section whe
advised the nuthors on problems of data processiuig
and who performed the curve-fitting computations

on EAC
€. Rete:ences

1] Martin Greenspan and Carroll E Tscluegg, Sing-arvund
ultrasoiue velocimeter for bquids, Rev. 8ei [ust
(in press)

12] R A. MeCounell aud W. ' Mruk, Microaeonstic wie”
fesometer using 30 Mc puises, J Acoust Soc Amed
27, 672 (1953)

. 3] V. A. Del Groeso, E. . Sinura, aud P F Fougere, Accir:

5.5. Punty of Sampie

Because the results obtained on ordinary labore-
tory distlled water were mcustinguishable from those
obtained on the same water redistilled in vacuum
direct!y into the apparntus. 1t is felt that the remain-
mg umpurities do uot have a measurable effect.
Several measurements made on local tap water gave |
results about 30 ppm lugher than for distiled water |

£.6. Over.all Ac vracy

TP

4 and coax

l acy of umuo{ue muﬁcrom:rgb%evemuu‘:nom. '\,E,“ Ges). T
’ 1ScussIon | that the Report 4439, Naval Research Luboratore, Washiugton vez). 4
th zm”t:r;l‘mo el:rirdl::e tb:nult:c.ex"’m;:ahm the D. C. (Dee. 6 1934) . ( Bas & wolt

] ' : [4) Martio Greenspan and Carroll E. Tscluegg, Effect of Jength. T!
length of the path and i the temperature. Botb of dimoived s on the speed of sound n water, J Acons - e

these are temperature dependent; their sum is an Soc. Amer 28, 301 (1956)
upper limit to the total error. This s about 33

ppm at 0° C it falls to 15 ppm at 40° C and 1s almost '
24
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L INTRODUCTION

A PRECISE knowledge of the speed of sound in
distilled water is important for the computation
of many thermodynamic quantities. Numero.s meas-
urements have been made of the speed of sound but
only a few measurements have been made of sound
speeds as a function of temperature and pressure.
Greenspan and Tschiegg' and also Del Grosso® have
published accurate tables of sound speed as a function
of temperature at atmospheric pressure. The effect of
pressure on sound speeds have been explored by
Holton,! Smith and Lawson,' and by Litovitz and
Carnevale,’ and others; however, differences exist be-
tween these data. Consequently, measurements have
been made at the Naval Ordnance Laberatory (NOL)

' M. Greenspan and C. Tachiegg, /. Research Natl. Bur.
Standards Ne. 59, 249 (1957); aiso |. Acoust. Soc. \m. 31, ;3
(1959).

V. A, Del Grosso, Nationai Research Laboratory Rept. No
002 (1952).

1 G. Holton, [. Appl. Phys. 22, 1407 (1951).

‘A, H Sauth and A. W. Lawson, ;. Chem. Phys. 22, 351 (1954),

' T. Litovitz and E. Camevale, /. Appl. Phys. 26, 216 (1953)

to determine sound speeds in water within the tem-
perature range 0°C <7< 100°C and the pressure range
14.7 psia< P< 14 000 psia. The present paper is con-
cerned with measurements in distilled water. N umerous
systems have been designed for sound speed measure-
meats but the fixed-path double crystal “velocimeter”
was selected by NOL as most suitable for measure-
ments under pressure.

[I. EXPERIMENTAL ARRANGEMENT

The method used in this work is similar in praciple
to that developed by Greenspan and Tschiegg at the
Natcnal Bureau of Standards. The water sample is
contained in a tubular housing, each end of which is
terminated by a 5-Mc quartz crystal for the transmis-
sion and reception of sound pulses. A knowledge of the
repeuition rate of the pulses when echoes are super-
'mposed is sufficient to determine the tume required for
4 sound puise to traverse the length of the veloaumeter.
An accurate determination of this length then allows
the velocity oi sound to be computed.

The main differences between the velocimeter used

1067
/Wol!nn(hmh’dAm \/



Fic. | Schematic of velocimeter: 4. test chamber; 2, quartz
crystal; C, O-nng seal, D, compression spring; £, electncal lead ;
F, beilows.

by Greenspan and Tschiegg and the velocimeter used
at NOL are as follows: (a) the National Bureau of
Standards (NBS) instrument was 20 cm in length as
compared to 12.7 cm for the NOL instrument: (b) the
NBS instrument used 3.5-Mc crystals and the NOL
instrument used 3.0-Mc crystals; and (¢) the NBS ia-
strument used crystals which were wrung to the ends
of the tube without eiectrode plating at the contact
area while the NOL instrument used goid plated
crystals. The NOL velocimeter, shown in Fig. 1, is a
stainless steel tube with a }-in. bore approximately
5 in. long. The two ends of the tube were machined
plane parallel and perpendicular to the axis of the tube
to an accuracy of 0.00003 in. To each end of the tube
s attached a cap containing a 3-Mc gold-plated X-cut
crystal backed up by a Mycalex insulator and a com-
pression spring. The springs are used to force the crys-
tals against the ends of the tube when assembled. A
neoprene O-ring located between each crystal and the
tube provide leakage seals. This O-ring is designed to
compress fully under the force of the spring and allow
the crystal to make uniform contact with the ends of
the tube. One end cap contains the electrical leads for
the communication of sound puises between the crys-
tals and the external electronics, and the second end
cap has a bellows attached for the purpose of trans-
muttng the pressure to the water sample inside the
tube. The bellows was carefully designed to insure a
negligible pressure differential between the hydrostatic
pressure fieid outside and the pressure inside the veloc-
meter. The velocimeter is placed inside a heat treated
steel pressure vessel capable of withstanding 100 000
psia. This vessel has steel end plugs, one of which is used
to transmut pressure to the inside of the vessel and the
other to bring out the electnical leads. A medium grade
oil is used to convey pressure from the pressure gener-
ator to the pressure vessel.
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Fic. 2. Dlock diagram of instrumentation.
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Figure 2 presents 4 block diagram ot ine eleCtron;e
Astrumentation required for the sound speed measyre.
ments. An interpolation oscillator equipped with 3 gpe
‘requency control is nitered electronically and used 1
control 4 pulse generator. The pulse from thus generatge
5 shaped by a biocking asciilator to furnish a Puise of
180-v amplitude with a duration of 0.03 usec 10 one
crystal in the velocimeter. The second Crvstal receiveg
the pulse after it has traversed the water sample and
feeds it into preampiifiers prior to displaying the signa|
on an oscilioscope. Coincidence of the sound Pulses in
the velocimeter is adjusted by observing the signal
trace on the oscilloscope while varving the oscillator
frequency. It is this frequency which determines the
time required for the pulse to traverse the liguid in the
velocimeter. The pulse repetition frequency is doubled
and displayed on a frequency counter with an dccuracy
ol"l part in 100000 for the computation of sound
velocity.

Figure 3 shows the general arrangement of the com.
plete instrumentation for monitoring and accurate
control of the physical environment of the velocimeter.
The pressure vessel containing the velocimeter is placed
@ a 110-gallon constant temperature bath regulated
by a mercury thermoregulator. Three stirring pumps
are used to circulate the water in the bath to assure a
constant and uniform temperature. The absolute tem-
perature of the bath is measured by a platinum resist-
ance thermometer to the nearest 0.001°C. Temperature
vanatio 5 and ter perature gradients are recorded by
the action of a thermistor placed in the bath near the
pressure vessel. The thermustor acts as the resistance ia
one leg of a Wheatstone bridge; the unbalance of this
bridge is observed on a recording potentiometer and
vanations in temperature of 0.0005°C are easily de-
tected.

[n Fig. 3 a single meter is shown as the device used
t0 measure pressure. Actually, a manganin resistance
gauge, a sensitive Heise gauge, and 1 dead weight
tester were used to determine the absolute pressure.
Greatest reliance was placed on the dead weight tester
since the manganin cell was unstable at low pressures;
this cell was used however to detect changes in pressure
as small as 4 psi for higher pressures. [t is estimated
that the absolute pressures were known to within 7 psi
or, when referred to velocity coordinates, the pressure
was known approximately to | part in 20 000

0L METHOD OF MEASUREMENT

Sound speeds were measured by arst adjusting the
bath to a particular temperature and then by varywng
the pressure over the desired range. Since un adiabauc
increase in pressure of 2000 ps: will change the tempera-
ture inside the velocuneter nearly 1°C it was necessary
to wait unul thermal equilibrium was reestablished
betore 1 measurement was made. The thermistor used
0 measure temperature was located outside the pres-
sure vessel and was not sensitive to changes inside the
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velocimeter. Hence the sound speed measurement itself
was used to determine when thermal equilibrium ex-
sted. That is, the measurement of sound speed over a
peried of time (approx | hr) was used as a thermometer
to determine when thermal equilibrium was estab-
lished. After thermal equilibrium was reached ten
measurements of the pulse repetition frequency were
recorded and averaged to give the time required by
the pulse to traverse the velocimeter. The pulse repeti-
tion frequency is obtained by superimposing on the
oscilloscope the peaks of the first half-cycle of ali echoes
in the v=locimeter.

IV. RESULTS

The measured values for the speed of sound as a
function of temperature and pressure are presented in
Table I. These values are plotted in Fig. 4 with tem-
perature as the abscissa and in Fig. 5 with pressure as
the abscissa. In the determination of the sound speeds
recorded in Table I, corrections for the change of
iength of the velocimater due to changes in temperature
and pressure have been applied. The resuits of Table I
were used to obtain empirical equations for the speed
of sound as a function of temperature and pressure.
Equation (1), a fourth degree equation, was first ob-
tained by the method of least squares for each ¢/ the
eight curves shown in Fig. 4. The coefficients of the
=:ht equations were tabulated and a third degree equa-

tion obtained to describe the

The speed of sound in distilled
by

coefficients of Eq. (1),
water is therefore given

C=ag+a\T+a:T 0,40, 1", (1)

where

i
a=3 (b),P
-

T is the temperature (°C), P is the absolute pressure
(psia), and the computed (6:); values are given in
Table II. The parentheses indicate a set of b; values
associated with each a,; for example, Table II gives

o= 1402.859+ 1.050469 X 10~*P+1.633786
X 10-"P*~ 3889257 X 10~/ etc.

An IBM computer was used to compute sound speeds
from these equations and the results are tabulated in
Table ITI. The standard deviatior - of the differences
between the computed curves acd the measured curves
for four pressures are given in Table IV.

V. DISCUSSION OF RESULTS

[t may be noted in Fig. 4 that the maximum sound
speed shifts toward higher temperatures as higher
pressures are considered. This behavior agrees with the
results obtained by Smith and Lawson, and also by
Litovitz and Carnevale.’ The temperature for the peak

Temperature *C

- an* . 10.20* 19.66* 995" »ar w5 59 59 o9 6d* 78.70* 2127
14.7 140741 141635 144905 14816 150937 152836 1542.60 155101 (55502 155490 154980
2000 142925 143806 147146 150434 133267 155203  1567.11 1576.21  1381.13 158183 1578.03
4000 1451.66 1460.83 1494.17 1527 .38 1555.87 1575.72 1591.22 18600 96 1606.58 1607.97 160831
6000 1475.37 1484 .42 1517.28 1550.49 1579 04 1599.16 1614.92 1625.21 1631 .44 1633.35 1631.75
000 1499.72 1508 .50 1540.99 1573.79 1602.12 1622.17 1638.22 1648 91 1655.69 165795 1637.36
10 000 1524.61 1533.29 1564.78 1596.90 1625 .06 1645 14 1661.28 1672.30 1679 .34 1682.13 1682.18
12 000 154993 1558.09 1588.75 1620.23 1647 88 1667.72 1684 00 1695.13 1702.55 1705.65 1706.39
14 000 1575.22 1583.15 1612.66 1643 41 1670.58 1690 41 1706.51 1717.68 1725.28 172869 173002

* 1t @ beleved that the powst & 1 error by

+0.6 m/nec.
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Tasiz [1. Coetlicients i the sound velocity equations for distilled water

= —————————° ——— —
- () ) Sias () yas | T
de 1402.859 1 050469 % 10 1633786 x 10~ ~ J.389257 x 10~y
& 5.023859 6.138077 X 10~ - 1.080177 % 10~ 477679 % 10~
3 - 35.690577 % |0~ - 1071154 X 10~ 2215786 X 10~ = 3 088886 x 10~
e 2884042 10 1.582394 x 10~ = 2.420956 % 10~ 5.086237 x 10
' ~ 8238863 % 10" ~6.839540 % 10~ 9.711687x 10~ = 1.345(98 x 10~
Taniz [11. Sound veloaity in distilled water computed from Eq. (1).*
Temperature *C
A 0.00* 10.00* 20.00* 30.00* +0.00* $50.00* 60.00* 70.00* 30 00* 20.00* 100.00°
14.7 1403.01 1447 85 148292 150966 152930 1542.88 1551.26 1553.06 i554.74 153034 |
2000 1424.49 1470.03 1505.66 1532.92 1553.11 1567.34  1576.47 1581.14 ;Sll.?? 1578.38 lg;ij:
40006 1447 24 149288 152868 1556.21 1576.79  1591.51 1601.25 1606.635 1608.10 160580 59979
6000 147093 1516.15 1351.79  1579.37 1600.17  1615.26 162549 1631.47 163362 1632.10 162628
8000 149536 1539.76  1574.97  1602.41 162330 1638.6) 1649 23 1655.68 1658.40  1637.57 163320
10 000 1520.36 1563.60 1598.17 162533 1646.19  1661.68 1672.54 1679.36 1682.54 168233 167878
12 000 1545.72 1587.60 162138 1648.15 1668.90 168444 169548 170256  1706.13 1706.47 1703.73
14 000 157128  1611.66 1644.56 1670.88 19144 170696 171810 1725.38 172926 1730.10 1728.17

M‘ —

* Velncity piven in m/sec.

atmosphenc velocity can be obtained by differentiating
Eq. (1) and equating the resuiting cubic equation to
zero. When this is done it is found that the peak sound
speed at aumospberic pressure occurs at a temperature
of 74.164°C. Linear interpolation of the results of
Greenspan aud Tschiegg yields a corresponding tem-
perature of 74.178°C. Later work by Greenspan and
Tschiegg* with the sing-around system placed this
mazximum speed at 73.95°C. The sound speeds meas-
ured at NOL at atmospheric pressure agree well with
the results of Greenspan and Tschiegg. The standard
deviation of the difference between the NBS and the
NOL results for all of the atmospheric pressure data
15 0.15 m/sec.

The characteristics of the isotherms shown in F ig. 5
require comment. At high temperatures it is seen that
some curves intersect; this is to be expected, however,
since the sound speeds at low pressures decrease for

Fio. 4. Veloaty of
sound 'n distilled water
as a funcuon of tem-
perature,

VELOCITY (METERS / 8EC,

TEMPERATURE (C)

;S% Greenspan and C. Tschiegg, | \coust. Soc. Am. 28, 300
(1 h

—==

temperature exceeding 74.17°C (see Fig. 4). A change
in curvature of the isotherms in the vianity of 20°C
has been observed. Below 20°C the 1sotherms are con-
cave upward, above 20°C they are concave downward,
and in the vicinity of 20°C they are nearly linear.
Additional measurements at NOL on sea water show
that the general effect of pressure on sound speed is
cssentially the same as that for distilled water. This
bebavior is in contrast with the resuits predicted by
Kuwahara’ in his sea water table and by Matthews® in
tables of pure water and sea water which show the iso-
therms piotted against pressiire to be concave downward
atall temperatures. The sound speeds computed by these
authors depend on an empirical equation developed by
Ekman' for the mean compressibility of sea water.
This equation was derived from Ekman’s measure-
ments on sea water and from Amagat’s specific volume
measurements on distilled water. Ekman has suggested
that Amagat’s specific volume data is in error below
150 atmos and heapplied a correction factor to Amagat’s
data in this range. A descriptive analysis of Kuwahara's
computation is given by Beyer." It is shown here that
the corrections Ekman applied to Amagat's data were
wn the correct direction although, as Beyer points out,
4 more accurate expression for compressibility is sull
desired. Ekman’s equation is accurate to | part in 500
and this is what limits the accuracy of Kuwahara's

'S. Kuwahars, Hydrographic Rev. 16, 126 (1919).

'D. ]. Matthers, Hydrographuc Department Rept. HD 282,
(Loadon, 1939),

'V. W. Ekmaa, Pubils.
la mar. Ne. 43, 3-47 (1910).

“E. H Amagat, Ann. chim. et phys. 29, 48-138, 504374
(1893).

“R. T. Beyer, ]. Manioe Research (Sears Foundation) 13,
113~121 (1954).

Qrc. cons. perm. internat. |'explor.
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work. Del Grosso' has called attention to an error in
Ekman’s pressure determination which is of sufficient
maguitude to explain the 3.0 m/sec difference which
exists between the predicted and the measured sound
speeds at atmospheric pressure. Ekman did not measurs
pressure umself, instead he used his compressibility
measurements to compute his operating pressures from
an empincal formula which was made to agree with
Amagat’s data for 0°C. The error in Ekman’s equation
for mean compressibility is only 0.25%, but it is suffi-
cient to explain the 3.0 m/sec discrepancy in sound
speed. A comparison of the sound speeds computed by
Matthews for distilled water and the sound speeds
measured at NOL is shown in Fig. 6. It is seen that the
predicted speeds are remarkably accurate in spite of
the complexity of the computation. In particular, it

OISTILLED WATER
bt | 37
Te%0%
iT00 = Tea0'c
8 Te 30
gm- i “20%C
: 00 i
T«10 ¢
= 600
g Te 0'C
>80
:
- 800
s
- COMPUTED FROM EQ (i)

2

PRESSURE (PSiA)

Fi6. 5. Velocity of sound in distilled water
as a function of pressure.

may be noted that the present measurements are
vearly 3.0 m/sec higher than the predicted sound speeds
it atmospheric pressure, as first notd by Del Grosso.
Although the second derivatives of Amagat’s distilled
water data are unsatisfactory for the direct computa-
tion os sound speed, it is interesting to note that sound
speeds computed in this manner and plotted against
pressure are concave upward for Amagat's temperature
range of 0 to 40°C. The curvature (coucave downward)
noted in Kuwahara's and Matthew’s work must result
then from the inclusion of Ekman'’s work. Although the
majonty of data referred to above pertains to sea
water, the same arguments hold true for distilled water
and can be used when speaking of general features such
s curvature. [t is hoped that theoretical predictions,

4 V. A. Del Grosso, Natl. .\cad. Sci.,

Natl. Research Council,
Pubi. 600 (1959).

{'N
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Taste IV, Standard deviauon of

the wferences berween
computed curve and a correspoading

measured curve of sound

ipeed
Pressure " Parts per
Dmea m/ sec 10 000
14.7 0.16 1.0
4000 0.23 L4
8000 0.20 13
12000 0.19 13

or subsequent measurements, will be available in the
future to explain this interesting behavior.

VL DISCUSSION OF ERRORS

An estimate of the accuracy of the sound speed meas-
urements is obtained from a summation of the individ-
ual errors. Assuming a random distribution,
mental error ¢, in sound speed that may occur for any
one measurement is given by

ol mal e b ey

wherea, 3, v, and % are representative constants for the

in velocity with frequency, length, temperature,
and pressure. o/, ¢(, oy, and op represent the standard
deviation of frequency, length, temperature, and pres-
sure from the measured value. Thus, from Table V, the
maximum experimental error in the measurements is
computed to be 0.093 m/sec. It should be poiated out
that the “‘constants” a, 8, v, and § are not actually
constants, however, the deviation from linearity of
these functions is small except for y. In Fig. 4 it is
seen that y varies from 4.97 m/sec/°C at 1°C to 0.00

1540 b
o}
- 1300 b
0
b
-
=
o 1480 b
.
3
$ p OISTILLED WATER
T 1460k T oeas'c
3 SALWTY + 0
Pt OASHMED LIME ~0 & MAT THE S
’ SOLID LiNE = NOL LEXPERMENTAL DATA!
1440
1420
v
" : J
.«0 N “ 4 L] ‘Q 2 .

MEIME (0P ia)

16, 6. Companson of velocities predicted by
D ] Matthews and measured at NOL.
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Tase V

Individual error Coeficient

oy =00 cps a=().127 m/sec/cps
eLw | 27X 10" m J= 304 3 m/sec/m
erw=0.007°C v=d97 m/sec/
opw ] 5 paia d=0011 m/sec/pua

m/sec/°C at 74.164°C. The above error was computed
at a temperature where v is greatest, ie., at 1°C. g,
the error in the frequency measurement, includes the
error due to the accuracy of the counter and the srror
which results from the ability of the operator to set
coincidence. Each value for the velocity in Table [ was
obtaned from the average of ten measurements of
frequency at each temperature and pressure. The stand-
ard deviation from the mean of these ten readings is
0.2 cps and it includes a +0.1 Cps vanation which is
characteristic of the counter.

In addition to the random errors discussed above,
systematic errors resulting from actual physical phe-
oomena must be added to obtain the over-all accuracy
of the measurements. Corrections may be made for
systematic errors when they are known, however, since
the tables of sound speed have not been corrected for
such errors, they are treated here like random errors.
A compiete review of systematic errors is beyond the
intendadsmpeofthhp;per;asummuyofthseemn
is given however in Table VI for reference. The errors
in Table VI have been computed to the first three sig-
nificant figures and errors which are less than 0.001
m/sec are considered as negligible in this report.

The pressure differential errur is an error which re-
sults from the force required to compress the bellows
of the velocimeter. This force causas the pressure inside
the velocimeter to be less thar the pressure outside
where the pressure is measured. The error due to the
small pressure differential listed in Table V is the
maxnz.um error expected. This error will decrease ap-
proximately linearly to zero as the pressure goes to
atmospheric pressure. It is also conceivable that this
pressure difference may cause a deflection in the crystal
transducers in the NOL velocimeter. If this shouid
occur, the maximum error in sound speed produced by
the distortion would be ~0.030 m/sec at 14 000 psia
and would decrease linearly to zero as the pressure is
made to approach its atmospheric value. The third
error listed in Tabie VI is due to the time delay that
occurs during reflection of the sound wave at the rrans.
ducers. This additional time delay has been computed
by treating the transducer as a damped mechanical
system which responds to a transient force. Only the
first half-cycle of the incident wave train was con-
sidered in this analysis since this is the portion used to
measure sound speeds. The error ia sound speed due to

D
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a time delay during retdection in the NOL veloc:metes

computed in this manner was found to be 0.000] m sec
and it is considered negligible for the purpose of this
work.

The remaining errors in Table V are computed dj.
rectly from the references given. The term ‘“‘shear Vis-
cosity” refers to the viscous absorption which occurs at
the tube walls. The effect of bulk viscosity, radial and
lateral heat conduction, scattering, and molecular and
chemical absorption are all absorption phenomena
which are computed easily from the references cited

The anthmetic sum of the systematic errors is seen
from Tabie V to be +0.027 m/sec at atmospneric
pressure and —~0.013 m,/sec at a pressure of 14 000 psia.
The total error, which is the sum of the random errors
and the systematic errors, is then =0.106 m/sec or
+0.120 m/sec depending on what pressure is con.

Tastz V1. Systematic errors.

Tyve of errar Magn:iude of error Reference

Pressure differential (at 14 000 psia) -=0.010

Crystal 1 (at 14 000 psia) ~0.030
Reflection (time delay) Negiigible ab
Finite puise height -0.002 ¢, d
S Viscosity +0.029 d
Bulk viscomity Negligibie -
Radial heat conduction Negugible d, f
Lateral heat conduction Negligible g
Molerular scattenng Negligibie 2
Chemucal absorption Negligible -
Dispersion Negligivie h

Eag. 26, 167 (1955).

B. Fry, Fundemenials of Aconsincs (Joha \Viley
5008 [ac. New York, 1950).
aad T. Litovits, Absowsison and Dispernion of Ulirasons
Prem. [ac.. New York) (to be Dublisived ) .
Thaory of Sowsd (MacMillan and Compaay, Lid.

Vigoureus, Ulirasonscs (Joha Wiley & Soas, (nc. New Vork. 1951)
Manon, /. Acoust. Soc. Am. 25, 861 (1953)

" . 26, 150 (1955).
s-u.lﬁh:lu 1 i

)

Fox aad T.

sidered. The over-all accuracy is then at least | part in
10 000,
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(Received Mareh 24, 1959)

leads to lengthy relaxation times maniiested as Ynusually ugh acoystic Absorpuon, a phenomenon termed
resonance absorption. [n order to study resonance absorption in solid benzene 3 method was deveioped
for growng singie benzene crystals of dverage linear dimension, 10 em. At the coustical frequency (0 me
3bsorption in ungie benzene crystals is found to be 0.24 €M™ at 6.4 mc the valye 15 0.09 ¢~ Thu

excessively high absorption (10¢ higher

than in crystalline quartz) wys quantitatively predicted from

available molecular constants by a theorv given Previously. A partia list of compounds 1s niven iy which
resonance absorption (s predicted to be the domunant absorption metharusm.

INTRODUCTION

A MOLECULAR crystal exhibits two classes of
thermal oscillation : those in which each molecule
vibrates as a whole about its lattice position, termed
the acoustical branch, and the internal vibrations of
the atoms comprisiag a molecule, termed the optical
branch. In many crystals these two vibrational modes
overlap in frequency, leading to resonance.
Previous work,! herealfter referred to by the designa-
ton I, has shown that resonance can result in unusually

as in
weakly coupled mechanically resonant systems, the
transfer energy at resonance is large, but the rate of
transfer is slow, particularly close to resonance. The
nhenomenon is some respects resembles the familiar
relaxation absorption observed in gases and liquids, byt
the latter arises from transfer of energy by cnllision,
whereas the present phenomenon requires near fre-
quency coincidence of two vibrational states; hence the
lerm, resomance absorplion, It should be emphasized
that this resonance phenomenon is not associated with
acoustical frequencies but rather with the extremely
high frequency thermally excited vibrational modes

It was shown in I that the rate with which energy
oscillates between the two vibrational systems deter.
munes the acoustical absorption; a low transfer fre.
quency leads to large aconstic absorption. Stated in
another manner, whenever the oscillator coupling is
small, or the intermolecylar binding forces weak,
2bsorption will be high. Conversely, in highly absorbing
crystals the Lennard-Jones molecular constants, ¢« and
s, will be found to he smail and the intermolecular
spacing large.

Tables of the Lennard-Jones constants suggest that
many organic compounds should exhibit resonance

t This work received support (rom the Bureau ni Ships. Navy
ment. Contnbution irom the Scnops  [nstitution ¢
v, New Series.
‘L. Lievermana, Phys. Rev (13, 1052 (1959)

absorption in the solid state. One of these, benzene,

¥as selected for injtial because of the wide
vanety of | L

its study in the solid state
possible without unusual techniques. However, it is
necessary for acoustic observations to be made on a
single crystal rather than on the polycrystalline state,
in order 1o eliminate contributions to absorption from
friction and scattering at crystal boundaries, fractures,
and at other imperfections. For this reason a large single
crystal of benzene was grown for the purpose of the
acoustic observations. The following sections describe
the method of Preparation of the crystal and observa-
tions of the acoustic absorption.

GROWTH OF MONOCRYSTALLINE BENZENE

As in the case of nearly all organic compounds,
molecular binding forces in benzene are relatively weak
(its binding forces are largely van der Waals’ forces).
Consequently crystalline is a fragile substance
incapable of supporting severe thermal stresses. The
conventional technique for crystal growth in which
heat fows through the external crystal surface intro-
duces far too many stresses and could not be utilized
for benzene.

The schematic diagram given in Fig. 1 illustrates the
method strains  were

extracted from the external surfaces, heat is extracted
from within. The coldest exposed region is the tipof a
heavy copper rod on which the seed is placed. Hence the
exterior growing surface s always warmer than the
central region und thermal stresses are compressive
rather than in tension. In practice the copper tip was
attached directly to the refrigeration coils and operated
h the vicinity of 0°C. The 4ir temperature in the
retrigerator was accurately controlled by means of
heaters and thermostats at 1 constant temperature
‘N the vicinity of 3°C. In addition 4 small amount of
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Pressure dependence of the velocity of sound in
water as a function of temperature

A. J. BARLOW and E. YAZGAN
Department of Electrical Engineering, University of Glasgow
M5, received 28th June 1966, in revised form 28th November 1966

Abstract. Measurements of the velocity of sound in doubly disulled water have been
Made at pressures up to (1 600 |b in=* i1n the ‘emperature range (6-94°c. The basic
experimental technique and the theory of measurement have been described in detail
'n 4 previous paper by Barlow and Yazgun. The results are believed to be accurate
(0 within =0-30 m sec~! at 16°c, the error decreasing 10 =020 m sec-' at about
74°c. A polynomual has been fitted to the data to permut Calculation of the velocity
itany temperature and pressure in the range ‘ovestigated. The resuits at hugh pressure
are generally in agreement with those obtained by Wilson, aithough substantiai
differences at atmospheric and low pressures indicate some systematic error 1 Wilson's
results. The factors involved in making definitive measurements of higher accuracy

are discussed.
l. [ntroduction
Several measurements of the variation of the velocity of sound in water as a function of
pressure and temperature have been in recent years. Up to 19359 the accuracy of

such measurements was rather limited. few avestigators claiming a maximum error of
less than = 0-17;, (Holton 1951, Smith and Lawson 1954, Litoviz and Carnevale 1955,
Tait 1957). Comparison of the values obtained at the same temperatures and pressures
shows discrepancies exceeding this limit. In order to obtain more reliable values, Wilson
(1959) carried out an extensive series of measurements of the velocity of sound in distilled
water at pressures up to 14000 bin-* in the temperature raoge 0-100°c. A maximum
error of = 0-01?; is claimed for these results.

The acoustic system used by Wilson (1959) was similar to that developed by Greenspan
and Tschiegg (1957) and used for the determination of the veloaity of sound in water as a
funcuon of temperature at atmospheric pressure. Essentially their method involved a
measurement of the transit ume of a short transient sound pulse through a known liquid
path length, the pulse being gener-ed by shock excitation of a piezoelectric transducer.

Recent measurements by Bariow and Yazgan (1966) have shown that although the
vanauon of veloaity with temperature found by Greenspan and Tschiegg (1957) is sub-
stantially correct, their absolute values are high by approximately 040 m sec~! The
techmque developed by Barlow and Yazgan (1966) is based upon measurement of the
total phase shift experienced by 1 modulated fugh-frequency pulse propagated through u
xnown liquid path. This method is capable of high accuracy and. under suitable conditions.
absolute accuracies to within — 0-003°; are attainable. The resuits obtawned over the
‘emperature range 23-30°C are in igreement with those of McSkimun (1965), [lgunas.
Kubdyunene and Yapertas (1964) and others. [a parucular, the value of (49658 — 0-04
m sec™! obtawned at 25-000°C is :n close ugreement with the value of 1496-35 m sec~!
recently found by Gucker. Chernick and Rov-Chowdhury (1966). using i different expen-
mental technique of comparable iccuracy.

The values or velocity nbtawned at atmospheric pressure hv Wilson (1959) are consistently
Tugher rhan those iound nv Barlow ind Yazgan (1966). The uifference increases !rom J
/alue ot 0- 34 m sec=! at sout "4°c. where the velocity of sound in watet passes througn
4 maximum. (0 ipproximatety )-n3 msec~' it 15-000°c. For companson. the iosolute
iecuracy claimed Sv Wilson 1 1959) corresponds t0 4 maximum crror o013 myec

23 w45



046 A.J Barlow and E. Yazgan

{a view of the evidence for 4 systematic error in the results given by Wilson (1959)
possnblyl inherent in the type ol acoustic system emploved, there is a need for a dednmvé
series ol measurerents of the velocity of sound in water over wide ranges of temperature
and pressure. As a step towards thus objective, measurements have been made over the
temperature range 16-94°C at pressures from atmospheric to {1 000 [b in-?

2. Experimental
2. 1. Acoustic system and velocity measurement

The fixed path acousuc system used to obtain the results given in §3 is similar to that
developed by McSkimun (1957). The electronic system and method of velocity measure.
ment are considerably different, and have been described in detail in 4 previous publication
(Barlow and Yazgan 1966) A diagram of the acoustic system s given in the figure.
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Acoustic system for measurement of velocity under high pressure.
The length of the liquid path is defined by a fused quartz nng spacer. The end surfaces
of the buffer rod are optically flat to 0 | um and parallel to 5 seconds of angle. The faces
of the ring spacer are sumiarly opucally flat and parallel, and one end of the termunating
rod is also opucally flat. By wringing the cylinders to the faces of the ring spacer, a known
and reproducible separation of the cylinders is obtained. Small radial grooves on opposite
sides of the spacer allow the liquid to fill the space between the faces of the fused quartz
rods. The effective separation of the two quartz cylinders was determined by making an
extensive series of measurements of the velocity of sound in water at atmosphenc pressure
and comparing the results obtained with those using precision gauge blocks wn place of the
nng spacer (Barlow and Yazgan 1966). Thus. although the limuted space ia the hugh-
pressure vessel preciuded the direct use of gauge blocks to define the liquid path, the effective
length of the nng spacer at atmosphenc pressure was determuned by reference to the previous
measurements. By this method the separauon was found to be 0-304 588 in.. giving an
dcoustic path length of |-547 307 cm.  This value is in excellent agreement with the results
of a senes of measurements which have been made by the Metrology Division of the
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Nauonal Engineering Laboratory, of the thickness of the spacer at several points. These
measurements gave an average thickness ot 0304 380 — 0000010 .

As shown in the figure, the acoustic system was mounted verucally in a holder inside
the pressure vessel. A light spring was used to apply a slight axial force to the termunating
rod, chuefly to prevent damage should the parts of the acoustic system become separated
Thus SPrDg was not such s to cause appreciable compression of the fused quarz nng
spacer. The water sampiec was separated from the pressure transmitting fuid by means of
‘0O’-nngs, and a bellows allowed compression of the sample.

2.2, High-pressure apparatus and temperature measuremen:

A conventional arrangement of the high-pressure
was generated by a hand pump and monitored by a
had an internal working space |4 in. diameter by 10 1n. long, which was sufficient to contain
the acoustic system and a special thermocoupie. Pressurs measurements were made by
means of a dead-weight tester (Barnet [astruments Lid. type 4540), for which 4 maximum
error of =3 parts in 104 1s claimed. This instrument Was correctly calibrated for the local
gravitational factor of 981 55 cm sec?, and the readings in bars were converted to Ib in-*
usicg the relaton | bar = 14:504 b in-2 A silicone liquid was used as the pressure
transmitting fluid.

The pressure vessel was fitted with a heating jacket, and the temperature was stabilized
by a sensitive controller based upon a design by Tempest (1963). A thermustor in the
inner shell of the heating jacket was used as the sensing element,

The temperature in the pressure vessel was determined by the use of an iron-constantan
thermocouple arranged so that the thermocouple junction was as near as possible to the
fused quartz ning spacer, although outside the water sample. This thermocouple was
calibrated in the open pressure vessel directly agawast a platinum resistance thermometer
certified by the National Physical Laboratory. Measurements were made at a number of
powts in the range 20-100°c. Checks were made of the temperature vanation with
thermocouple position inside the vessel and it was found that the vanations were insigni-
ficant. It is estimated that the overall accuracy of lemperature measurement was such that
a maxunum error of = 0-03 degc was possibie. For measurements made under pressure,
the readings of the potentiometer used to determine the thermocouple e.m.f. were corrected
for the pressure dependence of the e.m.f The results of Bridgman (1918) for an iron-

constantan thermocouple were used to make these corrections: in general the corrections
were small or insignificant.

System was empioyed. The pressure
Bourdon gauge. The pressure vessel

2.3, Water sample

Doubly distilled water was used throughout. This degree of punification was considered
adequate in view of the negligible effect of small quantities of unpurities on velocity
(Weissler and Del Grosso 1951, Del Grosso. Smura and Fougere 1954). No attempt was
made to free the water of dissolved air, since the effect on velocity is probably less than
| part in 10% at atmosphenic pressure (Greenspan and Tschiegg 1956). However, care
was taken to prevent the inclusion of air bubbles when filling the sample container, so
that the sample measured was saturated with air at atmosphernc pressure.

2.4, Experimental procedure

Measurements were first made of the w.'ocity of sound in water at atmosphernc pressure
dnd a temperature of about 20°c, with the sample in the pressure vessel and using the
associated temperature measurement and con:rol apparatus. The results at nominal
operaung frequencies of 10 and 30 Mc/s were in u2reement to within 006 m sec™!, after
applying a correction for the effects of diffraction. The value at 30 Mc/s was found to
be only 0-02 m sec~! less than the value obtained by extrasolation of the results of Bariow
and Yazgan (1966) which were obtained over the temperaty re range 23-80°c At about
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20C an error of 0-03 degC corresponds to an error in velocity of about 0 [0 m sec
the estimated limit of temperature error given in § 2.2 is therefore substantiated

A senes of velocity measurements was then obtained at a temperature of about |6 6c
over the pressure range {rom atmospberic to 1000 bars, using a nominal operaung frequency
of 30 Me/s.  Measurements were made at intervals of 100 bars for increasing and decreasing
pressures.  Although pressure changes were made very slowly, about one hour was required
for the restoration of thermai equilibnum after each pressure change. Slight pressure
readjustments were madc dunag this time to confine readings to exact 100 bar intervals and
to allow for the very slight leakage in the dead-weight tester. Ths leakage was greater 4t
the tugher pressures and some tnstability at 900 and 1000 bars was found. Accordingly,
the pressure range was restncted to 800 bars. Only the results of a series of measurements
in which velocity values for increasing and decreasing pressures agreed to within 0 20 m sec-!
were regarded as acceptable. and the dverage value was taken at each pressure

For temperatures above about 30°c it was thought undesirable to make measurements
at aunospheric pressure since the expansion of the enclosed water sample could distort
the bellows and a slight excess pressure may have given uareliable values of velocity: 4
pressure of 100 bars was therefore applied before increasing the temperature above about
30°c and all initial readings were obtained at this pressure,

3. Results

The experumental results are given in table |. Except for the six values given for tem-
peratures above about 30°C at atmospheric pressure, each value of velocity is the average
of readings taken with increasing and decreasing pressure obtained at a nominal frequency
of 30 Mc/s.

A small correction, equivalent to a maximum of 0-05 m sec!, has been applied to
account for the change in length of the fused quartz nng spacer with temperature. Since
the spacer is compressed by the bydrostatic pressure, a correction amounting to a maximum
of 1-24 m sec~! at 800 bars has also been applied to reduce the apparent velocity to the
true value. This correction has been based upon a value of 5:35 x 10%1b in~? for the
bulk modulus of fused quartz obtained from published elastic constants (Amencan Institute
of Physics Handbook 1957) and from data given by McSkimin (1957). This value has
been taken to apply over the temperature and pressure range of measurement. the amount
of the correction is correct to better than +27; over the range (McSkimin 1957).

A correction of 0-02 m sec~! for diffraction effects has also been applied to the data,
following the theoretical results of Bass and Williams (quoted by McSkimin 1961), which
have been confirmed experimentally by Bariow and Yazgan (1966). Errors ansing from
other sources, for example the differential pressure icross the bellows, are negligible. and
corrections are therefore unnecessary.

4. Analysis of experimental results
Following the procedure adopted by Wilson (19%9) an equaton of the form

V-ao-—a;T—azT’-a;T’-aJ“—asT‘msec" (h
where &
A= Do = b P ~ baP? ~ baP3 — by P4 (2)

has been fitted to the resuits. The coefficients of equation (2) are given in table 2. in
tbese equations T is the temperature in °c and 2 is the absolute pressure in umts of
1041bin=?  The coefficients are valid over the range of measurement |5-95°c. and from
atmospheric pressure to just over |04 |b in-?

As a check on the fitting of these equations. recalculated values of the velocity it the
temperatures and pressures of measurement have been obtained and compared with the
ongnal data. The greatest deviation was found to be 0:19 msec~! with an average i
0:065 m sec~! the deviations bemng randomly distributed throughout the temperature ind

pressure range.



lable §.  Experimental values of the velocity of sound (m see

Temperature (<) 16565

Picssuie (b in 2)

30 €80

i510 58
1527 8i
1544 52
i561 58
1578 37
159530
161178
1628 82
1645 35

3993

1528 66
1546 04
1563-32
1580 60
159751
1614-61
1631-22
1647-94
1664 43

47 9%

1540 16
1557 93
1575 42
1593 05
1610 07
1627 21
1644 31
166086
1677 46

') in water as u function of temperature and pressure

60 5%0 71350 78 850 93 370

155024 1554 91 1554 64 1548 26
1569 83 157402 15714-27 1569 01
158792 1592 88 1593 45 1589 12
160583 1611 44 1612 41 1609 20
162337 1629 54 1631 03 1628 23
1640 87 1647 08 1648 99 1647 18
1657 96 1664 66 166675 1665 92
1675 03 168199 1684 40 1683 93
1691 75 1699 06 1701 55 1702 30

Fable 2. Coctlicients of the cquations a, — b, | bl | busP? | biyP? but't

I~ 7 47119
1450 4 1487 79
2900 8 1504 -25
4351 2 1520 73
5801 6 1537 78
1252 0 1554 64
8702 4 157182
10152 & 1589 {3
fie0} 2 1605 82
bl-
U 1401 968
I 15051718
2 5 848526 - 10 *
L} 13 381084 - 10 ¢
4 I 484859 <10 ¢
5 13 091069 .10 *

P

b
| 83 73652

| 4325934

~2-029127 % 10 ¢
14493)i18x10 3

4 498863 < 10 ¢
I 1 674962 x 10 ?

by bis by

{49 69035 120 51695 33 Bisn

- 10-00579 i3 787598 I 1 452633
5478028 <10 ! -~ 3-373606 < 10 ? 17 830629 . 10 @
1 290872 x 10 * i9 460639 - 10 ¢ I 245880, 10 *
i 1-357265 <10 ¢ —1 090535 < 10 ¢ I 984527 . 10 3
§ 229535x 10 ? 14 441468 <10 7 9 317469 - 10 *

do | T | asl* | asT? | asl? | asT®msec !, where T is in “C and £ in units of 10* 1b ta # absolute

pumos jo A1120)81 ay, 10 ouapuadap QINSSa4y
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5. Discussion

The maia errors in the results given anse {rom the uncertainties in absolute pressure and
temperature measurement. The possible error of =003 degc in temperature measure-
ment corresponds to an error of =010 msec~! at about 16°c, decreasing to zero at abouy
74°c, where the velocity passes through a maximum. Although the dead-weight tester
used 15 capable of absolute pressure determination to =3 parts in (0% a realistic estimate
of the precision obtained indicates that it is reasonable to allow limuts of =101b g2 g
pressure readiogs throughout the range. This uncertainty anses from the difficulty found
In maintawning constancy of pressure at the limit of sensitivity of the instrument. The
absolute pressure is then accurate to =13 1bin-? overall, corresponding to a possible
error 1n velocity of -0 13 m sec-!

As described in the previous account of the experumental techruque for velocity measure.
ment (Barlow and Yazgan 1966), random errors in velocity ansing from the electncal
measurements are small and have 2 maximum of —0:04 m sec-! with 4 standard deviation
of 0:02 msec~!. The sum of the random errors 1s therefore <0-24 msec~! at room
temperature, decreasing to —0- 14 m sec~! at about 74°c. Examunation of the expenmental
data shows that the values obtained deviate from smooth curves by random amounts
which are less than these estimates. Except for a possible uncertainty of about | part in
10%in the length of the liquid path defined by the fused quartz nng spacer and possibly
slight errors in the vanation of this length with pressure, systematic errors are. by com-
panson, negligible. The results given are therefors estimated to be accurate to within
%030 m sec~! around 15°c and to within +0-20 m sec~! around 74°c. A comparison of
the resuits with those obtained by Wilson (1959) shows significant differences between the
values obtained at atmospheric pressure, and differences in the vanaton with pressure at
constant temperature. At atmospheric pressure. the present resuits are some 065 m sec~!
lower around 20°c and 034 msec~! around 70°c. These differences become gradually
less with increasing pressund are change sign at about 10 000 Ib in-? at 20°c and 5000 |b in-?
at 90°c. Thus, although the values at atmospheric pressure indicate a systematic error
in Wilson's results, over most of the pressure range there is agreement within the combined
experimental error limits between the two sets of values. It is possible that the systematic
error is reduced by increase of temperature and pressure, or that the differences are reduced
by small unsuspected temperature or pressure dependent errors in either the present results
or those of Wilson.

In order to obtain definitive values of the velocity of sound in water as a function of
pressure and temperature, significantly better than the existing data, further experimental
work is required. Absolute velocity measurements accurate to about 3 parts in 10® are
now possible without undue difficulty. The reduction of errors ansing from inaccuracies
in pressure and temperature measurement to this level or less would involve considerabie
expenimental problems. [t is preferable to define the liquid path by precision gauge
blocks; the resulting increase in the diameter of the acoustic system would entail a larger
pressure vessel. Absolute measurement and stabilization of the temperarture of the water
sample to =0-001 degc is desirable, and can oaly be achieved by ummersion of the vessel
in a large constant temperature bath and by the use of a plaunum resistance thermometer
in comjunction with a Smuth bridge or similar instrument. The greatest problem anses in
absolute pressure measurement. Direct use of a dead-weight tester is undesirable since,
although the time required for the measurement of velocity is only a few munutes, the siight
leakage 10 this ume may give some uncertainty in pressure readings. A sensitive secondary
gauge is preferable, but reduction of the absolute error in pr . ure to a maxmum of | or
21bia"? atabout 104 Ib in~? is extremely difficult and is close (o the limit artainable at the
present stage of development of high-pressure measurement.
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Abstract. A description is given of a technique
velocity n liquids, based upon the measurement of the
liquid path at {requencies in the region of 10 Mcis.
employed and the method is suitable for
hydrostatic pressure.

The phase difference berween a modulated r.f.

pulse propagated
liquid path and the

for measuring the uitrasonic wave
total phase snut through a
A fixed-path acoustic system (s
use over wide ranges of temperature and

through the known
incident puise reflected from a solid-liquid intertace s determined

by canceliing each pulse separately dgainst 2 conunuous-wave signal adjustable in
phase and amplitude. From two such measurements at slightly different frequencies

the total phase shuft in the liquid may be calculated

The technique 1s capable of very high accuracy and under suitable conditions an

absolute accuracy to better than 3 parts in (0% in velocity s obrainable.
Measurements of the velocity of sound in water have been

range 23-30°C and the results are nresented as a fifth-degree polynomual.
of 149658 = 004 msec™' at 25000°C is obtained.
1. Introduction
Any study of experimental methods for the

determunauon of the velocity of sound in

liquids leads inevitably to a comparison of the values obtained for water in view of the

many measurements of this basic reference value made
summary of resuits reported up to 1954
The results show considerable scatter,
experimental techniques apparently
discrepancies. The presen: situation 1s shown in table |.

during the past thirty years. A
is given by Del Grosso, Smura and Fougere (1954).
and more recent measurements made by means of
capable of high accuracy have not fully resolved the
Only those results are given

for which an accuracy to better than — 00375 is claimed. Four of these values are in

Table 1. Vnh.o(thnhu’tyo(n-iilmuzs'oo'c

Reference Expenmentai technique Velocity  Limut of
(msec™!) error
claimed
(msec™')
Barthel and Nolle (1952) Double crystal interferometer. $-25 Mes. 14962+ =020
vanable path of a few cm
Del Grosso ¢r al. (1954) Single crystal interferometer. | Mc s, 1497412 =008
vanable path of 2 few cm
Greenspan and Tschiegg (1957)  Time delay, fixed path 20 cm 149700 =005
Brooks (1960) Time delay, vanable path (-2 m 149652 ~034
Neubauer and Dragonette (1964) Time delay, differenual path about | m 149650 =020
[lgunas er a/. Single crystal interterometer. [-|2 Mc's. [496-59§ =015
vanabile path ot a tew ¢m
McSkimin (1965) Modulated pulse canceilation. ~0 Mc s. 149643 =010
fixed path of less than | cra
* Extrapolated (rom 24 76 <. : extrapolated from :040°~ ? extrapoiated rrom (7 50~ using

Jata or Greenspan und Tschiegg  1957) in cach case.
39 107
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dgreement within the limuts of stated error. those of Brooks (1960). Neubauer and Dragon.-
ctte (1964), llgunas. Kubilyunene and Yapertas (1964) and McSkimin (1965). Two other
results, for which the highest accuracies are claimed. those of Del Grosso er al. (1954) and
Greenspan and Tschiegg (1957) differ considerably.

Several factors may be readily excluded as possible reasons for these differences. The
variation of velocity with temperature around 25°C is 2-7 msec-! degc™! (Greenspan and
Tschiegg 1957), thus the variauons in the values are too large to be explicable as temper-
ature errors.  Deviations from absolute purity of the samples of water used are uniikely
to be sources of substantial errors. Dissolved air has been found (Greenspan and Tschiegg
1956) to increase the veiocity of sound in water by less than a few parts per million. Smal|
quanuties of other impurities have heen shown to have neghgible effect (Del Grosso er g/
1954, Weissier and Del Grosso 1951).

On the evidence available it therefore seems probable that certain ex perimental technigues.
including those of Del Grosso ¢r a/. (1954) and Greenspan and Tschiegg (1957), are not
suitabie for absolute measurements of high precision. Systems involving steady-state
sinusoidal wave propagation are preferable to those involving the propagation of transient
waveforms, or step functions, over distances appreciably less than | metre. Error esuma-
tion in the latter systems is difficult since puises may be distorted by resonances in trans-
ducers and by different absorptions applying to each Fourier component of the transient
waveforms.

[n view of the importance of diffraction of the acoustic wave on observed velocities. the
frequency of operation and dimensions of the acoustic system should be so chosen that
diffraction effects are small or negligible. Calculatons of diffraction corrections have
been given by McSkimin (1960). Bass and Williams (reported by McSkimin 1961) and
Del Grosso (1964). Furthermore. experimental techniques requiring oanly small quantities
of liquid are preferable since lemperature stabilization is simplified and measurements
under high hydrostatic pressure are possible. The choice of a fixed-path acoustic system
reduces the probiems of mechanical alignment and further facilitates the study of velocity
as a fuaction of pressure.

A fixed-pain acoustic system based on the design of Schulz (1955), as developed by
McSkimin (1957), fulfils the foregoing conditions and has been taken as the basis of the
experimental technique used in the present work. However, a new method of measurement
based upon a determination of the total phase shift in the liquid path has been devised.
This method gives a differenual accuracy comparable with that of the ‘sing-around’ tech-
mque used by Greenspan and Tschiegg (1957) together with a high absolute accuracy.

The method uses a continuous sinusoidal waveform gated to provide a pulse of r.f.
oszillauoas, which is propagated s an acoustic wave through the liquid path, The pulse
duration is sufficient for steady-state conditions to be attained after the decay of the imtal
transients. The time taken for the acoustic pulse to travel through the liquid path s
determined by phase comparison with the original continuous waveform. Essenually,
the method combines the high resolution and accuracy of a continuous-wave interference
measurement with the advantages of a pulse propagation technique. A detailed description
of the system is given in the following section.

2. Experimental system
2.1, Mode of overation

A schematic diagram of the experimental system is given in figure |. A continuous-wave
signal from the crystalcontrolled oscillator d, I1s passed through u buffer amplifier b to a
diode gatng circurt ¢. The gate is opened by a pulse of a few microseconds duration to
produce a short wavetrain which. ifter further amplification (d), is used to excite the X-cut
quartz crysial transducer of the acoustic system. Longitudinal waves generated by the
transducer propagate in the fused quartz rod and are partly reflected ut the quartz-liquid
interface. Part of the incident wave propagates through the liquid and. after reflection
from the boundary between the liquid and the terminating fused quartz rod, follows the
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Figure |. Schematic diagram of experimental system,

first reflected wave in re-exciting the transducer. The output from the acoustic system s
passed through a buffer amplifier ¢ and into the receiver f. The received puise train is
displayed on the oscilloscope. Apart from the transmitter pulse, the display shows two
main pulses, the first from the fused-quartz-liquid interface and the second resuiting from
one double transit of the liquid path by the sound wave. The total phase difference
between the high-frequency content of these two pulses 1s a function of the velocity of
sound in the liquid. In addition. the display will contain subsequeat pulses which have
made further transits of the liquid path or the buffer rod. In the present system these
pulses are irrelevant.

The remaining part of the system provides a reference signal for measuring the phase
difference due to the liquid path. A signal from the oscillator a, passes through a buffer
amplifier g to a simple uncalibrated phase shifting network h. This is followed by a
precision adjustable delay line j capable of providing a known and continuously variable
phase shift. Accurately matched source and load impedances are used to munimize
standing waves on the delay line. The output from the line is further amplified (1), con-

trolled in amplitude by a piston attenuator m, and passed through a buffer amplifier n
into the receiver.

2.2, Measurement procedure

The phase difference between the waveform of the pulse reflected from the interface and
that which has made one double transit of the liquid path is determined by cancelling each
separately against the reference signal. I[niually, the uncalibrated phase shifter and the
attenuator are adjusted to give cancellation of the interface pulse. The calibrated delav
line and the attenuator are then adjusted to give cancellation of the second pulse. The
change in setting of the delay line gives the fractional part of a cycle or wavelength diference
between the two pulses, but does not indicate the number of complete cycles forming the
major part of the total phase difference. This number may be evaluated if the measurement
1s repeated at a slightly different frequency, obtained fron. a second oscillator as. The
two oscillators generate frequencies /, and /,, differing in frequency only by a few parts in
a thousand. Thus a principal advantage of the system is that it is essentially 4 narrow-
band technique. The electronic circuits can therefore be designed so that the variation
in overall phase shift on changing frequency is neghigible. eliminaung the possibility of
€rrors arising on this account. Furthermore. the mean frequency of operation can oe
chosen (0 coincide with the resonant (requency of the transducer. or with odd harmonics
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of this frequency. ensuring a high signai-to-noise ratio in the received pulses. Previousjy
developed systems using Pulse cancellation techniques generally involve determination of
several cancellation frequencies over a comparatively wide bandwidth. The present svstem
avoids the experimental difficulties inherent 1n this procedure and virtually elimunates the

possibility of errors arising from irequency-dependent phase shifts in the electronic appar;-.
tus. [n addition, the need for the sound wave to make only one double transit of a short

The high precision of the technique arises from the separate evaluation of the number of
complete wavelengths in the liquid path and of the remaining fractional part of a wave.
length. The former, typically 50-300 with the frequencies and hquid paths used in the
present work, is determined exactly. The fractional part of a wavelength is determiged
10 an accuracy governed by the measurement of the phase shift. given in turn by the change
in the delay line setung. This measurement can be made with an accuracy to better than
= 3° giving approximately 3 parts in 10% overall.

Changes in velocity of this magnitude can therefore be detected: the absolute accuracy
depends also on other factors discussed in §6. :

3. Description of apparatus

Two completely separate sets of aoparatus have been constructed and used in the measure.
ment of th- velocity of sound in water. Ope of these sets operates at frequencies of
30-000280 and 29932800 Mc/s, the other at 10-011780 and 9912014 Mc/s. These fre-
quencies are measured by an electronic counter checked aganst standard frequency trans-
mussions. The use of a conunuous-wave reference signal, controllable in phase and
amplitude. necessitates particularly thorough screerung of the basic oscillators and of ail
units preceding the receiver. [n addition, stability is of prime importance. The following
descriptions give the relevant details of each unit.

3.1. Oscillators

Standard circuits have been used for the two crystal-controlled oscillators required in
each frequency range. Colpitts circuits using resonant quartz crystals operaung in the
fundamental mode are sausfactory at 10 Mc/s: at 30 Mc/s third-overtone crystals operating
in a Butler circuit are preferable. The crystals used are AT-cut quartz, designed for zero
temperature coefficient around 25°c, and lemperature stabilization is therefore not required.
Each oscillator provides aa output of approximately | v r.m.s.

3.2 Buffer amplifiers b and g

These buffers eliminate any possibility of interaction between the ‘acoustic’ and reference
signal channels. Each consists of a single broad-band stage with tuned output, having a
voltage gain of about 3 and a bandwidth of ar least 257, of operaung frequency.

3.3. Diode gating circuit ¢

This unit coasists of a balanced four-diode switching network and (s operated by a
positive pulse of (00 v amplitude. During the applicauon of the pulse, typically of Susec
duration, an output of 06 v peak-to-peak is obtained. In the ‘off” condition the output
18 less than 10~ of this value. Thus rejection ratio in the gating unut is sufficient since the
overall reyecion rauo of the transmutter channel is improved by class C operaton of the
following amplifier.

3.4, Transmitting amplifier d

The transmitung amplifier consists of two broad-band class A stages followed by 1
class C push-pull output stage. The circuit is aligned to give 4 substantially Hat response
around the nomunal operating frequency, to ensure negligible variation in the overall phase
shift between the two slightly differing actual operaung frequencies. [n the 'on’ state ol
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the gating unit a mimimum of 25 v r m.s. 1s generated across the transducer crvstal. in the
‘off* state the output is less than 2uv

3.5. Buffer amplifier ¢

Thus buffer serves to isolate the acoustic system from the continuous-wave signal present

at the receiver input. A single untuned pentode stage is used and the gatn of the circuit
Is approximately unity.

3.6. Phase shift channel

The uncaiibrated phase shifter h consists of a conventional series RC circuit supplied
from a low-impedance balanced transformer of | : | : | ratio. A switch preceding the
transformer permuts |80° phase change. and adequate variation of phase within this limut
1s given by values of R = 0~5kQ and C = 5-100 pr.

Thus circuit is followed by a single-stage amplifier, the primary funcuon of which is to
provide 2 source impedance equal to the characteristic impedance of the calibrated delav
line. Since the impedance of the delay cable is almost entrely resisuve (71-7Q) a ‘wire-in’
triode of very low output capacitance is used with a non-inductive anode load resistor of
72Q. The cabie is connected directly to the anode lead of the valve in order to munimuze
wirnng capacitances. Series capacitors of appreciable reactance in the line are avoided by
supplying the line drive circuit from a negative h.t. supply.

The delay line consists of precision coaxial cable (Uniradio 21) with the lengths in circuit
joined by s.h.f. connectors (Plessey CZ70157 and CZ70159). By arranging the cabie in
two series of lengths, successive lengths in the first decade differing by 100 cm and in the
second by 10 em, only four pairs of connectors are in circuit for any setting. The design
of these connectors makes it possible to adjust the length of each cable to — 0-lcm. A
constant-impedance telescopic line, having the same characteristic impedance as the cable,
is used for fine adjustment of the overall delay. This line has a maximum variation
equivalent to |2 cm length of the cable.

The line 1s terminated by a matched resistance at the input of a single-stage wide-band
amplifier with a gain of approxiumately unity. As in the line drive circuit, considerable
care is pecessary to minumize stray capacitance and inductance; a ‘wire-in' pentode of very
low input capacitance is used.

3.7. Piston attenugtor m and compensating amplifier |

The line termination stage is followed by a wide-band amplifier having a gain of some
40de. This amplifier compensates part of the insertion loss of the piston attenuator.
The second stage of the amplifier is tuned, the coil forming the launching coil of the attenu-
ator. The attenuator is a circular tube of 0-750 in. internal diameter; operation is in the
H,, (least attenuation) mode. A Faraday screen is fitted to eliminate other modes and to
assist in ensuring the absence of phase shift along the waveguide. This essential require-
ment is also ensured by maintaining sufficient spacing between the launching and pickup
coils to give a minimum insertion loss of 50 ds.

The signal from the attenuator is passed through the buffer amplifier n and added to the
output of buffer e at the input of the receiver. These two buffer amplifiers are the only
active circuits in the system in which the signal level varies between inital and final measure-
ments. By making them identical any variation of overall phase shift with signal level is
automatically balanced since the signal levels in each are identical at cancellation.

3.8. Receiver [

The receiver is a conventional fixed {requency-tuned amplifier having a variable gain of
80 d®8 maximum and a bandwidth of | Mc/s. The circuit i1s designed for rapid recovery
from overioad so that maximum sensitivity is restored less than 10 usec after the high-
voltage transmitter puise. The receiver output 1s displayed without demodulation on 2
wide-band oscilloscope (Tektromx S45A).
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Table 2. Specification of gauge blocks

Type Supplier Thickness Stated max Exp. coeff. [
(20%¢c) error (degc™')
(parts in
10%)
Chromium carbide  C. E. Johansson Lid. 0:200000 in. =140 75
Quality AA 0-300000 in. =067 78
Fused quartz E. Leuz Ltd 3-00000 mm =353 0-4)
Class O 5-50000 mm =202 043
650000 mm =174 043

The length of the liquid path was defined by precision gauge blocks. Table 2 gives the
specifications of these blocks. Three identical blocks were optically wrung on to the buffer
rod. well clear of the path of the ultrasonic beam, and the surtace of the terminauon rod
Wwas in turn wrung on to the blocks. This process required considerabie care, but was
found to give values of velocity repeatable within experimental error, although the system
was assembled and dismantled several times. Oualy a slight axial pressure was applied to
the assembly, chiefly to prevent damage in the event of the system comung apart. Errors
anising from compression of the blocks are therefore negligible.

The acoustic system was placed horizontaily in the liquid sample to permut free circulation
through the gap between buffer and termination rods. A holder sinrular to that described
by McSkimin (1965) was used to support the system and to enclose the transducer end of
the buffer rod. The axis of the acoustic path was approximately 10 cm below the water
level.

4.2, Water sample and temperature measurement

Doubly distilled water was used throughout the measurements, this degree of purificauon
being considered adequate in view of the negligible effects of dissolved air (Greenspan and
Tschiegg 1956) and of very small amounts of impurity (Weissler 2ad Del Grosso 1951,
Del Grosso er al. 1954). The specimen was contained in a small tank surrounded by a
large bath. Conventional coatrols were used to stabilize the temperature of the water
bath to a few millidegrees. The specimen was gently stirred and precautions were taken to
mummize cooling by evaporation. The temperature of the specimen was determined by a
platinum resistance thermometer situated close to the acoustic path. This thermometer
was calibrated, by the National Physical Laboratory, shortly before making the series of
measurements. Resistances were determuined by means of a Smuth Bridge to a preision
corresponding to = 0-001 degc. No variations in temperature around the acoustic path
could be detected and the temperature of the specimen remained constan. to better than
0-002 degc during a velocity measurement at a given temperature. The average of inutial
and final readings was taken as the temperature of measurement. As a check on the
thermometer calibration, a second plaunum resistance thermometer was used, the tempera-
tures given by the two thermometers being equal within the accuracy of measurement.
The absolute accuracy of terr, ‘rature measurement 1s estimated to be better than — 0-003
degC. This figure corresponas to a velocity error of = 0-8 cmsec-! around 25°c. reducing
to zero at 74°c where the velocity 1n water passes through a maximum,

4.3, Effect of diffraction on observed velocities

The excess velocity due to diffraction has been calculated, for each frequency and liquid
path length, by three distinct methods. These caiculations are based upon the empirical
curve given by McSkimun (1960), the theoreucal results of Bass and Williams quoted by
McSkimun (1961) and the tabulated phase errors given by Del Grosso (1964). The results
are shown in tabie 3.

Del Grosso has computed phase errors as 4 function of zA/a*, where = is the path length
and a 1s the source radius. for values of 2ra/\ up to |100w. For the source radius of 0-625 cm
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Table 3. Excess velocity resulting from diffraction
Values caiculated for a beam diameter of 12'S mm

Frequency Liquid Calculated excess velocity (msec=')
path Bass and Williams. McSkimin Del Grosso

see McSkimun (1961)  (1960) (1964)
30 3 mm 0019 0020 0028
30 Il mm 0021 0021 0030
30 5 mm 0028 0028 0044
30 0-6.1n. 0017 0019 0-026
30 04 n. 0021 0022 0031
10 13 mm 0-101 0143 0144

used in the present work. the values of 27a/\ are 133 and 249 for frequencies of 10 and
30 Mc/s respecuively.  Although Del Grosso (1964), confirming the earlier work of Williams
(1951), states that for 2ma/A > 50 the phase error is substantially independent of this
parameter. there is some indication that for values of zA/a* < 0| the phase error decreases
slightly for values of 2ma/A exceeding 100w. The results in table 3 have been calculated
assuming Ima/A = 100; it is therefore probable that the true values are slightly less than
those given in the table. Accordingly, in the present work the excess velocity caused by
diffracuon has been calculated using the theoretical results of Bass and Williams, quoted
by McSkimun (1961). Table 3 shows that at 30 Mc/s the differences between the correction
calculated from the experimental results obtained by McSkimin (1960) and the corrections
calculated using Bass and Williams' theory are negligible.

4.4 Errors arising from phase change measurements

Errors in the measurement of the fractional part of a wavelength in the acoustic path
may arise in three ways: from the uncertainty in the lengths of cable, from the setung of
cancellation points, and by deviations from linearity of the phase characteristic of the Liae.

The length of each cable was adjusted to + 0'1 cm; the maximum possible error on
changing from one pair of cables to a second pair is therefore — 0-d cm. At 30 Mc/s the
corresponding phase error is = 0-22°. It was found possible to determine cancellation
points to about = 4° of phase angle; the maximum possible error between two settings is
therefore + $°.

Deviations from linearity of phase change on varying the length of the line arise from
standing-wave effects caused by musmatching at the terminauon and source of the lige.
To a first approximation, the error « associated with a phase change 8 1s given by
(A. J. Barlow 1959 Ph.D. Thesis, London Unversity)

€=\ - Zr.nO (14)

where 7y and 7, are the magnitudes of the reflection coefficients at the source and ioad re-
spectively. Reflection occurs mainly as a result of reactive musmatch. The maximum
error occurs when 9 = [80°. For the delay system used (Barlow 1959 Ph.D. Thesis),
2rery < 0-01 at 30 Mc/s; the maximum phase error 1s then less than — |-8°.

The total maxumum possible error in a particular determination of # 1s therefore approxi-
mately = 2:7°. For the three longest liquid paths and a frequency of 30 Mc/s this figure
corresponds to a maximum possible error in velocity of about — 0-05 msec~'.

Errors in the deterrunation of the length of cable equivalent to one wavelength are
negligible. since several measurements were taken at each frequency /, and /, using different
pairs of cables, and the average value was caiculated.

4.5, Experimental resuits

Typical results for the values of the velocity of sound in twice distlled water are given
in table 4. Each value represents the average, given to the nearest 0-0l msec~!, ot the
two resuits dbtained from measurements made at the slightly differing frequencies /, and /,.
[ general, the two resuits differed by less than 0-03 msec=' The values shown have been
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Table 4. Experimental values of the velocity of sound in distilled water
(@) Frequency 30 Mc/s, 6'S mm gauge blocks

Temperature Velocity 3 Average 3 Temperature Velocity A Average 1
(*c) (msec~') (msec~') (msec™!) (°c) (msec™') (msec™) (msec~!)
23-503 1492-49 04| 45:127 153646 04}
24037 149394 0-46 49966 154243 040
24905 149634 0-40 $5:108 154736 04}
25128 149690 0-40 64980 155335 040
25380 1497-59 043 70050 155475 0-38
25707 149843 043 040
25812 145873 041 71-160 155489 040
25910 149899 0-40 72080 155498 039
042 734050 1555-02 042
27-570 150324 0-37 73900 155507 040
27935 150410 0-40 74200 155509 038
29-920 1508 84 04 75040 155502 043
29-323 150749 0-39 76:220 155500 041
29985 150902 038 71030 155492 039
35020 151972 0-44 8310 1554:70 042
39-990 1528-78 038 /9115 155461 039
80045 155439 041
040
(b) Frequency 10 Mc/s, 6'5 mm gauge blocks
Temperature Velocity A Average 3  Temperature Velocity a3 Average A
(°c) (msec~!) (msec~') (msec') (’c) (msec~') (msec™') (msec')
23340 149200 044 55046 154736 039
25-307 1497-37 0-44 62:780 1552-33 047
25-428 149772 040 0-42
25-562 149803 0-45 70-950 1554-88 038
25-705 149845 0-41 74220 155508 039
043 78:130 1554-73 043
34:990 151973 037 0-40

46131 153117 0-46

corrected for the effect of diff-action, and the expansion of the gauge blocks with increasing
temperature has also been taken into account. Table 4 also shows the amount A msec-!
by which these values are lower than those calculated from the results obtained by Green-
span and Tschiegg (1957). The rate of variation with temperature found by Greenspan
and Tschiegg is generally regarded as being substanually correct (McSkimin 1965). The
average values of A for temperature arouna 25 and 74°c and for the intermediate range
are also given.

5. Analysis of cxperimental resuits

In an analysis of the experimental results it is convenient to disunguish between three
groups of variables which may give rise to errors. The first group consists of those factors
which either give constant errors throughout the whole series of measurements or cause
random variauons which are negligible compared with other random errors. This group
includes temperature, specumen purity, pressure and frequency. The second group com-
prises those variables purpossly changed during the measurements: these include differences
between acousuc path length, operating frequency and diffraction corrections. In the third
group are the main random errors.

For the present measurements the spread of random errors in velocity should resuit
entirely from the uncertainues of phase measurement and therefore be 3 maxumum of
= 005 msec='. Thus is confirmed by the experimental results, the values of A varying
by not more than thus amount for a given frequency and path length.
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The results obtained using the 5 mm gauge biocks at frequencies of 10 and 30 Mc s
are in good agreement. as mav be seen by a4 comparison of the average ) figures for cor-
responding temperature regions. Essentially this agreement substantiates the diffraction
theory, since the diffraction correction of 0-101 msec~! at |0 Mc/s is appreciable. [t can
therefore be assumed that anv errors in the diffraction corrections applied at 30 Mc/s are
negligible.

The average 1 figures in the region around 74°C show that the results at 30 Mc/s obtained
with the 6:3 mm. 0-3 and 0-2 in. gauge biocks. for which the highest accuracy is claimed.
are in precise agreement. with Jg4y = 0-40 msec=!. The 55 mm blocks give i, = 042
msec~! and the 30 mm blocks give Agv = 039 msec-! These averages are correct (o
the nearest 0-0! msec~!. These differences have been confirmed by an extensive series of
measurements made using 4 sample of water taken directly, without purification. from the
public supply. An average velocity consistently 0405 msec-t higher than that for distilled
water was obtained over the range 23-80°C. but the relative differences between the five
sets of blocks remained the same. [t follows that the average thicknesses. taken over sach
set of three blocks of the 63 mm. -3 and 0-2 in. blocks are within = 07 parts in 10® of
their nomunal values, since this it stated accuracy of the 0-3 in. biocks. The average
deviation from the nomunal value Juc the 55 mm block is then probably between — 06
and — 20 parts in 1(#, the corresponding figures for the 30 mm blocks being — 0-7 and
= |4 parts in 10°. These deviations are well within the Imruts specified by the manufac-
turers.

Considering only the results obtained in the region of 74°C at 30 Mc/s. the average value
of A for the 6:5mm, 0-3 and 0-2 in. sets of gauge blocks is 04403 msec~! This figure s
unchanged if the results obtained with the other two sets of blocks are included. the value
of A being decreased by 0-02 msec=! for the 5:5 mm blocks and increased by 001 msec-!
for the 3-0 mm blocks. The standard deviation is 0-014 msec™! and the distribution of the
A-values around the mean is very close to a normal distribution, as may be expected from
the random nature of the phase measurement errors.

Applying the same procedure to the results obtained at 30 Mc/s around 25°, the average
value of 4 is found to be 0412 msec-', with a s:andard deviation of 0-020 msec~!. The
slight increase in standar: deviation is probably partly due to the uncertainty in temperature
measurement.

The small difference in A,y between ¢. 74°C and ¢. 25°¢ is somewhat larger than could be
expected from the estimated possible error in absolute temperature measurement. It is
probabie that this discrepancy represents a slight difference between the variation of
velocity with temperature found by Greenspan and Tschiegg (1957) and that found in
the present work, but it would be unrealistic to regard the difference as significant. In
general it is seen that the present measurements confirm the vanation of velocity with
temperature found by Greenspan and Tschiegg (1957), but the actual values of velocity are
approximately 0-40 msec-' lower.

A fifth-degree polynom:al has been fitted to the experimental results by means of a com-
puter, the fit beiag such as to give a minimum mean-square error. The data for all five
sets of blocks were used, those for the 55 mm and 30 mm blocks being modified as indicated
previously. The resulting equation s

V = 1400-7873 — 5-189939T — 6-394257 < 10~
- 4:4060241 '« 10T — 2:399801 « |07
- 6:214865 < 10~*T* msec~! (15)

where T is the temperature in 'C.

The standard deviation of the data from this curve is less than 0018 msec='. The max-
mum deviauon of aay singie measurement from the curve s 0041 msec='. and the deviauons
of the data from the curve are apparently random and are substantialiy 1n accordance with
a normal distribuuon. This scater is adequately accounted for by the possible errors in
phase measurement . the extent of the scatter is approxumately two-thirds of that obtained
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by Greenspan and Tschiegg :1957) using the ‘sing-around’ techmique. No significant
reduction of these values is obtained by using a polynomual of higher order

Equation (15) has been used to Calculate the velocity of sound in water at | degC intervais
from 23 to 80°c, the range over which this equation is valid. and the resuits are given in
table 3. Following Greenspan and Tschuegg (1957). the increase for each | degC interval
15 also given to facilitate interpolation.

Tabie 5. Veha'tyo{n-linnm.“ulaudu‘qnution(w). together with the increase

in velocity per deg C
T 14 Increase T v [ncrease T v Increase

(°c) (msec™') (msec-') (*c) (msec™') (msec=) (°¢c) (msec™') (msec-!)
230 149106 —_ 430 153347 1-51 630 155250 049
240 149386 280 440 153491 145 640 155295 0-45
250 149658 78 450 153631 139 650 155335 0-40
260 149922 264 460 153764 134 660 155371 0-36
270 150179 >-57 470 153893 |28 670 155402 0-32
280 1504-28 249 480 154015 133 680 155430 0-27
290 150670 242 490 1541'33 117 690 155453 0-23
300 150904 234 500 154245 1-12 700 155472 0-19
310 151131 b 510 154352 107 710 155487 015
320 151352 220 520 154453 1-02 720 155497 011
330 151565 213 530 154550 097 730 155504 0-07
340 151772 2907 540 154642 092 740 155507 003
350 151972 2900 550 154728 J87 750 155505 -001
360 152166 194 560 154810 0-82 760 155500 =005
370 152353 1-87 570 154887 o 770 155491 -0-09
380 152534 181 580 154959 072 780 155478 -013
390 152708 178 590 155026 067 790 155461 -0-17
400 152877 169 600 1550-89 063 800 15544 -020
410 153039 162 610 155147 058

420 153196 1-57 620 1552:01 054

6. Discussion

Measurements of the velocity of sound in water show that the experimental system de-
scribed here is capable of extremely conmsistent results. The scatter of the data is small
and follows a normal distribution.  Since most of the scatter can be attributed to imperfect
matchung of the delay line, further developmeat of the system could probably reduce the
scatter by a factor of two. There is no evidence of any systemauc errors ansing from the
use of different acousuc path i»ngths or different operaung frequencies. During a separate
series of measurements investigations were made iato the effects of varying the ampiitude
and duration of the transmitted pulse and of changing certain critical components of the
sysiem. including the buffer amplifiers and piston attenuator. Such changes gave no
differences in the measured velocities. Results were aiso obtaned, using the 3 mm ' ocks
at a frequency of 30 Mc/s, on pulses which had made two and three double transits of the
liquid path. Agamn no variations in the values of velocity were found.

It follows that the results obtained represent true values of the velocity of sound in the
liquid measured. I~ relating such values to the absolute value for the velocity of sound in
water those factors which may give errors constant throughout the vhole series of measure-
ments must be considered. At 25°C the possible error of = 0-003 degc in absolute tempera-
ture measurement gives a possible error of — 0008 msec-! ig velocity. At 74°c, where the
velocity passes through a maximum, the error is aegligible. The effect of hydrostatc
pressure on velocity causes the values obtained to be high by 0-002 msec', due to the head
of water above the acousuc path. Errors resulung from the variauoa of atmospheric
pressure are neglgible. The attenuauon 1o water gives crrors of less than | part in 10%;
errors in the determunation of operaung frequencies are also negligible.

Dissoived air was probably the principal impurity 1o the sample of water investigated.
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Greenspan and Tschiegg (1956) conclude that uissolved air increases the velocity in water
by less than | part in 10°. and around 30°C the increase is possibly of the order of | part
i 10*  Thus latter figure 1s negligible; even if the difference s significant. it would seem
preferable to regard the velocity of sound in water saturated with air as a standard tor
reference, since this s the normal state of water in contact with aur.

[t may therefore be deduced that the only significant sources of possibie error in the resuits
are the uncertainties in acoustic path length, in the determination of temperature. and the
standard error of the data. The sum of these possible errors is = 0024 msec-! at 74°c
and = 0-038 msec~' at 25°C. From the present measurements. the velocity of sound in
water to the nearest 0-0l msec™* is found to be 1496-58 — 0-04 msec-' at 25-000°C and
155507 = 0-03 msec~' at 74-00°C. The accuracy of these values is believed to be the
highest yet attained. The results are in close agreement with the values found by McSkimin
(1965). llgunas ¢r al. (1964), Neubauer and Dragonette (1964) and Brooks (1960).
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Speed of Sound in Pure Water

V. A. DEL Grosso anp C. W. MADER

Navai Research Laberasory, Washimgion, D C. 20390
(Received 26 May 1972)

A sound-speed equation of fifth order m temiperature is fit with a standard deviation of 0.0028 m, sec o
148 observauons between 0.001°C and 95.126°C on the T scale. The accuracy s believed to be 0015
™/ sec, and the reproducibility over replications is 0.005 m, sec.

Sosrecr Crasstrcatron: 13.3.

INTRODUCTION

In the course of obtaining a sausfactory sea-water
sound-speed equation based on laboratory measure-
ments,' data were obtained in pure water' with an
apparent reproducibility of better than 4 ppm. In this
latter reference, it was demonstrated that by compari-
son of results of reputable observers, the speed of
sound in pure water could be specified to better than
0.05 m/sec. Mention was also made therein of indica-
tions of an anomaly near 4°C. These measurements,

with emphasis about this tempesature but extending
the total range closer to both 0° a4 100°C, are now
reported.

L EXPERIMENTAL METHO.

Sound-speed measurements were made indiectly by
means of the ultrasonic interferometer whose construc-
ton and operation have been discussed eatiier.i?
Brefly, acoustic wavelengths are measured by ele tron-
ically noting some characteristic of a quartz cr sstal

TmI.MMMhmm(meT.ub.

M

Temperature  Sound speed Temperature  Sound speed Temperature  Sound speed Temperature  Sound speed
(*C) (m/sec) ") (m/sec) (%) (m/sec) (*0) (m/sec)
0.0010 1402.395 34933 1419.287 1.0035 1407 384 7 9894 1439 089
0.0020 1402 398 3.1972 1420.702 1.0035 1407.384 7 9904 1439 054
0.0030 1402.404 3.7982 1420664 1.0045 1407 392 7 9904 1439 096
0.0030 1402.406 3.7992 1420.700 1.604S 1407 386 79904 1439 094
0.0110 1402 445 3.8002 1420.767 1.0085 1407 391 79914 1439.102
0.0120 1402.448 3.8002 1420.707 1.0095 1407 412 99537 1447.087
0.0130 1402.456 39911 1421.584 1.0175 1407 451 99537 1447 087
0.0130 1402.453 3M 1421.587 1.0235 1407 482 99547 1447 054
0.0140 1402.459 3.9921 1421.590 1.0305 1407 516 9.9547 1447 091
0.0520 1402 649 3.9921 1421.589 | 20490 1412 468 9 9547 1447 089
0.0520 1402.652 39931 1421.595 | 2.0560 1412.501 39 9657 1528 809
0.0520 1402.649 4.2160 1422.620 | 2.0620 1412.527 399777 1528.831
0.0530 1402.654 4.217C 1422.624 i 2.0650 1412.543 39 9887 1528 847
0.0530 1402.654 4.2170 1422.622 | 2.0680 1412.554 59 9924 1550980
0.197% 1403.383 42170 1422.622 . 2.0720 1412.574 60.0034 1550 986
0.1979 1403 383 4.5260 1424.032 | 2 4868 1414.553 60.0124 1550 994
0.1989 1403.390 4.5279 1424.039 f 2.4868 1414 .556 60.0204 1550 998
0.1989 1403 388 4.5279 1424.040 2.4898 1414.573 50.029%4 1551.004
0.1989 1403 388 45219 1424 039 24918 1414 582 70.1190 1554 819
0.4878 1404 829 54935 1428 364 | 2.4928 1414.585 70.1210 1554 819
0 4898 1404843 5.4935 1428 365 | 29736 1416.861 70.12¢0 1554.819
0.4908 1404.848 34945 1428367 | 290746 1416.864 70.1340 1554 824
0 4983 1404 888 54965 1428.378 | 29766 1416.875 70.1500 1554 824
7.5008 1404 894 5.9892 1430 543 2.9766 1416876 90,0858 1550 430
0.5018 1404 901 5.9902 1430 548 w J 4913 1419.279 90 0868 1550 430
1.000S 1407 365 5.9902 1430 .551 | Je913 1419277 25.1214 1547 096
1.0025 1407.377 5.9922 1430 559 ‘ 34923 1419.277 95,1224 1547.100
1.0025 1407 382 5.9952 1430.572 J 4920 1419.280 95.1264 1547.095
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Tasie 1 Previous Sound-speed measurements in pure water with (e

SPEED OF

SOUND

IN PURE

WATEK

mDeratures converted (0 | o scale
e ———
Temperature  Sound speed Temperature Sound speed Temperature  Soung speec  Temperature  Souna speec

b (m/sec) (*C) (m/sec by 98 m sec C ™ sec
0.0560 1402.673 29 9810 1509 081 29917 1447 134 49 9950 134284
00610 1402 695 29 9836 1509 089 99957 1447 249 500120 1542565
0 0640 1402 705 349710 1519 752 100027 1447 276 50 0360 1542.591
00680 1402.726 349810 1519 768 100117 1447 307 50 0400 1542 602
0.0720 1402.747 34 9870 1519 781 ‘ 199196 1482 091 600194 1550 999
4 9887 1426.115 399727 1528 82) ' 199206 1482.090 60 0124 1550 999
49917 1420 126 399747 1528 823 ‘ 199216 1482 102 739957 1555 144
49927 1426.129 399777 1528 827 | 249815 1496.636 74.0117 1555, 144
49937 1426.131 399847 1528 837 | 24 9853 1496 640 74.0218 1555.143

Combined fit
0 0.140238689 x 10+ 0.140238749 % 10+ 0. 140238754 10#
1 0.503686088 x 10* 0.503699148 x 10 0.503711129% 10"
2 ~(.580858499 % 10— =0 580268889 x 10~ ~0.580852166 % 10~
3 0.334817140 % 10 0331767408 x 10~ 0.334198834 x 10
4 ~0.149252527 x 10— =0.144373838 x 10~ ~0. 147800417 x 10~
5 0.323913472x 10~ 0.298841057 x 10—+ 0.314643091 x 10~
S — — -

Taniz IV. Speed of sound in pure water in m/sec.
deviauon of 0.003 m/ sec

onT.

scale with standard

Calculauons from equation fit 1o 148 measurernents between U.001°C and 95.128°C

Ta
" 00 0.1 02 03 04 0.5 06 07 08 09
0 1402388 1402891 1403393 1403893 1404.393  1404.892 1405389 1405885 1406380 1406874
1 1407367 1407859 1408.349 1408 838 1409.327 1409814 1410360 1410.784  1411.268  1411.75]
2 1412.232  1412.712 1413192 1413 670 414,147 1414.622 1415097 1415571 1416043  1416.515
3 1416985 1417454 1417922  1418.389 1418855 1419320  1419.784 1420.246 1420708  1421.168
4 1421.628 1422086 1422543 1422999 1423454 1423908 1424 361 1424.813 1425264 1425713
5 1426162 1426609  1427.056  1427.50! 1427946 1428389 1428 831 1429272 1429712 1430151
6 1430.589 1431026 1431462  1431.897 1432331 1432.764  1433.196 1433.626 1434056  1434.485
7 134912 1435339 1435764  1436.189 1436612  1437.035 1437 436 1437.877 1438296 1438 715
8 1639132 1439549 1439964 1440378 1440.792  1441.204 1441615 1442.026 1442435 1442843
9 1443251 1443657  1444.062 1444 467 1444 870 1445273 1445674 1446.074  [446474 1440872
10 1447270  [447.666  [448.062 1448 456 1448850 1449243 1449 634 1450.025 1450415 1450803
! 1451191 1451.578 1451964  1452.349 452.733  1453.116 1453 498 1453.879  1454.259 1454 638
12 1455016 1455394 1455770  1456.145 1436.520  1456.891  1457.266 1457.637  1458.008  1458.378
13 1458747 1459115 1459482 1459 848 1460213  1460.577 1460 940 1461.303 1461664 1462025
14 1462384 1462743 1463101 1463458 1463814 1464169 1464 523 1464 876 1465229  1465.580
15 1465931 1466280  1466.629 1466977 1467.324  1467.670 1468015 1468.359 1468 703 1469 045
16 1469387 1469728 1470067 1470 406 1470.745 1471082 1471418 1471754 1472088 1472422
7 1472.755 1473087 1473418 1473748 1474.078 1474406  1474.734 1475.061 1475386 1475712
18 1476036 1476359 1476.682 1477003 147732 1477644 147796  1478.282 1478599 1478 916
19 1479231 1479546 1479860 1480174 14804 1480 798 1481108 1481418 1481727 1482 035
20 1482343 1482649 1482955 1483260 1483 Lok 1483868 1484170 1484472 1484772 1485.073
21 1485372 1485670 1485968  1486.204 1486560 1486856 1487150 1487 441 14877 1488 028
2 1488319 1488610 1488899 1489188 1489 476 1489763 1490.049 1490335 1490 620 1490 804
3 1491187 1491409  1491.751 1492032  1492.312 1492501 1492870 1493147 1493 424 1493 700
24 1493976  1494.250 1494524 1494 797 1495070 1495341 1495612 1495882 1496 15 1496 420
25 1496.687 1496954 1497220 1497486 149775 1498.014  1498.278 1498 540 1498 802 1499 063
26 1499323 1499582 1499841 1500099  1500.356 1500612 1500868 1501123 1501.377 1501630
27 1501883 1502135 1502.386 1502637 1502.887 1503.136 1503384 1503 632 1503878 1504124
28 1504370 1504615 1504.858 1505102  1505.344 1505586 1505827 1506067 1506307 1506 546
29 1506.784 1507022 1507.258 1507494 1507 730 1507964  1508.198 1508 431 1508 604 1508 L6
30 1509127 1509357 1509.587 1509816 1510044 1510272 1510499  1510.72¢ 1510950 1511.175
31 IS1i.399 1511623 1511845 1512068 1512.289 1512510 1512730 1512949 1513167 1513.385
32 1513.603 1513819 1514035 1514.250 1514 465 1514.679  1514.892 1515104 1515316 1515.527
33 ISIS.738 1515948  1516.157 1516365 1516.573 1516.780  1516.987 1517193 1517398 1517 602
i 1517806 1518009 1518.212 (518 414 iS18.615 1518815 1519015 1519.214 1519413 1519 61!
35 1519808 1520005 1520201  1520.39% 1520.591  1520.785 1520978 1521171 1521363  1521.554
36 1521.745 1521935 1522125 1522314 1522 502 1522600 1522877 1523063 1523249 1523 434
37 1523618 1523802 1523985 1524168 1524 350 1524531 1524.712 1524892 1525071 1525.250
38 1525428 1525426 1525783 1525950 1526 135 1526310 1526 484 1526658 1526832 (527 004
39 1527.17¢ 1527348 1527.518 1527689 1527 838 1528027 1528195 1528363 1528530 1528 697
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"w
o 00 01 02 0.3 04 0.5 06 01 08 09
0 38843 1529028  1529.193 152957 1529521 IS29.684 1529.846 1530 oos 1530169 1530 329
i 90 30040 1510807 1330985 1S3112) (530200 1531436 |s31 093 ooy 47 1531902

42 1532.056 1532.210 1832.362 1532.515 1532.6006 1532.818 1532.968 1533.118 1533 267 1533 416
4 1533 564 1833.712 1533.859 1534 006 1534.152 1534.297 1534 442 1334 586 1534.730 1534 873
- 1535.015 1535.157 1535.298 1535.439 1535.57 1535.719 1535.858 1535.997 1536.134 15836.272
45 1536 409 1536.545 1536 681 1536 816 1536.950 1537 084 1527.218 1537.351 1537 483 1537 613
40 1537 746 1537 877 1538.007 1538.137 1538 .266 1538.394 1538.522 1538.650 1538.776 1538 903
47 1539 028 1539 154 1539 278 1539 402 1539 526 1539 649 1539.77 1539 8%4 1540.015 1540 136
¥ 1540.256 1540376 1540495 1540614 S40.732 1540850 1540967  1541.083 1541.199 1541315
49 541430  1541.544 1541658 154177 I541.885 1541997 1542.10y 1542.220 1542.331 1542.441
30 1542.551 1542 660 1542.768 1542.877 1542 984 1543.091 1543.198 1583304 1543 409 1543.514
il 1543.619 1543.723 1543 826 1543929  1544.032 1544 134 1544 235 1544336 1544 436 1544 536
32 1544 636 1544734 1544 833 1544 931 1545028 1545.128 1545.221 1545317 1545 412 1545 507
33 1545 601 1545.695 1545.788 1545 881 1545973 1546 065 1546.156 1546.247 1546 337 1546 427
4 1546517 1546.605 1546 694 1540.781 1546 869 1546.955 1547 042 1547 128 1547 213 1547 298
35 1547 382 1547 466 1547 549 1547 632 1547.715 1547 796 1547 878 1547 959 1548 039 1548 119
56 1548199 1548278 1548 356 1548 434 1548.512 1548 589 1548 065 1548.741 1548 717 1548 892
57 548967  1S49.041 1549 [15 1549188 (549 260 1549333 1549405 1549476 549 547 1549 617
38 1549 687 1549 756 1549 825 1549 894 (549 962 1550.029 1550.096 1550.163  1550.229 1550.295
59 1550360 1550425 1550 489  1550.553 1550616 1550.679 1550.741 1550.803 1550 865 1550.926
o0 1550986  1551.046 1551.106 1551.165 1551.224 1551.282 1551340 1551397  1551.454 1551.510
6l 1351.566  1551.622 1551.677 1551.731 1551.786 1551.839 1551.892 1551.945 1551998 1552 049
62 1552.101  1552.152  1552.202  1552.252 1552.302  1552.351 1552400 1552 448 1552.496  1552.543
63 1552.590 1552637 1552683 1552.729 1552 774 1552.818 1552863 1552.907 1552950 1552993
o4 1553.035 1553.078  1553.119 1553 160 1553.201  1553.241  1553.281 1553321 1553.360 1553.398
65 1553437  1553.474  1553.512 1553 548 1553.585  1553.621 1553.656 1553.601 1553.726  1553.760
66 1553.794  1553.828 (553860 1553 893 1553.925  1553.957 1553.988  1554.019 1554049 1554079
67 1554109 1554.138 ~ 1554.167 1554 195 1554.223  1554.250  1554.277  1554.304 1554330 1554.356
68 1554381 1554406  1554.430 1554 454 IS54.478  1554.501  1554.524 1554 546 1554.568  1554.590
9° 1554611  1554.632 1554.652 13554672 1554.691  [554.710  1554.729 1554 747 1554765  1554.782

70 1554.799 1554816 1554832 [554.848 1554 863  ISS4.878  1554.893  1554.907 (554 920  1554.934
7 IS54.947  1554.959 1554971  1554.983 1554, 994 1555005 1555.015  1555.026 1SS 015 1555044
7 1555053  1555.062 1555070 1555.077  1$SS. 085  1555.091 1555.098  1585.104 1555 110  1585.115

73 1555.120  1555.12¢  1555.128 1555.132  1555.135  1555.138 1555.140  1555.142  1555.144  1555.145
74 I555.146 1555147  1S55.147 1S55.146 1555 146 IS55.145 1555143  1585.141  1S55.139 1555 136
7 1555133 1555130 1535.126 1885.122 1585117 1S55.112  1555.107 1555.101 1555.095  1585.088
76 I1S55.081 1555074 1555066 1555088 1555050 1555041  1855.03% 1555022 1555.012 1555002
17 IS54.991  [554.980 1554968 1554.956 1554 944 1554931  I554.918  1554.905 1S54.89! 1554.877
78 1554.862 1554.847  1554.832 1554816  (554.800 1554.784 1554.767  1554.750  1554.732  1554.714
1554.696 1554.677  1554.458 1554639 i554.619 1554.599 [554.578  1554.557 1554.536 1554.514
1554.492 1554470 1554 447 1554.424 1554 400 1554376 1554352 1554327 1554302 1554277
1554.251 1554.225  1554.199  1554.172 I554.144  1554.117  1554.089 1554.061 1554.032  1554.003
1553.974 1553944 1553914 1553.883  1553.852 1553.821 1553.789  1553.758  1553.725  1553.693
15.3.660 1553626 1553.592 1553.558 1553.524 1553489 1553454 1553418 1553383 1553346
1553310 1553.273 1553.235 1553198 1553.160 15583.121 1553.083 1553044 (553004 1552964
1552.92¢ 1552884  1552.843 1552.802 1552.760 1552.718 1552676  1552.634  1552.591 1552 547
1552.504 1552460 1552415 1552371 1552326  1552.280 1552.234 1552.188  1552.142 1552.095
1552.048  1552.001 15519583  1551.905 1551.856 1551.807 1551.758  1551.709  1551.659 1551.609
I1551.558 1551507 1551456 1551404 1551352 1551300 1551.248  1551.195  1551.141 1551088
155104 1550980 1550925 1550.870 1550815 1550.759  1550.703  [550.647 1550.590 1550533
1550476 1550418 1550260 1550302 1550243 1550.184  1550.125 1550065 1550005 1545 945
1549884 1549823 1549762 1549 700 1549638 (549576 1549 513 1549450 1549387 1549323
1549259 1549195 1549131 1549060 1549 000 I1S48.935 1548869 1548803 1548736 1548 660
1548.602 1548.534 1548 467 1548398 1548 330 1548261 1548.192  1548.122 1548053 1547983
1547912 1547841 147770 1547699 1547 627 1547.555 1347483 1547410 1547.337 1547264
I547.190 1547016 1547042 1546967  [546.892 IS46.817 1546.741  1546.665 1546.5890 1546 513
1546436  1546.359  1546.281 1546.204 1546.126  1546.047 15459690 1545890  1545.810 ms,nl
1545 651 L545.570 1545490 1545400 1545328 1545246  1545.164 1545082 1545000 1544917
I544.834  [544.751 1544 667 1544583 1544 499 1544 414 1544.329 1544244  1544.159 1544.073
1543987 1543900 1543.814 (543.727 1543639 1543.552 1543464 1543376 1543287  1543.198
1543.109

BER SRS 8B ENRREEE =R

operated in a continuous wave iterative-redection leads to 3 specification of accuracy of 10 ppm or 0.015
techruque and counting these imposed charactenstics m/sec.
as the reflector-source separation is varied. The path . DATA
change for some 300 acoustic fringes at 5 MHz s

measured by a laser interferometer. Consideration of Sorae 112 new data points for the speed of sound in
all sources of error, inciuding theoretical predictions’*  pure water were taken in 1970 and ure reported (n

1444 Voleme 52 Number 5 (Paer 2) 1972



SPEED OF SOUND

Table [, with temperatures on the Ty scale. In Tabie [1.
the previous Measurcments: are repeated with tempera-
tures converted to the same scale. The resulits of these
calculations are given to the nearest 0.0001°C, although
the measurements wers made to only 0.001°C, to
facilitate conversion.

. EQUATION DEVELOPMENT

To ascertain whether these two data sets are compat-
ible, separate least-squares fits were made® at the
Naval Undersea Research and Development Center
(NAVUSEARANDCEN). A ffth-degree polvnomial
was found satisfactory for both, viz-

H)
CuS &I

i

(1)

The 36 earlier observations in Tabie I over the
temperature range 0.056°C < T4<74.022°C were fit
with & standard deviation of 0.0025 m/sec and coeffi-
cents as given in the third column of Table III.

The least-squares fit to the 112 data points of Table I
over the larger temperature range 0.001°C< T
<£95.126°C, but with emphasis between 0° and 10°C
has a standard deviation of 0.0026 m/sec and compar-
able coeficients as given in column two of Table [II.

Because of the close agreement between these expres-
sions, Tables I and II were combined, and a |2ast-
squares fit was obtained to all 148 observations with a
standard deviation of 0.0029 m/sec and coefficients as
given in the last column of Table 11

Tasrx VI. Temperature scale conversion.

IN PURE WATER

TaBLE V' Regression curve deviauon average and scatter tor
nomunal expenmental temperatures

M

Nou?w 3 Average Scatter
(*C (m/sec) (m/ sec

Secona data set

Q.01 -0.002 0003
005 0.000 0000
02 ~0.00! 0 000
0.5 -0.001 0 004
1.0 +0.001 0 006
20 +0.002 0004
2.5 +0 004 0.006
30 0000 0.002
35 +0 004 0006
38 +0.003 0.004
40 +0.002 0.002
4.2 -0.002 0.002
4.5 -0.004 0.002
5.5 -0.004 0.002
60 ~0.003 0.004
8.0 -0.003 0.004
10.0 -0.001 0.004
400 - 0.004 0.002
60.0 -+0.001 0.002
70.0 0.000 0.004
90.0 ~0.004 0.000
95.0 +40.002 0.004
First data set
0.06 +0.001 0.006
50 -0.001 0.006
10.0 +0.005 0.006
200 +0.003 0.002
250 +0.002 0.000
300 +0.002 0.003
350 +0.001 0.004
4.0 -0.001 0.002
50.0 0.000 0.002
60.0 0 000 0.001
74.0 +0.002 0.001

l

- e e . o - s e . g o o e e
Ta Ta TawTa Te Te TaTm Ta Ta TaTu Te Ta TaTa
*C) *C (*C) (*C) (*C) (*C) (*C) *C) (*C) 5, %) (*C) (*O
0 0 0 2% 259913 0.0087 51 509897 0.0103 76 759932 0 0068
1 09995 00005 27 269911 0 0089 52 51.9897 0.0103 77 76.9934 0.0066
2 1.9990 0.0010 28 27 9909 0.0091 83 52.9898 0.0102 78 779937 0.0063
3 2.9986 0.0014 22 28 9908 0.0092 54 53,9899 0.0101 i 78 9939 0.0061
“ 39981 0.0019 30 29 9907 0.0093 55 54 9899 0.0101 80 79 9041 0.0059
5 4.9977 0.0023 3 30.99%5 0.0095 56 55.9900 0.0100 81 B0 9944 0.0056
6 59973 0.0027 32 31.9904 0.009¢ 57 56.9901 0 0099 82 B1.9946 0.0054
? 6.9960 0.0031 33 32,9902 0 0098 58 57.9902 0 0098 83 42 9040 00051
8 7.9965 0.0035 M 33 9901 0.0099 59 58 9903 0.0097 84 83 9952 0 0048
9 £.9961 0.0039 35 349900 0.0100 60 59 9904 0.0096 &S 84 9954 0 0046
10 99957 0.0043 36 359899 0.0101 6l 60 9906 00094 86 859957 00043
11 10.9953 0.0047 37 36.9898 0.0102 62 61.9907 0.0093 87 869960 0.0040
12 11.9950 0.0050 38 37 9898 0.0102 61 62.9908 C.0092 88 87 9963 0.0037
13 12.9946 0.0054 39 38 9897 0.0103 o4 61 9910 0.0090 89 88 9965 0.0035
14 139943 0.0057 4 399897 0.0103 65 049911 0.0089 90 89 9968 0.0032
15 14.99%40 0.0060 41 40 9896 0.0104 66 659913 0.0087 91 90 9971 0.0029
16 15.9937 0.0063 42 419896 0.0104 67 669914 0 0086 92 91.9974 0.0026
17 16 9934 0.0066 43 42 9896 0.0104 68 67.9916 0.0084 93 929977 0.0023
18 17.9931 0.0069 e 419895 0.0105 69 o8 9918 00082 - 93 9981 0.0019
19 18.9929 0.0071 45 44 9895 U.0105 70 69 9920 0.0080 95 94 0084 0.0016
20 199926 0.0074 ol 45 9895 0.0105 71 70.9922 00078 96 3359987 0.0013
21 209924 0.0076 47 46 9895 0.0105 n 71923 60077 97 96 9990 0.0010
22 219971 0.0079 48 47 98 0.0104 73 729925 0.0075 98 97 9993 0 0007
2 229919 0.008! 4 48 9896 0.0104 74 739928 0.0072 90 98 9997 0.0003
4 239917 0.0083 S0 49 989¢ 0.0104 75 749930 0.0070 100 100 .0000 0
25 UMW 0.0085
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DEL GROSSO

This equation Gt t0 B¢ cOmbined dara ¢ “dicts a
s0und-speed maximum of 1355.147 m/sec at 3 te pera-
ture of 74.172°C oo the Ty scale. Sound speea, c.'u:
culated with these cuetficients are given in Table [V
for tenth-degree Celsius intervais. A rounding off of
these cvethcents is employed at NAVUSEARAND-
CEN for velocimeter calibrations.*

[V. DISCUSSION CF RESULTS

The standard deviation of the equation fit to the
data s 0.003 m/sec or 2 ppm. As siated, the measure-
ments are most probabiy accurate to 0.015 m/sec.
Another measure of the precision of the data (apart
from accuracy) in the form of reproducibility over
replications can be obtained from Table V, which lists
the average regression deviation and scatter thereof,
for nominal experimental emperatures. It is tempting
to postulate the existence of anomalies not only about
4°C but aiso at 40° and 90°C, but such an assertion is
strongly resisted since the deviations are of the order of
the scatter and standard deviation. Comparison of the
present resuits may be made to other work’ of |esser

1445  Volume 51  Number 5 (Port 2) 1972

AND MADER

precision standard deviation ave times \arger
greater scatter (twenty times arger’ whers relay
measurements over 4 smaller temperature fange’
(6°C < T<81°C) showed “no signiticant duconnnmu,_
or other anomalous behavior.” These latter Authory
found an eighth-order polvnomial was required to gy
their data, and thev ignored a deviation three Umey
greater than thetr scatter. i
a light of the above, this present data is presente:
simply as the most precise and nopefully accurate’
values of sound speed in pure water. ;
A temperature scale conversion table is presented g
Table VI to assist those still operating on the Ty scaje.

' V. A. Del Grosso and C. W Mader, J. Acoust. Soc. Amer ™
press, 1972).

'V. A. Del Grosso, |. Acoust. Soc. Amer 47, M 7049 (1970)

1V A. Del Grosso, /. Acoust. Soc. Amer 48, 770-771 (1970).

'V A. Del Grosso, Acustica 24, 299-31] (1971).

' K. V. Mackenue, pnvate comunication January 1971)

‘K. V. Mackenzie, pnvate communicauon (February 1971).
Ah’o\V‘.SLML SocGAnaubS. 1321-1333 (19(7:1)»&

ghnfhn-, . Q. Zimmerman, and C. Chase, |.

Chem. Phys. 51, 2543-2545 (1969). J



Bubble Growth by Diffusion in an 11-kHz Sound Field

ANTHONY [. ELLER

Nawal Posigraduate Scaoal, Mowierey, Calijormsa 93040
(Received 20 Apnl 1972)

Bubble growth by rectified diffusion of gas was measured for single bubbles in an 11-kHz underwater sound
field. Observed results are compared to caiculated results for assumed isothermal or adiabatic puisatons

of the bubbles The calculated threshoid for growth is conmstent with observatons, but the calculated
Umes of growth exceed the observed umes by factors of about 10100,

Susseer CLassivication 138

This paper reports measurements of bubble growth
vy rectfied diffusion in an 11-kHz underwater sound
neid. Bubble radii ranged from about 50 4 to greater
than 200 x, and peak acoustic pressures ranged up to
sbout 0.3 bar. The results are compared to predictions
o theory.

Threshold conditions for growth, and the subsequent
rates of growth, were previously reported for a sound
irequency of 26.6 kHz.' The present results extend the
arevious study to a lower frequency and were obtained
Jy a procedure similar to that described in Ref, 1.

The experiments were conducted with air bubbles in
ur-saturated water in a vertical 6-in.-diam Pyrex pipe,
iniven by a transducer at the bottom. The water column
was 43 an high and resonated at 11.08 kHz. The water
surface at the top and the glass walls were approximate
oressure-release surfaces. Individual air bubbles were
scoustically trapped near a pressure antinode located
me quarter wavelength, about 4.6 am, below the sur-
iace. Bubble size was monitored bv means of rise-time
measurements at regular tume intervals. The acoustic
oressure was monitored with a calibrated hydrophone.

After each set of measurements, the pressure ampli-
tude at the bubble was caiculated through knowiedge
of the bubble and hydrophone locations and the geome-
try of the sound fieid. The bubbie radius R was com-
puted from the rise velocity u by iteraung the following
approximate equation from Langmuir and Blodgett*™:

R= (9/2g)u[ 14-0.197(2Ru/v)* &), (1)

where » is the kinematic viscosity of water at the ap-
propriate temperature, and g is the gravitational
acceleration.

During one series of experimental runs, the sound
pressure was continually adjusted to bring it close to
the threshold for growth of the bubble present. The

results are presented in Fig. 1. The symbol X indicates
the values of peak sound pressure amplitude and bubble
radius for bubbles that grew smaller and, hence, were
below threshold. The symbol ° indicates bubbies that
grew larger; they were above tae threshold The solid
curves are calculated thresholds for isothermal and
adiabatic pulsations of the bubble. These curves were
calculated from Eq. 8, which is derived later The
adiabatic threshold curve is consistent with the observa-
tions, and, with a few exceptions, this curve separates
the conditions for growing and dissolving bubbles.

In a review of the thermal properties of pulsating gas
bubbles, Devin® defines a parameter a that indicates the
proximity of the bubble motian to isothermal or adia-
batic behavior. Values of y/a range from 1, for an
isothermal process, to 1.4, for an adiabatic process in
which the ratio of specific heats vy is 1.4. For the expern-
mental conditions, computed values of v/a range from
1.07, for a bubble radius of 50 4, to 1.27, for a bubble
radius of 150 4. Thus, Devin's parameter indicates that
the experimental bubbles fall between isothermal and
adiabatic behavior, with smaller bubbles closer to
isothermal conditions and larger bubbles closer to
adiabatic.

In a second series of experiments, the acoustic pres-
sure amplitude was heid constant at 0.25 bar. The
growth of a single bubble located near the pressure
antnode was monitored by means of frequent nse-time
measurements. Seventeen diffierent bubbles were ob-
served, and the data were used to compute “he average
ume required for a bubble to grow from selected values
of initial and final radius. The observed average umes
of growth are presented in Table I and compared to
Calculated times of growth during isothermal and adis-
bauc pulsations. The observed times are considerably
shorter than the calculated times. Bubble radii were ob-
served l0 increase from 120 to 180 4, for example, 1o
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Echo Phase-Comparison Technique and Measurement of
Sound Velocity in Water

R. C. Wrritauson

VASA Flecironscs Researci Center,

A\ technique is descnibed in which the ultrasonic time delay
determined by phase coapanson of the echoes with a coberent continuous

Cumbrdee, Massaciuseits 112139

mmnmmumzm s
signal. Corrections for phase shift

aumwmimmiumummmﬂmdmmdmm\rdcnw
dloundulM&mdﬂnﬂhﬂm«k«nB‘onS'ChubmmndnmmhtW.M-nmu
olmd&ymmetomm-mmcm-aummyhlnppmor:o.mm/sr. Excellent

agreement with values in the literature is found.

L INTRODUCTION

Ultrasonic pulse techniques for the measurement of
sound velocity in solids and fluids have become weil
developed in recent vears. For ultimate accuracy and
sensitivity, these techniques must measure time delays
'itharadudonmuchmﬂerthuonecydeofthe
carrier frequency. This usually involves some type of
phase comparison. Ultrasoaic delays are determined by
comparing the phase of an echo in an echn train with
that of another echo'™* or with a coberent continuous
wave at the carrier frequency.*'* It is the purpose of
this paper to present an application of a s--ndard
phase-comparison technique of the latter tvpe (phase-
sensitive detection or homodyne technique) to measure-
ment of the absolute velocity of sound. The necassary
corrections for diffraction and for phase shift of a pulse
on reflection are discussed. Data on sound velocity
in distilled water are gziven and compared in detail

‘. g McSkimmin, |. Acoust. Soc. Amer. 33, 12-16 (1961)

'E. P. Papadaius. |. Acrust. Soc. Amer. 42, (0451051 1967
'R . i J. Acoust. Soc. Amer. 29, 1185-1192 (1956)
‘| Williams and |. Lamb, |. Acoust. Soc. Amer. 30, 308-;1]

'1956).
‘R. P Espinola and P C. Waterman, J. Appl. Phve. 29
T18-721 11958).

! W. Schaas and C. Ralwert, \cusuca 10, 385-393 (1960)

"R. V. Leonard and H. Segwan, . .\coust. soc. .\mer. 10,
14671472 (1966).

'R. |. Blume, Rev. Sa. [astrum. 34. [400-1407 ' 1963).

' C. E. Chase, Phys. Flasds 1, 193-200 (1958).

*W. M. Whithey and . E. Chase, Phys. Rev. (58, 00214
1967).

"' R. . Williamson and (. Z. Chase, Phvs. Rev 176, 285-204
1968).

with similar measurements by McSkimmin® and ather
authors who used different techniques.

L METHOD
A. Standard Phase-Comparison Technique

Before describing the manner in which th: phase-
comparison technique can be applied to measurements
of absolute velocity, a general description of the tech-
nique in its usual form is in order. A biock diagram of
the circuitry is shown in Fig. 1. The output of a signal
generator is fed through a gated amplifier to provide
a burst, which excites the transmitting transducer. The
signal generated in the receiving transducer (or in the
dual purpose transmitting transducer) by the train of
echoes bouncing back and forth between the trans-
ducers is amplified and mixed in the phase detector
(mixer) with a continuous reference signal irom the
signal generator.

Bv means of 2 vanable delav line, the phase of the
reference signal can be placed in quadrature with the
recerved signal of 2 chosen echo thus siving 3 null
output from the phase detector durning the receipt of
that echo. As the ultrasonic delav changes, the setung
of the delav line can be changed to maintain tae null
condition. Changes of delav-iine settings ure thus equal
to changes in « zlav of the ultrasonic signal. ™" Alter-
natelv, the ‘requenc: of the signal ienerator can e
vaned to mantain a null condition.’ Because (hese ure
nuil techniques. ‘hev -an he mage =xtremel\ iensitive

H. [ Meskimmun. [ \coust. ‘oc. Amer 37 .25-,28 1945)
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to small phase shifts. Sensitiviti —-signal periods  the signal generator (Fig. 1) is applied to the trans.

are routinely obtainable and, with an ultrasonic path
containing 10° wavelengths, this results in an over-all
sensitivity p

In situations where high attenuation exists, phase-
companson techniques have another distinct advantage
over other velocityv-measurement schemes. The circuit
shown in Fig. | is essentiall that of a phase-sensitive
coherent detector. By using a boxcar integrator at the
phase-detector output gated on a particular echo
(usually the first when high attenuation exists), it is
possible to measure ultrasonic delav and attenuation
even when the signal is buried in receiver noise. ?

With all the advantages of the phase-comparison
technique enumerated above, the standard application
of the technique has been of limited usefulness because
it is capable of measuring only changes in ultrasonic
delay caused by in suw changes in experimental pa-
rameters, ¢.g. temperature or pressure. With the tech-
nique described above, it is not possible to measure
the total utrasonic delav across a fixed path and
thereby determine the absolute sound velocity,

The technique described in this paper is a means of
using the standard circuit shown in Fig. | to measure
the velocity of sound to high accuracy. As is shown,
the techaique is competitive with any existing means
for the a~curate measurements of absolute sound ve-
locity and is simultaneouslv able to exploit the unique
cap.bilities of phase-sensitive detection for measure-
ment of small velocity changes and highl\ attenuated
signals.

B. Echo Phase Companison Technique

Consider the arrangement of transducers and speci-
men shown in Fig. 2. When a short burst Jated irom

“ R. C. Williamson, “Measurement of the Velocity and Attenu-
auon of Ultrasonic Puises in the Presence o Noise, ' Rev. >a.
Instrum. 40, 670-674 (1969).
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mitting transducer, a senes of echoes will be detected
by the receiving transducer. The irequency of the
signal generator and the phase of the reference can be
adjusted until the reference signal is simultaneously in
Quadrature with the received signal during all of the
echoes. This condition is shown in Fig. 2. When the
reference and received signals are mixed in the phase
detector, a null output will resuit for ever: echo, and
for this “null condition” we can sa\

n
Tmnr=-—

/

where T is the time delav between echoes: n, an
integer; and r=1//, the period of carrier frequency.
The values of f that satisfy Eq. | are referred to as
“null frequencies.”

By obtaining this null condition for a series oi
values of n, it is possible to determine the value for
n for any given null frequency and thus to determine
T From the value of T and the path length between
the transducer faces 4, the uitrasonic velocity u can be
determined :

(1)

u=2d/T'=2f/n,
T = ULTRASONIC DELAY=T. (2)

The .mall corrections, which are upplied to the mea-
sured delay T in order to obtain the ultrascaic delav
T”, are discussed later

Let us examine, more senerall, the form of the
phase-detector output for arbitrarv frequencies. The
output £ of 4 balanced mixer (phase detector) is pro-

" In situations where it is not possible to make measurements
aver 4 suicently wide range of frequencies (o determune n. 4
/€38 accurate value lor the sound velocily mav I obtained (rom
um2dai Am
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portional to the amplitude of the received signal and
a sinusoidal function of the phase difference § between
the references and the received signals. For the kth
recetved echo with amplitude 4,

Ei= i, siné,. (3)

The time delav and amplitude of the kth echo are
given byi

T:-(.-é\'r- (‘-Q)//ﬁ, (4)
damduiedod T, oy ¢SS

where a is the attenuation comstand”and £ the echo

number. Therefore, ‘J
Evm A==V gin(2[1(k=14) [/ fot+o). (6)

The difference in electrical delav between the reference
and signal paths (Fig. 1), including delav in the delayv
line, is absorbed in the phase angie ¢.

When ¢ is adjusted to 0° or 180° (with the variable
delay-line), £, is zero for all echoes (all &'s), when-
ever f=n/, and n an integer. This is the aull condition.
In practice, the delay line must be adjusted slightly
to obtain nulls at different values of n because phase
shifts that occur in the electronics and in the acoustical
coupling change with frequency.

When / is not an integer multiple of /,, we can write

[=(n+rx)fa, 21<} (7)

and
Evm A=V sin(2(h~4)z+0) (8)

In this case, the phase-detector output is a damped
sinwsoidal function of the echo number £ with period
equal to 1, x. Figure 5 shows the phase-detector output

'* For the situation in which only one transducer 3 used as Hoth
transmutter and receiver. « snowid v substituted lor k=4)in
these equations.

for ultrasonic transmission through water at /= | MHz
for various values of / and ¢. The damped sinusoidal
form of the output predicted by Eq. 8 is evident.

The accuracy with which null frequencies can be
determined depends on the precision with which the
phase of echoes far out in the echo train can be re-
solved. This in turn depends on the attenuation con-
stant a, the noise level in the system, how well the
phase within each echo is defined, the capabilities of
the phase detector, and the number of wavelengths in
the ultrasonic path. As a result, the precision varies
considerably from one experiment to another. How-
ever, a general idea of the considerations involved can
be obtained from the following example, which ap-
proximately corresponds to the measurements in dis-
tilled water that are discussed later.

Consider the situation in which the phase difference
between the 11th echo in an echo train and the refer-
ence signal can be resolved to within 10~ signal periods
r. Further echoes are discarded since the resolution of
their phase rapidly deteriorates owing to increased
attenuation. If the round trip delay between successive
echoes is 10? », the delay between the first and 11th
echo is 10° r. Therefore, the over-all time (or frequency)
resolution is 10~ » out of 10° r or 10 ppm.

Although the time delav between anyv two selected
echoes in an echo train can be measured as described
above, the null frequencies are actually determined by
viewing an over-all scope displav described by Eq. 8,
not by careful attention to any Ziven pair ol echoes.
[t is, therefore, instructive to view, in an ulternate
way, the precision with which the null irequencies can
be determined. The smallest value of © that can be
resolved, éx, is reached when r, the frequenct of the
damped oscillation, becomes imall compared to the
damping rate 2ad. The fractional resoiution in aull
frequency or time delay is éz/n (see Eq. 7). Note that
at the crossover point where ix= Jad, the resolution
=lad/n=mar=[1/(), where aa is the ittenuation per
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wavelength
juality

in the sample and i
of the sample. In our example,
therefore, resolution is Umited to values of r of the

the mechanical
2ad= 10~ and
order of 10 The value of » i Eq
aumber of signal periods in one rou
the over-all frequency resolution |
as obtained previously

s about 100
nd tnp delav) and
S therefore 10 ppm

C. Corrections for Phase Shift npon Reflection

The time-delay T between successive echoes in an
echo train differs from the ultrasonic delay 7= 24/u
whenever a nonzero phase shift, v, occurs upon reflec
tion at a transducer-sample interface For a two-
transducer arrangement (two identical reflections 1o
€ach round tnp

T'=T=2(y/2I1)(1/ ¢

or

9

[T ~nw2(y/200).
Therefore, in order to obtain 7" from the measured S g
it is necessary to calculate v accuratel:

)r Lo arrange
the experimental apparatus to make vy as close to 0°

r 180° as possible. In practice, the latter course s

1suallyv chosen
The refection coefficient » at a transducer-sample

intertace s given Dy
rwirie's(Z-2,)/(2+2,) (for pressures 10
where Z i1s the acoustic input impedance to the trans-

lucer assembly (including effects of electrcal oading,
bonding matenals and backings, when present and
Z, is the icoustic impedance of the specimen (usuallv
1Ssumed to be pure real). According to Eq. !0 ~=()°
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Fic a nre eCho traur
‘ransmutted through wvater nase
letector output = 1 T
o= 180° in Eq. 5 of the tex? dme
pRphore gy or '=/0010  o=180° g4 me
tor '=70000  o=180° . ame
lor =70000 iy o= —Q* Total
Sweep leng'h is 1 msec in all cases
or 180°, whenever 2, 2 P &2, ; or

¢) Z a real number
™

L ae technique for .'mmmumg Y {Or measurements in
0lids has been liscussed bv several authors.'™ For

solids, the charactenstic impedance of the tra
matenal Zy is often close to Zs. In this case
15 to approach Condition a bv operating
ducers at resonance since 1n the ideal

effects of bonds and electrical loading are negiscted.

nsducer
the object
the trans
case where

=12, tanll f/ /., 11
and Z goes to zere when the signal frequen
equal to the resonant frequency 7,
For measurements in duids, Condition an be o
tained by the use of buffer rods.:* This technique has
the disadvantage of imuting the iength of the acho

traun, which mav

\ntertere

D¢ examined before unwanted acho
A simple alternate to the use of
scrbed dince Zs for most duid

binations is smaller than Zy¢, the
lition b s suggested. Consider an
0ssiess transducer with resonant freq

aere transqucer co

dttainment ot

mmersed

o a fluid medium of mpedance Z; this case, the
nput impedance Z for a planar acoustic wave ncident
r. the transducer 15

Ry ‘

Zrsinll -~
£ = ol T —————————— — - - A
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nder the assumptions Zs<<Zr urd 2o l. where
= Jand &/ = /- n Eq er
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At A/=0, y=0° .nd the transducer 15 operating as 1
Quarter-wave tlermination with innnite input impe-
dance. This is the technique that was used in the mea.
surements of sound velocity in distilled water, which
are described in this paper

[I. SOUND VELOCITY IN DISTILLED WATER

A. Introduction

Distilled water provides a gooc specimen for testing
and comparison of different sound velocity measure-
ment techniques. Water is stable, readilv available,
has fairly constant acoustic properties and is relativelv
unaffected by impurities, particulari\ dissolved air.'®

Many measurements of sound velocity in water have
been made and good data exist in the literature with
which to make compansons. However, as Greenspan'’
and McSkimmin®® have pointed out, considerable dis-
agreement exists between quoted values of absolute
velocity. McSkimmin has made a studv of the absolute
sound velocity with a techn’ . . of high absolute accu-
racy’ and his values therefoi provide a good standard
of comparison. As is shown later, our values for sound
velocity agree quite well with those of McSkimmin.

B. Experimental Apparacus

The electronic circuit used is basically the same as
that shown in Fig. 1. For ease in setting and measuring
frequency, a frequency svnthesizer was used as the
signal generator. The phase detector was a modified
AC-DC converter.'! A diode switch followed by a
power amplifier served as the gated amplifier. The
remainder of the circuit was composed of standard
commercial components.

The ultrasonic transducers were two 1-in. diam z-cut,
Quartz cryvstals, resonant at 2 MHz. These crystals
were fully plated on both sides and spring loaded
against opposite ends of an accurately machined brass
spacer. The length of the spacer at room temperature
(=25°C) was measured with a micrometer. Several
measurements were made around the circumierence of
the spacer, and were averaged to compute the path
length ¢=35.151740.0004 cm. The spacer was con-
structed such that the region surrounding the ultra-
sonic path contained no solid material except for two
narrow brass posts, which supported the opposing
transducer holders with respect to cach other. By
placing these supporting posts about | cm bevond the
outside edges of the transducers, the ultrasonic path
was essentially free of obstructions und the sound
propagation was iree field.

The transducer ussemblyv was (irect/v immersed in
4 temperature-controlled water hath nlled with the

“M. Greenspan and C. E. Tschuewk, | .\ccust. oc. \mer
28. 501 (1956).

" M. Greenspan, | Acoust. Soc. \mer 3l 347(A) (1959)

* Pacitic Measurements moce' |UUS.

VELOCITY N

WATER

distilled water specimen. The temperature of the bath
was read on 3 —1° to 101°C (0.1°C division) mercur
in glass thermometer supplied with the National Bureau
of Standards certification. When tully immersed, the
indicated thermometer corrections usually amounted
to less than 0.03°C. At the higher temperatures,

emergent stem corrections of as much as 0.2°C were
required.

C. Method

At a few temperatures, null conditions were obtained
for a series of frequencies above and below | MHz.

v making such measurements over a suiciently wide
range of frequencies, it was possibie to determine un-
ambiguously the proper value of for each null fre-
quency (Eq. 2). At each ‘emperature, the delay T
was calcuiated for each of the null frequencies (Eq. 1).
The values of T obtained in this way differed by a
small amount due to the frequencv-dependent phase
shift v predicted by Eq. 9. The value of T at | MHz,
half the resonant frequency, was assumed to be equal
to the ultrasonic delav 7" since Eq. 13 implies y=10
at this frequency. Representative data at a tempera-
ture of 25°C are presented in Table I.

The third column of Tabie I represents the phase
shift upon reflection as obtained from Eq. 9, where T”
is the ultrasonic delay computed for /=1 MHz by
interpolation between the values of T' computed at the
null frequencies. The quantity v/20 shouid vary ac-
cording to Eq. 13. However, the data in Column 3
have a slope versus frequency approximately twice as
large as the predicted value. This result is probably
due to electrical aud mechanical loading effects on the
transducer, which are not accounted for in Eq. 9.
More important, such effects may cause the frequency
at which y=0 to shift away from | MHz. If we make
the assumption that the frequency at which y=0 is
within £29% of | MHz, we can use the slope of the
data in Column 3 to estimate the possible error intro-

Taste I Null frequencies and phase-shift u reflection in
water at 25.00°C. g 408

Frequency waveiengths /T =n (Ref. a)
(MHz) per round tnp (T of a cvele)
090103 62 Ly
091333 ol )
093004 4 1.3
094453 63 1.2
0.95000 06 08
0.97348 'Y N3
0.98798 ) 03
1.00246 " -1
01696 0 -3
103142 | ~-i).3
104589 2 -1.1
1.06037 73 - 1.3
1.07487 74 -l
| 08939 73 - |

See ceal.
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Tavee [I Uncertainties

]}

Quantity Uncertanty Uncertainty
in veiocity
mperature 20.03°C (23°C) =0.0053
i 20.04°C (50°C) =0.0032
20.05°C (75°C) =0.0000
Path length 4:0.0004 cm 20.0080
Thermal expansion +0.0000 cm (25°C) 20.0000
#0.0001 c¢m (30°C) +0.0025
%0.0002 cm (75°C) +0.005%
Frequency =20 Hz at | MHz +0.0020
Phase stuft 20.004 cycles #0.0057

u reflection

iffraction 00050
00127

Over-all

£0.20 mysec (all T

duced by a nonzero y at | MHz. The resuiting un-
certainty is ==0.004 cvcles.

Once » for each null frequency has been determined
at a given temperature, it is not necessary to repeat the
whole procedure at nearby temperatures if the change
in sound velocity is sufficiently small. Over most of the
temperature range, measurements were made only for a
small range of frequencies close to | MHz and the value
of the ultrasonic delay and sound velocity at | MHz
were interpolated from these measurements.

The final value for the sound velocity was obtained
by applying a correction for the thermal expansion of
brass (17 ppm/°C) and for effects of diffraction. The
magnitude of the diffraction correction for each echo
was computed from the equations and empirical study
by McSkimmir." Bevond the third echo, this correc-
tion was relatively constant at — (1 8£0.5)X 10~ for
all visible echoes. Therefore, when determining the
frequencies for the best null conditions, the first two
or three echoes were ignored and a constant correction
was applied for all the remaining echoes.

D. Uncertaintier

The major sources of possible error in this experiment
are listed in Table II. As can be seen from the Table,
the largest source of error is uncertainty in the path
length and in the correction far thermal expansion.
The values listed for thermal expansion and diffraction
in Table I are the uncertainties in the magnitude of
the correction to the measured sound velocity and are
not equal to the magnitude of the corrections them-
selves. The fact that the uncertainty in frequency is
among the smallest in Table II indicates that the echo
pbase-comparison technique has capabilities for mea-
suring time delavs that have not been fully expioited
in these measurements. The over-all uncertainty of
=0.013%, or £.20 m, sec is computed by treating all
values in Table [I as random errors.

*H. J McSkimmun, |. Acoust. Soc. Amer. 32, [H01-1404

(1960)
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Tauce (1. Veincit
il temperature

ot sounad in istilled water IS L lunction

e —
Temperature Velocity A (Ref. a)

= m sec m sec
°2.97 1491.07 PRIR)
1398 1493 87 001
25.00 1496.635 000
26.01 1499 29 0.06
26.97 1501.70 00
28.00 1504 .31 0.02
29.00 1506.71 -0.01
30 00 1509 10 -0.07
35.00 1519 85 0.03
40.00 1528.92 0.09
45.00 1536.42 0.05
50.00 1342.56 -0.01
35.00 1347 41 0.03
0.0 1351.13 017
63 .04 1333.61 G19
70.00 1554 90 0w
73.00 1355.22 0.13
7400 1333.30 0.21
75.00 1335.50 0.22

* Companson with Ref. (2. See text.

't should be noted that the frequency of | MHz
used in these measurements is much lower than the
frequencies normally used in ultrasonic pulse measure-
ments. If, for example, a frequency of 30 MHz were
used, the number of wavelengths in a round trip
(m in Eq. 7) would be 30 times as large and the corre-
“Sponding accuracy would be 30 times greater. In addi-
tion, diffraction effects would be much smaller. How-
ever, the increased accuracy obtainable bv going to
higher frequencies is limited by the correspondingly
higher attenuation, which limits the number of usable
echoes. More fundamentally, it is difficult with any
technique at any frequency' to obtain a velocity resolu-
tion much less than the inverse of the mechanical
quality of the sample.

E. Results

Table [II shows the daia obtained in this experiment
over the temperature range from 23° to 73°C. These
data are compared with the values obtained by inter-
polation from the data of McSkimmin,* whose values
are lower than those listed by A. Excellent agreement is
obtained up to 33°C. Above this temperature, the agree-
ment is not as good, but A& remains within the combined
uncertainties of our measurements (McSkimmind-
%0.10 m, sec, this work : =0.20 m/ sec). These measure-
ments confirm the accuracy of McSkimmin's resuits
and indicate the accuracy and usefulness of ‘the echo
phase-companson technigue.

Recentiy, very uccurate measurements of 'sound ve-
locity in water have heen made b Camvale ef W, at
the Naval Oceanographic Office.® ur ata overiap

®A. Camvale, P. Bowen, M. Basiieo. and J. Sprenke, |.
Acoust. Soc. Amer. 44, [098-1102 (1968).
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theirs 4t four points, 23° 30° 33° and 40°C. The
differences in the sound velocities that we measure are
(this work=—-NAVOCEANG,: —0.04, +0.04, ~+~0.10,
and +0.10 m sec, respectively. Again, agreement within
the stated accuracy is obtained.

A comprehensive comparison with other data in the
literature can be made by referring to Refs. 12 and 21.
Our data agree quite well with all of the most accurate

" R. A McConnell and W. F. Mruk, J. Acoust. Soc. Amer.
27, 672676 (1933).

WATER

measurements except those of Greenspan and Tschiega
and Wilson,® whose values for velocity lie consistently
higher than ours.
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Responses to NRC Questions: September 29. 1998

Question 29:

How 1s the LEFM used currently to provide cor .ction factors to the venturis? [s the

correction determined on the basis of the absolute accuracy or the repeatability of the
LEFM?

Answer:

The LEFM s used at Comanche Peak to directly calibrate the nuclear instrumentation.
The correction factor is used only to keep the venturi calibration contemporary for use in
the event that the LEFM is unavailable.

A correction factor is calculated in accordance with a plant procedure which has its
methodology based on approved calculation. A minimum of 50 separate two hour data
sets of FW mass flow rate from the LEFM and venturis are recorded in a spreadsheet.
The percent difference of each data set, the average percent difference of all data sets,
and the standard deviation of all data sets is calculated. The correction factor is
calculated from the average percent difference plus the two standard deviation margin.
The spreadsheet calculation is independently reviewed. documented by a TE, and given
to the System Engineering Computer Group to implement in the appropriate plant
computer software under an approved change process.

The Plant Computer multiplies the feedwater flow rate as determined by the venturis by
the correction factor. This correction is displayed on the plant computer as “NET LEFM
CORRECTED POWER" and is available for use when the LEFM is out of service. The
LEFM 15 used directly when it is in service. The 2 standard deviation margin used in the
correction factor calculation prevents this corrected MWth from being equal to the MWth
calorimetric power determined directly from the LEFM.

The correction is based on the absolute accuracy of the LEFM but a high degree of
repeatability is also required.

Attachments:

None



