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nternational Electrotechnical Commission (IEC) is a worldwide organization for standardization-co
ational electrotechnical committees (IEC National Committees). The object of IEC isp to

ational co-operation on all questions concerning standardization in the electrical and elecfronic f]
bnd and in addition to other activities, IEC publishes International Standards, Technical Speci
hical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to

cation(s)”). Their preparation is entrusted to technical committees; any IEC National Committee in
e subject dealt with may participate in this preparatory work. International, ;governmental 3
nmental organizations liaising with the IEC also participate in this preparation~|EC collaborate
the International Organization for Standardization (ISO) in accordance with conditions detern
ment between the two organizations.

lormal decisions or agreements of IEC on technical matters express, as (hearly as possible, an inte
bnsus of opinion on the relevant subjects since each technical committee has representation
sted IEC National Committees.

Publications have the form of recommendations for international-use and are accepted by IEC
nittees in that sense. While all reasonable efforts are made.to ensure that the technical conten
cations is accurate, IEC cannot be held responsible for,"the way in which they are used or
terpretation by any end user.

der to promote international uniformity, IEC National)Committees undertake to apply IEC Puj
parently to the maximum extent possible in their national and regional publications. Any di
ben any IEC Publication and the corresponding wational or regional publication shall be clearly ind
tter.

tself does not provide any attestation of conformity. Independent certification bodies provide cqg
Esment services and, in some areas, access to IEC marks of conformity. IEC is not responsiblg
Ces carried out by independent certification bodies.

ers should ensure that they have,the latest edition of this publication.

bbility shall attach to IEC or its\directors, employees, servants or agents including individual exp
bers of its technical committees and IEC National Committees for any personal injury, property d3
damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fé
hses arising out of the\'publication, use of, or reliance upon, this IEC Publication or any o
cations.

bensable for the'\correct application of this publication.

tion is drawn to the possibility that some of the elements of this IEC Publication may be the s
t rights..JEC shall not be held responsible for identifying any or all such patent rights.

ain, \task of |IEC technical committees is to prepare International Standa

mprising
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as “IEC
terested
nd non-
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rnational
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tion is drawn to the/Normative references cited in this publication. Use of the referenced publicjtions is

Ibject of

rds. In

onal circumstances, a technical committee may propose the publication of a te

chnical

the required support cannot be obtained for the publication of an International Standard,

des

pite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62903, which is a Technical Specification, has been prepared by IEC technical
committee 87: Ultrasonics.
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The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
87/652/DTS 87/659/RVDTS

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

In this [standard, the following print types are used:
o terms defined in Clause 3: in bold type.

The committee has decided that the contents of this document will remain-inchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch/inthe data related to
the spdcific document. At this date, the document will be
e recopnfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued)at a later date.
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INTRODUCTION

An ultrasonic transducer is an important acoustic device that can act as a transmitter or a
receiver in the applications of medical ultrasound, non-destructive testing, and ultrasonic
materials processing. The performance of a transducer is a decisive factor that governs the
device's range of applicability, efficiency and quality control in the manufacturing. The
mechanisms, transmitting fields, performances, and measurement methods used for these
transducers have been studied over the past few decades. However, the electroacoustical
characterization and measurement methods applied for spherically curved transducers have
not been defined in standard documents for either terms or protocols.

This dpeument—defines—the—rolevantslesctroacoustical parameters—for—these—deviees and
establighes the self-reciprocity measurement method for spherically curved concavefgcusing
transdycers.
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ULTRASONICS — MEASUREMENTS OF ELECTROACOUSTICAL

C 2018

PARAMETERS AND ACOUSTIC OUTPUT POWER OF SPHERICALLY
CURVED TRANSDUCERS USING THE SELF-RECIPROCITY METHOD

1 Sc

ope

This document, which is a Technical Specification,

a) establishes the free-field convergent spherical wave self-reciprocity method for ult

tran

sducer calibration,

b) establishes the measurement conditions and experimental procedure' | requi

det
the

c) establishes the criteria for checking the reciprocity of these transducCers and the

ran

d) pro
for

This dg

i) circ
the

brmine the transducer's electroacoustic parameters and acoustic output’ powe
self-reciprocity method,

je of the focused field, and

vides guiding information for the assessment of the overall measurement uncer
Fadiation conductance.

cument is applicable to:

ular spherically curved concave focusing transdueers without a centric hole wo
linear amplitude range,

ii) megsurements in the frequency range 0,5 MHz\t6 15 MHz, and

iii) aco
2 No

The fo
conten
cited a
any am

IEC 60
electro

3 Te

ustic pressure amplitudes in the focused field within the linear amplitude range.
rmative references

lowing documents are referred to in the text in such a way that some or all

constitutes requirements:-of this document. For dated references, only the
bplies. For undated references, the latest edition of the referenced document (in
endments) applies.

D50-801:1994, \International Electrotechnical Vocabulary — Chapter 801: Acoust
bcoustics

rms-and definitions

fasonic

red to
[ using

linear

ainties

king in

Df their
edition
cluding

cs and

1:1994

F thr nnnnnnnnn of thic doecimaant tha tarene A AAafinitiane ~hv Al 1 IEC cNANEN O
or thé—purpoeses—ef-this—decument—the—terms—and—defiritions—givertrtEG-66650-8

and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC

Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1

Pav
averag

acousti

e acoustic pressure
c pressure averaged over the effective area of the transducer

Note 1 to entry: Average acoustic pressure is expressed in pascals (Pa).
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3.2
rav(B)

averag

e amplitude reflection coefficient

ratio of the free-field echo average acoustic pressure p_,(f) reflected by the reflector on the
geometric focal plane over the space area coincident with the effective area of the
spherically curved transducer of focus half-angle g, if the transducer were removed, to the
reference acoustic pressure p, on the effective area of the transducer in a non-attenuation
medium with negligible diffraction, r,,(f) = pav(8)/pg

3.3
Gsf
diffrac

ion correction coefficient

ratio of
curved
length
plane,

attenugd

3.4

A
effecti
<transq
field di
of the {

Note 1 t
the geon|

transducer's virtual image at a position in the distance of twice geometric
from the transducer, if an ideal reflecting mirror were located on the géeometr
to the reference acoustic pressure of the transducer in the freeifield of
tion medium

e area

ucer> area of the radiating surface of a theoretically predi¢ted transducer with s
stribution characteristics that are approximately the same as those of a real tran
ame type

entry: For a spherically curved transducer, the thearetically predicted acoustic pressure distril
etric focal plane of a transducer should be approximately the same as that of the real transducer]

same gejometric focal length when operating at the same frequency.

Note 2 t
radius.

Note 3 t(

3.5
Male
electra
ratio of]

3.6
electrag
electrag

entry: The half-aperture of an effective area‘is also named the effective half-aperture or the

entry: The effective area of a transduger is expressed in metres squared (m?).

acoustic efficiency
the acoustic outputypower to the electric input power

acoustical.reciprocity principle
acoustical-reciprocity theorem

principle that (the ratio of the free-field voltage (current) sensitivity of a rec

transd
reciprd

Licer-as’ a receiver, to the transmitting response to current (voltage)
cdl transducer as a projector is constant

the average acoustic pressure over the spherical segment surface of the sphlerically

focal
c focal
a non-

pecific
sducer

ution on
with the

effective

procal
of the

Note 1 to entry: This principle is independent of the construction of the reciprocal transducer.

3.7

free-field
sound field in a homogeneous isotropic medium whose boundaries exert a negligible effect on
the sound wave

[SOUR

CE: IEC 61161:2013, 3.2]
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3.8

M

free-field voltage sensitivity of a spherically curved transducer

receiving voltage response of a spherically curved transducer

ratio of the open-circuit output voltage of a spherically curved transducer within the field of a
point source at the geometric focus to the free-field acoustic pressure acting on the space
surface where the transducer surface was present, if that transducer were removed

Note 1 to entry: Free-field voltage sensitivity of a spherically curved transducer is expressed in volts per
pascal (V/Pa).

3.9

geometric beam boundary
surfacqg containing straight lines passing through the geometric focus and all points faround
the periphery of the transducer aperture

Note 1 tg entry: The definition applies to transducers of known construction.
[SOURLCE: IEC 61828:2006, 4.2.36]

3.10
Fgeo
geometric focal length

distange from the geometric focus to the ultrasonic transducer‘sfocusing surface

Note 1 tp entry: The definition applies to transducers with known.€onstruction and is equal to the fadius of
curvaturg of the radiating surface.

Note 2 tp entry: The focusing surface is the surface of constant phase, whose periphery is coincident|with the
transducer's aperture.

Note 3 t¢ entry: Geometric focal length is expressedsin.metres (m).

3.11
geometric focus
point fgr which all of the effective path-lengths in a specified longitudinal plane are equal

Note 1 t¢ entry: The geometric foeus.is also the point for which all waves from the transducer have the same
delay as|viewed in the approximation‘ef geometrical acoustics neglecting diffraction.

[SOURIE: IEC 61828:2006' 4.2.39, modified — In the definition, the added explanation|for the
definitipn "Also, the pointfor which all...diffraction." has been moved to a Note to entry.

3.12
LMpe
pulse-¢cho.sensitivity level
ratio of the.received open-circuit voltage for the first echo signal of the spherically |curved
transdycer’when acting as a receiver to the exciting voltage of the transducer whe¢n it is
transmitting a tone burst ultrasonic beam in a direction perpendicular to an ideal plane
reflector (r = 1) at the geometric focal plane

Note 1 to entry: The ratio is expressed in decibels (dB).

3.13

G

radiation conductance

ratio of the acoustic output power and the squared effective transducer input voltage

Note 1 to entry: It is used to characterize the electrical to acoustical transfer of ultrasonic transducers.
Note 2 to entry: The frequency of the input voltage (or current) should be noted.
Note 3 to entry: Radiation conductance is expressed in siemens (S).

[SOURCE: IEC 61161:2013, 3.8, modified — In the definition, "RMS" has been replaced with
"effective".]
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3.14
reciprocal transducer
linear, passive and reversible transducer

Note 1 to entry: An example of a non-reciprocal transducer is one that mixes a magnetic field device with an
electric field device.

[SOURCE: IEC 60565:2006, 3.24]

3.15

J

reciprocity parameter

<trans i to the
transnyitting response to the current of the transducer as a projector, or the natig| of the
free-figld current sensitivity of a transducer as a receiver to the transmitting-respgnse to

the voltage of the transducer as a projector

Note 1 t¢ entry: The reciprocity parameter of a spherically curved transducer, J = J, iS)équal to the qyotient of
twice thqg effective area of the transducer divided by the acoustic characteristic impedance, 6f the medium,|i.e.

Jg = 24/(p ¢)
where
A is the effective area of curved surface of the spherically curved transducer;
p is the (mass) density of the medium;

¢ s the speed of sound in the medium (usually water).

Note 2 tg entry: The reciprocity parameter is expressed intwatts per pascal squared (W/Pa?).

3.16
Po

reference acoustic pressure
producf of the uniform normal particle® velocity on the spherically curved surface|of the
transddcer and the characteristic impedance of the medium

Note 1 t¢ entry: Reference acoustic pressure is expressed in pascals (Pa).

3.17
reversible transducer
transddcer capable oflacting as a projector as well as a receiver

[SOURCE: IEC-60565:2006, 3.26, modified — In the definition, "hydrophone" hag been
replacgd with “receiver".]

3.18
self-reciprocity method

transducer calibration method based on the reciprocity principle that uses the received echo
signal from the plane reflector that is set perpendicular to the incident beam axis of the
transducer

3.19

Si

transmitting response to current

transmitting current response

ratio of the reference acoustic pressure on the radiating surface of a transducer in the free-
field in the absence of interference effects to the current flowing through the electrical
terminals of a projector at a given frequency

Note 1 to entry: Transmitting response to current is expressed in pascals per ampere (Pa/A).


https://iecnorm.com/api/?name=c4175d1f6ab2b62b9fe32af684a306e6

3.20
SU

-12 - IEC TS 62903:2018 © IEC 2018

transmitting response to voltage

transmitting voltage response

the ratio of the reference acoustic pressure on the radiating surface of a transducer in the
free-field in the absence of interference effects to the exciting voltage of a projector at a
given frequency

Note 1 to entry:

4 Symbols

Transmitting response to voltage is expressed in pascals per volt (Pa/V).

QUL O N 8

effective half-aperture, effective radius of transducer
effective area of transducer
speed of sound in sound propagating medium usually in water

distance from the centre of the transmitting surface of théJtransducer| to the
reflecting plane of the reflector in the geometric focal plane

resonant frequency

central frequency

(= R) geometric focal length
radiation conductance

diffraction correction coefficient for-Spherically curved transducer in free-
field self-reciprocity calibration

height (depth) at the centre of a spherical segment
acoustic intensity

exciting current amplitude, effective exciting current
short-circuit current amplitude of the generator

first echo current amplitude

reciprocity parameter of transducer

reciprocity parameter of spherically curved transducer
(= 2z/2), cireular wave number

ratio of the acoustic pressure at the geometric focus to the refprence
acoustic pressure on the radiation surface of the transducer

distance from the centre of receiving surface of the hydrophone to the cgntre of
the transmitting surface of the transducer along their common axip after
alignment

pulse-echo sensitivity level

rav(B)

free-field voltage sensitivity (receiving voltage response) of a spherically
curved transducer

reference acoustic pressure of a radiating surface
acoustic output power
electrical input power

(=(1 + cosp)/2), ratio of the true time-average intensity / to the time-average
derived intensity I, at the geometric focus

mechanical quality factor
amplitude reflection coefficient

average amplitude reflection coefficient on a plane reflector in the geometric
focal plane in water for a spherically curved transducer

radius of curvature
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S; transmitting response to current

Si transmitting response at geometric focus to current

Sy transmitting response to voltage

Syt transmitting response at geometric focus to voltage

At acoustic pulse transit time

Uy open-circuit voltage amplitude of tone burst generator

Ut, Utrms exciting voltage amplitude, exciting effective voltage of the transducer

U, maximum of the first echo voltage amplitude received by the transducer to be
calibrated in self-reciprocity calibration process

Urr output voltage of the current probe picked up the exiting current |of the
transducer

Ulecho output voltage of the current probe picked up the first echo, current|of the
transducer

Uy output voltage of the current probe picked up the short-¢ircuit current| of the
tone burst generator

Urms effective voltage

v particle velocity

wg -3 dB beamwidth on geometric focal plane

we —6 dB beamwidth on geometric focal plang

Yt electric admittance of transducer

Z electric output impedance of generator

Zt electric impedance of transducer.

a acoustic attenuation coefficient in medium (usually in water)

p (= arcsin(a/R)), focus half-apgle

O electric impedance angle

p (mass) density of.the sound propagating medium (usually water)

Nale electroacoustic_efficiency

A wavelength

T pulse duration

5 Ggneral

The trgnsducer characteristics include the ultrasonic field parameters and the transinission
and regeption performance parameters.

The focused field performance parameters include the effective half-aperture (the effective
radius), the beam width, the effective area, the geometric focal length, and the focus
half-angle for spherically curved transducers.

The transmission performance parameters include the radiation conductance, the acoustic
output power, the free-field transmitting response to current (voltage), the
electroacoustic efficiency, and the electric impedance.

The reception performance parameter is the free-field voltage sensitivity.
The transmission-reception parameter is the pulse-echo sensitivity level.

In this document, the beam profile method using a hydrophone is defined for the
measurement of the field performance parameters; the self-reciprocity method is defined for


https://iecnorm.com/api/?name=c4175d1f6ab2b62b9fe32af684a306e6

- 14 - IEC TS 62903:2018 © IEC 2018

the measurement of the free-field transmitting response to current (voltage), the free field
voltage sensitivity, pulse-echo sensitivity level, and the acoustic output power (see Annex
E); the radiation conductance is derived from the acoustic power and the effective exciting
voltage; the electroacoustic efficiency is calculated from the acoustic output power and the
detected electrical input power. Relations between these electroacoustical parameters are
given in Annex G.

6 Requirements of the measurement system

6.1 Apparatus configuration

The el ; onitor
(probe), an oscilloscope and two switches. The acoustical system consists of a water_tank for
the mepsurements, a measurement hydrophone, fixtures, positioning and orientation slystems

(for both the transducer and the hydrophone), displacement sensors or indicators,|and a
stainlegs-steel reflector, as shown in Annex F. The apparatus for determining the effective
radius and the self-reciprocity calibration are shown in Figures F.1 and F.2,“fespectively.

6.2 easurement water tank

The tahk shall have sufficient effective space of water bathto-ensure that the maximum
distange between the hydrophone and the transducer canvbe achieved to mget the
requirements for fixtures, positioning and orienting the devices. The minimum dimensjions of
the tank for the tone burst field measurement only shoulg be
(R + ct) x (2Rct + ¢212)112 x (2Rcr + ¢2¢2)1/2 (length x wjdth x height), where R is the rgdius of
curvatdre, ¢ is the speed of sound in water, 7 is the.pulse duration and less than or equal to
30 cycles. Considering other requirements the" tank should be not smaller than
0,55 m|x 0,32 m x 0,38 m (length x width x height). The tank is filled with degassed| water,
and thg water temperature is indicated by a thermometer.

6.3 Fixturing, positioning and orientation systems

nsducer and the hydrophone ‘'shall be fixed on fixtures that allow positional adjystment
of the devices in three perpendicular directions as well as allowing their angles of gzimuth
and elgvation to be independently and continuously being adjusted. The positioning agcuracy
should|be better than +0,1 mm~in the axial direction z and £0,01 mm in the lateral diregtions x
while the orientation accuracy should be better than +0,05°. The resolution| of the

The reflector_isd thick plate or cylinder made of stainless steel. One of the planes or terminal
surfacgs of{ the reflector is used as a reflection plane that should be flat to 10 ym and|should
also show(a surface finish good to 5 um. The thickness of the reflector shall be large ¢nough
to ens i ' ; e front
surface at the lowest frequency used. The reflector diameter shall be sufficient to reflect the
entirety of the ultrasonic beam energy. The reflector diameter should be at least twice the
-26 dB beam width or greater than the aperture of transducer whichever is the greater. The
average amplitude reflection coefficient r, () is almost a constant 0,973 at the interface
between water and stainless steel when the focus half-angle g is less than 13°. For other g
values, r,,(B) can be picked up from the data of Table A.2 in Annex A.

6.5 Current monitor (probe)

The frequency response of the current sensitivity of the monitor should be constant up to
1,4 times of the frequency of the current to be measured. The maximum detectable current
should be greater than 1,5 times of the current to be measured. The rise time should be
shorter than or equal to 20 ns. The accuracy should be better than or equal to 1 %.
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6.6 Oscilloscope

The bandwidth of the oscilloscope should be greater than or equal to 70 MHz. The resolution
of voltage should be better than 1 mV. The error of voltage measurement should be less than
or equal to +2 %.

6.7 Measurement hydrophone

The maximum radius ay, 5« Of the hydrophone active element should satisfy Formula (1):

ah,manginvl2+a2 (1)

where [ is the distance between the hydrophone and the transducer, a is the effective half-
apertune of the transducer, and 1 is the wavelength. The hydrophone used for-the prdcedure
does npt need to be calibrated.

7 Magasurement of the effective half-aperture of the spherically curved
transducer

7.1 $etup

The trgnsducer and the hydrophone are arranged in the water tank as shown in Figurd F.1. A
tone biirst generator is used to excite the transducerydirectly or using a matching network.
The hydrophone is used to detect the acoustic pressure in the field. The oscilloscope [s used
to deteft the exciting voltage of the transducer, the autput voltages of the hydrophone and the
currentl monitor.

7.2 Alignment and positioning of the hydrophone in the field

IEC 61B28:2006 is the measurement. guideline of this section. Only the geometri¢ focal
lengthlis used in this document.

Firstly,|the exciting voltage and)frequency of the transducer shall remain constant. Then, the
maximyim sensitivity direction. of the hydrophone shall be aligned with the beam axig| of the
transdycer to maximize_the output voltage of the hydrophone. In the third step, the axial
distange between the hydrophone and the transducer along the beam axis shall be agjusted
to makle the acoustic-pulse transit time Az between the transmitted pulse and the directly
receivgdd pulse ofithe hydrophone equal to R/c, where R is the radius of transducer surface
curvatyre, i.e. theigeometric focal length, and c is the speed of sound. i.e.

Atg = Ric. (2)

Generally, R is known by the designer or manufacturer. ¢ is the speed of sound in water (see
Annex D).

7.3 Measurements of the beamwidth and the effective half-aperture

Scanning of hydrophone along the x axis and the y axis across the geometric focus in the
focal plane (x,y,R) allows two pairs of -3 dB and -6 dB beamwidth (w3,, w3, and wg,, wg,) to
be detected, respectively. The effective half-aperture or the effective radius of the transducer
is calculated from the average beamwidths w3 and wg in two directions as

; zﬂ[tez . 2,22} 3)
2n w3 Wg

where wy = (W3X + W3y)/2’ we = (WGX + W6y)/2
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7.4 Calculations of the focus half-angle and the effective area

The focus half-angle g of the spherically curved transducer is given as follows
S = arcsin(a/R). (4)

The effective area of the spherically curved transducer is given as follows:

A =27nR?(1-cos f3) ()

8 Mﬁ;umwmmmmmnmtput
power

8.1 $elf-reciprocity method for transducer calibration
8.1.1 Experimental procedures

The trgnsducer and the reflector are arranged in the water tank as«shewn in Figure F{2. The
working frequency of the tone burst generator is set at a frequency f, and the output voltage is
kept cdnstant. The pulse duration is equal to or less than 30 cycles, and the duty cyclg factor
is appfoximately 1/30. The open-circuit voltage Uy and the “short-circuit current I, |of the
generator are detected using the oscilloscope and the current monitor. If Uy is very lgrge, I
should|not be detected to avoid damage to the generatoer{ The transducer to be measjured is
then excited and the position and directions of the transducer shall be adjusted precisely so
that the first echo voltage U, is maximized when\the beam axis is perpendicular|to the
reflectqr, and the reflector distance from the transducer 4 remains equal to the gegmetric

focal length Fgeo by keeping the pulse transit time equal to 2R/c.

Finally] the oscilloscope and the current monitor are used to detect the exciting voltgge Uq,
the exgiting current /1, the phase difference 6, between Uy and I, the echo voltage U4, and

the echo current 7.,,,-

If the sjgnal-to-noise ratio of the.echo current signal is too low to prevent excessive distortion,
then ngise reduction processing is required. The root-mean-square (RMS) echo currenpt after
noise reduction is equal tonthe square root of the difference between the mean squar¢ value
of the detected echo current with noise and that of the detected net background noise.

8.1.2 Criterion<{or'checking the linearity of the focused field

The repersible\ properties of the transducer can easily be confirmed by the designer and
cedure
ely be
pcused
field is determined empirically by increasing the excitation voltage continuously and finding
the point where U,/U+,,,¢ decreases down by 5 % or more. Because the acoustic pressure at
the focus is much greater than that on the radiating surface, the nonlinear effects occur easier
in the focal region than in the transducer itself. The upper limit of the linear working range of
the transducer is generally greater than that of its linearly focused field. The nonlinear effects
and the cavitation in the focused field limit the application of the self-reciprocity calibration.

8.1.3 Criterion for checking the reciprocity of the transducer

The linearity of the transducer can be checked by picking up the vibration signal U, from a
small piece of PVDF sensor glued on the radiating surface. Then, increase the exciting
voltage Ut continuously and determine Uy, and Uy simultaneously. The checked change value
of Uy/Ut should be kept within the required tolerance, such as +5 %, where the maximum
exciting voltage represents the upper limit of the linear working range of the transducer.
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A passive and reversible transducer working within the linear range is a reciprocal
transducer.

8.2 Calculations of the transmitting response to current (voltage) and voltage
sensitivity

According the electroacoustic reciprocity principle detailed in Annex E the transmitting
response to current (voltage) is given by

S[:\/ pclUq iy zeaa’ (6)
2 Arg (B)Ggs It

SU:\/ pCU1 Ik Zead (7)
2 Argay (B)Gst Ut

and thg voltage sensitivity is given by

2A4U4 [
M :\/ 1 1k - ed (8)
P cray (B)Gst I
where
d is the distance between the reflector and theytransducer, and d = F¢, for a spherically

curved transducer;

a is the acoustic attenuation coefficient in~water (see Annex D);
rov(B) |is the average amplitude reflection coefficient on the reflector for the sphgrically
curved transducer during the self-reciprocity calibration (see Annex A);

is the diffraction correction coefficient of the spherically curved transducer|during
the free-field self-reciprogity calibration (see Annex B and Annex C).

sf

When the exciting voltage is_very high, U4/, should be replaced with Uglgqpo-

8.3 Calculations of the transmitting response at geometric focus to current (voltage)

The trgnsmitting response at geometric focus to current (voltage) is given by

U, [
S[f =km1/ pPcUq Lk ead (9)

v2 LN 72

4
“Irav\f~/M~st L]

SUf:km\/ pCU1 Ik zead (10)
2 Aray (B)Gss Ut

where k,, is the ratio of the acoustic pressure at the geometric focus to the reference
acoustic pressure on the radiation surface of the spherically curved transducer

k,, =kh=kR(1-cos ), k = 2n/A, and h is the height (depth) at the centre of the spherical
segment.
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8.4 Calculation of the pulse-echo sensitivity level

The pulse-echo sensitivity level is given by

Uq 1

8.5 Measurements of the radiation conductance and the mechanical quality factor Q,

8.5.1 Calculations of the acoustic output power and the radiation conductance

The pullse average output power for a tone burst wave equal to the temporal average|output
power pf a continuous wave with the same acoustic pressure amplitude is given by

__ Uik 2w (12)
Aray (B)Gst
The radliation conductance is given as
G = U1 Ik > eZO{d (13)
4”av (ﬁ)GSf UTrms

8.5.2 Measurement of the frequency response-of the radiation conductance

When |[changing working frequency adjacent to the maximum radiation condugctance
frequency fy, the frequency response G(f) ofithe radiation conductance should be measured.
The resonant frequency f, and the edge frequencies f; and f, of the -3 dB bandwidth in the

G(f) curve are detected, where f; and f, are the nearest frequencies with a half-maximum
radiat:tm conductance values, and-f, > fy > f;. Then the mechanical quality factor Q,, is
calculated by Formula (14), wherg the bandwidth is Af' = f, - f

Om = fo/& (14)

For transducers with Jow O, where detection of the resonant frequency f; is difficlilt, the
centrallfrequency fov= (f4 + f5)/2 should be used instead of f.

8.6 Measurement of the electroacoustic efficiency

8.6.1 Calculation of the electric input power

The electric input power is calculated as
P, =05 Ut I7 cosby. (15)

8.6.2 Calculation of the electroacoustic efficiency

The electroacoustic efficiency is given by

Nate =P/Psx100% . (16)
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8.7

Measurement of the electric impedance (admittance)

A network (impedance) analyzer should be used to measure the electric impedance
(admittance) of the transducer in the free-field (in an echoless water tank) at the working
frequency or within the working band.

An alternative method involves the calculation of either the electric impedance Z; or the
electric admittance Y7, as follows

When
Formul

9 Me
Over tk
the wo
measu
uncertd
e Theg
e Theg
e Theg

tha
e Theg
e Theg
More in

Z1 = (Ut /I7)(cos O + jsinG,),

(17)

Y1 =(I1 /Ut )(cosfs — jsinb,).

he impedance is set to be in a frequency band, U, I7 and their phase’ differeng
s (17) and (18) should be measured over this frequency band.

asurement uncertainty

e frequency range from 0,5 MHz to 15 MHz, five spherically curved transduce
rking frequency range 0,532 MHz to 15 MHz wereimeasured and their va
ement uncertainty were evaluated. The following ‘values represent the ex
inties with a coverage factor of two.

measurement uncertainty of the radiation conductance shall be better than 17
measurement uncertainty of the acousti¢,output power shall be better than 17 9

measurement uncertainty of the transmitting response to voltage shall be
N 8,5 %.

measurement uncertainty of the voltage sensitivity shall be better than 9 %.
measurement uncertainty of the electroacoustic efficiency shall be better tha

formation on uncertainty determination is provided in Annex H.

(18)

e 0 in

rs with
ues of
panded

%.

.

better

n 18 %.
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Annex A
(informative)

C 2018

Relation of the average amplitude reflection coefficient on a plane
interface of water-stainless steel and the focus half-angle for a normally
incident beam of a circular spherically curved transducer [1, 2]1

The average amplitude reflection coefficient is a function of the focus half-angle. On the
interface its value can be calculated by Formulas (A.1) to (A.9) or by interpolation of the data
in Table A.2.

The av|
in the ¢

to (A.9).

where
coeffici

where

respec
directid
transve

liquid medium.

eometric focal plane for a spherically curved transducer is expressed by Formul
(14019 [ (0)ame
p— A =
rav(B) = y 1_cos B

p; is the incident angle, g is the focus half-angle, and »(6;) is the amplitude re
ent of the plane wave with an incident angle 6; on.th'e plane reflector.

o | Z, €0S% 20 + Zp)8IN? 20, — Z,, |

r(ei ) - 2 .2 ’
|Z2L COS® 20, £Z,r SiN“ 20, +Z,, |

Dy and 6,1 are the refraction anglegfor the longitudinal wave and the transverse
ively. Z, and Z,; are the equivalent characteristic impedances in prop
n of the refraction beam in the reflection medium for the longitudinal wave &
rse wave, respectively. Z,plis the equivalent characteristic impedance in the i

. C .
6y = arcsin| —2--sin@
oL

. C .
O = arcsm(ﬂsmG,J
aL

erage amplitude reflection coefficient on the plane interface of water-stainlegs steel

as (A.1)

(A.1)

flection

(A.2)

wave,
hgation
nd the
ncident

(A.3)

(A.4)

Zy =P, Co [0S
Zyr = Py Cor[COSOy

Zy =pyCy /COS 0,

(A.5)

(A.6)

(A.7)

where pq, c¢q and p,, ¢y, co7 are the (mass) density, speed of sound in incident liquid
medium and reflection medium for longitudinal wave and transverse wave, respectively.

1 Numbers in square brackets refer to the Bibliography.
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The critical angle on the liquid-solid interface for the longitudinal wave and transverse wave in
turn are

0., = arcsin(c, /¢y ) (A.8)
and

0., =arcsin(c, /cyr) (A.9)

Formul (A 9) is the nyprneeinn of the Qmplihldn reflection coefficient V(F)i) fora Ir_\lnnn wave. If

the indident angle 0, is greater than the second critical angle 6., the full inner (gflection
happens (#(6;) = 1). The parameters used in all calculations are listed in Table A.1¢

Table A.1 — Parameters used in calculation of
the average amplitude reflection coefficient

Mediurt P 1L CaL Cat O ez
(103 kg/m3) (102 m/s) (102 m/s) (102 m/s) °) )

stainlegs steel 7,910 - 5,790 3,100 14,93 2877

water 1 1,492 - = - o

The calculated values of the amplitude reflection ceefficient for different incident angles of
plane Wave are listed in Table A.2 and shown in Figure A.1.

Table A.2 — Amplitude reflection coefficient #(6;) on a plane interface
of water-stainless steel for-plane wave vs. the incident angle ¢,

Incident angle Reflection Incident angle Reflection Incident angle Refledtion

coefficient coefficient coeffigient
0| (°) r(6;) 0, (°) r(6;) 0, (°) r(0])

1 0,937 16 0,913 31 1

2 0,937 17 0,901 32 1

3 0,937 18 0,904 33 1

4 0,937 19 0,909 34 1

5 07936 20 0,913 35 1

6 0,936 21 0,916 36 1

7 0,936 22 0,918 37 1

8 0,936 23 0,919 38 1

9 0,936 24 0,919 39 1

10 0,936 25 0,919 40 1

11 0,936 26 0,920 41 1

12 0,937 27 0,923 42 1

13 0,939 28 0,934 43 1

14 0,945 29 1 44 1

15 0,991 30 1 45 1
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Rigure A.1 — Relation curve of the amplitude reflection coefficient »(6;) on the
nterface of water-stainless steel for a plane wave with the incident angle ¢
The values of the average amplitude reflection coéfficient for different focus halfiangles
are listed in Table A.3 and shown in Figure A.2.
Table A.3 — Average amplitude reflection coefficient r,,(f) on plane
interface of water-stainless steel in the geometric focal plane of
a spherically curved transducer vs. the focus half-angle g
Fgcus Average Focus Average Focus half- Average
halffangle amplitude (half-)angle amplitude angle amplifude
reflection reflection reflection
coefficient coefficient coeffigient
A) rav(h) B() ray(B) B () rav(P)
1 0,937 16 0,941 31 0,695
2 0,937 17 0,936 32 0,671
3 0,937 18 0,933 33 0,549
4 0,937 19 0,930 34 0,547
5 0,937 20 0,928 35 0,449
6 0,937 21 0,927 36 0,399
7 0,937 22 0,926 37 0,293
8 0,937 23 0,926 38 0,235
9 0,937 24 0,925 39 0,185
10 0,937 25 0,925 40 0,142
11 0,937 26 0,924 41 0,111
12 0,937 27 0,924 42 0,099
13 0,937 28 0,924 43 0,106
14 0,938 29 0,894 44 0,127
15 0,940 30 0,776 45 0,154
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Figure A.2 — Average amplitude reflection coefficientr,,(#) on the plane
interface of water-stainless steel in the geometric focal plane of
a spherically curved transducer vs. the focus half-angle g
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Annex B
(informative)

Diffraction correction coefficient G in the free-field
self-reciprocity calibration method for circular spherically
curved transducers in water neglecting attenuation [2, 3, 4]

In self-reciprocity calibration, G¢; (R/4,p) is the function of the ratio of the radius of curvature to
the wavelength R/1 and the focus half-angle of the radiation surface of the transducer. The
theoretic calculated values of Gg; (R/A,f) are shown in Table B.1. The calculation formula of

G4 is derived in Annex C. By interpolation of the data provided in Table B.1, the suitable
value df G¢; can be obtained. The beamwidth of the main lobe (diameter of Rayleighyspeckle)
on the|geometric focal plane of the spherically curved transducer 1,22 RA/a shall.be smaller
than the half-aperture a of the transducer (the minimum beamwidth of the citcular|planar
piston fransducer with the same half-aperture) for focusing, i.e. R < 0,8142/). of > arcsjin(1,22
AMR)V2 | The Rayleigh integral is applicable for the calculation of G for § < 45%
NOTE The values of G in Table B.1 are with slight oscillations in both directions of.R/4"and g, which legds to an
uncertaifty in the interpolation (see Table H.2). The empty spaces in the low focds_half-angle region in the table
show where the focusing condition is not satisfied. Transducers with much greater R/1 and g are limited by the
effectivehess of the Rayleigh integral and by manufacture.
Table B.1 — Diffraction correction coefficients G¢of a circular spherically
curved transducer in the self-reciprocity calibration method [2, 3, 4]
) 2,68 3,35 5,04 5,36 6,70 8,04 8,40 10,1 10,7 11,8 13,4 16,1
5 — — — — — - — — — — — —
10 - - - - - - - - - - - -
15 - - - - - - - - - - - -
20 - - - - > - - 0,739 | 0,741 0,755 | 0,791 | 0,814
25 - - - - - 0,773 | 0,785 | 0,816 | 0,814 | 0,807 | 0,821 | 0,842
30 - - 0,750 | 0,763 | 0,816 | 0,810 | 0,808 | 0,838 | 0,845 | 0,841 | 0,853 | 0,860
35 - - 0,8201% 0,821 0,817 | 0,848 | 0,846 | 0,857 | 0,865 | 0,861 0,877 | 0,886
40 - 0,793 | 0,815 | 0,826 | 0,845 | 0,865 | 0,867 | 0,876 | 0,879 | 0,880 | 0,887 | 0,897
45 | 0,797 0,827 0;853 | 0,848 | 0,870 | 0,878 | 0,882 | 0,891 0,888 | 0,898 | 0,904 | 0,909
©) 16,75~ 18,76 | 20,10 | 21,44 | 23,45 | 25,12 | 26,80 | 30,15 | 32,16 33,5 40,2 41,87
5 — — — — — — — — — — — —
10 - - - - - - - - - - 0,737 | 0,738
15 - 0,739 | 0,748 | 0,762 | 0,786 | 0,802 | 0,811 0,809 | 0,805 | 0,805 | 0,836 | 0,840
20 | 0,811 | 0,806 | 0,812 | 0,826 | 0,841 | 0,841 | 0,838 | 0,852 | 0,860 | 0,859 | 0,873 | 0,872
25 0,840 | 0,847 | 0,859 | 0,861 0,860 | 0,871 0,874 | 0,880 | 0,884 | 0,883 | 0,894 | 0,898
30 | 0,864 | 0,875 | 0,875 | 0,884 | 0,884 | 0,892 | 0,892 | 0,899 | 0,902 | 0,905 | 0,913 | 0,913
35 0,886 | 0,894 | 0,893 | 0,900 | 0,901 0,906 | 0,909 | 0,915 | 0,916 | 0,918 | 0,924 | 0,926
40 0,902 | 0,907 | 0,907 | 0,912 | 0,916 | 0,919 | 0,920 | 0,924 | 0,927 | 0,929 | 0,935 | 0,936
45 | 0,913 | 0,917 | 0,920 | 0,921 | 0,926 | 0,928 | 0,930 | 0,934 | 0,936 | 0,937 | 0,942 | 0,943
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B RIA
©) 42,88 46,9 50,40 | 53,60 | 60,30 | 64,32 | 67,00 | 70,35 | 75,38 | 80,40 | 83,75 | 100,5
5 — — — — — — — — — — — —
10 0,740 | 0,755 | 0,773 | 0,790 | 0,810 | 0,811 | 0,808 | 0,805 | 0,804 | 0,812 | 0,820 | 0,838
15 0,841 | 0,837 | 0,840 | 0,852 | 0,857 | 0,858 | 0,864 | 0,871 | 0,871 0,874 | 0,880 | 0,890
20 0,871 | 0,879 | 0,883 | 0,884 | 0,890 | 0,896 | 0,897 | 0,898 | 0,903 | 0,906 | 0,907 | 0,915
25 0,898 | 0,903 | 0,904 | 0,908 | 0,912 | 0,916 | 0,917 | 0,919 | 0,922 | 0,924 | 0,926 | 0,932
30 0,914 | 0,918 | 0,920 | 0,922 | 0,927 | 0,929 | 0,931 | 0,933 | 0,935 | 0,937 | 0,938 | 0,944
35 0,927 | 0,930 | 0,932 | 0,934 | 0,939 | 0,940 | 0,941 | 0,942 | 0,944 | 0,946 | 0,947 | 0,952
40 0,937 | 0,940 | 0,941 | 0,943 | 0,946 | 0,948 | 0,949 | 0,950 | 0,952 | 0,953 | 0,954 | 0,958
45 0,944 | 0,946 | 0,948 | 0,950 | 0,952 | 0,954 | 0,955 | 0,956 | 0,958 | 0,959 | 07960 | 0,963
B RI
) 107,2 | 117,3 | 120,6 | 125,6 | 134,0 | 150,8 160,8 | 167,5 | 175,9 201 209,4 | 234,5
5 - - - - - - 0,736 | 0,738 | 05743 | 0,773 | 0,784 | 0,807
10 0,836 | 0,847 | 0,852 | 0,857 | 0,857 | 0,864 | 0,872 | 0,871 |\.0,871 | 0,881 | 0,881 | 0,889
15 0,890 | 0,897 | 0,896 | 0,899 | 0,902 | 0,906 | 0,911 | 0,91%7 0,915 | 0,920 | 0,920 | 0,926
20 0,918 | 0,921 | 0,922 | 0,924 | 0,926 | 0,930 | 0,932 /,0;933 | 0,935 | 0,939 | 0,940 | 0,944
25 0,934 | 0,937 | 0,938 | 0,939 | 0,941 | 0,944 | 0,946 /| 0,947 | 0,948 | 0,952 | 0,952 | 0,955
30 0,945 | 0,947 | 0,948 | 0,950 | 0,951 | 0,954 |-0,955 | 0,956 | 0,957 | 0,960 | 0,961 | 0,963
35 0,954 | 0,955 | 0,956 | 0,957 | 0,958 | 0,961 0,962 | 0,963 | 0,964 | 0,966 | 0,967 | 0,963
40 0,960 | 0,962 | 0,962 | 0,963 | 0,964 | 0,966 | 0,967 | 0,968 | 0,968 | 0,971 | 0,971 | 0,973
45 0,965 | 0,966 | 0,967 | 0,968 | 0,968 410,970 | 0,971 | 0,972 | 0,973 | 0,974 | 0,975 | 0,976
B RIA
) 251,3 | 268,0 | 293,1 | 304;5"| 335,0 | 351,8 | 402,0 | 450,0 | 500,0 | 550,0 | 603,2 || 650,0
5 0,810 | 0,808 | 0,803 |- 0,804 | 0,820 | 0,830 | 0,838 | 0,840 | 0,857 | 0,856 | 0,864 |[ 0,871
10 0,893 | 0,896 | 0,902*| 0,901 | 0,906 | 0,909 | 0,914 | 0,920 | 0,923 | 0,927 | 0,929 || 0,933
15 0,928 | 0,929 |(0,933 | 0,934 | 0,937 | 0,939 | 0,942 | 0,946 | 0,948 | 0,951 | 0,953 |[ 0,955
20 0,945 | 0,947-\" 0,949 | 0,950 | 0,953 | 0,954 | 0,957 | 0,959 | 0,962 | 0,963 | 0,965 || 0,966
25 0,957 | 0,958 | 0,960 | 0,960 | 0,963 | 0,963 | 0,966 | 0,968 | 0,969 | 0,971 | 0,972 |[ 0,973
NOTE g =\arcsin(a/R), h = R (1 — cosp), . = clf, ¢ = 1492 m/s in water at 23 °C, f is the frequency,|and the

approximation and focusing conditions are 45° 2 g > arcsin(1,221/R)”2).
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Annex C
(informative)

Calculation of the diffraction correction coefficient G (R/4,p) in the free-
field self-reciprocity calibration in a non-attenuating medium for a circular
spherically curved transducer [2, 3, 4, 7]

The coordinate system with the origin point (0,0,0) at the focus of the self-reciprocity
method for a circular spherically curved concave transducer is shown in Figure C.1 where R
is the radius of curvature or the geometrical focal length 7., a is the half-aperture equal to
Rsing, B is the focus half-angle. 4 is the area of radiation surface of the concave spherical
segment. Suppose there is a spherical segment area 4’ of the transducer's virtualcinpjage at
the pogition of two times of the geometric focal length from centre of the transducer gurface
on the|beam axis z, which is symmetrical about the geometric focal plane (xXy;0) with the
transdycer.

yﬂ

S |

IEC

Figure C.1 — Geometry of the concave radiating surface 4 of
a spherically curved transducer and its virtual image surface 4’ for their
symmetry_of mirror-images about the geometric focal plane (x,y,0)

Geomgtric acoustics' supposes that the field is symmetrical about the geometric focal plane
for mirfor effect\[1,18], so 4 = A’. The wave front is convergent in front of the gedmetric
focus P (0,6;0)"and becomes divergent beyond the focus, while it is almost a plane Wave at
the focus, The average acoustic pressures on 4 and A’ are identical (neglecting diffraction
effects| in<a non-attenuation medium). This is because the radius of curvature R i3 much
greater Than the wavelength and the spherical wave Tield 1s limited within the geometric beam
boundary of two cones with the same symmetry. When accounting for the diffraction and
attenuation, both average acoustic pressures are different and it becomes necessary to
calculate the diffraction correction coefficient G4 for the acoustic medium.

The diffraction correction coefficient is the ratio of the free-field average acoustic
pressure p,,(R) on A’ to the reference acoustic pressure p; = pcvg =p,,(-R) on 4 in a
lossless medium, where v is the amplitude of the uniform normal particle velocity on 4, i.e.

Gsf = pav(R)/p0| (C1)

The acoustic pressure at field point p(x,y,z) and the average acoustic pressure p, (R) on 4’
are calculated by the approximate theory of O'Neil for Gg; whose approximate conditions are
that the depth / of the concave surface of the radiator and the wavelength 1 both be small
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compared with the radius «a; the value of 4/1 is not restricted. The approximation theory is
based on the Rayleigh integral. Recently, researches have shown the applicability of the
Rayleigh integral and the result depends on the position in the field [6, 7, 8, 9]. These studies
lead to the observation that the Rayleigh integral should be appropriate for the purposes of
the present self-reciprocity calibration method if the focus half-angle g is not greater than 45°
and the reflector radius is not smaller than the transducer radius.

pcv e’ e’“ ,ocv e’ - g iké R

P 0 ” Ih Ay dy dx (C.2)
as' H@z zp%dy'dx'

Pau(R) = ” b - A,x ~Y (C.3)

where

p is the (mass) density of medium (usually water);

¢ is the speed of sound in medium;

vo is the amplitude of uniform normal particle velocity on the surface of the transducer;
A is the wavelength;

dsS is the element area on concave spherical segment 4;

dsS’is the element area on mirror image surface A4’;

& :\/(x—x')z +(y=y'fF +(z-z'f is the distance betwéen (x,y,z) on dS and (x',y",z) on dS".

Becaugde of the axial symmetry of the segment surface with area 4 and also 4’ about thé beam
axis z, Formula (C.3) can be simplified based on the spherical coordinates.

The diffraction correction coefficient.becomes

j2mnEfA
R/i € " §ing' sinfdpdade’ (C.4)

Gf:‘p _
° 1 Po

where

&= R\/(sinécosgofsinﬂ’)2 +(sin@sing)* +(cos@+cos ') (C.5)

o is tlre azimuth angle in the spherical coordinates (R,60,¢);

6 is the polar angle in the spherical coordinates (R,0,¢);
@' is the polar angle in the spherical coordinates (R,6’,¢).

The integral ranges are ¢<(0,21),0<(0,5), 8' e (O,ﬂ) in radians.

The element area of the divided source surface should be small enough in the integral for
accuracy requirements in a way that the number of the element areas should be such that the
lengths of the micro-elements RAp, RAG and RAO' are less than A/2. It is advisable to perform a
series of calculations with decreasing integration element size, to check the convergence of
the results and to stop when the convergence is good enough.

A detailed list of G¢{(R/A,8) values is given in Annex B. The needed value of Gg may be
obtained by interpolation of the data of Table B.1.
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Annex D
(informative)

Speed of sound and attenuation in water

D.1 General

Speed of sound and acoustic attenuation coefficient in water are the main propagation
parameters relevant for the methods described in this document that depend on the
temperature.

D.2 [Speed of sound for propagation in water
Values|of speed of sound in water dependent on temperature are given in Table’D.1.

Table D.1 — Dependence of speed of sound in water on temperature [5]

Temperature Speed of sound Temperature Speed of sound Femperature Speed off sound
(<) (m/s) (°C) (m/s) (°C) (m/%)
5 1427 16 1470 27 1502
6 1431 17 1473 28 1505
7 1435 18 1476 29 1507
8 1439 19 1480 30 1509
9 1444 20 1483 31 1512
10 1448 21 1486 32 1514
11 1452 22 1489 33 1516
12 1455 23 1492 34 1518
13 1459 24 1494 35 1520
14 1463 25 1497 36 1522
15 1466 26 1500 37 1524

D.3 [Acoustic-attenuation coefficient for propagation in water

The vallue of<a* in the megahertz frequency range is proportional to /2 and should b¢ taken
from tHe following polynomial fit as a function of temperature T (valid in the range D °C to
60 °C) [(taken from [10], simplified):

alf?2 = (56,85 — 3,025 {T} + 1,174 x 10~ {1}2 - 2,954 x 1073 {7}3 + 3,970 x 1075 {1}4
- 2,111 x 1077 {1}%) x 10~1% Hz"2m~1 (D.1)

NOTE {7} denotes the numerical value of the temperature in °C.

If the amplitude attenuation coefficient in m~1 is to be given in dB m~!, its numerical value
shall be multiplied by 20 log4y(e) = 8,69.
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Annex E
(informative)

Principle of reciprocity calibration for spherically
curved transducers [2, 3, 4]

Principle of reciprocity calibration for an ideal spherically focused field of

a transducer

In geometric acoustics, suppose that an ideal concave spherically curved transducer excited

by a ¢
effects
imagin
spherig
transdd

Theoretically, in ideal self-reciprocity calibration where the tone burst gerierator exci

transdu
reflecti

rrent /1 transmits the sound wave In a non-attenuating medium without dif
where the normal velocity v over its radiation surface is uniform. On the othg
e that a point source at the geometric focus of the transducer transmits\a di
al wave whose wave front reaches and coincides with the spacensurface
cer with the same free-field normal velocity as if the transducer\ywere re

cer with pulse current amplitude /1 and an ideal plane reflector with am
bn coefficient of 1 is placed on the geometric focal plane, the sreflected echo fielg

raction
br side,
ergent
of the
moved.

fes the

plitude
is just

circuit

the field of the imagined point source. When the surface of the transducer as a recgiver is
blocked, the total acting force over the surface in the echo field’is F and the open
voltagq is U.

Accordjng to the electroacoustical reciprocity principte,"Formula (E.1) is applicable [|6, 19]:

For ide
ideal ¢
transdd
the sur
surfacd
p = pev
the req

al symmetry of a spherical waveit¥a non-diffracting and non-attenuation field
lane reflector, the reference-acoustic pressure on the radiating surface
cer pg = pcv is approximately ‘equal to the acoustic pressure amplitude averags
face p,,, i.e. pg= p,,- The free-field echo acoustic pressure p, on the former
of the transducer in th¢ field of the imagining point source is also uniform and &

eiving surface where the acoustic pressure and the particle velocity are in

(E.1)

and an
of the
bd over
space
qual to

= p,, if the transducer were removed. The output power is equal to the power through

phase

because the radius of curvature R is much greater than the wavelength. The scalar sunm of the

acting

the tra
surfacq
the foc

Substit]

orce components normal to and on the element areas over the blocked rigid sur
hsducer F_is\double that of the free-field echo acoustic pressure multiplied
area A€ F = 2py4 = 2pcvA4, where 4 = 27R2(1 - cosp) is the effective area 3
s half*angle.

face of
by the
nd g is

Lte\ previous relation into Formula (E.1) and consider the free-field transmitting

response to current of the transducer S = pg/It and the free-field voltage sensitivity
M = Ulp, = Ulp = Ulp, so that the reciprocity parameter J and S; as well as the free-field
voltage sensitivity of a spherically curved transducer can be obtained as follows:

M Ul  Fv 24

Joe =22
TS T2 (pcvP pc

(E.2)
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U Jg
It

M = (E.4)

E.2 Principle of reciprocity calibration of a real spherically focused field of a
transducer

The diffraction effect shall be taken into account in real self-reciprocity calibration. A term G
named diffraction correction coefficient is introduced to calculate the influence of
diffraction. It is defined as the ratio of the average acoustic pressure p,_,, on the imagined
spherical segment surface area 4' of the transducer's virtual image at the position of two
times d ; mirror
on the |geometric focal plane, to the reference acoustic pressure p, on transmitting’surface
area A| of the transducer in a free-field of a non-attenuating medium: Gg Zpoy,/Hy, With
po = pcp- The geometry of the transducer surface area 4 and its virtual image-surface prea 4’
is shown in Figure C.1, where the radius of curvature R is equal to the(geometri¢ focal
length| The origin of coordinates is at the geometric focus and xy plang)is in the gepmetric
focal plane.

The atfenuation coefficient a in a medium (usually water), the diffraction in the field, and the
amplitude reflection coefficient » (< 1) of a real reflector all 9egd to be considered|in the
calibrafion simultaneously. Therefore, the real free-field average acoustic pressure p'5,, on
the reckiving spherical segment area 4' drops equal to pOrGSfe'Z“d. Then the real openr circuit
voltagg U’ of the transducer as a receiver also drops equal to UrGSfe‘zad (< U) proportjonally,
i.e. U F Ue?"/(rGy) where d = F,., = R is the gegmetric focal length, i.e. the d|stance
betwegn the reflector and the transducer. From definitions S; = po/ly, M =U'lp's,, ¥ Ulpg,
therefore the real free-field reciprocity parameter’J in the self-reciprocity calibratign for a
spheridally curved transducer is still 24/(pc).

E.3 [Self-reciprocity calibration of'a spherically curved transducer

Substituting U = U'ezad/(erf) into Formulas (E.3) and (E.4), the following formulas are gerived:

SI = U = U ead (E.5)
I+ Jg It J r Gy
M= UJdgy _ | U Jg e d (E.6)
I; I; r Gy
The free=fi i iati is

,U'I pc
=S, I, = |—TF " g« E.7
Do AT 2ArGSfe (E.7)

The free-field transmitting voltage response S, is defined as the ratio of the reference
acoustic pressure p, on the radiation surface of the transducer to the exciting voltage on its
electric terminal:

S, _ VUL pe aa (E.8)
U \24rG,
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The true intensity at the geometric focus was derived as follows as in [7,8]:

I=gql, =%(‘I+cos,8)pc(ldzv)2 (E.9)

where g = (1+cosp)/2 is the ratio of the true temporal-average intensity 7 to the derived
temporal-average intensity Iy (plane-progressive-wave intensity) at the geometrical focus;
q = pcRe(v/p) = cos 6, is also the real part of the specific acoustic admittance multiplied by the
characteristic impedance pc, and the factor cos 0, similar to the power factor cosd, in electrics;
0, is the phase difference of the particle velocity and the acoustic pressure at the geometric

focus; I = pc(khv)2/2 is also the plane wave intensity: k4 is the geometric focal gain: # is the
depth dof the spherical segment surface of transducer; k is the circular wave number)-# is the
focus palf-angle; v is the velocity normal to and on the transducer surface; pc|is the
characiteristic acoustic impedance of the medium.
- r
:':\ R tand
7 - e z
ﬂl\) -
R IEC
Figure E.1 =Spherical coordinates
O'Neil derived the true intensity in the » direction at points in the spherical segment $urface
with th¢ constant polar angle 9 and'the constant radius R in the spherical coordinates [R,8,¢),
where the origin is at the centreof the transducer surface O (0,0,0) and the beam axig$ is the
z axis, |see Figure (E.1). In_a certain region enclosing the central part of the geometric focal
plane, |his result is basedon the approximation similar to the far field directivity of a flat
circula piston in neglected attenuation medium [7], but he neglected ¢. Without neglecting
these garameters, the\true intensity I in the » direction at the points in the spherical sggment
surfacq is this result multiplied by ge™®* as follows:
I = qe™2® pc(vkAFy | 2nR)? (E.10)

where Fy = Jinc(kasinf)=2J4(kasin®)/(kasing); J, is the Bessel function of the first kind and of

the first order; ¢ is assumed to be constant in the focal region rationally as the wave fronts
near and in the geometric focal plane are approximately planar with the same phase
difference 0, and the acoustic pressure distribution Jinc(kasing) [7, 9].

The power transmitted through the spherical segment surface (R,0,9) or a part of the
geometric focal plane within a polar angle 6 = constant, i.e. within a circle of radius Rtané in
the geometric focal plane P; () is

0
P HﬂzjIRZnstinQdH=%Apcv2e'2“RGﬁa(¢9) (E.11)
0
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where

Jz (ka sind)

0 secHd(kasinf)

G,.(0) = qlk A/zn)jF (kasin®)sin0dé = 2j
G4 is approximately equal to the fraction of the total power transmitted through the part of
the geometric focal plane within a circle of radius Rtané.

If 8 is very small and approximately equal to zero, i.e. sec 0 = 1, the following approximate
formula is valid.

2(kasin8)

S " d(kasin@) = 1- J2(kasin@) - J2(kasin ) (E.12)
kaS|

5
22
o'—.:z:

where {5 is the Bessel function of the first kind and of the zeroth order.

In fact |9 is greater than zero, i.e. secd> 1, so that G, > G,.
A
1 1
RN
0,8 N /’ 2 T
\ \ ya Fy :—J1(x) |
VN L ;
0,6 \/ Fo (%) Ga(x):EJ.OFg(x)xdx i
A\ =1 362 (x) = 442 (v)
0,4 72X
J \ 3y
/ \ \
0,2 Ay
/'/ \\
o P2 I S N
N .
| \,..,.-/‘/
-0,2
0 1 2 3 4 5 6 7 8 9 10
+ X = ka sin@

IEC

Figure E.2 Functlon G,(kasing), diffraction pattern Fy(kasing) and
Fo (kasin@) in the geometric focal plane [7]

G, is approximately equal to or less than the fraction Gy, of the total power transmitted
through the part of the geometric focal plane within a circle of radius Rtané corresponding to
x = kasing = constant [7]. The curve of G,(kasiné) function is shown in Figure E.2. The values
x (= kasin@) relative with the typical values G,(x) are listed in Table E.1. For example, when
G, = 0,94; 0,95; 0,96; 0,97; 0,98; 0,99 in turn, correlative x = 10; 12; 15,5; 21,2; 31,4; 64,1;
respectively, as shown in Table E.1.

Table E.1 — G, values dependent on kasing for g < 45°
where x = kasing (according to O'Neil [7])

x 6 7 8 9 10 12 15,5 21,2 31,4 64,1
G,(x) 0,90 0,91 0,92 0,93 0,94 0,95 0,96 0,97 0,98 0,99
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The acoustic output power, the pulse average power of the burst wave equal to the temporal
average power of the continuous wave, with the same acoustic pressure amplitude and phase
difference can be calculated by integrating the true intensity over the entire semi-spherical
surface of the field.

For Gy = 1, P; = Pgyy = Apcv®e™™ . The total acoustic output power is [11,12,13]

2 '
P=P, c*R = Lo A_Ulh gz (E.13)
2pc 4rGg

where pg is the reference acoustic pressure pcv; d = R.

For thg given G,(x) 2 constant such as 0,95, 0,96, 0,97,...etc., the following inequality|should
be satisfied for calculating the fraction P;,(0) of the special spherically curved transducer if
the Rayleigh integral is used:

0 2 0, = arcsin (x/ka) = arcsin(x/kRsing) = arcsin[x/(2rR74)sinp].

where ), is the minimum upper limit of the integral in Formula’E.2 for the fraction Ggf, more
than the given G; x is the relative variable kasiné of the givenyG,, see Table E.1.

This is|the requirement that ensures the accuracy of¢the power calculation for a giveh G,(x)
using the Rayleigh integral. Because ka of transducers'is much greater than 1 in genefral and
0 is small, the integral of G, converges fast with increasing 6. For example, when 6 2|0, g5 =
arcsin(f|2/ka), G, = 0,95. ’

Recenf] research has shown that the Rayleigh integral can be used in the geometric focal
plane yp to a limiting tand value that in\the case of § < 45° for calculation of G is given by
1/(2sinp) [14,15,16], i.e. when 0,4 = arctan(1/(2sinf)) z 0;, the Rayleigh integral is
applicaple for calculating P¢(0), for.example 0 = 35,3° for g = 45°.

max

Therefere, the valid conditions of Formulas (12), (13), (E.13), (E.14), (G.3) to| (G.7),
(G.9), (G.10) and (H. 1), = should be 6,205 for the given G,(x), ie.
arctan(|1/(2sinp)) = arcsinfx/(2zR/A)sing] and g < 45°.

The (RfA)min values:.dependent on f within the limiting conditions 0,,,, 2 0, for differert given
values jof G, arelisted in Table E.2

Table E.2 — The (R/1),;, values dependent on g when 0., 2 05, and
p < 45° for G4 = 0,94; 0,95; 0,96; 0,97; 0,98; 0,99

s B(°)
Ga 5 10 15 20 25 30 35 40 45
G, 0,94 18,5 9,70 6,92 5,64 4,93 4,50 4,22 403 | 3,90
0,95 222 11,7 8,31 6,77 5,92 5,40 5,07 484 | 468
0,96 28,7 15,1 10,7 8,74 7,65 6,98 6,55 625 | 6,05
0,97 39,2 20,6 14,7 19,9 10,5 9,54 8,96 8,55 | 827
0,98 58,1 30,6 21,7 17,7 15,5 14,1 13,3 12,7 12,2
0,99 | 118,6 | 62,5 44,4 36,2 31,6 28,8 27,1 259 | 25,0

NOTE (R/A)min = x/{2nsing-sin[arctan(1/(2sinp))]}, x = kasind = 10; 12; 15,5; 21,2; 31,4; 64,1 in turn for G5 = 0,94;
0,95; 0,96; 0,97; 0,98; 0,99, respectively.
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The G, values should be the reference for the evaluation of measurement uncertainty of the
acoustic power and the radiation conductance. The value of G, can be obtained by
interpolation in data of Table E.2 using the known values of g and (R/1). The G, value may be
seen as an accuracy index of the acoustic power calculation based on Rayleigh integral. For
example, for a 1,92 MHz transducer with g = 10,3° and R/ = 51,5, so G, 20,98 can be got
from Table E.2. It means that more than 98 % of the total acoustic power calculated by
Formula (12) or (E.13) is within the effective applicable range of the Rayleigh integral.

The radiation conductance is [11,12,13]

_ P 2P _ Ul  _ad
Uz U2 2rG, U2

Trms

I

(E.14)

In the measurement when the incident spherically focused beam is normal to the reflector, the
average amplitude reflection coefficient »,,(f) as the function of thecfocus half-angle
should|be substituted for » in the previous formulas. The value of r,(4)may be picked up
from Table A.2 by interpolation or calculated by Formula (A.1). Because /thé cable end|pair of
the trapsducer is connected with the tone burst generator to act asCthe electric load| of the
transdycer when detecting the open-circuit voltage U’, the real detected output echo yoltage
of the {ransducer is its cable end-loaded echo voltage U, rather than U’, and then Uy F U’ |Z;
I(Z; + ¥1)| where Z; is the inner electric impedance of the generator and Z; is the glectric
impedgnce of the transducer in water. The exciting current of\the generator is I = Uy/|¥; + Z1],
and the¢ short circuit current is I, = Uy /|Z;|, where Uy is the open-circuit output voltagg of the
generator. As the detected first echo current /., is equal to U'/|Z; + Z1|, U'lT = U4l = Uglecho
is valid

In expgriment, the real detectable electric parameters are Uy, It, Iy, Uy, Utims @nd Igcnd-

U1, or| Uglgcno Should be substituted for U45'in the previous formulas.
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Annex F
(informative)

Experimental arrangements

F.1 Experimental arrangement for determining the effective radius of a
transducer [2, 3, 4, 13]

The scheme of the measurement apparatus for determining the effective half-aperture of a
transducer is shown in Figure F.1.

Oscilloscope

i I - I Dedassed
ﬁ water
Tone Burst Matching ; - |
generptor network Py
Water tank 7
. Feo
Focusing -0 Hydrophone
transducer IEC

Figure F.1 — Scheme of the measurement apparatus for determining
the effective half-aperture of a transducer

F.2 [Experimental arrangement of the self-reciprocity calibration method for a
ispherically curved transducer [2, 3, 4, 13]

The scheme of freexfield self-reciprocity method applied to a spherically curved trarlsducer
is shown in Figure F:2.
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Three-way switch
for open circuit/work load/short
circuit of the generator

Current probe

IT’ [k Iecho [}

Tone burst Ur m o
\

generator

Two-way switch Ik = - » Degasded

for voltage/current - —— = — — — £ water
signal detection

7‘\‘\\ Water tank
Osciloscope R /

Reflector

Focusing transducer

IEC

Figure F.2 — Scheme of free-field self-reciprocity method
applied to a spherically curved transducer
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G.1

Annex G
(informative)

Relationships between the electroacoustical
parameters used in this application [13]

Relations between the free-field transmitting response to voltage (cu
and the voltage sensitivity with the radiation conductance

From the definition, the transmitting response to voltage is given by

rrent)

where,

SU = pO/UT = pOrms/UTrms

po and pg.,s are the reference acoustic pressure and the effective ref

(G.1)

prence

acoustflic pressure on the radiation surface of the transducer; Ut and Ug,4,s are the gxciting

voltage

The ra

where

and the exciting effective voltage of the transducer.

Hiation conductance of transducer is given by

G =PJU?

Trms

P is the acoustic output power of the transducer.

With thle definition of acoustic output power

the rad

and

R pgrms A/(p C)'

iation conductance becomes
G=554/(pc),
sy = |29
Jsf

The frqe-field transmitting response to current of a transducer is given by

(G.2)

2G U
S]: J_SI“I_;—:SU |ZT|

where Z7 is the electric impedance of the transducer in water.

The free-field voltage sensitivity of the transducer is given by

M=8; Jg=2G Jg |Z1|

(G.7)
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G.2 Relation of the radiation conductance and the electroacoustic efficiency

The electroacoustic efficiency is given as

P P G
Ma/e =P_ B

= =— G.8
€ U12'rms Gt Gt ( )

where P, is the electric input power of transducer and Gt = cosé./|Z;| is the electric input
conductance with 0, denoting the electric impedance phase angle of the transducer in water.

G.3 |Relation of the transmitting response and voltage and acoustic output
power

_ pgrms A: (SU U )2A

pc pc

Trms

P

(G.9)

G.4 [Relation of the pulse echo sensitivity and the radiation conductance

M, =2G|Z;| G, 2™ (G.10)
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Annex H
(informative)

Evaluation and expression of uncertainty in
the measurements of the radiation conductance

H.1 Executive standard

This document follows ISO/IEC Guide 98-3:2008 [17].

H.2 [Evaluation of uncertainty in the measurement of the radiation
conductance

H.2.1 Mathematical expression
The radliation conductance G can be calculated by

G — U1[k eZaR
4rav (ﬁ)Gsf (R/ﬂ/,ﬂ)Uz

Trms

(H.1)

where

U, is the voltage of the first echo from the reflector at the geometric focal plang of the
spherically curved transducer;

I is the short current of the generator;\7,,(f) is the average amplitude ref|ection
coefficient of reflector in water;

R is the radius of curvature of transducer surface;

A is the wavelength in water;

s is the focus half-angle;

Gyt (R/A,B) is the diffraction corrective coefficient in the self-reciprocity calibration for

the spherically curved transducer;
Utrms | 18 the effective(value of the exciting voltage of the transducer;

a is the attenuation coefficient in water.

The fogus half-angle is given by

S = arcsin(a/R) (H.2)

The effective radius (effective half-aperture) is given by

(H.3)

ﬂfgo{162 222}
a= +
2n | w, We

where wy and wg are the -3 dB and -6 dB beamwidths measured in the geometrical focal
plane.
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